

    
      
          
            
  


Funsor is a tensor-like library for functions and distributions


Funsor Core:


	Operations
	Operation classes

	Builtin operations

	Array operations





	Domains

	Interpretations
	Interpreter

	Interpretations

	Monte Carlo

	Preconditioning

	Approximations

	Evidence lower bound





	Funsors
	Basic Funsors

	Delta

	Tensor

	Gaussian

	Joint

	Contraction

	Integrate

	Constant





	Optimizer

	Adjoint Algorithms

	Sum-Product Algorithms

	Affine Pattern Matching

	Funsor Factory

	Testing Utiltites

	Typing Utiltites






Interfaces:


	Recipes using Funsor

	Pyro-Compatible Distributions
	FunsorDistribution Base Class

	Hidden Markov Models

	Conversion Utilities





	Distribution Funsors

	Mini-Pyro Interface
	Mini Pyro





	Einsum Interface

	Compiler & Tracer






Tutorials and Examples


	Named tensor notation with funsors (Part 1)

	Example: Adam optimizer

	Example: Discrete HMM

	Example: Switching Linear Dynamical System EEG

	Example: Forward-Backward algorithm

	Example: Kalman Filter

	Example: Mini Pyro

	Example: PCFG

	Example: Biased Kalman Filter

	Example: Switching Linear Dynamical System

	Example: Talbot’s method for numerical inversion of the Laplace transform

	Example: VAE MNIST







Indices and tables


	Index


	Module Index


	Search Page







          

      

      

    

  

    
      
          
            
  


Operations


Operation classes


	
class Op(*args, **kwargs)[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]

Abstract base class for all mathematical operations on ground terms.

Ops take arity-many leftmost positional args that may be funsors,
followed by additional non-funsor args and kwargs. The additional args and
kwargs must have default values.

When wrapping new backend ops, keep in mind these restrictions, which may
require you to wrap backend functions before making them into ops:


	Create new ops only by decoraing a default implementation with
@UnaryOp.make, @BinaryOp.make, etc.


	Register backend-specific implementations via @my_op.register(type1),
@my_op.register(type1, type2) etc for arity 1, 2, etc. Patterns may
include only the first arity-many types.


	Only the first arity-many arguments may be funsors. Remaining args
and kwargs must all be ground Python data.





	Variables

	arity (int [https://docs.python.org/3/library/functions.html#int]) – The number of funsor arguments this op takes. Must be
defined by subclasses.



	Parameters

	
	*args – 


	**kwargs – All extra arguments to this op, excluding the arguments
up to .arity,









	
arity = NotImplemented

	




	
register(*pattern)

	




	
classmethod subclass_register(*pattern)[source]

	




	
classmethod make(fn=None, *, name=None, metaclass=None, module_name='funsor.ops')[source]

	Factory to create a new Op subclass together with a new
default instance of that class.


	Parameters

	fn (callable) – A function whose signature can be inspected.



	Returns

	The new default instance.



	Return type

	Op














	
declare_op_types(locals_, all_, name_)[source]

	




	
class NullaryOp(*args, **kwargs)[source]

	Bases: funsor.ops.op.Op


	
arity = 0

	








	
class UnaryOp(*args, **kwargs)[source]

	Bases: funsor.ops.op.Op


	
arity = 1

	








	
class BinaryOp(*args, **kwargs)[source]

	Bases: funsor.ops.op.Op


	
arity = 2

	








	
class TernaryOp(*args, **kwargs)[source]

	Bases: funsor.ops.op.Op


	
arity = 3

	








	
class FinitaryOp(*args, **kwargs)[source]

	Bases: funsor.ops.op.Op


	
arity = 1

	








	
class TransformOp(*args, **kwargs)[source]

	Bases: funsor.ops.op.UnaryOp


	
set_inv(fn)[source]

	
	Parameters

	fn (callable) – A function that inputs an arg y and outputs a
value x such that y=self(x).










	
set_log_abs_det_jacobian(fn)[source]

	
	Parameters

	fn (callable) – A function that inputs two args x, y, where
y=self(x), and returns log(abs(det(dy/dx))).










	
static inv(x)[source]

	




	
static log_abs_det_jacobian(x, y)[source]

	








	
class WrappedTransformOp(*args, **kwargs)

	Bases: funsor.ops.op.TransformOp

Wrapper for a backend Transform object that provides .inv and
.log_abs_det_jacobian. This additionally validates shapes on the first
__call__().


	
static default(x, fn, *, validate_args=True)

	Wrapper for a backend Transform object that provides .inv and
.log_abs_det_jacobian. This additionally validates shapes on the first
__call__().






	
dispatcher = <dispatched wrapped_transform>

	




	
inv

	




	
log_abs_det_jacobian

	




	
name = 'wrapped_transform'

	




	
signature = <Signature (x, fn, *, validate_args=True)>

	








	
class LogAbsDetJacobianOp(*args, **kwargs)

	Bases: funsor.ops.op.BinaryOp


	
static default(x, y, fn)

	




	
dispatcher = <dispatched log_abs_det_jacobian>

	




	
name = 'log_abs_det_jacobian'

	




	
signature = <Signature (x, y, fn)>

	









Builtin operations


	
abs = ops.abs

	Return the absolute value of the argument.






	
add = ops.add

	Same as a + b.






	
and_ = ops.and_

	Same as a & b.






	
atanh = ops.atanh

	Return the inverse hyperbolic tangent of x.






	
eq = ops.eq

	Same as a == b.






	
exp = ops.exp

	Return e raised to the power of x.






	
floordiv = ops.floordiv

	Same as a // b.






	
ge = ops.ge

	Same as a >= b.






	
getitem = ops.getitem

	




	
getslice = ops.getslice

	




	
gt = ops.gt

	Same as a > b.






	
invert = ops.invert

	Same as ~a.






	
le = ops.le

	Same as a <= b.






	
lgamma = ops.lgamma

	Natural logarithm of absolute value of Gamma function at x.






	
log = ops.log

	




	
log1p = ops.log1p

	Return the natural logarithm of 1+x (base e).

The result is computed in a way which is accurate for x near zero.






	
lshift = ops.lshift

	Same as a << b.






	
lt = ops.lt

	Same as a < b.






	
matmul = ops.matmul

	Same as a @ b.






	
max = ops.max

	




	
min = ops.min

	




	
mod = ops.mod

	Same as a % b.






	
mul = ops.mul

	Same as a * b.






	
ne = ops.ne

	Same as a != b.






	
neg = ops.neg

	Same as -a.






	
null = ops.null

	Placeholder associative op that unifies with any other op






	
or_ = ops.or_

	Same as a | b.






	
pos = ops.pos

	Same as +a.






	
pow = ops.pow

	Same as a ** b.






	
reciprocal = ops.reciprocal

	




	
rshift = ops.rshift

	Same as a >> b.






	
safediv = ops.safediv

	




	
safesub = ops.safesub

	




	
sigmoid = ops.sigmoid

	




	
sqrt = ops.sqrt

	Return the square root of x.






	
sub = ops.sub

	Same as a - b.






	
tanh = ops.tanh

	Return the hyperbolic tangent of x.






	
truediv = ops.truediv

	Same as a / b.






	
xor = ops.xor

	Same as a ^ b.







Array operations


	
all = ops.all

	




	
amax = ops.amax

	




	
amin = ops.amin

	




	
any = ops.any

	




	
argmax = ops.argmax

	




	
argmin = ops.argmin

	




	
astype = ops.astype

	




	
cat = ops.cat

	




	
cholesky = ops.cholesky

	Like numpy.linalg.cholesky() [https://numpy.org/doc/stable/reference/generated/numpy.linalg.cholesky.html#numpy.linalg.cholesky] but uses sqrt for scalar matrices.






	
cholesky_inverse = ops.cholesky_inverse

	Like torch.cholesky_inverse() [https://pytorch.org/docs/master/generated/torch.cholesky_inverse.html#torch.cholesky_inverse] but supports batching and gradients.






	
cholesky_solve = ops.cholesky_solve

	




	
clamp = ops.clamp

	




	
detach = ops.detach

	




	
diagonal = ops.diagonal

	




	
einsum = ops.einsum

	




	
expand = ops.expand

	




	
finfo = ops.finfo

	




	
flip = ops.flip

	




	
full_like = ops.full_like

	




	
isnan = ops.isnan

	




	
logaddexp = ops.logaddexp

	




	
logsumexp = ops.logsumexp

	




	
mean = ops.mean

	




	
new_arange = ops.new_arange

	




	
new_eye = ops.new_eye

	




	
new_full = ops.new_full

	




	
new_zeros = ops.new_zeros

	




	
permute = ops.permute

	




	
prod = ops.prod

	




	
qr = ops.qr

	




	
randn = ops.randn

	




	
sample = ops.sample

	




	
scatter = ops.scatter

	




	
scatter_add = ops.scatter_add

	




	
stack = ops.stack

	




	
std = ops.std

	




	
sum = ops.sum

	




	
transpose = ops.transpose

	




	
triangular_inv = ops.triangular_inv

	




	
triangular_solve = ops.triangular_solve

	




	
unsqueeze = ops.unsqueeze

	




	
var = ops.var

	







          

      

      

    

  

    
      
          
            
  


Domains


	
Domain

	alias of builtins.type






	
class BintType[source]

	Bases: funsor.domains.ArrayType


	
size

	








	
class RealsType[source]

	Bases: funsor.domains.ArrayType


	
dtype = 'real'

	








	
class Bint[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]

Factory for bounded integer types:

Bint[5]           # integers ranging in {0,1,2,3,4}
Bint[2, 3, 3]     # 3x3 matrices with entries in {0,1}






	
dtype = None

	




	
shape = None

	








	
class Reals[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]

Type of a real-valued array with known shape:

Reals[()] = Real  # scalar
Reals[8]          # vector of length 8
Reals[3, 3]       # 3x3 matrix






	
shape = None

	








	
class Real

	Bases: object [https://docs.python.org/3/library/functions.html#object]


	
shape = ()

	








	
reals(*args)[source]

	




	
bint(size)[source]

	




	
class Dependent(fn)[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]

Type hint for dependently type-decorated functions.

Examples:

Dependent[Real]  # a constant known domain
Dependent[lambda x: Array[x.dtype, x.shape[1:]]  # args are Domains
Dependent[lambda x, y: Bint[x.size + y.size]]






	Parameters

	fn (callable) – A lambda taking named arguments (in any order)
which will be filled in with the domain of the similarly named
funsor argument to the decorated function. This lambda should
compute a desired resulting domain given domains of arguments.










	
find_domain(op, *domains)[source]

	Finds the Domain resulting when applying op to domains.
:param callable op: An operation.
:param Domain *domains: One or more input domains.








          

      

      

    

  

    
      
          
            
  


Interpretations


Interpreter


	
exception PatternMissingError[source]

	Bases: NotImplementedError [https://docs.python.org/3/library/exceptions.html#NotImplementedError]






	
push_interpretation(new)[source]

	




	
pop_interpretation()[source]

	




	
interpretation(new)[source]

	




	
reinterpret(x)[source]

	Overloaded reinterpretation of a deferred expression.

This handles a limited class of expressions, raising
ValueError in unhandled cases.


	Parameters

	x (A funsor or data structure holding funsors.) – An input, typically involving deferred
Funsor s.



	Returns

	A reinterpreted version of the input.



	Raises

	ValueError











Interpretations


	
class Interpretation(name)[source]

	Bases: contextlib.ContextDecorator [https://docs.python.org/3/library/contextlib.html#contextlib.ContextDecorator], abc.ABC [https://docs.python.org/3/library/abc.html#abc.ABC]

Abstract base class for Funsor interpretations.

Instances may be used as context managers or decorators.


	Parameters

	name (str [https://docs.python.org/3/library/stdtypes.html#str]) – A name used for printing and debugging (required).










	
class CallableInterpretation(interpret)[source]

	Bases: funsor.interpretations.Interpretation

A simple callable interpretation.

Example usage:

@CallableInterpretation
def my_interpretation(cls, *args):
    return ...






	Parameters

	interpret (callable) – A function implementing interpretation.






	
set_callable(interpret)[source]

	Resets the callable .interpret attribute.










	
class DispatchedInterpretation(name='dispatched')[source]

	Bases: funsor.interpretations.Interpretation

An interpretation based on pattern matching.

Example usage:

my_interpretation = DispatchedInterpretation("my_interpretation")

# Register a funsor pattern and rule.
@my_interpretation.register(...)
def my_impl(cls, *args):
    ...

# Use the new interpretation.
with my_interpretation:
    ...










	
class StatefulInterpretation(name='stateful')[source]

	Bases: funsor.interpretations.Interpretation

Base class for interpretations with instance-dependent state or parameters.

Example usage:

class MyInterpretation(StatefulInterpretation):

    def __init__(self, my_param):
        self.my_param = my_param

@MyInterpretation.register(...)
def my_impl(interpretation_state, cls, *args):
    my_param = interpretation_state.my_param
    ...

with MyInterpretation(my_param=0.1):
    ...










	
class Memoize(base_interpretation, cache=None)[source]

	Bases: funsor.interpretations.Interpretation

Exploits cons-hashing to do implicit common subexpression elimination.


	Parameters

	
	base_interpretation (Interpretation) – The interpretation to memoize.


	cache (dict [https://docs.python.org/3/library/stdtypes.html#dict]) – An optional temporary cache where results will be
memoized.













	
memoize(cache=None)[source]

	Context manager wrapping Memoize and yielding the cache dict.






	
normalize = normalize/reflect

	Normalize modulo associativity and commutativity, but do not evaluate any
numerical operations.






	
lazy = lazy/reflect

	Performs substitutions eagerly, but construct lazy funsors for everything else.






	
eager = eager/normalize/reflect

	Eager exact naive interpretation wherever possible.






	
sequential = sequential/eager/normalize/reflect

	Eagerly execute ops with known implementations; additonally execute
vectorized ops sequentially if no known vectorized implementation exists.






	
moment_matching = moment_matching/eager/normalize/reflect

	A moment matching interpretation of Reduce expressions. This falls
back to eager in other cases.







Monte Carlo


	
class MonteCarlo(*, rng_key=None, **sample_inputs)[source]

	Bases: funsor.interpretations.StatefulInterpretation

A Monte Carlo interpretation of Integrate
expressions. This falls back to the previous interpreter in other cases.


	Parameters

	rng_key – 











Preconditioning


	
class Precondition(aux_name='aux')[source]

	Bases: funsor.interpretations.StatefulInterpretation

Preconditioning interpretation for adjoint computations.

This interpretation is intended to be used once, followed by a call to
combine_subs() as follows:

# Lazily build a factor graph.
with reflect:
    log_joint = Gaussian(...) + ... + Gaussian(...)
    log_Z = log_joint.reduce(ops.logaddexp)

# Run a backward sampling under the precondition interpretation.
with Precondition() as p:
    marginals = adjoint(
        ops.logaddexp, ops.add, log_Z, batch_vars=p.sample_vars
    )
combine_subs = p.combine_subs()

# Extract samples from Delta distributions.
samples = {
    k: v(**combine_subs)
    for name, delta in marginals.items()
    for k, v in funsor.montecarlo.extract_samples(delta).items()
}





See forward_filter_backward_precondition() for
complete usage.


	Parameters

	aux_name (str [https://docs.python.org/3/library/stdtypes.html#str]) – Name of the auxiliary variable containing white noise.






	
combine_subs()[source]

	Method to create a combining substitution after preconditioning is
complete. The returned substitution replaces per-factor auxiliary
variables with slices into a single combined auxiliary variable.


	Returns

	A substitution indexing each factor-wise auxiliary variable
into a single global auxiliary variable.



	Return type

	dict [https://docs.python.org/3/library/stdtypes.html#dict]















Approximations


	
argmax_approximate = argmax_approximate

	Point-approximate at the argmax of the provided guide.






	
mean_approximate = mean_approximate

	Point-approximate at the mean of the provided guide.






	
laplace_approximate = laplace_approximate

	Gaussian approximate using the value and Hessian of the model, evaluated at the
mode of the guide.






	
compute_argmax(model, approx_vars)[source]

	Computes argmax of a funsor.


	Parameters

	
	model (Funsor) – A function of the approximated vars.


	approx_vars (frozenset [https://docs.python.org/3/library/stdtypes.html#frozenset]) – A frozenset of
Variable s to maximize.






	Returns

	A dict mapping name (str) to point estimate (Funsor), for each
variable name in approx_vars.



	Return type

	str [https://docs.python.org/3/library/stdtypes.html#str]











Evidence lower bound


	
class Elbo(guide, approx_vars)[source]

	Bases: funsor.interpretations.StatefulInterpretation

Given an approximating guide funsor, approximates:

model.reduce(ops.logaddexp, approx_vars)





by the lower bound:

Integrate(guide, model - guide, approx_vars)






	Parameters

	
	guide (Funsor) – A guide or proposal funsor.


	approx_vars (frozenset [https://docs.python.org/3/library/stdtypes.html#frozenset]) – The variables being integrated.
















          

      

      

    

  

    
      
          
            
  


Funsors


Basic Funsors


	
class Funsor(inputs, output, fresh=None, bound=None)[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]

Abstract base class for immutable functional tensors.

Concrete derived classes must implement __init__() methods taking
hashable *args and no optional **kwargs so as to support cons
hashing.

Derived classes with .fresh variables must implement an
eager_subs() method. Derived classes with .bound variables must
implement an _alpha_convert() method.


	Parameters

	
	inputs (OrderedDict) – A mapping from input name to domain.
This can be viewed as a typed context or a mapping from
free variables to domains.


	output (Domain) – An output domain.









	
dtype

	




	
shape

	




	
input_vars[source]

	




	
quote()[source]

	




	
pretty(*args, **kwargs)[source]

	




	
item()[source]

	




	
requires_grad

	




	
reduce(op, reduced_vars=None)[source]

	Reduce along all or a subset of inputs.


	Parameters

	
	op (AssociativeOp or ReductionOp) – A reduction operation.


	reduced_vars (str [https://docs.python.org/3/library/stdtypes.html#str], Variable, or set [https://docs.python.org/3/library/stdtypes.html#set] or frozenset thereof.) – An optional input name or set of names to reduce.
If unspecified, all inputs will be reduced.













	
approximate(op, guide, approx_vars=None)[source]

	Approximate wrt and all or a subset of inputs.


	Parameters

	
	op (AssociativeOp) – A reduction operation.


	guide (Funsor) – A guide funsor (e.g. a proposal distribution).


	approx_vars (str [https://docs.python.org/3/library/stdtypes.html#str], Variable, or set [https://docs.python.org/3/library/stdtypes.html#set] or frozenset thereof.) – An optional input name or set of names to reduce.
If unspecified, all inputs will be reduced.













	
sample(sampled_vars, sample_inputs=None, rng_key=None)[source]

	Create a Monte Carlo approximation to this funsor by replacing
functions of sampled_vars with Delta s.

The result is a Funsor with the same .inputs and
.output as the original funsor (plus sample_inputs if
provided), so that self can be replaced by the sample in expectation
computations:

y = x.sample(sampled_vars)
assert y.inputs == x.inputs
assert y.output == x.output
exact = (x.exp() * integrand).reduce(ops.add)
approx = (y.exp() * integrand).reduce(ops.add)





If sample_inputs is provided, this creates a batch of samples.


	Parameters

	
	sampled_vars (str [https://docs.python.org/3/library/stdtypes.html#str], Variable, or set [https://docs.python.org/3/library/stdtypes.html#set] or frozenset thereof.) – A set of input variables to sample.


	sample_inputs (OrderedDict) – An optional mapping from variable
name to Domain over which samples will
be batched.


	rng_key (None [https://docs.python.org/3/library/constants.html#None] or JAX's random.PRNGKey) – a PRNG state to be used by JAX backend to generate
random samples













	
align(names)[source]

	Align this funsor to match given names.
This is mainly useful in preparation for extracting .data
of a funsor.tensor.Tensor.


	Parameters

	names (tuple [https://docs.python.org/3/library/stdtypes.html#tuple]) – A tuple of strings representing all names
but in a new order.



	Returns

	A permuted funsor equivalent to self.



	Return type

	Funsor










	
eager_subs(subs)[source]

	Internal substitution function. This relies on the user-facing
__call__() method to coerce non-Funsors to Funsors. Once all
inputs are Funsors, eager_subs() implementations can recurse to
call Subs.






	
eager_unary(op)[source]

	




	
eager_reduce(op, reduced_vars)[source]

	




	
sequential_reduce(op, reduced_vars)[source]

	




	
moment_matching_reduce(op, reduced_vars)[source]

	




	
abs()[source]

	




	
atanh()[source]

	




	
sqrt()[source]

	




	
exp()[source]

	




	
log()[source]

	




	
log1p()[source]

	




	
sigmoid()[source]

	




	
tanh()[source]

	




	
reshape(shape)[source]

	




	
all(axis=None, keepdims=False)[source]

	




	
any(axis=None, keepdims=False)[source]

	




	
argmax(axis=None, keepdims=False)[source]

	




	
argmin(axis=None, keepdims=False)[source]

	




	
max(axis=None, keepdims=False)[source]

	




	
min(axis=None, keepdims=False)[source]

	




	
sum(axis=None, keepdims=False)[source]

	




	
prod(axis=None, keepdims=False)[source]

	




	
logsumexp(axis=None, keepdims=False)[source]

	




	
mean(axis=None, keepdims=False)[source]

	




	
std(axis=None, ddof=0, keepdims=False)[source]

	




	
var(axis=None, ddof=0, keepdims=False)[source]

	








	
to_funsor(x, output=None, dim_to_name=None, **kwargs)[source]

	Convert to a Funsor .
Only Funsor s and scalars are accepted.


	Parameters

	
	x – An object.


	output (funsor.domains.Domain) – An optional output hint.


	dim_to_name (OrderedDict) – An optional mapping from negative batch dimensions to name strings.






	Returns

	A Funsor equivalent to x.



	Return type

	Funsor



	Raises

	ValueError










	
to_data(x, name_to_dim=None, **kwargs)[source]

	Extract a python object from a Funsor.

Raises a ValueError if free variables remain or if the funsor is lazy.


	Parameters

	
	x – An object, possibly a Funsor.


	name_to_dim (OrderedDict) – An optional inputs hint.






	Returns

	A non-funsor equivalent to x.



	Raises

	ValueError if any free variables remain.



	Raises

	PatternMissingError if funsor is not fully evaluated.










	
class Variable(name, output)[source]

	Bases: funsor.terms.Funsor

Funsor representing a single free variable.


	Parameters

	
	name (str [https://docs.python.org/3/library/stdtypes.html#str]) – A variable name.


	output (funsor.domains.Domain) – A domain.









	
eager_subs(subs)[source]

	








	
class Subs(arg, subs)[source]

	Bases: funsor.terms.Funsor

Lazy substitution of the form x(u=y, v=z).


	Parameters

	
	arg (Funsor) – A funsor being substituted into.


	subs (tuple [https://docs.python.org/3/library/stdtypes.html#tuple]) – A tuple of (name, value) pairs, where name is a
string and value can be coerced to a Funsor via
to_funsor().













	
class Unary(op, arg)[source]

	Bases: funsor.terms.Funsor

Lazy unary operation.


	Parameters

	
	op (Op) – A unary operator.


	arg (Funsor) – An argument.













	
class Binary(op, lhs, rhs)[source]

	Bases: funsor.terms.Funsor

Lazy binary operation.


	Parameters

	
	op (Op) – A binary operator.


	lhs (Funsor) – A left hand side argument.


	rhs (Funsor) – A right hand side argument.













	
class Reduce(op, arg, reduced_vars)[source]

	Bases: funsor.terms.Funsor

Lazy reduction over multiple variables.

The user-facing interface is the Funsor.reduce() method.


	Parameters

	
	op (AssociativeOp) – An associative operator.


	arg (funsor) – An argument to be reduced.


	reduced_vars (frozenset [https://docs.python.org/3/library/stdtypes.html#frozenset]) – A set of variables over which to reduce.













	
class Scatter(op, subs, source, reduced_vars)[source]

	Bases: funsor.terms.Funsor

Transpose of structurally linear Subs, followed by
Reduce.

For injective scatter operations this should satisfy the equation:

if destin = Scatter(op, subs, source, frozenset())
then source = Subs(destin, subs)





The reduced_vars is merely for computational efficiency, and could
always be split out into a separate .reduce().  For example in the
following equation, the left hand side uses much less memory than the
right hand side:

Scatter(op, subs, source, reduced_vars) ==
  Scatter(op, subs, source, frozenset()).reduce(op, reduced_vars)






Warning

This is currently implemented only for injective scatter
operations. In particular, this does not allow accumulation behavior
like scatter-add.




Note

Scatter(ops.add, ...) is the funsor analog of
numpy.add.at() or torch.index_put() or
jax.lax.scatter_add() [https://jax.readthedocs.io/en/latest/_autosummary/jax.lax.scatter_add.html#jax.lax.scatter_add]. For injective substitutions,
Scatter(ops.add, ...) is roughly equivalent to the tensor
operation:

result = zeros(...)  # since zero is the additive unit
result[subs] = source








	Parameters

	
	op (AssociativeOp) – An op. The unit of this op will be used as
default value.


	subs (tuple [https://docs.python.org/3/library/stdtypes.html#tuple]) – A substitution.


	source (Funsor) – A source for data to be scattered from.


	reduced_vars (frozenset [https://docs.python.org/3/library/stdtypes.html#frozenset]) – A set of variables over which to reduce.









	
eager_subs(subs)[source]

	








	
class Approximate(op, model, guide, approx_vars)[source]

	Bases: funsor.terms.Funsor

Interpretation-specific approximation wrt a set of variables.

The default eager interpretation should be exact.
The user-facing interface is the Funsor.approximate() method.


	Parameters

	
	op (AssociativeOp) – An associative operator.


	model (Funsor) – An exact funsor depending on approx_vars.


	guide (Funsor) – A proposal funsor guiding optional approximation.


	approx_vars (frozenset [https://docs.python.org/3/library/stdtypes.html#frozenset]) – A set of variables over which to approximate.













	
class Number(data, dtype=None)[source]

	Bases: funsor.terms.Funsor

Funsor backed by a Python number.


	Parameters

	
	data (numbers.Number [https://docs.python.org/3/library/numbers.html#numbers.Number]) – A python number.


	dtype – A nonnegative integer or the string “real”.









	
item()[source]

	




	
eager_unary(op)[source]

	








	
class Slice(name, start, stop, step, dtype)[source]

	Bases: funsor.terms.Funsor

Symbolic representation of a Python slice [https://docs.python.org/3/library/functions.html#slice] object.


	Parameters

	
	name (str [https://docs.python.org/3/library/stdtypes.html#str]) – A name for the new slice dimension.


	start (int [https://docs.python.org/3/library/functions.html#int]) – 


	stop (int [https://docs.python.org/3/library/functions.html#int]) – 


	step (int [https://docs.python.org/3/library/functions.html#int]) – Three args following slice [https://docs.python.org/3/library/functions.html#slice] semantics.


	dtype (int [https://docs.python.org/3/library/functions.html#int]) – An optional bounded integer type of this slice.









	
eager_subs(subs)[source]

	








	
class Stack(name, parts)[source]

	Bases: funsor.terms.Funsor

Stack of funsors along a new input dimension.


	Parameters

	
	name (str [https://docs.python.org/3/library/stdtypes.html#str]) – The name of the new input variable along which to stack.


	parts (tuple [https://docs.python.org/3/library/stdtypes.html#tuple]) – A tuple of Funsors of homogenous output domain.









	
eager_subs(subs)[source]

	




	
eager_reduce(op, reduced_vars)[source]

	








	
class Cat(name, parts, part_name=None)[source]

	Bases: funsor.terms.Funsor

Concatenate funsors along an existing input dimension.


	Parameters

	
	name (str [https://docs.python.org/3/library/stdtypes.html#str]) – The name of the input variable along which to concatenate.


	parts (tuple [https://docs.python.org/3/library/stdtypes.html#tuple]) – A tuple of Funsors of homogenous output domain.









	
eager_subs(subs)[source]

	








	
class Lambda(var, expr)[source]

	Bases: funsor.terms.Funsor

Lazy inverse to ops.getitem.

This is useful to simulate higher-order functions of integers
by representing those functions as arrays.


	Parameters

	
	var (Variable) – A variable to bind.


	expr (funsor) – A funsor.













	
class Independent(fn, reals_var, bint_var, diag_var)[source]

	Bases: funsor.terms.Funsor

Creates an independent diagonal distribution.

This is equivalent to substitution followed by reduction:

f = ...  # a batched distribution
assert f.inputs['x_i'] == Reals[4, 5]
assert f.inputs['i'] == Bint[3]

g = Independent(f, 'x', 'i', 'x_i')
assert g.inputs['x'] == Reals[3, 4, 5]
assert 'x_i' not in g.inputs
assert 'i' not in g.inputs

x = Variable('x', Reals[3, 4, 5])
g == f(x_i=x['i']).reduce(ops.add, 'i')






	Parameters

	
	fn (Funsor) – A funsor.


	reals_var (str [https://docs.python.org/3/library/stdtypes.html#str]) – The name of a real-tensor input.


	bint_var (str [https://docs.python.org/3/library/stdtypes.html#str]) – The name of a new batch input of fn.


	diag_var – The name of a smaller-shape real input of fn.









	
eager_subs(subs)[source]

	




	
mean()[source]

	




	
variance()[source]

	




	
entropy()[source]

	








	
of_shape(*shape)[source]

	





Delta


	
solve(expr, value)[source]

	Tries to solve for free inputs of an expr such that expr == value,
and computes the log-abs-det-Jacobian of the resulting substitution.


	Parameters

	
	expr (Funsor) – An expression with a free variable.


	value (Funsor) – A target value.






	Returns

	A tuple (name, point, log_abs_det_jacobian)



	Return type

	tuple [https://docs.python.org/3/library/stdtypes.html#tuple]



	Raises

	ValueError










	
class Delta(terms)[source]

	Bases: funsor.terms.Funsor

Normalized delta distribution binding multiple variables.

There are three syntaxes supported for constructing Deltas:

Delta(((name1, (point1, log_density1)),
       (name2, (point2, log_density2)),
       (name3, (point3, log_density3))))





or for a single name:

Delta(name, point, log_density)





or for default log_density == 0:

Delta(name, point)






	Parameters

	terms (tuple [https://docs.python.org/3/library/stdtypes.html#tuple]) – A tuple of tuples of the form
(name, (point, log_density)).






	
align(names)[source]

	




	
eager_subs(subs)[source]

	




	
eager_reduce(op, reduced_vars)[source]

	









Tensor


	
ignore_jit_warnings()[source]

	




	
class Tensor(data, inputs=None, dtype='real')[source]

	Bases: funsor.terms.Funsor

Funsor backed by a PyTorch Tensor or a NumPy ndarray.

This follows the torch.distributions [https://pytorch.org/docs/master/distributions.html#module-torch.distributions] convention of arranging
named “batch” dimensions on the left and remaining “event” dimensions
on the right. The output shape is determined by all remaining dims.
For example:

data = torch.zeros(5,4,3,2)
x = Tensor(data, {"i": Bint[5], "j": Bint[4]})
assert x.output == Reals[3, 2]





Operators like matmul and .sum() operate only on the output shape,
and will not change the named inputs.


	Parameters

	
	data (numeric_array) – A PyTorch tensor or NumPy ndarray.


	inputs (dict [https://docs.python.org/3/library/stdtypes.html#dict]) – An optional mapping from input name (str) to
datatype (funsor.domains.Domain). Defaults to empty.


	dtype (int [https://docs.python.org/3/library/functions.html#int] or the string "real".) – optional output datatype. Defaults to “real”.









	
item()[source]

	




	
clamp_finite()[source]

	




	
requires_grad

	




	
align(names)[source]

	




	
eager_subs(subs)[source]

	




	
eager_unary(op)[source]

	




	
eager_reduce(op, reduced_vars)[source]

	




	
new_arange(name, *args, **kwargs)[source]

	Helper to create a named torch.arange() [https://pytorch.org/docs/master/generated/torch.arange.html#torch.arange] or np.arange() funsor.
In some cases this can be replaced by a symbolic
Slice .


	Parameters

	
	name (str [https://docs.python.org/3/library/stdtypes.html#str]) – A variable name.


	start (int [https://docs.python.org/3/library/functions.html#int]) – 


	stop (int [https://docs.python.org/3/library/functions.html#int]) – 


	step (int [https://docs.python.org/3/library/functions.html#int]) – Three args following slice [https://docs.python.org/3/library/functions.html#slice] semantics.


	dtype (int [https://docs.python.org/3/library/functions.html#int]) – An optional bounded integer type of this slice.






	Return type

	Tensor










	
materialize(x)[source]

	Attempt to convert a Funsor to a Number or
Tensor by substituting arange() s into its free variables.


	Parameters

	x (Funsor) – A funsor.



	Return type

	Funsor














	
align_tensor(new_inputs, x, expand=False)[source]

	Permute and add dims to a tensor to match desired new_inputs.


	Parameters

	
	new_inputs (OrderedDict) – A target set of inputs.


	x (funsor.terms.Funsor) – A Tensor or
Number .


	expand (bool [https://docs.python.org/3/library/functions.html#bool]) – If False (default), set result size to 1 for any input
of x not in new_inputs; if True expand to new_inputs size.






	Returns

	a number or torch.Tensor [https://pytorch.org/docs/master/tensors.html#torch.Tensor] or np.ndarray that can be broadcast to other
tensors with inputs new_inputs.



	Return type

	int [https://docs.python.org/3/library/functions.html#int] or float [https://docs.python.org/3/library/functions.html#float] or torch.Tensor [https://pytorch.org/docs/master/tensors.html#torch.Tensor] or np.ndarray










	
align_tensors(*args, **kwargs)[source]

	Permute multiple tensors before applying a broadcasted op.

This is mainly useful for implementing eager funsor operations.


	Parameters

	
	*args (funsor.terms.Funsor) – Multiple Tensor s and
Number s.


	expand (bool [https://docs.python.org/3/library/functions.html#bool]) – Whether to expand input tensors. Defaults to False.






	Returns

	a pair (inputs, tensors) where tensors are all
torch.Tensor [https://pytorch.org/docs/master/tensors.html#torch.Tensor] s or np.ndarray s
that can be broadcast together to a single data
with given inputs.



	Return type

	tuple [https://docs.python.org/3/library/stdtypes.html#tuple]










	
class Function(fn, output, args)[source]

	Bases: funsor.terms.Funsor

Funsor wrapped by a native PyTorch or NumPy function.

Functions are assumed to support broadcasting and can be eagerly evaluated
on funsors with free variables of int type (i.e. batch dimensions).

Function s are usually created via the function() decorator.


	Parameters

	
	fn (callable) – A native PyTorch or NumPy function to wrap.


	output (type [https://docs.python.org/3/library/functions.html#type]) – An output domain.


	args (Funsor) – Funsor arguments.













	
function(*signature)[source]

	Decorator to wrap a PyTorch/NumPy function, using either type hints or
explicit type annotations.

Example:

# Using type hints:
@funsor.tensor.function
def matmul(x: Reals[3, 4], y: Reals[4, 5]) -> Reals[3, 5]:
    return torch.matmul(x, y)

# Using explicit type annotations:
@funsor.tensor.function(Reals[3, 4], Reals[4, 5], Reals[3, 5])
def matmul(x, y):
    return torch.matmul(x, y)

@funsor.tensor.function(Reals[10], Reals[10, 10], Reals[10], Real)
def mvn_log_prob(loc, scale_tril, x):
    d = torch.distributions.MultivariateNormal(loc, scale_tril)
    return d.log_prob(x)





To support functions that output nested tuples of tensors, specify a nested
Tuple of output types, for example:

@funsor.tensor.function
def max_and_argmax(x: Reals[8]) -> Tuple[Real, Bint[8]]:
    return torch.max(x, dim=-1)






	Parameters

	*signature – A sequence if input domains followed by a final output
domain or nested tuple of output domains.










	
Einsum(equation, *operands)[source]

	Wrapper around torch.einsum() [https://pytorch.org/docs/master/generated/torch.einsum.html#torch.einsum] or np.einsum() to operate on real-valued Funsors.

Note this operates only on the output tensor. To perform sum-product
contractions on named dimensions, instead use + and
Reduce.


	Parameters

	
	equation (str [https://docs.python.org/3/library/stdtypes.html#str]) – An torch.einsum() [https://pytorch.org/docs/master/generated/torch.einsum.html#torch.einsum] or np.einsum() equation.


	operands (tuple [https://docs.python.org/3/library/stdtypes.html#tuple]) – A tuple of input funsors.













	
tensordot(x, y, dims)[source]

	Wrapper around torch.tensordot() [https://pytorch.org/docs/master/generated/torch.tensordot.html#torch.tensordot] or np.tensordot()
to operate on real-valued Funsors.

Note this operates only on the output tensor. To perform sum-product
contractions on named dimensions, instead use + and
Reduce.

Arguments should satisfy:

len(x.shape) >= dims
len(y.shape) >= dims
dims == 0 or x.shape[-dims:] == y.shape[:dims]






	Parameters

	
	x (Funsor) – A left hand argument.


	y (Funsor) – A y hand argument.


	dims (int [https://docs.python.org/3/library/functions.html#int]) – The number of dimension of overlap of output shape.






	Return type

	Funsor











Gaussian


	
class BlockVector(shape)[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]

Jit-compatible helper to build blockwise vectors.
Syntax is similar to torch.zeros() [https://pytorch.org/docs/master/generated/torch.zeros.html#torch.zeros]

x = BlockVector((100, 20))
x[..., 0:4] = x1
x[..., 6:10] = x2
x = x.as_tensor()
assert x.shape == (100, 20)






	
as_tensor()[source]

	








	
class BlockMatrix(shape)[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]

Jit-compatible helper to build blockwise matrices.
Syntax is similar to torch.zeros() [https://pytorch.org/docs/master/generated/torch.zeros.html#torch.zeros]

x = BlockMatrix((100, 20, 20))
x[..., 0:4, 0:4] = x11
x[..., 0:4, 6:10] = x12
x[..., 6:10, 0:4] = x12.transpose(-1, -2)
x[..., 6:10, 6:10] = x22
x = x.as_tensor()
assert x.shape == (100, 20, 20)






	
as_tensor()[source]

	








	
align_gaussian(new_inputs, old, expand=False)[source]

	Align data of a Gaussian distribution to a new inputs shape.






	
class Gaussian(white_vec, prec_sqrt, inputs)[source]

	Bases: funsor.terms.Funsor

Funsor representing a batched Gaussian log-density function.

Gaussians are the internal representation for joint and conditional
multivariate normal distributions and multivariate normal likelihoods.
Mathematically, a Gaussian represents the quadratic log density function:

f(x) = -0.5 * || x @ prec_sqrt - white_vec ||^2
     = -0.5 * < x @ prec_sqrt - white_vec | x @ prec_sqrt - white_vec >
     = -0.5 * < x | prec_sqrt @ prec_sqrt.T | x>
       + < x | prec_sqrt | white_vec > - 0.5 ||white_vec||^2





Internally Gaussians use a square root information filter (SRIF)
representation consisting of a square root of the precision matrix
prec_sqrt and a vector in the whitened space white_vec. This
representation allows space-efficient construction of Gaussians with
incomplete information, i.e. with zero eigenvalues in the precision matrix.
These incomplete log densities arise when making low-dimensional
observations of higher-dimensional hidden state. Sampling and
marginalization are supported only for full-rank Gaussians or full-rank
subsets of Gaussians. See the rank() and is_full_rank()
properties.


Note

Gaussian s are not normalized probability distributions,
rather they are canonicalized to evaluate to zero log density at their
maximum: f(prec_sqrt \ white_vec) = 0. Not only are Gaussians
non-normalized, but they may be rank deficient and non-normalizable, in
which case sampling and marginalization are supported only un full-rank
subsets of variables.




	Parameters

	
	white_vec (torch.Tensor [https://pytorch.org/docs/master/tensors.html#torch.Tensor]) – An batched white noise vector, where
white_vec = prec_sqrt.T @ mean. Alternatively you can specify one
of the kwargs mean or info_vec, which will be converted to
white_vec.


	prec_sqrt (torch.Tensor [https://pytorch.org/docs/master/tensors.html#torch.Tensor]) – A batched square root of the positive
semidefinite precision matrix. This need not be square, and typically
has shape prec_sqrt.shape == white_vec.shape[:-1] + (dim, rank),
where dim is the total flattened size of real inputs and
rank = white_vec.shape[-1].  Alternatively you can specify one of
the kwargs precision, covariance, or scale_tril, which will
be converted to prec_sqrt.


	inputs (OrderedDict) – Mapping from name to
Domain .









	
compression_threshold = 2

	




	
classmethod set_compression_threshold(threshold: float)[source]

	Context manager to set rank compression threshold.

To save space Gaussians compress wide prec_sqrt matrices down to
square. However compression uses a QR decomposition which can be
expensive and which has unstable gradients when the resulting precision
matrix is rank deficient. To balance space and time costs and numerical
stability, compression is trigger only on prec_sqrt matrices whose
width to height ratio is greater than threshold.


	Parameters

	threshold (float [https://docs.python.org/3/library/functions.html#float]) – Defaults to 2. To optimize for space and
deterministic computations, set threshold = 1. To optimize for
fewest QR decompositions and numerical stability, set threshold =
math.inf.










	
rank

	




	
is_full_rank

	




	
log_normalizer[source]

	




	
align(names)[source]

	




	
eager_subs(subs)[source]

	




	
eager_reduce(op, reduced_vars)[source]

	









Joint


	
moment_matching_contract_default(*args)[source]

	




	
moment_matching_contract_joint(red_op, bin_op, reduced_vars, discrete, gaussian)[source]

	




	
eager_reduce_exp(op, arg, reduced_vars)[source]

	




	
eager_independent_joint(joint, reals_var, bint_var, diag_var)[source]

	





Contraction


	
class Contraction(red_op, bin_op, reduced_vars, terms)[source]

	Bases: funsor.terms.Funsor

Declarative representation of a finitary sum-product operation.

After normalization via the normalize() interpretation
contractions will canonically order their terms by type:

Delta, Number, Tensor, Gaussian






	
align(names)[source]

	








	
GaussianMixture

	alias of funsor.cnf.Contraction






	
children_contraction(x)[source]

	




	
eager_contraction_generic_to_tuple(red_op, bin_op, reduced_vars, *terms)[source]

	




	
eager_contraction_generic_recursive(red_op, bin_op, reduced_vars, terms)[source]

	




	
eager_contraction_to_reduce(red_op, bin_op, reduced_vars, term)[source]

	




	
eager_contraction_to_binary(red_op, bin_op, reduced_vars, lhs, rhs)[source]

	




	
eager_contraction_tensor(red_op, bin_op, reduced_vars, *terms)[source]

	




	
eager_contraction_gaussian(red_op, bin_op, reduced_vars, x, y)[source]

	




	
normalize_contraction_commutative_canonical_order(red_op, bin_op, reduced_vars, *terms)[source]

	




	
normalize_contraction_commute_joint(red_op, bin_op, reduced_vars, other, mixture)[source]

	




	
normalize_contraction_generic_args(red_op, bin_op, reduced_vars, *terms)[source]

	




	
normalize_trivial(red_op, bin_op, reduced_vars, term)[source]

	




	
normalize_contraction_generic_tuple(red_op, bin_op, reduced_vars, terms)[source]

	




	
binary_to_contract(op, lhs, rhs)[source]

	




	
reduce_funsor(op, arg, reduced_vars)[source]

	




	
unary_neg_variable(op, arg)[source]

	




	
do_fresh_subs(arg, subs)[source]

	




	
distribute_subs_contraction(arg, subs)[source]

	




	
normalize_fuse_subs(arg, subs)[source]

	




	
binary_subtract(op, lhs, rhs)[source]

	




	
binary_divide(op, lhs, rhs)[source]

	




	
unary_log_exp(op, arg)[source]

	




	
unary_contract(op, arg)[source]

	





Integrate


	
class Integrate(log_measure, integrand, reduced_vars)[source]

	Bases: funsor.terms.Funsor

Funsor representing an integral wrt a log density funsor.


	Parameters

	
	log_measure (Funsor) – A log density funsor treated as a measure.


	integrand (Funsor) – An integrand funsor.


	reduced_vars (str [https://docs.python.org/3/library/stdtypes.html#str], Variable, or set [https://docs.python.org/3/library/stdtypes.html#set] or frozenset thereof.) – An input name or set of names to reduce.














Constant


	
class ConstantMeta(name, bases, dct)[source]

	Bases: funsor.terms.FunsorMeta

Wrapper to convert const_inputs to a tuple.






	
class Constant(const_inputs, arg)[source]

	Bases: funsor.terms.Funsor

Funsor that is constant wrt const_inputs.

Constant can be used for provenance tracking.

Examples:

a = Constant(OrderedDict(x=Real, y=Bint[3]), Number(0))
a(y=1)  # returns Constant(OrderedDict(x=Real), Number(0))
a(x=2, y=1)  # returns Number(0)

d = Tensor(torch.tensor([1, 2, 3]))["y"]
a + d  # returns Constant(OrderedDict(x=Real), d)

c = Constant(OrderedDict(x=Bint[3]), Number(1))
c.reduce(ops.add, "x")  # returns Number(3)






	Parameters

	
	const_inputs (dict [https://docs.python.org/3/library/stdtypes.html#dict]) – A mapping from input name (str) to datatype (funsor.domain.Domain).


	arg (funsor) – A funsor that is constant wrt to const_inputs.









	
eager_subs(subs)[source]

	




	
eager_reduce(op, reduced_vars)[source]

	




	
align(names)[source]

	




	
materialize(x)[source]

	Attempt to convert a Funsor to a Number or
Tensor by substituting arange() s into its free variables.


	Parameters

	x (Funsor) – A funsor.



	Return type

	Funsor














	
eager_reduce_add(op, arg, reduced_vars)[source]

	




	
eager_binary_constant_constant(op, lhs, rhs)[source]

	




	
eager_binary_constant_tensor(op, lhs, rhs)[source]

	




	
eager_binary_tensor_constant(op, lhs, rhs)[source]

	




	
eager_unary(op, arg)[source]

	







          

      

      

    

  

    
      
          
            
  


Optimizer


	
unfold_contraction_generic_tuple(red_op, bin_op, reduced_vars, terms)[source]

	




	
unfold_contraction_variadic(r, b, v, *ts)[source]

	




	
optimize_contraction_variadic(r, b, v, *ts)[source]

	




	
eager_contract_base(red_op, bin_op, reduced_vars, *terms)[source]

	




	
optimize_contract_finitary_funsor(red_op, bin_op, reduced_vars, terms)[source]

	




	
apply_optimizer(x)[source]

	






          

      

      

    

  

    
      
          
            
  


Adjoint Algorithms


	
class AdjointTape[source]

	Bases: funsor.interpretations.Interpretation


	
interpret(cls, *args)[source]

	




	
adjoint(sum_op, bin_op, root, targets=None, *, batch_vars={})[source]

	








	
forward_backward(sum_op, bin_op, expr, *, batch_vars=frozenset())[source]

	




	
adjoint(sum_op, bin_op, expr)[source]

	




	
adjoint_binary(adj_sum_op, adj_prod_op, out_adj, op, lhs, rhs)[source]

	




	
adjoint_reduce(adj_sum_op, adj_prod_op, out_adj, op, arg, reduced_vars)[source]

	




	
adjoint_contract_unary(adj_sum_op, adj_prod_op, out_adj, sum_op, prod_op, reduced_vars, arg)[source]

	




	
adjoint_contract_generic(adj_sum_op, adj_prod_op, out_adj, sum_op, prod_op, reduced_vars, terms)[source]

	




	
adjoint_contract(adj_sum_op, adj_prod_op, out_adj, sum_op, prod_op, reduced_vars, lhs, rhs)[source]

	




	
adjoint_cat(adj_sum_op, adj_prod_op, out_adj, name, parts, part_name)[source]

	




	
adjoint_subs(adj_sum_op, adj_prod_op, out_adj, arg, subs)[source]

	




	
adjoint_scatter(adj_sum_op, adj_prod_op, out_adj, op, subs, source, reduced_vars)[source]

	






          

      

      

    

  

    
      
          
            
  


Sum-Product Algorithms


	
partial_unroll(factors, eliminate=frozenset(), plate_to_step={})[source]

	Performs partial unrolling of plated factor graphs to standard factor graphs.
Only plates with history={0, 1} are supported.

For plates (history=0) unrolling operation appends _{i} suffix
to variable names for index i in the plate (e.g., “x”->”x_0” for i=0).
For markov dimensions (history=1) unrolling operation renames the suffixes
var_prev to var_{i} and var_curr to var_{i+1} for index i
(e.g., “x_prev”->”x_0” and “x_curr”->”x_1” for i=0).
Markov vars are assumed to have names that follow var_suffix formatting
and specifically var_0 for the initial factor (e.g.,
("x_0", "x_prev", "x_curr") for history=1).


	Parameters

	
	factors (tuple [https://docs.python.org/3/library/stdtypes.html#tuple] or list [https://docs.python.org/3/library/stdtypes.html#list]) – A collection of funsors.


	eliminate (frozenset [https://docs.python.org/3/library/stdtypes.html#frozenset]) – A set of free variables to unroll,
including both sum variables and product variable.


	plate_to_step (dict [https://docs.python.org/3/library/stdtypes.html#dict]) – A dict mapping markov dimensions to
step collections that contain ordered sequences of Markov variable names
(e.g., {"time": frozenset({("x_0", "x_prev", "x_curr")})}).
Plates are passed with an empty step.






	Returns

	a list of partially unrolled Funsors,
a frozenset of partially unrolled variable names,
and a frozenset of remaining plates.










	
partial_sum_product(sum_op, prod_op, factors, eliminate=frozenset(), plates=frozenset())[source]

	Performs partial sum-product contraction of a collection of factors.


	Returns

	a list of partially contracted Funsors.



	Return type

	list [https://docs.python.org/3/library/stdtypes.html#list]










	
dynamic_partial_sum_product(sum_op, prod_op, factors, eliminate=frozenset(), plate_to_step={})[source]

	Generalization of the tensor variable elimination algorithm of
funsor.sum_product.partial_sum_product() to handle higer-order markov
dimensions in addition to plate dimensions. Markov dimensions in transition
factors are eliminated efficiently using the parallel-scan algorithm in
funsor.sum_product.sarkka_bilmes_product(). The resulting factors are then
combined with the initial factors and final states are eliminated. Therefore,
when Markov dimension is eliminated factors has to contain
initial factors and transition factors.


	Parameters

	
	sum_op (AssociativeOp) – A semiring sum operation.


	prod_op (AssociativeOp) – A semiring product operation.


	factors (tuple [https://docs.python.org/3/library/stdtypes.html#tuple] or list [https://docs.python.org/3/library/stdtypes.html#list]) – A collection of funsors.


	eliminate (frozenset [https://docs.python.org/3/library/stdtypes.html#frozenset]) – A set of free variables to eliminate,
including both sum variables and product variable.


	plate_to_step (dict [https://docs.python.org/3/library/stdtypes.html#dict]) – A dict mapping markov dimensions to
step collections that contain ordered sequences of Markov variable names
(e.g., {"time": frozenset({("x_0", "x_prev", "x_curr")})}).
Plates are passed with an empty step.






	Returns

	a list of partially contracted Funsors.



	Return type

	list [https://docs.python.org/3/library/stdtypes.html#list]










	
modified_partial_sum_product(sum_op, prod_op, factors, eliminate=frozenset(), plate_to_step={})[source]

	Generalization of the tensor variable elimination algorithm of
funsor.sum_product.partial_sum_product() to handle markov dimensions
in addition to plate dimensions. Markov dimensions in transition factors
are eliminated efficiently using the parallel-scan algorithm in
funsor.sum_product.sequential_sum_product(). The resulting factors are then
combined with the initial factors and final states are eliminated. Therefore,
when Markov dimension is eliminated factors has to contain a pairs of
initial factors and transition factors.


	Parameters

	
	sum_op (AssociativeOp) – A semiring sum operation.


	prod_op (AssociativeOp) – A semiring product operation.


	factors (tuple [https://docs.python.org/3/library/stdtypes.html#tuple] or list [https://docs.python.org/3/library/stdtypes.html#list]) – A collection of funsors.


	eliminate (frozenset [https://docs.python.org/3/library/stdtypes.html#frozenset]) – A set of free variables to eliminate,
including both sum variables and product variable.


	plate_to_step (dict [https://docs.python.org/3/library/stdtypes.html#dict]) – A dict mapping markov dimensions to
step collections that contain ordered sequences of Markov variable names
(e.g., {"time": frozenset({("x_0", "x_prev", "x_curr")})}).
Plates are passed with an empty step.






	Returns

	a list of partially contracted Funsors.



	Return type

	list [https://docs.python.org/3/library/stdtypes.html#list]










	
sum_product(sum_op, prod_op, factors, eliminate=frozenset(), plates=frozenset())[source]

	Performs sum-product contraction of a collection of factors.


	Returns

	a single contracted Funsor.



	Return type

	Funsor










	
naive_sequential_sum_product(sum_op, prod_op, trans, time, step)[source]

	




	
sequential_sum_product(sum_op, prod_op, trans, time, step)[source]

	For a funsor trans with dimensions time, prev and curr,
computes a recursion equivalent to:

tail_time = 1 + arange("time", trans.inputs["time"].size - 1)
tail = sequential_sum_product(sum_op, prod_op,
                              trans(time=tail_time),
                              time, {"prev": "curr"})
return prod_op(trans(time=0)(curr="drop"), tail(prev="drop"))            .reduce(sum_op, "drop")





but does so efficiently in parallel in O(log(time)).


	Parameters

	
	sum_op (AssociativeOp) – A semiring sum operation.


	prod_op (AssociativeOp) – A semiring product operation.


	trans (Funsor) – A transition funsor.


	time (Variable) – The time input dimension.


	step (dict [https://docs.python.org/3/library/stdtypes.html#dict]) – A dict mapping previous variables to current variables.
This can contain multiple pairs of prev->curr variable names.













	
mixed_sequential_sum_product(sum_op, prod_op, trans, time, step, num_segments=None)[source]

	For a funsor trans with dimensions time, prev and curr,
computes a recursion equivalent to:

tail_time = 1 + arange("time", trans.inputs["time"].size - 1)
tail = sequential_sum_product(sum_op, prod_op,
                              trans(time=tail_time),
                              time, {"prev": "curr"})
return prod_op(trans(time=0)(curr="drop"), tail(prev="drop"))            .reduce(sum_op, "drop")





by mixing parallel and serial scan algorithms over num_segments segments.


	Parameters

	
	sum_op (AssociativeOp) – A semiring sum operation.


	prod_op (AssociativeOp) – A semiring product operation.


	trans (Funsor) – A transition funsor.


	time (Variable) – The time input dimension.


	step (dict [https://docs.python.org/3/library/stdtypes.html#dict]) – A dict mapping previous variables to current variables.
This can contain multiple pairs of prev->curr variable names.


	num_segments (int [https://docs.python.org/3/library/functions.html#int]) – number of segments for the first stage













	
naive_sarkka_bilmes_product(sum_op, prod_op, trans, time_var, global_vars=frozenset())[source]

	




	
sarkka_bilmes_product(sum_op, prod_op, trans, time_var, global_vars=frozenset(), num_periods=1)[source]

	




	
class MarkovProductMeta(name, bases, dct)[source]

	Bases: funsor.terms.FunsorMeta

Wrapper to convert step to a tuple and fill in default step_names.






	
class MarkovProduct(sum_op, prod_op, trans, time, step, step_names)[source]

	Bases: funsor.terms.Funsor

Lazy representation of sequential_sum_product() .


	Parameters

	
	sum_op (AssociativeOp) – A marginalization op.


	prod_op (AssociativeOp) – A Bayesian fusion op.


	trans (Funsor) – A sequence of transition factors,
usually varying along the time input.


	time (str [https://docs.python.org/3/library/stdtypes.html#str] or Variable) – A time dimension.


	step (dict [https://docs.python.org/3/library/stdtypes.html#dict]) – A str-to-str mapping of “previous” inputs of trans
to “current” inputs of trans.


	step_names (dict [https://docs.python.org/3/library/stdtypes.html#dict]) – Optional, for internal use by alpha conversion.









	
eager_subs(subs)[source]

	








	
eager_markov_product(sum_op, prod_op, trans, time, step, step_names)[source]

	






          

      

      

    

  

    
      
          
            
  


Affine Pattern Matching


	
is_affine(fn)[source]

	A sound but incomplete test to determine whether a funsor is affine with
respect to all of its real inputs.


	Parameters

	fn (Funsor) – A funsor.



	Return type

	bool [https://docs.python.org/3/library/functions.html#bool]










	
affine_inputs(fn)[source]

	Returns a [sound sub]set of real inputs of fn
wrt which fn is known to be affine.


	Parameters

	fn (Funsor) – A funsor.



	Returns

	A set of input names wrt which fn is affine.



	Return type

	frozenset [https://docs.python.org/3/library/stdtypes.html#frozenset]










	
extract_affine(fn)[source]

	Extracts an affine representation of a funsor, satisfying:

x = ...
const, coeffs = extract_affine(x)
y = sum(Einsum(eqn, coeff, Variable(var, coeff.output))
        for var, (coeff, eqn) in coeffs.items())
assert_close(y, x)
assert frozenset(coeffs) == affine_inputs(x)





The coeffs will have one key per input wrt which fn is known to be
affine (via affine_inputs() ), and const and coeffs.values
will all be constant wrt these inputs.

The affine approximation is computed by ev evaluating fn at
zero and each basis vector. To improve performance, users may want to run
under the Memoize() interpretation.


	Parameters

	fn (Funsor) – A funsor that is affine wrt the (add,mul) semiring in
some subset of its inputs.



	Returns

	A pair (const, coeffs) where const is a funsor with no real
inputs and coeffs is an OrderedDict mapping input name to a
(coefficient, eqn) pair in einsum form.



	Return type

	tuple [https://docs.python.org/3/library/stdtypes.html#tuple]












          

      

      

    

  

    
      
          
            
  


Funsor Factory


	
class Fresh(fn)[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]

Type hint for make_funsor() decorated functions. This provides hints
for fresh variables (names) and the return type.

Examples:

Fresh[Real]  # a constant known domain
Fresh[lambda x: Array[x.dtype, x.shape[1:]]  # args are Domains
Fresh[lambda x, y: Bint[x.size + y.size]]






	Parameters

	fn (callable) – A lambda taking named arguments (in any order)
which will be filled in with the domain of the similarly named
funsor argument to the decorated function. This lambda should
compute a desired resulting domain given domains of arguments.










	
class Bound[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]

Type hint for make_funsor() decorated functions. This provides hints
for bound variables (names).






	
class Has(bound)[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]

Type hint for make_funsor() decorated functions.

This hint asserts that a set of Bound variables
always appear in the .inputs of the annotated argument.

For example, we could write a named matmul function that
asserts that both arguments always contain the reduced input,
and cannot be constant with respect to that input:

@make_funsor
def MatMul(
    x: Has[{"i"}],
    y: Has[{"i"}],
    i: Bound,
) -> Fresh[lambda x: x]:
    return (x * y).reduce(ops.add, i)





Here the string "i" in the annotations for x and y
refer to the argument i of our MatMul function,
which is known to be Bound (i.e it does not appear in the
.inputs of evaluating Matmul(x, y, "i").


Warning

This annotation is experimental and may be removed in the future.

Note that because Funsor is inherently extensional,
violating a Has constraint only raises a SyntaxWarning [https://docs.python.org/3/library/exceptions.html#SyntaxWarning]
rather than a full TypeError [https://docs.python.org/3/library/exceptions.html#TypeError]  and even then only under
the reflect()  interpretation.

As such, Has annotations should be used sparingly,
reserved for cases where the programmer has complete control
over the inputs to a function and knows that an argument
will always depend on a bound variable, e.g. when writing one-off
Funsor terms to describe custom layers in a neural network.




	Parameters

	bound (set [https://docs.python.org/3/library/stdtypes.html#set]) – A set of strings of names of
Bound arguments of a make_funsor() -decorated function.










	
make_funsor(fn)[source]

	Decorator to dynamically create a subclass of
Funsor, together with a single default eager
pattern.

This infers inputs, outputs, fresh, and bound variables from type hints
follow the following convention:


	Funsor inputs are typed Funsor.


	Bound variable inputs (names) are typed Bound.


	Fresh variable inputs (names) are typed Fresh together with
lambda to compute the dependent domain.


	Ground value inputs (e.g. Python ints) are typed Value together with
their actual data type, e.g. Value[int].


	The return value is typed Fresh together with a lambda to
compute the dependent return domain.




For example to unflatten a single coordinate into a pair of coordinates we
could define:

@make_funsor
def Unflatten(
    x: Funsor,
    i: Bound,
    i_over_2: Fresh[lambda i: Bint[i.size // 2]],
    i_mod_2: Fresh[lambda: Bint[2]],
) -> Fresh[lambda x: x]:
    assert i.output.size % 2 == 0
    return x(**{i.name: i_over_2 * Number(2, 3) + i_mod_2})






	Parameters

	fn (callable) – A type annotated function of Funsors.



	Return type

	subclas of Funsor












          

      

      

    

  

    
      
          
            
  


Testing Utiltites


	
xfail_if_not_implemented(msg='Not implemented', *, match=None)[source]

	




	
xfail_if_not_found(msg='Not implemented')[source]

	




	
requires_backend(*backends, reason=None)[source]

	




	
excludes_backend(*backends, reason=None)[source]

	




	
class ActualExpected[source]

	Bases: funsor.testing.LazyComparison

Lazy string formatter for test assertions.






	
id_from_inputs(inputs)[source]

	




	
is_array(x)[source]

	




	
assert_close(actual, expected, atol=1e-06, rtol=1e-06)[source]

	




	
check_funsor(x, inputs, output, data=None)[source]

	Check dims and shape modulo reordering.






	
xfail_param(*args, **kwargs)[source]

	




	
make_einsum_example(equation, fill=None, sizes=(2, 3))[source]

	




	
assert_equiv(x, y)[source]

	Check that two funsors are equivalent up to permutation of inputs.






	
rand(*args)[source]

	




	
randint(low, high, size)[source]

	




	
randn(*args)[source]

	




	
random_scale_tril(*args)[source]

	




	
zeros(*args)[source]

	




	
ones(*args)[source]

	




	
empty(*args)[source]

	




	
random_tensor(inputs, output=Real)[source]

	Creates a random funsor.tensor.Tensor with given inputs and output.






	
random_gaussian(inputs)[source]

	Creates a random funsor.gaussian.Gaussian with given inputs.






	
random_mvn(batch_shape, dim, diag=False)[source]

	Generate a random torch.distributions.MultivariateNormal with given shape.






	
make_plated_hmm_einsum(num_steps, num_obs_plates=1, num_hidden_plates=0)[source]

	




	
make_chain_einsum(num_steps)[source]

	




	
make_hmm_einsum(num_steps)[source]

	




	
iter_subsets(iterable, *, min_size=None, max_size=None)[source]

	




	
class DesugarGetitem[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]

Helper to desugar .__getitem__() syntax.

Example:

>>> desugar_getitem[1:3, ..., None]
(slice(1, 3), Ellipsis, None)












          

      

      

    

  

    
      
          
            
  


Typing Utiltites


	
deep_type(obj)[source]

	An enhanced version of type() that reconstructs structured typing` types
for a limited set of immutable data structures, notably tuple and frozenset.
Mostly intended for internal use in Funsor interpretation pattern-matching.

Example:

assert deep_type((1, ("a",))) is typing.Tuple[int, typing.Tuple[str]]
assert deep_type(frozenset(["a"])) is typing.FrozenSet[str]










	
register_subclasscheck(cls)[source]

	Decorator for registering a custom __subclasscheck__ method for cls
which is only ever invoked in deep_issubclass().

This is primarily intended for working with the typing [https://docs.python.org/3/library/typing.html#module-typing] library at runtime.
Prefer overriding __subclasscheck__ in the usual way with a metaclass
where possible.






	
deep_issubclass[source]

	Enhanced version of issubclass() [https://docs.python.org/3/library/functions.html#issubclass] that can handle structured types,
including Funsor terms, Tuple, and FrozenSet [https://docs.python.org/3/library/typing.html#typing.FrozenSet].

Does not support more advanced typing [https://docs.python.org/3/library/typing.html#module-typing] features such as
TypeVar [https://docs.python.org/3/library/typing.html#typing.TypeVar], arbitrary Generic [https://docs.python.org/3/library/typing.html#typing.Generic] subtypes,
forward references, or mutable collection types like List [https://docs.python.org/3/library/typing.html#typing.List].
Will attempt to fall back to issubclass() [https://docs.python.org/3/library/functions.html#issubclass] when it encounters a type in
subcls or cls that it does not understand.

Usage:

class A: pass
class B(A): pass

assert deep_issubclass(typing.Tuple[int, B], typing.Tuple[int, A])
assert not deep_issubclass(typing.Tuple[int, A], typing.Tuple[int, B])

assert deep_issubclass(typing.Tuple[A, A], typing.Tuple[A, ...])
assert not deep_issubclass(typing.Tuple[B], typing.Tuple[A, ...])






	Parameters

	
	subcls – A class that may be a subclass of cls.


	cls – A class that may be a parent class of subcls.













	
deep_isinstance(obj, cls)[source]

	Enhanced version of isinstance() [https://docs.python.org/3/library/functions.html#isinstance] that can handle basic structured typing [https://docs.python.org/3/library/typing.html#module-typing] types,
including Funsor terms and other GenericTypeMeta instances,
Union, Tuple, and FrozenSet [https://docs.python.org/3/library/typing.html#typing.FrozenSet].

Does not support TypeVar [https://docs.python.org/3/library/typing.html#typing.TypeVar], arbitrary Generic [https://docs.python.org/3/library/typing.html#typing.Generic],
forward references, or mutable generic collection types like List [https://docs.python.org/3/library/typing.html#typing.List].
Will attempt to fall back to isinstance() [https://docs.python.org/3/library/functions.html#isinstance] when it encounters
an unsupported type in obj or cls.

Usage:

x = (1, ("a", "b"))
assert deep_isinstance(x, typing.Tuple[int, tuple])
assert deep_isinstance(x, typing.Tuple[typing.Any, typing.Tuple[str, ...]])






	Parameters

	
	obj – An object that may be an instance of cls.


	cls – A class that may be a parent class of obj.













	
get_args(tp)[source]

	




	
get_origin(tp)[source]

	




	
get_type_hints(obj, globalns=None, localns=None)[source]

	Return type hints for an object.

This is often the same as obj.__annotations__, but it handles
forward references encoded as string literals, and if necessary
adds Optional[t] if a default value equal to None is set.

The argument may be a module, class, method, or function. The annotations
are returned as a dictionary. For classes, annotations include also
inherited members.

TypeError is raised if the argument is not of a type that can contain
annotations, and an empty dictionary is returned if no annotations are
present.

BEWARE – the behavior of globalns and localns is counterintuitive
(unless you are familiar with how eval() and exec() work).  The
search order is locals first, then globals.


	If no dict arguments are passed, an attempt is made to use the
globals from obj (or the respective module’s globals for classes),
and these are also used as the locals.  If the object does not appear
to have globals, an empty dictionary is used.


	If one dict argument is passed, it is used for both globals and
locals.


	If two dict arguments are passed, they specify globals and
locals, respectively.









	
class GenericTypeMeta(name, bases, dct)[source]

	Bases: type [https://docs.python.org/3/library/functions.html#type]

Metaclass to support subtyping with parameters for pattern matching, e.g. Number[int, int].






	
class typing_wrap[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]

Utility callable for overriding the runtime behavior of typing [https://docs.python.org/3/library/typing.html#module-typing] objects.






	
class Variadic[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]

A typing-compatible drop-in replacement for Variadic.








          

      

      

    

  

    
      
          
            
  


Recipes using Funsor

This module provides a number of high-level algorithms using Funsor.


	
forward_filter_backward_rsample(factors: Dict[str, funsor.terms.Funsor], eliminate: FrozenSet[str], plates: FrozenSet[str], sample_inputs: Dict[str, type] = {}, rng_key=None)[source]

	A forward-filter backward-batched-reparametrized-sample algorithm for use
in variational inference. The motivating use case is performing Gaussian
tensor variable elimination over structured variational posteriors.


	Parameters

	
	factors (dict [https://docs.python.org/3/library/stdtypes.html#dict]) – A dictionary mapping sample site name to a Funsor
factor created at that sample site.


	frozenset – A set of names of latent variables to marginalize and
plates to aggregate.


	plates – A set of names of plates to aggregate.


	sample_inputs (dict [https://docs.python.org/3/library/stdtypes.html#dict]) – An optional dict of enclosing sample indices
over which samples will be drawn in batch.


	rng_key – A random number key for the JAX backend.






	Returns

	A pair samples:Dict[str, Tensor], log_prob: Tensor of samples
and log density evaluated at each of those samples. If sample_inputs
is nonempty, both outputs will be batched.



	Return type

	tuple [https://docs.python.org/3/library/stdtypes.html#tuple]










	
forward_filter_backward_precondition(factors: Dict[str, funsor.terms.Funsor], eliminate: FrozenSet[str], plates: FrozenSet[str], aux_name: str = 'aux')[source]

	A forward-filter backward-precondition algorithm for use in variational
inference or preconditioning in Hamiltonian Monte Carlo. The motivating use
case is performing Gaussian tensor variable elimination over structured
variational posteriors, and optionally using the learned posterior to
determine momentum in HMC.


	Parameters

	
	factors (dict [https://docs.python.org/3/library/stdtypes.html#dict]) – A dictionary mapping sample site name to a Funsor
factor created at that sample site.


	frozenset – A set of names of latent variables to marginalize and
plates to aggregate.


	plates – A set of names of plates to aggregate.


	aux_name (str [https://docs.python.org/3/library/stdtypes.html#str]) – Name of the auxiliary variable containing white noise.






	Returns

	A pair samples:Dict[str, Tensor], log_prob: Tensor of samples
and log density evaluated at each of those samples. Both outputs depend
on a vector named by aux_name, e.g. aux: Reals[d] where d
is the total number of elements in eliminated variables.



	Return type

	tuple [https://docs.python.org/3/library/stdtypes.html#tuple]












          

      

      

    

  

    
      
          
            
  


Pyro-Compatible Distributions

This interface provides a number of PyTorch-style distributions that use
funsors internally to perform inference. These high-level objects are based on
a wrapping class: FunsorDistribution which
wraps a funsor in a PyTorch-distributions-compatible interface.
FunsorDistribution objects can be used
directly in Pyro models (using the standard Pyro backend).


FunsorDistribution Base Class


	
class FunsorDistribution(funsor_dist, batch_shape=torch.Size([]), event_shape=torch.Size([]), dtype='real', validate_args=None)[source]

	Bases: pyro.distributions.torch_distribution.TorchDistribution

Distribution wrapper around a
Funsor for use in Pyro code. This is typically used
as a base class for specific funsor inference algorithms wrapped in a
distribution interface.


	Parameters

	
	funsor_dist (funsor.terms.Funsor) – A funsor with an input named
“value” that is treated as a random variable. The distribution should
be normalized over “value”.


	batch_shape (torch.Size) – The distribution’s batch shape. This must
be in the same order as the input of the funsor_dist, but may
contain extra dims of size 1.


	event_shape – The distribution’s event shape.









	
arg_constraints = {}

	




	
support

	




	
log_prob(value)[source]

	




	
sample(sample_shape=torch.Size([]))[source]

	




	
rsample(sample_shape=torch.Size([]))[source]

	




	
expand(batch_shape, _instance=None)[source]

	








	
funsordistribution_to_funsor(pyro_dist, output=None, dim_to_name=None)[source]

	





Hidden Markov Models


	
class DiscreteHMM(initial_logits, transition_logits, observation_dist, validate_args=None)[source]

	Bases: funsor.pyro.distribution.FunsorDistribution

Hidden Markov Model with discrete latent state and arbitrary observation
distribution. This uses [1] to parallelize over time, achieving
O(log(time)) parallel complexity.

The event_shape of this distribution includes time on the left:

event_shape = (num_steps,) + observation_dist.event_shape





This distribution supports any combination of homogeneous/heterogeneous
time dependency of transition_logits and observation_dist. However,
because time is included in this distribution’s event_shape, the
homogeneous+homogeneous case will have a broadcastable event_shape with
num_steps = 1, allowing log_prob() to work with arbitrary length
data:

# homogeneous + homogeneous case:
event_shape = (1,) + observation_dist.event_shape





This class should be interchangeable with
pyro.distributions.hmm.DiscreteHMM .

References:


	[1] Simo Sarkka, Angel F. Garcia-Fernandez (2019)

	“Temporal Parallelization of Bayesian Filters and Smoothers”
https://arxiv.org/pdf/1905.13002.pdf






	Parameters

	
	initial_logits (Tensor [https://pytorch.org/docs/master/tensors.html#torch.Tensor]) – A logits tensor for an initial
categorical distribution over latent states. Should have rightmost size
state_dim and be broadcastable to batch_shape + (state_dim,).


	transition_logits (Tensor [https://pytorch.org/docs/master/tensors.html#torch.Tensor]) – A logits tensor for transition
conditional distributions between latent states. Should have rightmost
shape (state_dim, state_dim) (old, new), and be broadcastable to
batch_shape + (num_steps, state_dim, state_dim).


	observation_dist (Distribution) – A conditional
distribution of observed data conditioned on latent state. The
.batch_shape should have rightmost size state_dim and be
broadcastable to batch_shape + (num_steps, state_dim). The
.event_shape may be arbitrary.









	
has_rsample

	




	
log_prob(value)[source]

	




	
expand(batch_shape, _instance=None)[source]

	








	
class GaussianHMM(initial_dist, transition_matrix, transition_dist, observation_matrix, observation_dist, validate_args=None)[source]

	Bases: funsor.pyro.distribution.FunsorDistribution

Hidden Markov Model with Gaussians for initial, transition, and observation
distributions. This adapts [1] to parallelize over time to achieve
O(log(time)) parallel complexity, however it differs in that it tracks the
log normalizer to ensure log_prob() is differentiable.

This corresponds to the generative model:

z = initial_distribution.sample()
x = []
for t in range(num_steps):
    z = z @ transition_matrix + transition_dist.sample()
    x.append(z @ observation_matrix + observation_dist.sample())





The event_shape of this distribution includes time on the left:

event_shape = (num_steps,) + observation_dist.event_shape





This distribution supports any combination of homogeneous/heterogeneous
time dependency of transition_dist and observation_dist. However,
because time is included in this distribution’s event_shape, the
homogeneous+homogeneous case will have a broadcastable event_shape with
num_steps = 1, allowing log_prob() to work with arbitrary length
data:

event_shape = (1, obs_dim)  # homogeneous + homogeneous case





This class should be compatible with
pyro.distributions.hmm.GaussianHMM , but additionally supports
funsor adjoint algorithms.

References:


	[1] Simo Sarkka, Angel F. Garcia-Fernandez (2019)

	“Temporal Parallelization of Bayesian Filters and Smoothers”
https://arxiv.org/pdf/1905.13002.pdf






	Variables

	
	hidden_dim (int [https://docs.python.org/3/library/functions.html#int]) – The dimension of the hidden state.


	obs_dim (int [https://docs.python.org/3/library/functions.html#int]) – The dimension of the observed state.






	Parameters

	
	initial_dist (MultivariateNormal) – A distribution
over initial states. This should have batch_shape broadcastable to
self.batch_shape.  This should have event_shape (hidden_dim,).


	transition_matrix (Tensor [https://pytorch.org/docs/master/tensors.html#torch.Tensor]) – A linear transformation of hidden
state. This should have shape broadcastable to
self.batch_shape + (num_steps, hidden_dim, hidden_dim) where the
rightmost dims are ordered (old, new).


	transition_dist (MultivariateNormal) – A process
noise distribution. This should have batch_shape broadcastable to
self.batch_shape + (num_steps,).  This should have event_shape
(hidden_dim,).


	transition_matrix – A linear transformation from hidden
to observed state. This should have shape broadcastable to
self.batch_shape + (num_steps, hidden_dim, obs_dim).


	observation_dist (MultivariateNormal or
Normal) – An observation noise distribution. This should
have batch_shape broadcastable to self.batch_shape + (num_steps,).
This should have event_shape (obs_dim,).









	
has_rsample = True

	




	
arg_constraints = {}

	








	
class GaussianMRF(initial_dist, transition_dist, observation_dist, validate_args=None)[source]

	Bases: funsor.pyro.distribution.FunsorDistribution

Temporal Markov Random Field with Gaussian factors for initial, transition,
and observation distributions. This adapts [1] to parallelize over time to
achieve O(log(time)) parallel complexity, however it differs in that it
tracks the log normalizer to ensure log_prob() is differentiable.

The event_shape of this distribution includes time on the left:

event_shape = (num_steps,) + observation_dist.event_shape





This distribution supports any combination of homogeneous/heterogeneous
time dependency of transition_dist and observation_dist. However,
because time is included in this distribution’s event_shape, the
homogeneous+homogeneous case will have a broadcastable event_shape with
num_steps = 1, allowing log_prob() to work with arbitrary length
data:

event_shape = (1, obs_dim)  # homogeneous + homogeneous case





This class should be compatible with
pyro.distributions.hmm.GaussianMRF , but additionally supports
funsor adjoint algorithms.

References:


	[1] Simo Sarkka, Angel F. Garcia-Fernandez (2019)

	“Temporal Parallelization of Bayesian Filters and Smoothers”
https://arxiv.org/pdf/1905.13002.pdf






	Variables

	
	hidden_dim (int [https://docs.python.org/3/library/functions.html#int]) – The dimension of the hidden state.


	obs_dim (int [https://docs.python.org/3/library/functions.html#int]) – The dimension of the observed state.






	Parameters

	
	initial_dist (MultivariateNormal) – A distribution
over initial states. This should have batch_shape broadcastable to
self.batch_shape.  This should have event_shape (hidden_dim,).


	transition_dist (MultivariateNormal) – A joint
distribution factor over a pair of successive time steps. This should
have batch_shape broadcastable to self.batch_shape + (num_steps,).
This should have event_shape (hidden_dim + hidden_dim,) (old+new).


	observation_dist (MultivariateNormal) – A joint
distribution factor over a hidden and an observed state. This should
have batch_shape broadcastable to self.batch_shape + (num_steps,).
This should have event_shape (hidden_dim + obs_dim,).









	
has_rsample = True

	








	
class SwitchingLinearHMM(initial_logits, initial_mvn, transition_logits, transition_matrix, transition_mvn, observation_matrix, observation_mvn, exact=False, validate_args=None)[source]

	Bases: funsor.pyro.distribution.FunsorDistribution

Switching Linear Dynamical System represented as a Hidden Markov Model.

This corresponds to the generative model:

z = Categorical(logits=initial_logits).sample()
y = initial_mvn[z].sample()
x = []
for t in range(num_steps):
    z = Categorical(logits=transition_logits[t, z]).sample()
    y = y @ transition_matrix[t, z] + transition_mvn[t, z].sample()
    x.append(y @ observation_matrix[t, z] + observation_mvn[t, z].sample())





Viewed as a dynamic Bayesian network:

z[t-1] ----> z[t] ---> z[t+1]         Discrete latent class
   |  \       |  \       |   \
   | y[t-1] ----> y[t] ----> y[t+1]   Gaussian latent state
   |   /      |   /      |   /
   V  /       V  /       V  /
x[t-1]       x[t]      x[t+1]         Gaussian observation





Let class be the latent class, state be the latent multivariate
normal state, and value be the observed multivariate normal value.


	Parameters

	
	initial_logits (Tensor [https://pytorch.org/docs/master/tensors.html#torch.Tensor]) – Represents p(class[0]).


	initial_mvn (MultivariateNormal) – Represents
p(state[0] | class[0]).


	transition_logits (Tensor [https://pytorch.org/docs/master/tensors.html#torch.Tensor]) – Represents
p(class[t+1] | class[t]).


	transition_matrix (Tensor [https://pytorch.org/docs/master/tensors.html#torch.Tensor]) – 


	transition_mvn (MultivariateNormal) – Together
with transition_matrix, this represents
p(state[t], state[t+1] | class[t]).


	observation_matrix (Tensor [https://pytorch.org/docs/master/tensors.html#torch.Tensor]) – 


	observation_mvn (MultivariateNormal) – Together
with observation_matrix, this represents
p(value[t+1], state[t+1] | class[t+1]).


	exact (bool [https://docs.python.org/3/library/functions.html#bool]) – If True, perform exact inference at cost exponential in
num_steps. If False, use a moment_matching()
approximation and use parallel scan algorithm to reduce parallel
complexity to logarithmic in num_steps. Defaults to False.









	
has_rsample = True

	




	
arg_constraints = {}

	




	
log_prob(value)[source]

	




	
expand(batch_shape, _instance=None)[source]

	




	
filter(value)[source]

	Compute posterior over final state given a sequence of observations.


	Parameters

	value (Tensor [https://pytorch.org/docs/master/tensors.html#torch.Tensor]) – A sequence of observations.



	Returns

	A posterior distribution over latent states at the final time
step, represented as a pair (cat, mvn), where
Categorical [https://docs.pyro.ai/en/stable/distributions.html#pyro.distributions.Categorical] distribution over mixture
components and mvn is a
MultivariateNormal [https://docs.pyro.ai/en/stable/distributions.html#pyro.distributions.MultivariateNormal] with rightmost
batch dimension ranging over mixture components. This can then be
used to initialize a sequential Pyro model for prediction.



	Return type

	tuple [https://docs.python.org/3/library/stdtypes.html#tuple]















Conversion Utilities

This module follows a convention for converting between funsors and PyTorch
distribution objects. This convention is compatible with NumPy/PyTorch-style
broadcasting. Following PyTorch distributions (and Tensorflow distributions),
we consider “event shapes” to be on the right and broadcast-compatible “batch
shapes” to be on the left.

This module also aims to be forgiving in inputs and pedantic in outputs:
methods accept either the superclass torch.distributions.Distribution
objects or the subclass pyro.distributions.TorchDistribution [https://docs.pyro.ai/en/stable/distributions.html#pyro.distributions.TorchDistribution] objects.
Methods return only the narrower subclass
pyro.distributions.TorchDistribution [https://docs.pyro.ai/en/stable/distributions.html#pyro.distributions.TorchDistribution] objects.


	
tensor_to_funsor(tensor, event_inputs=(), event_output=0, dtype='real')[source]

	Convert a torch.Tensor [https://pytorch.org/docs/master/tensors.html#torch.Tensor] to a funsor.tensor.Tensor .

Note this should not touch data, but may trigger a
torch.Tensor.reshape() [https://pytorch.org/docs/master/generated/torch.Tensor.reshape.html#torch.Tensor.reshape] op.


	Parameters

	
	tensor (torch.Tensor [https://pytorch.org/docs/master/tensors.html#torch.Tensor]) – A PyTorch tensor.


	event_inputs (tuple [https://docs.python.org/3/library/stdtypes.html#tuple]) – A tuple of names for rightmost tensor
dimensions.  If tensor has these names, they will be converted to
result.inputs.


	event_output (int [https://docs.python.org/3/library/functions.html#int]) – The number of tensor dimensions assigned to
result.output. These must be on the right of any event_input
dimensions.






	Returns

	A funsor.



	Return type

	funsor.tensor.Tensor










	
funsor_to_tensor(funsor_, ndims, event_inputs=())[source]

	Convert a funsor.tensor.Tensor to a torch.Tensor [https://pytorch.org/docs/master/tensors.html#torch.Tensor] .

Note this should not touch data, but may trigger a
torch.Tensor.reshape() [https://pytorch.org/docs/master/generated/torch.Tensor.reshape.html#torch.Tensor.reshape] op.


	Parameters

	
	funsor (funsor.tensor.Tensor) – A funsor.


	ndims (int [https://docs.python.org/3/library/functions.html#int]) – The number of result dims, == result.dim().


	event_inputs (tuple [https://docs.python.org/3/library/stdtypes.html#tuple]) – Names assigned to rightmost dimensions.






	Returns

	A PyTorch tensor.



	Return type

	torch.Tensor [https://pytorch.org/docs/master/tensors.html#torch.Tensor]










	
dist_to_funsor(pyro_dist, event_inputs=())[source]

	Convert a PyTorch distribution to a Funsor.


	Parameters

	torch.distribution.Distribution – A PyTorch distribution.



	Returns

	A funsor.



	Return type

	funsor.terms.Funsor










	
mvn_to_funsor(pyro_dist, event_inputs=(), real_inputs={})[source]

	Convert a joint torch.distributions.MultivariateNormal
distribution into a Funsor with multiple real
inputs.

This should satisfy:

sum(d.num_elements for d in real_inputs.values())
  == pyro_dist.event_shape[0]






	Parameters

	
	pyro_dist (torch.distributions.MultivariateNormal) – A
multivariate normal distribution over one or more variables
of real or vector or tensor type.


	event_inputs (tuple [https://docs.python.org/3/library/stdtypes.html#tuple]) – A tuple of names for rightmost dimensions.
These will be assigned to result.inputs of type Bint.


	real_inputs (OrderedDict) – A dict mapping real variable name
to appropriately sized Real. The sum of all .numel()
of all real inputs should be equal to the pyro_dist dimension.






	Returns

	A funsor with given real_inputs and possibly additional
Bint inputs.



	Return type

	funsor.terms.Funsor










	
funsor_to_mvn(gaussian, ndims, event_inputs=())[source]

	Convert a Funsor to a
pyro.distributions.MultivariateNormal [https://docs.pyro.ai/en/stable/distributions.html#pyro.distributions.MultivariateNormal] , dropping the normalization
constant.


	Parameters

	
	gaussian (funsor.gaussian.Gaussian or funsor.joint.Joint) – A Gaussian funsor.


	ndims (int [https://docs.python.org/3/library/functions.html#int]) – The number of batch dimensions in the result.


	event_inputs (tuple [https://docs.python.org/3/library/stdtypes.html#tuple]) – A tuple of names to assign to rightmost
dimensions.






	Returns

	a multivariate normal distribution.



	Return type

	pyro.distributions.MultivariateNormal [https://docs.pyro.ai/en/stable/distributions.html#pyro.distributions.MultivariateNormal]










	
funsor_to_cat_and_mvn(funsor_, ndims, event_inputs)[source]

	Converts a labeled gaussian mixture model to a pair of distributions.


	Parameters

	
	funsor (funsor.joint.Joint) – A Gaussian mixture funsor.


	ndims (int [https://docs.python.org/3/library/functions.html#int]) – The number of batch dimensions in the result.






	Returns

	A pair (cat, mvn), where cat is a
Categorical [https://docs.pyro.ai/en/stable/distributions.html#pyro.distributions.Categorical] distribution over mixture
components and mvn is a
MultivariateNormal [https://docs.pyro.ai/en/stable/distributions.html#pyro.distributions.MultivariateNormal] with rightmost batch
dimension ranging over mixture components.










	
matrix_and_mvn_to_funsor(matrix, mvn, event_dims=(), x_name='value_x', y_name='value_y')[source]

	Convert a noisy affine function to a Gaussian. The noisy affine function is
defined as:

y = x @ matrix + mvn.sample()





The result is a non-normalized Gaussian funsor with two real inputs,
x_name and y_name, corresponding to a conditional distribution of
real vector y` given real vector ``x.


	Parameters

	
	matrix (torch.Tensor [https://pytorch.org/docs/master/tensors.html#torch.Tensor]) – A matrix with rightmost shape (x_size, y_size).


	mvn (torch.distributions.MultivariateNormal or
torch.distributions.Independent of torch.distributions.Normal) – A multivariate normal distribution with
event_shape == (y_size,).


	event_dims (tuple [https://docs.python.org/3/library/stdtypes.html#tuple]) – A tuple of names for rightmost dimensions.
These will be assigned to result.inputs of type Bint.


	x_name (str [https://docs.python.org/3/library/stdtypes.html#str]) – The name of the x random variable.


	y_name (str [https://docs.python.org/3/library/stdtypes.html#str]) – The name of the y random variable.






	Returns

	A funsor with given real_inputs and possibly additional
Bint inputs.



	Return type

	funsor.terms.Funsor













          

      

      

    

  

    
      
          
            
  


Distribution Funsors

This interface provides a number of standard normalized probability
distributions implemented as funsors.


	
class Distribution(*args)[source]

	Bases: funsor.terms.Funsor

Funsor backed by a PyTorch/JAX distribution object.


	Parameters

	*args – Distribution-dependent parameters.  These can be either
funsors or objects that can be coerced to funsors via
to_funsor() . See derived classes for details.






	
dist_class = 'defined by derived classes'

	




	
eager_reduce(op, reduced_vars)[source]

	




	
has_enumerate_support

	




	
classmethod eager_log_prob(*params)[source]

	




	
enumerate_support(expand=False)[source]

	




	
entropy()[source]

	




	
mean()[source]

	




	
variance()[source]

	








	
class Beta(concentration1, concentration0, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.Beta










	
class Cauchy(loc, scale, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.Cauchy










	
class Chi2(df, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.Chi2










	
class BernoulliProbs(probs, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of funsor.torch.distributions._PyroWrapper_BernoulliProbs










	
class BernoulliLogits(logits, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of funsor.torch.distributions._PyroWrapper_BernoulliLogits










	
class Binomial(total_count, probs, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.Binomial










	
class Categorical(probs, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.Categorical










	
class CategoricalLogits(logits, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of funsor.torch.distributions._PyroWrapper_CategoricalLogits










	
class Delta(v, log_density, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.delta.Delta










	
class Dirichlet(concentration, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.Dirichlet










	
class DirichletMultinomial(concentration, total_count, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.conjugate.DirichletMultinomial










	
class Exponential(rate, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.Exponential










	
class Gamma(concentration, rate, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.Gamma










	
class GammaPoisson(concentration, rate, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.conjugate.GammaPoisson










	
class Geometric(probs, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.Geometric










	
class Gumbel(loc, scale, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.Gumbel










	
class HalfCauchy(scale, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.HalfCauchy










	
class HalfNormal(scale, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.HalfNormal










	
class Laplace(loc, scale, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.Laplace










	
class LowRankMultivariateNormal(loc, cov_factor, cov_diag, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.LowRankMultivariateNormal










	
class Multinomial(total_count, probs, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.Multinomial










	
class MultivariateNormal(loc, scale_tril, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.MultivariateNormal










	
class NonreparameterizedBeta(concentration1, concentration0, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.testing.fakes.NonreparameterizedBeta










	
class NonreparameterizedDirichlet(concentration, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.testing.fakes.NonreparameterizedDirichlet










	
class NonreparameterizedGamma(concentration, rate, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.testing.fakes.NonreparameterizedGamma










	
class NonreparameterizedNormal(loc, scale, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.testing.fakes.NonreparameterizedNormal










	
class Normal(loc, scale, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.Normal










	
class Pareto(scale, alpha, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.Pareto










	
class Poisson(rate, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.Poisson










	
class StudentT(df, loc, scale, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.StudentT










	
class Uniform(low, high, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.Uniform










	
class VonMises(loc, concentration, value='value')

	Bases: funsor.distribution.Distribution


	
dist_class

	alias of pyro.distributions.torch.VonMises












          

      

      

    

  

    
      
          
            
  


Mini-Pyro Interface

This interface provides a backend for the Pyro probabilistic programming
language. This interface is intended to be used indirectly by writing standard
Pyro code and setting pyro_backend("funsor"). See examples/minipyro.py for
example usage.


Mini Pyro

This file contains a minimal implementation of the Pyro Probabilistic
Programming Language. The API (method signatures, etc.) match that of
the full implementation as closely as possible. This file is independent
of the rest of Pyro, with the exception of the pyro.distributions
module.

An accompanying example that makes use of this implementation can be
found at examples/minipyro.py.


	
class Distribution(funsor_dist, sample_inputs=None)[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]


	
log_prob(value)[source]

	




	
expand_inputs(name, size)[source]

	








	
get_param_store()[source]

	




	
class Messenger(fn=None)[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]


	
process_message(msg)[source]

	




	
postprocess_message(msg)[source]

	








	
class trace(fn=None)[source]

	Bases: funsor.minipyro.Messenger


	
postprocess_message(msg)[source]

	




	
get_trace(*args, **kwargs)[source]

	








	
class replay(fn, guide_trace)[source]

	Bases: funsor.minipyro.Messenger


	
process_message(msg)[source]

	








	
class block(fn=None, hide_fn=<function block.<lambda>>)[source]

	Bases: funsor.minipyro.Messenger


	
process_message(msg)[source]

	








	
class seed(fn=None, rng_seed=None)[source]

	Bases: funsor.minipyro.Messenger






	
class CondIndepStackFrame(name, size, dim)

	Bases: tuple [https://docs.python.org/3/library/stdtypes.html#tuple]


	
dim

	Alias for field number 2






	
name

	Alias for field number 0






	
size

	Alias for field number 1










	
class PlateMessenger(fn, name, size, dim)[source]

	Bases: funsor.minipyro.Messenger


	
process_message(msg)[source]

	








	
tensor_to_funsor(value, cond_indep_stack, output)[source]

	




	
class log_joint(fn=None)[source]

	Bases: funsor.minipyro.Messenger


	
process_message(msg)[source]

	




	
postprocess_message(msg)[source]

	








	
apply_stack(msg)[source]

	




	
sample(name, fn, obs=None, infer=None)[source]

	




	
param(name, init_value=None, constraint=Real(), event_dim=None)[source]

	




	
plate(name, size, dim)[source]

	




	
class PyroOptim(optim_args)[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]






	
class Adam(optim_args)[source]

	Bases: funsor.minipyro.PyroOptim


	
TorchOptimizer

	alias of torch.optim.adam.Adam










	
class ClippedAdam(optim_args)[source]

	Bases: funsor.minipyro.PyroOptim


	
TorchOptimizer

	alias of pyro.optim.clipped_adam.ClippedAdam [https://docs.pyro.ai/en/stable/optimization.html#pyro.optim.clipped_adam.ClippedAdam]










	
class SVI(model, guide, optim, loss)[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]


	
step(*args, **kwargs)[source]

	








	
Expectation(log_probs, costs, sum_vars, prod_vars)[source]

	




	
elbo(model, guide, *args, **kwargs)[source]

	




	
class ELBO(**kwargs)[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]






	
class Trace_ELBO(**kwargs)[source]

	Bases: funsor.minipyro.ELBO






	
class TraceMeanField_ELBO(**kwargs)[source]

	Bases: funsor.minipyro.ELBO






	
class TraceEnum_ELBO(**kwargs)[source]

	Bases: funsor.minipyro.ELBO






	
class Jit(fn, **kwargs)[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]






	
class Jit_ELBO(elbo, **kwargs)[source]

	Bases: funsor.minipyro.ELBO






	
JitTrace_ELBO(**kwargs)[source]

	




	
JitTraceMeanField_ELBO(**kwargs)[source]

	




	
JitTraceEnum_ELBO(**kwargs)[source]

	







          

      

      

    

  

    
      
          
            
  


Einsum Interface

This interface implements tensor variable elimination among tensors. In
particular it does not implement continuous variable elimination.


	
naive_contract_einsum(eqn, *terms, **kwargs)[source]

	Use for testing Contract against einsum






	
naive_einsum(eqn, *terms, **kwargs)[source]

	Implements standard variable elimination.






	
naive_plated_einsum(eqn, *terms, **kwargs)[source]

	Implements Tensor Variable Elimination (Algorithm 1 in [Obermeyer et al 2019])


	[Obermeyer et al 2019] Obermeyer, F., Bingham, E., Jankowiak, M., Chiu, J.,

	Pradhan, N., Rush, A., and Goodman, N.  Tensor Variable Elimination for
Plated Factor Graphs, 2019










	
einsum(eqn, *terms, **kwargs)[source]

	Top-level interface for optimized tensor variable elimination.


	Parameters

	
	equation (str [https://docs.python.org/3/library/stdtypes.html#str]) – An einsum equation.


	*terms (funsor.terms.Funsor) – One or more operands.


	plates (set [https://docs.python.org/3/library/stdtypes.html#set]) – Optional keyword argument denoting which funsor
dimensions are plate dimensions. Among all input dimensions (from
terms): dimensions in plates but not in outputs are product-reduced;
dimensions in neither plates nor outputs are sum-reduced.















          

      

      

    

  

    
      
          
            
  


Compiler & Tracer


	
lower(expr: funsor.terms.Funsor) → funsor.terms.Funsor[source]

	Lower a funsor expression:
- eliminate bound variables
- convert Contraction to Binary


	Parameters

	expr (Funsor) – An arbitrary funsor expression.



	Returns

	A lowered funsor expression.



	Return type

	Funsor










	
trace_function(fn, kwargs: dict, *, allow_constants=False)[source]

	Traces function to an OpProgram that runs on
backend values.

Example:

# Create a function involving ops.
def fn(a, b, x):
    return ops.add(ops.matmul(a, x), b)

# Evaluate via Funsor substitution.
data = dict(a=randn(3, 3), b=randn(3), x=randn(3))
expected = fn(**data)

# Alternatively evaluate via a program.
program = trace_function(expr, data)
actual = program(**data)
assert (acutal == expected).all()






	Parameters

	expr (Funsor) – A funsor expression to evaluate.



	Returns

	An op program.



	Return type

	OpProgram










	
class OpProgram(constants, inputs, operations)[source]

	Bases: object [https://docs.python.org/3/library/functions.html#object]

Backend program for evaluating a symbolic funsor expression.

Programs depend on the funsor library only via funsor.ops and op
registrations; program evaluation does not involve funsor interpretation or
rewriting. Programs can be pickled and unpickled.


	Parameters

	
	expr (iterable) – A list of built-in constants (leaves).


	inputs (iterable) – A list of string names of program inputs (leaves).


	operations (iterable) – A list of program operations defining
non-leaf nodes in the program dag. Each operations is a tuple (op,
arg_ids) where op is a funsor op and arg_ids is a tuple of
positions of values, starting from zero and counting: constants,
inputs, and operation outputs.









	
as_code(name='program')[source]

	Returns Python code text defining a straight-line function equivalent
to this program.


	Parameters

	name (str [https://docs.python.org/3/library/stdtypes.html#str]) – Optional name for the function, defaults to “program”.



	Returns

	A string defining a python function equivalent to this program.



	Return type

	str [https://docs.python.org/3/library/stdtypes.html#str]
















          

      

      

    

  

    
      
          
            
  


  Interactive online version:
  
    
      [image: Open In Colab]
    
  
    

    Example: Adam optimizer
    

    

    

    

    

    
 
  

    
      
          
            
  


Note

Click here
to download the full example code




Example: Adam optimizer

import argparse

import torch

import funsor
import funsor.ops as ops
from funsor.adam import Adam
from funsor.domains import Real, Reals
from funsor.tensor import Tensor
from funsor.terms import Variable


def main(args):
    funsor.set_backend("torch")

    # Problem definition.
    N = 100
    P = 10
    data = Tensor(torch.randn(N, P))["n"]
    true_weight = Tensor(torch.randn(P))
    true_bias = Tensor(torch.randn(()))
    truth = true_bias + true_weight @ data

    # Model.
    weight = Variable("weight", Reals[P])
    bias = Variable("bias", Real)
    pred = bias + weight @ data
    loss = (pred - truth).abs().reduce(ops.add, "n")

    # Inference.
    with Adam(args.num_steps, lr=args.learning_rate, log_every=args.log_every) as optim:
        loss.reduce(ops.min, {"weight", "bias"})

    print(f"True bias\n{true_bias}")
    print("Learned bias\n{}".format(optim.param("bias")))
    print(f"True weight\n{true_weight}")
    print("Learned weight\n{}".format(optim.param("weight")))


if __name__ == "__main__":
    parser = argparse.ArgumentParser(
        description="Linear regression example using Adam interpretation"
    )
    parser.add_argument("-P", "--num-features", type=int, default=10)
    parser.add_argument("-N", "--num-data", type=int, default=100)
    parser.add_argument("-n", "--num-steps", type=int, default=201)
    parser.add_argument("-lr", "--learning-rate", type=float, default=0.05)
    parser.add_argument("--log-every", type=int, default=20)
    args = parser.parse_args()
    main(args)







Download Python source code: adam.py




Download Jupyter notebook: adam.ipynb
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Example: Discrete HMM

import argparse
from collections import OrderedDict

import torch

import funsor
import funsor.ops as ops
import funsor.torch.distributions as dist
from funsor.interpreter import reinterpret
from funsor.optimizer import apply_optimizer


def main(args):
    funsor.set_backend("torch")

    # Declare parameters.
    trans_probs = torch.tensor([[0.2, 0.8], [0.7, 0.3]], requires_grad=True)
    emit_probs = torch.tensor([[0.4, 0.6], [0.1, 0.9]], requires_grad=True)
    params = [trans_probs, emit_probs]

    # A discrete HMM model.
    def model(data):
        log_prob = funsor.to_funsor(0.0)

        trans = dist.Categorical(
            probs=funsor.Tensor(
                trans_probs,
                inputs=OrderedDict([("prev", funsor.Bint[args.hidden_dim])]),
            )
        )

        emit = dist.Categorical(
            probs=funsor.Tensor(
                emit_probs,
                inputs=OrderedDict([("latent", funsor.Bint[args.hidden_dim])]),
            )
        )

        x_curr = funsor.Number(0, args.hidden_dim)
        for t, y in enumerate(data):
            x_prev = x_curr

            # A delayed sample statement.
            x_curr = funsor.Variable("x_{}".format(t), funsor.Bint[args.hidden_dim])
            log_prob += trans(prev=x_prev, value=x_curr)

            if not args.lazy and isinstance(x_prev, funsor.Variable):
                log_prob = log_prob.reduce(ops.logaddexp, x_prev.name)

            log_prob += emit(latent=x_curr, value=funsor.Tensor(y, dtype=2))

        log_prob = log_prob.reduce(ops.logaddexp)
        return log_prob

    # Train model parameters.
    data = torch.ones(args.time_steps, dtype=torch.long)
    optim = torch.optim.Adam(params, lr=args.learning_rate)
    for step in range(args.train_steps):
        optim.zero_grad()
        if args.lazy:
            with funsor.interpretations.lazy:
                log_prob = apply_optimizer(model(data))
            log_prob = reinterpret(log_prob)
        else:
            log_prob = model(data)
        assert not log_prob.inputs, "free variables remain"
        loss = -log_prob.data
        loss.backward()
        optim.step()


if __name__ == "__main__":
    parser = argparse.ArgumentParser(description="Kalman filter example")
    parser.add_argument("-t", "--time-steps", default=10, type=int)
    parser.add_argument("-n", "--train-steps", default=101, type=int)
    parser.add_argument("-lr", "--learning-rate", default=0.05, type=float)
    parser.add_argument("-d", "--hidden-dim", default=2, type=int)
    parser.add_argument("--lazy", action="store_true")
    parser.add_argument("--filter", action="store_true")
    parser.add_argument("--xfail-if-not-implemented", action="store_true")
    args = parser.parse_args()

    if args.xfail_if_not_implemented:
        try:
            main(args)
        except NotImplementedError:
            print("XFAIL")
    else:
        main(args)







Download Python source code: discrete_hmm.py




Download Jupyter notebook: discrete_hmm.ipynb
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Example: Switching Linear Dynamical System EEG

We use a switching linear dynamical system [1] to model a EEG time series dataset.
For inference we use a moment-matching approximation enabled by
funsor.interpretations.moment_matching.

References

[1] Anderson, B., and J. Moore. “Optimal filtering. Prentice-Hall, Englewood Cliffs.” New Jersey (1979).

import argparse
import time
from collections import OrderedDict
from os.path import exists
from urllib.request import urlopen

import numpy as np
import pyro
import torch
import torch.nn as nn

import funsor
import funsor.ops as ops
import funsor.torch.distributions as dist
from funsor.pyro.convert import (
    funsor_to_cat_and_mvn,
    funsor_to_mvn,
    matrix_and_mvn_to_funsor,
    mvn_to_funsor,
)


# download dataset from UCI archive
def download_data():
    if not exists("eeg.dat"):
        url = "http://archive.ics.uci.edu/ml/machine-learning-databases/00264/EEG%20Eye%20State.arff"
        with open("eeg.dat", "wb") as f:
            f.write(urlopen(url).read())


class SLDS(nn.Module):
    def __init__(
        self,
        num_components,  # the number of switching states K
        hidden_dim,  # the dimension of the continuous latent space
        obs_dim,  # the dimension of the continuous outputs
        fine_transition_matrix=True,  # controls whether the transition matrix depends on s_t
        fine_transition_noise=False,  # controls whether the transition noise depends on s_t
        fine_observation_matrix=False,  # controls whether the observation matrix depends on s_t
        fine_observation_noise=False,  # controls whether the observation noise depends on s_t
        moment_matching_lag=1,
    ):  # controls the expense of the moment matching approximation

        self.num_components = num_components
        self.hidden_dim = hidden_dim
        self.obs_dim = obs_dim
        self.moment_matching_lag = moment_matching_lag
        self.fine_transition_noise = fine_transition_noise
        self.fine_observation_matrix = fine_observation_matrix
        self.fine_observation_noise = fine_observation_noise
        self.fine_transition_matrix = fine_transition_matrix

        assert moment_matching_lag > 0
        assert (
            fine_transition_noise
            or fine_observation_matrix
            or fine_observation_noise
            or fine_transition_matrix
        ), (
            "The continuous dynamics need to be coupled to the discrete dynamics in at least one way [use at "
            + "least one of the arguments --ftn --ftm --fon --fom]"
        )

        super(SLDS, self).__init__()

        # initialize the various parameters of the model
        self.transition_logits = nn.Parameter(
            0.1 * torch.randn(num_components, num_components)
        )
        if fine_transition_matrix:
            transition_matrix = torch.eye(hidden_dim) + 0.05 * torch.randn(
                num_components, hidden_dim, hidden_dim
            )
        else:
            transition_matrix = torch.eye(hidden_dim) + 0.05 * torch.randn(
                hidden_dim, hidden_dim
            )
        self.transition_matrix = nn.Parameter(transition_matrix)
        if fine_transition_noise:
            self.log_transition_noise = nn.Parameter(
                0.1 * torch.randn(num_components, hidden_dim)
            )
        else:
            self.log_transition_noise = nn.Parameter(0.1 * torch.randn(hidden_dim))
        if fine_observation_matrix:
            self.observation_matrix = nn.Parameter(
                0.3 * torch.randn(num_components, hidden_dim, obs_dim)
            )
        else:
            self.observation_matrix = nn.Parameter(
                0.3 * torch.randn(hidden_dim, obs_dim)
            )
        if fine_observation_noise:
            self.log_obs_noise = nn.Parameter(
                0.1 * torch.randn(num_components, obs_dim)
            )
        else:
            self.log_obs_noise = nn.Parameter(0.1 * torch.randn(obs_dim))

        # define the prior distribution p(x_0) over the continuous latent at the initial time step t=0
        x_init_mvn = pyro.distributions.MultivariateNormal(
            torch.zeros(self.hidden_dim), torch.eye(self.hidden_dim)
        )
        self.x_init_mvn = mvn_to_funsor(
            x_init_mvn,
            real_inputs=OrderedDict([("x_0", funsor.Reals[self.hidden_dim])]),
        )

    # we construct the various funsors used to compute the marginal log probability and other model quantities.
    # these funsors depend on the various model parameters.
    def get_tensors_and_dists(self):
        # normalize the transition probabilities
        trans_logits = self.transition_logits - self.transition_logits.logsumexp(
            dim=-1, keepdim=True
        )
        trans_probs = funsor.Tensor(
            trans_logits, OrderedDict([("s", funsor.Bint[self.num_components])])
        )

        trans_mvn = pyro.distributions.MultivariateNormal(
            torch.zeros(self.hidden_dim), self.log_transition_noise.exp().diag_embed()
        )
        obs_mvn = pyro.distributions.MultivariateNormal(
            torch.zeros(self.obs_dim), self.log_obs_noise.exp().diag_embed()
        )

        event_dims = (
            ("s",) if self.fine_transition_matrix or self.fine_transition_noise else ()
        )
        x_trans_dist = matrix_and_mvn_to_funsor(
            self.transition_matrix, trans_mvn, event_dims, "x", "y"
        )
        event_dims = (
            ("s",)
            if self.fine_observation_matrix or self.fine_observation_noise
            else ()
        )
        y_dist = matrix_and_mvn_to_funsor(
            self.observation_matrix, obs_mvn, event_dims, "x", "y"
        )

        return trans_logits, trans_probs, trans_mvn, obs_mvn, x_trans_dist, y_dist

    # compute the marginal log probability of the observed data using a moment-matching approximation
    @funsor.interpretations.moment_matching
    def log_prob(self, data):
        (
            trans_logits,
            trans_probs,
            trans_mvn,
            obs_mvn,
            x_trans_dist,
            y_dist,
        ) = self.get_tensors_and_dists()

        log_prob = funsor.Number(0.0)

        s_vars = {-1: funsor.Tensor(torch.tensor(0), dtype=self.num_components)}
        x_vars = {}

        for t, y in enumerate(data):
            # construct free variables for s_t and x_t
            s_vars[t] = funsor.Variable(f"s_{t}", funsor.Bint[self.num_components])
            x_vars[t] = funsor.Variable(f"x_{t}", funsor.Reals[self.hidden_dim])

            # incorporate the discrete switching dynamics
            log_prob += dist.Categorical(trans_probs(s=s_vars[t - 1]), value=s_vars[t])

            # incorporate the prior term p(x_t | x_{t-1})
            if t == 0:
                log_prob += self.x_init_mvn(value=x_vars[t])
            else:
                log_prob += x_trans_dist(s=s_vars[t], x=x_vars[t - 1], y=x_vars[t])

            # do a moment-matching reduction. at this point log_prob depends on (moment_matching_lag + 1)-many
            # pairs of free variables.
            if t > self.moment_matching_lag - 1:
                log_prob = log_prob.reduce(
                    ops.logaddexp,
                    {
                        s_vars[t - self.moment_matching_lag],
                        x_vars[t - self.moment_matching_lag],
                    },
                )

            # incorporate the observation p(y_t | x_t, s_t)
            log_prob += y_dist(s=s_vars[t], x=x_vars[t], y=y)

        T = data.shape[0]
        # reduce any remaining free variables
        for t in range(self.moment_matching_lag):
            log_prob = log_prob.reduce(
                ops.logaddexp,
                {
                    s_vars[T - self.moment_matching_lag + t],
                    x_vars[T - self.moment_matching_lag + t],
                },
            )

        # assert that we've reduced all the free variables in log_prob
        assert not log_prob.inputs, "unexpected free variables remain"

        # return the PyTorch tensor behind log_prob (which we can directly differentiate)
        return log_prob.data

    # do filtering, prediction, and smoothing using a moment-matching approximation.
    # here we implicitly use a moment matching lag of L = 1. the general logic follows
    # the logic in the log_prob method.
    @torch.no_grad()
    @funsor.interpretations.moment_matching
    def filter_and_predict(self, data, smoothing=False):
        (
            trans_logits,
            trans_probs,
            trans_mvn,
            obs_mvn,
            x_trans_dist,
            y_dist,
        ) = self.get_tensors_and_dists()

        log_prob = funsor.Number(0.0)

        s_vars = {-1: funsor.Tensor(torch.tensor(0), dtype=self.num_components)}
        x_vars = {-1: None}

        predictive_x_dists, predictive_y_dists, filtering_dists = [], [], []
        test_LLs = []

        for t, y in enumerate(data):
            s_vars[t] = funsor.Variable(f"s_{t}", funsor.Bint[self.num_components])
            x_vars[t] = funsor.Variable(f"x_{t}", funsor.Reals[self.hidden_dim])

            log_prob += dist.Categorical(trans_probs(s=s_vars[t - 1]), value=s_vars[t])

            if t == 0:
                log_prob += self.x_init_mvn(value=x_vars[t])
            else:
                log_prob += x_trans_dist(s=s_vars[t], x=x_vars[t - 1], y=x_vars[t])

            if t > 0:
                log_prob = log_prob.reduce(
                    ops.logaddexp, {s_vars[t - 1], x_vars[t - 1]}
                )

            # do 1-step prediction and compute test LL
            if t > 0:
                predictive_x_dists.append(log_prob)
                _log_prob = log_prob - log_prob.reduce(ops.logaddexp)
                predictive_y_dist = y_dist(s=s_vars[t], x=x_vars[t]) + _log_prob
                test_LLs.append(
                    predictive_y_dist(y=y).reduce(ops.logaddexp).data.item()
                )
                predictive_y_dist = predictive_y_dist.reduce(
                    ops.logaddexp, {f"x_{t}", f"s_{t}"}
                )
                predictive_y_dists.append(funsor_to_mvn(predictive_y_dist, 0, ()))

            log_prob += y_dist(s=s_vars[t], x=x_vars[t], y=y)

            # save filtering dists for forward-backward smoothing
            if smoothing:
                filtering_dists.append(log_prob)

        # do the backward recursion using previously computed ingredients
        if smoothing:
            # seed the backward recursion with the filtering distribution at t=T
            smoothing_dists = [filtering_dists[-1]]
            T = data.size(0)

            s_vars = {
                t: funsor.Variable(f"s_{t}", funsor.Bint[self.num_components])
                for t in range(T)
            }
            x_vars = {
                t: funsor.Variable(f"x_{t}", funsor.Reals[self.hidden_dim])
                for t in range(T)
            }

            # do the backward recursion.
            # let p[t|t-1] be the predictive distribution at time step t.
            # let p[t|t] be the filtering distribution at time step t.
            # let f[t] denote the prior (transition) density at time step t.
            # then the smoothing distribution p[t|T] at time step t is
            # given by the following recursion.
            # p[t-1|T] = p[t-1|t-1] <p[t|T] f[t] / p[t|t-1]>
            # where <...> denotes integration of the latent variables at time step t.
            for t in reversed(range(T - 1)):
                integral = smoothing_dists[-1] - predictive_x_dists[t]
                integral += dist.Categorical(
                    trans_probs(s=s_vars[t]), value=s_vars[t + 1]
                )
                integral += x_trans_dist(s=s_vars[t], x=x_vars[t], y=x_vars[t + 1])
                integral = integral.reduce(
                    ops.logaddexp, {s_vars[t + 1], x_vars[t + 1]}
                )
                smoothing_dists.append(filtering_dists[t] + integral)

        # compute predictive test MSE and predictive variances
        predictive_means = torch.stack([d.mean for d in predictive_y_dists])  # T-1 ydim
        predictive_vars = torch.stack(
            [d.covariance_matrix.diagonal(dim1=-1, dim2=-2) for d in predictive_y_dists]
        )
        predictive_mse = (predictive_means - data[1:, :]).pow(2.0).mean(-1)

        if smoothing:
            # compute smoothed mean function
            smoothing_dists = [
                funsor_to_cat_and_mvn(d, 0, (f"s_{t}",))
                for t, d in enumerate(reversed(smoothing_dists))
            ]
            means = torch.stack([d[1].mean for d in smoothing_dists])  # T 2 xdim
            means = torch.matmul(means.unsqueeze(-2), self.observation_matrix).squeeze(
                -2
            )  # T 2 ydim

            probs = torch.stack([d[0].logits for d in smoothing_dists]).exp()
            probs = probs / probs.sum(-1, keepdim=True)  # T 2

            smoothing_means = (probs.unsqueeze(-1) * means).sum(-2)  # T ydim
            smoothing_probs = probs[:, 1]

            return (
                predictive_mse,
                torch.tensor(np.array(test_LLs)),
                predictive_means,
                predictive_vars,
                smoothing_means,
                smoothing_probs,
            )
        else:
            return predictive_mse, torch.tensor(np.array(test_LLs))


def main(args):
    funsor.set_backend("torch")

    # download and pre-process EEG data if not in test mode
    if not args.test:
        download_data()
        N_val, N_test = 149, 200
        data = np.loadtxt("eeg.dat", delimiter=",", skiprows=19)
        print(f"[raw data shape] {data.shape}")
        data = data[::20, :]
        print(f"[data shape after thinning] {data.shape}")
        eye_state = [int(d) for d in data[:, -1].tolist()]
        data = torch.tensor(data[:, :-1]).float()
    # in test mode (for continuous integration on github) so create fake data
    else:
        data = torch.randn(10, 3)
        N_val, N_test = 2, 2

    T, obs_dim = data.shape
    N_train = T - N_test - N_val

    np.random.seed(0)
    rand_perm = np.random.permutation(N_val + N_test)
    val_indices = rand_perm[0:N_val]
    test_indices = rand_perm[N_val:]

    data_mean = data[0:N_train, :].mean(0)
    data -= data_mean
    data_std = data[0:N_train, :].std(0)
    data /= data_std

    print(f"Length of time series T: {T}   Observation dimension: {obs_dim}")
    print(f"N_train: {N_train}  N_val: {N_val}  N_test: {N_test}")

    torch.manual_seed(args.seed)

    # set up model
    slds = SLDS(
        num_components=args.num_components,
        hidden_dim=args.hidden_dim,
        obs_dim=obs_dim,
        fine_observation_noise=args.fon,
        fine_transition_noise=args.ftn,
        fine_observation_matrix=args.fom,
        fine_transition_matrix=args.ftm,
        moment_matching_lag=args.moment_matching_lag,
    )

    # set up optimizer
    adam = torch.optim.Adam(
        slds.parameters(),
        lr=args.learning_rate,
        betas=(args.beta1, 0.999),
        amsgrad=True,
    )
    scheduler = torch.optim.lr_scheduler.ExponentialLR(adam, gamma=args.gamma)
    ts = [time.time()]

    report_frequency = 1

    # training loop
    for step in range(args.num_steps):
        nll = -slds.log_prob(data[0:N_train, :]) / N_train
        nll.backward()

        if step == 5:
            scheduler.base_lrs[0] *= 0.20

        adam.step()
        scheduler.step()
        adam.zero_grad()

        if step % report_frequency == 0 or step == args.num_steps - 1:
            step_dt = ts[-1] - ts[-2] if step > 0 else 0.0
            pred_mse, pred_LLs = slds.filter_and_predict(
                data[0 : N_train + N_val + N_test, :]
            )
            val_mse = pred_mse[val_indices].mean().item()
            test_mse = pred_mse[test_indices].mean().item()
            val_ll = pred_LLs[val_indices].mean().item()
            test_ll = pred_LLs[test_indices].mean().item()

            stats = "[step %03d] train_nll: %.5f val_mse: %.5f val_ll: %.5f test_mse: %.5f test_ll: %.5f\t(dt: %.2f)"
            print(
                stats % (step, nll.item(), val_mse, val_ll, test_mse, test_ll, step_dt)
            )

        ts.append(time.time())

    # plot predictions and smoothed means
    if args.plot:
        assert not args.test
        (
            predicted_mse,
            LLs,
            pred_means,
            pred_vars,
            smooth_means,
            smooth_probs,
        ) = slds.filter_and_predict(data, smoothing=True)

        pred_means = pred_means.data.numpy()
        pred_stds = pred_vars.sqrt().data.numpy()
        smooth_means = smooth_means.data.numpy()
        smooth_probs = smooth_probs.data.numpy()

        import matplotlib

        matplotlib.use("Agg")  # noqa: E402
        import matplotlib.pyplot as plt

        f, axes = plt.subplots(4, 1, figsize=(12, 8), sharex=True)
        T = data.size(0)
        N_valtest = N_val + N_test
        to_seconds = 117.0 / T

        for k, ax in enumerate(axes[:-1]):
            which = [0, 4, 10][k]
            ax.plot(to_seconds * np.arange(T), data[:, which], "ko", markersize=2)
            ax.plot(
                to_seconds * np.arange(N_train),
                smooth_means[:N_train, which],
                ls="solid",
                color="r",
            )

            ax.plot(
                to_seconds * (N_train + np.arange(N_valtest)),
                pred_means[-N_valtest:, which],
                ls="solid",
                color="b",
            )
            ax.fill_between(
                to_seconds * (N_train + np.arange(N_valtest)),
                pred_means[-N_valtest:, which] - 1.645 * pred_stds[-N_valtest:, which],
                pred_means[-N_valtest:, which] + 1.645 * pred_stds[-N_valtest:, which],
                color="lightblue",
            )
            ax.set_ylabel(f"$y_{which + 1}$", fontsize=20)
            ax.tick_params(axis="both", which="major", labelsize=14)

        axes[-1].plot(to_seconds * np.arange(T), eye_state, "k", ls="solid")
        axes[-1].plot(to_seconds * np.arange(T), smooth_probs, "r", ls="solid")
        axes[-1].set_xlabel("Time (s)", fontsize=20)
        axes[-1].set_ylabel("Eye state", fontsize=20)
        axes[-1].tick_params(axis="both", which="major", labelsize=14)

        plt.tight_layout(pad=0.7)
        plt.savefig("eeg.pdf")


if __name__ == "__main__":
    parser = argparse.ArgumentParser(description="Switching linear dynamical system")
    parser.add_argument("-n", "--num-steps", default=3, type=int)
    parser.add_argument("-s", "--seed", default=15, type=int)
    parser.add_argument("-hd", "--hidden-dim", default=5, type=int)
    parser.add_argument("-k", "--num-components", default=2, type=int)
    parser.add_argument("-lr", "--learning-rate", default=0.5, type=float)
    parser.add_argument("-b1", "--beta1", default=0.75, type=float)
    parser.add_argument("-g", "--gamma", default=0.99, type=float)
    parser.add_argument("-mml", "--moment-matching-lag", default=1, type=int)
    parser.add_argument("--plot", action="store_true")
    parser.add_argument("--fon", action="store_true")
    parser.add_argument("--ftm", action="store_true")
    parser.add_argument("--fom", action="store_true")
    parser.add_argument("--ftn", action="store_true")
    parser.add_argument("--test", action="store_true")
    args = parser.parse_args()

    main(args)







Download Python source code: eeg_slds.py




Download Jupyter notebook: eeg_slds.ipynb
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Example: Forward-Backward algorithm

import argparse
from collections import OrderedDict
from typing import Dict, List, Tuple

import funsor.ops as ops
from funsor import Funsor, Tensor
from funsor.adjoint import AdjointTape
from funsor.domains import Bint
from funsor.testing import assert_close, random_tensor


def forward_algorithm(
    factors: List[Funsor],
    step: Dict[str, str],
) -> Tuple[Funsor, List[Funsor]]:
    """
    Calculate log marginal probability using the forward algorithm:
    Z = p(y[0:T])

    Transition and emission probabilities are given by init and trans factors:
    init = p(y[0], x[0])
    trans[t] = p(y[t], x[t] | x[t-1])

    Forward probabilities are computed inductively:
    alpha[t] = p(y[0:t], x[t])
    alpha[0] = init
    alpha[t+1] = alpha[t] @ trans[t+1]
    """
    step = OrderedDict(sorted(step.items()))
    drop = tuple("_drop_{}".format(i) for i in range(len(step)))
    prev_to_drop = dict(zip(step.keys(), drop))
    curr_to_drop = dict(zip(step.values(), drop))
    reduce_vars = frozenset(drop)

    # base case
    alpha = factors[0]
    alphas = [alpha]
    # inductive steps
    for trans in factors[1:]:
        alpha = (alpha(**curr_to_drop) + trans(**prev_to_drop)).reduce(
            ops.logaddexp, reduce_vars
        )
        alphas.append(alpha)
    else:
        Z = alpha(**curr_to_drop).reduce(ops.logaddexp, reduce_vars)
    return Z


def forward_backward_algorithm(
    factors: List[Funsor],
    step: Dict[str, str],
) -> List[Tensor]:
    """
    Calculate marginal probabilities:
    p(x[t], x[t-1] | Y)
    """
    step = OrderedDict(sorted(step.items()))
    drop = tuple("_drop_{}".format(i) for i in range(len(step)))
    prev_to_drop = dict(zip(step.keys(), drop))
    curr_to_drop = dict(zip(step.values(), drop))
    reduce_vars = frozenset(drop)

    # Base cases
    alpha = factors[0]  # alpha[0] = p(y[0], x[0])
    beta = Tensor(
        ops.full_like(alpha.data, 0.0), alpha(x_curr="x_prev").inputs
    )  # beta[T] = 1

    # Backward algorithm
    # beta[t] = p(y[t+1:T] | x[t])
    # beta[t] = trans[t+1] @ beta[t+1]
    betas = [beta]
    for trans in factors[:0:-1]:
        beta = (trans(**curr_to_drop) + beta(**prev_to_drop)).reduce(
            ops.logaddexp, reduce_vars
        )
        betas.append(beta)
    else:
        init = factors[0]
        Z = (init(**curr_to_drop) + beta(**prev_to_drop)).reduce(
            ops.logaddexp, reduce_vars
        )
    betas.reverse()

    # Forward algorithm & Marginal computations
    marginal = alpha + betas[0](**{"x_prev": "x_curr"}) - Z  # p(x[0] | Y)
    marginals = [marginal]
    # inductive steps
    for trans, beta in zip(factors[1:], betas[1:]):
        # alpha[t-1] * trans[t] = p(y[0:t], x[t-1], x[t])
        alpha_trans = alpha(**{"x_curr": "x_prev"}) + trans
        # alpha[t] = p(y[0:t], x[t])
        alpha = alpha_trans.reduce(ops.logaddexp, "x_prev")
        # alpha[t-1] * trans[t] * beta[t] / Z = p(x[t-1], x[t] | Y)
        marginal = alpha_trans + beta(**{"x_prev": "x_curr"}) - Z
        marginals.append(marginal)

    return marginals


def main(args):
    """
    Compute marginal probabilities p(x[t], x[t-1] | Y) for an HMM:

    x[0] -> ... -> x[t-1] -> x[t] -> ... -> x[T]
     |              |         |             |
     v              v         v             v
    y[0]           y[t-1]    y[t]           y[T]

    Z = p(y[0:T])
    alpha[t] = p(y[0:t], x[t])
    beta[t] = p(y[t+1:T] | x[t])
    trans[t] = p(y[t], x[t] | x[t-1])

    p(x[t], x[t-1] | Y) = alpha[t-1] * beta[t] * trans[t] / Z

    d Z / d trans[t] = alpha[t-1] * beta[t]

    **References:**

    [1] Jason Eisner (2016)
        "Inside-Outside and Forward-Backward Algorithms Are Just Backprop
        (Tutorial Paper)"
        https://www.cs.jhu.edu/~jason/papers/eisner.spnlp16.pdf
    [2] Zhifei Li and Jason Eisner (2009)
        "First- and Second-Order Expectation Semirings
        with Applications to Minimum-Risk Training on Translation Forests"
        http://www.cs.jhu.edu/~zfli/pubs/semiring_translation_zhifei_emnlp09.pdf
    """

    # transition and emission probabilities
    init = random_tensor(OrderedDict([("x_curr", Bint[args.hidden_dim])]))
    factors = [init]
    for t in range(args.time_steps - 1):
        factors.append(
            random_tensor(
                OrderedDict(x_prev=Bint[args.hidden_dim], x_curr=Bint[args.hidden_dim])
            )
        )

    # Compute marginal probabilities using the forward-backward algorithm
    marginals = forward_backward_algorithm(factors, {"x_prev": "x_curr"})
    # Compute marginal probabilities using backpropagation
    with AdjointTape() as tape:
        Z = forward_algorithm(factors, {"x_prev": "x_curr"})
    result = tape.adjoint(ops.logaddexp, ops.add, Z, factors)
    adjoint_terms = list(result.values())

    t = 0
    for expected, adj, trans in zip(marginals, adjoint_terms, factors):
        # adjoint returns dZ / dtrans = alpha[t-1] * beta[t]
        # marginal = alpha[t-1] * beta[t] * trans / Z
        actual = adj + trans - Z
        assert_close(expected, actual.align(tuple(expected.inputs)), rtol=1e-4)
        print("")
        print(f"Marginal term: p(x[{t}], x[{t-1}] | Y)")
        print("Forward-backward algorithm:\n", expected.data)
        print("Differentiating forward algorithm:\n", actual.data)
        t += 1


if __name__ == "__main__":
    parser = argparse.ArgumentParser(
        description="Forward-Backward Algorithm Is Just Backprop"
    )
    parser.add_argument("-t", "--time-steps", default=10, type=int)
    parser.add_argument("-d", "--hidden-dim", default=3, type=int)
    args = parser.parse_args()

    main(args)







Download Python source code: forward_backward.py




Download Jupyter notebook: forward_backward.ipynb
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Example: Kalman Filter

import argparse

import torch

import funsor
import funsor.ops as ops
import funsor.torch.distributions as dist
from funsor.interpreter import reinterpret
from funsor.optimizer import apply_optimizer


def main(args):
    funsor.set_backend("torch")

    # Declare parameters.
    trans_noise = torch.tensor(0.1, requires_grad=True)
    emit_noise = torch.tensor(0.5, requires_grad=True)
    params = [trans_noise, emit_noise]

    # A Gaussian HMM model.
    def model(data):
        log_prob = funsor.to_funsor(0.0)

        x_curr = funsor.Tensor(torch.tensor(0.0))
        for t, y in enumerate(data):
            x_prev = x_curr

            # A delayed sample statement.
            x_curr = funsor.Variable("x_{}".format(t), funsor.Real)
            log_prob += dist.Normal(1 + x_prev / 2.0, trans_noise, value=x_curr)

            # Optionally marginalize out the previous state.
            if t > 0 and not args.lazy:
                log_prob = log_prob.reduce(ops.logaddexp, x_prev.name)

            # An observe statement.
            log_prob += dist.Normal(0.5 + 3 * x_curr, emit_noise, value=y)

        # Marginalize out all remaining delayed variables.
        log_prob = log_prob.reduce(ops.logaddexp)
        return log_prob

    # Train model parameters.
    torch.manual_seed(0)
    data = torch.randn(args.time_steps)
    optim = torch.optim.Adam(params, lr=args.learning_rate)
    for step in range(args.train_steps):
        optim.zero_grad()
        if args.lazy:
            with funsor.interpretations.lazy:
                log_prob = apply_optimizer(model(data))
            log_prob = reinterpret(log_prob)
        else:
            log_prob = model(data)
        assert not log_prob.inputs, "free variables remain"
        loss = -log_prob.data
        loss.backward()
        optim.step()
        if args.verbose and step % 10 == 0:
            print("step {} loss = {}".format(step, loss.item()))


if __name__ == "__main__":
    parser = argparse.ArgumentParser(description="Kalman filter example")
    parser.add_argument("-t", "--time-steps", default=10, type=int)
    parser.add_argument("-n", "--train-steps", default=101, type=int)
    parser.add_argument("-lr", "--learning-rate", default=0.05, type=float)
    parser.add_argument("--lazy", action="store_true")
    parser.add_argument("--filter", action="store_true")
    parser.add_argument("-v", "--verbose", action="store_true")
    args = parser.parse_args()
    main(args)







Download Python source code: kalman_filter.py




Download Jupyter notebook: kalman_filter.ipynb
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Example: Mini Pyro

import argparse

import torch
from pyroapi import distributions as dist
from pyroapi import infer, optim, pyro, pyro_backend
from torch.distributions import constraints

import funsor
from funsor.montecarlo import MonteCarlo


def main(args):
    funsor.set_backend("torch")

    # Define a basic model with a single Normal latent random variable `loc`
    # and a batch of Normally distributed observations.
    def model(data):
        loc = pyro.sample("loc", dist.Normal(0.0, 1.0))
        with pyro.plate("data", len(data), dim=-1):
            pyro.sample("obs", dist.Normal(loc, 1.0), obs=data)

    # Define a guide (i.e. variational distribution) with a Normal
    # distribution over the latent random variable `loc`.
    def guide(data):
        guide_loc = pyro.param("guide_loc", torch.tensor(0.0))
        guide_scale = pyro.param(
            "guide_scale", torch.tensor(1.0), constraint=constraints.positive
        )
        pyro.sample("loc", dist.Normal(guide_loc, guide_scale))

    # Generate some data.
    torch.manual_seed(0)
    data = torch.randn(100) + 3.0

    # Because the API in minipyro matches that of Pyro proper,
    # training code works with generic Pyro implementations.
    with pyro_backend(args.backend), MonteCarlo():
        # Construct an SVI object so we can do variational inference on our
        # model/guide pair.
        Elbo = infer.JitTrace_ELBO if args.jit else infer.Trace_ELBO
        elbo = Elbo()
        adam = optim.Adam({"lr": args.learning_rate})
        svi = infer.SVI(model, guide, adam, elbo)

        # Basic training loop
        pyro.get_param_store().clear()
        for step in range(args.num_steps):
            loss = svi.step(data)
            if args.verbose and step % 100 == 0:
                print(f"step {step} loss = {loss}")

        # Report the final values of the variational parameters
        # in the guide after training.
        if args.verbose:
            for name in pyro.get_param_store():
                value = pyro.param(name).data
                print(f"{name} = {value.detach().cpu().numpy()}")

        # For this simple (conjugate) model we know the exact posterior. In
        # particular we know that the variational distribution should be
        # centered near 3.0. So let's check this explicitly.
        assert (pyro.param("guide_loc") - 3.0).abs() < 0.1


if __name__ == "__main__":
    parser = argparse.ArgumentParser(description="Minipyro demo")
    parser.add_argument("-b", "--backend", default="funsor")
    parser.add_argument("-n", "--num-steps", default=1001, type=int)
    parser.add_argument("-lr", "--learning-rate", default=0.02, type=float)
    parser.add_argument("--jit", action="store_true")
    parser.add_argument("-v", "--verbose", action="store_true")
    args = parser.parse_args()
    main(args)







Download Python source code: minipyro.py




Download Jupyter notebook: minipyro.ipynb
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Example: PCFG

import argparse
import math
from collections import OrderedDict

import torch

import funsor
import funsor.ops as ops
from funsor.delta import Delta
from funsor.domains import Bint
from funsor.tensor import Tensor
from funsor.terms import Number, Stack, Variable


def Uniform(components):
    components = tuple(components)
    size = len(components)
    if size == 1:
        return components[0]
    var = Variable("v", Bint[size])
    return Stack(var.name, components).reduce(ops.logaddexp, var.name) - math.log(size)


# @of_shape(*([Bint[2]] * size))
def model(size, position=0):
    if size == 1:
        name = str(position)
        return Uniform((Delta(name, Number(0, 2)), Delta(name, Number(1, 2))))
    return Uniform(
        model(t, position) + model(size - t, t + position) for t in range(1, size)
    )


def main(args):
    funsor.set_backend("torch")
    torch.manual_seed(args.seed)

    print_ = print if args.verbose else lambda msg: None
    print_("Data:")
    data = torch.distributions.Categorical(torch.ones(2)).sample((args.size,))
    assert data.shape == (args.size,)
    data = Tensor(data, OrderedDict(i=Bint[args.size]), dtype=2)
    print_(data)

    print_("Model:")
    m = model(args.size)
    print_(m.pretty())

    print_("Eager log_prob:")
    obs = {str(i): data(i) for i in range(args.size)}
    log_prob = m(**obs)
    print_(log_prob)


if __name__ == "__main__":
    parser = argparse.ArgumentParser(description="PCFG example")
    parser.add_argument("-s", "--size", default=3, type=int)
    parser.add_argument("--seed", default=0, type=int)
    parser.add_argument("-v", "--verbose", action="store_true")
    args = parser.parse_args()
    main(args)







Download Python source code: pcfg.py




Download Jupyter notebook: pcfg.ipynb





Gallery generated by Sphinx-Gallery [https://sphinx-gallery.github.io]




          

      

      

    

  

  
    

    Example: Biased Kalman Filter
    

    

    

    

    

    
 
  

    
      
          
            
  


Note

Click here
to download the full example code




Example: Biased Kalman Filter

import argparse
import itertools
import math
import os

import pyro.distributions as dist
import torch
import torch.nn as nn
from torch.optim import Adam

import funsor
import funsor.ops as ops
import funsor.torch.distributions as f_dist
from funsor.domains import Reals
from funsor.pyro.convert import dist_to_funsor, funsor_to_mvn
from funsor.tensor import Tensor, Variable

# We use a 2D continuous-time NCV dynamics model throughout.
# See http://webee.technion.ac.il/people/shimkin/Estimation09/ch8_target.pdf
TIME_STEP = 1.0
NCV_PROCESS_NOISE = torch.tensor(
    [
        [1 / 3, 0.0, 1 / 2, 0.0],
        [0.0, 1 / 3, 0.0, 1 / 2],
        [1 / 2, 0.0, 1.0, 0.0],
        [0.0, 1 / 2, 0.0, 1.0],
    ]
)
NCV_TRANSITION_MATRIX = torch.tensor(
    [
        [1.0, 0.0, 0.0, 0.0],
        [0.0, 1.0, 0.0, 0.0],
        [1.0, 0.0, 1.0, 0.0],
        [0.0, 1.0, 0.0, 1.0],
    ]
)


@torch.no_grad()
def generate_data(num_frames, num_sensors):
    """
    Generate data from a damped NCV dynamics model
    """
    dt = TIME_STEP
    bias_scale = 4.0
    obs_noise = 1.0
    trans_noise = 0.3

    # define dynamics
    z = torch.cat([10.0 * torch.randn(2), torch.rand(2)])  # position  # velocity
    damp = 0.1  # damp the velocities
    f = torch.tensor(
        [
            [1, 0, 0, 0],
            [0, 1, 0, 0],
            [dt * math.exp(-damp * dt), 0, math.exp(-damp * dt), 0],
            [0, dt * math.exp(-damp * dt), 0, math.exp(-damp * dt)],
        ]
    )
    trans_dist = dist.MultivariateNormal(
        torch.zeros(4),
        scale_tril=trans_noise * torch.linalg.cholesky(NCV_PROCESS_NOISE),
    )

    # define biased sensors
    sensor_bias = bias_scale * torch.randn(2 * num_sensors)
    h = torch.eye(4, 2).unsqueeze(-1).expand(-1, -1, num_sensors).reshape(4, -1)
    obs_dist = dist.MultivariateNormal(
        sensor_bias, scale_tril=obs_noise * torch.eye(2 * num_sensors)
    )

    states = []
    observations = []
    for t in range(num_frames):
        z = z @ f + trans_dist.sample()
        states.append(z)

        x = z @ h + obs_dist.sample()
        observations.append(x)

    states = torch.stack(states)
    observations = torch.stack(observations)
    assert observations.shape == (num_frames, num_sensors * 2)
    return observations, states, sensor_bias


class Model(nn.Module):
    def __init__(self, num_sensors):
        super(Model, self).__init__()
        self.num_sensors = num_sensors

        # learnable params
        self.log_bias_scale = nn.Parameter(torch.tensor(0.0))
        self.log_obs_noise = nn.Parameter(torch.tensor(0.0))
        self.log_trans_noise = nn.Parameter(torch.tensor(0.0))

    def forward(self, observations, add_bias=True):
        obs_dim = 2 * self.num_sensors
        bias_scale = self.log_bias_scale.exp()
        obs_noise = self.log_obs_noise.exp()
        trans_noise = self.log_trans_noise.exp()

        # bias distribution
        bias = Variable("bias", Reals[obs_dim])
        assert not torch.isnan(bias_scale), "bias scales was nan"
        bias_dist = dist_to_funsor(
            dist.MultivariateNormal(
                torch.zeros(obs_dim),
                scale_tril=bias_scale * torch.eye(2 * self.num_sensors),
            )
        )(value=bias)

        init_dist = dist.MultivariateNormal(
            torch.zeros(4), scale_tril=100.0 * torch.eye(4)
        )
        self.init = dist_to_funsor(init_dist)(value="state")

        # hidden states
        prev = Variable("prev", Reals[4])
        curr = Variable("curr", Reals[4])
        self.trans_dist = f_dist.MultivariateNormal(
            loc=prev @ NCV_TRANSITION_MATRIX,
            scale_tril=trans_noise * torch.linalg.cholesky(NCV_PROCESS_NOISE),
            value=curr,
        )

        state = Variable("state", Reals[4])
        obs = Variable("obs", Reals[obs_dim])
        observation_matrix = Tensor(
            torch.eye(4, 2)
            .unsqueeze(-1)
            .expand(-1, -1, self.num_sensors)
            .reshape(4, -1)
        )
        assert observation_matrix.output.shape == (
            4,
            obs_dim,
        ), observation_matrix.output.shape
        obs_loc = state @ observation_matrix
        if add_bias:
            obs_loc += bias
        self.observation_dist = f_dist.MultivariateNormal(
            loc=obs_loc, scale_tril=obs_noise * torch.eye(obs_dim), value=obs
        )

        logp = bias_dist
        curr = "state_init"
        logp += self.init(state=curr)
        for t, x in enumerate(observations):
            prev, curr = curr, "state_{}".format(t)
            logp += self.trans_dist(prev=prev, curr=curr)
            logp += self.observation_dist(state=curr, obs=x)
            # marginalize out previous state
            logp = logp.reduce(ops.logaddexp, prev)
        # marginalize out bias variable
        logp = logp.reduce(ops.logaddexp, "bias")

        # save posterior over the final state
        assert set(logp.inputs) == {"state_{}".format(len(observations) - 1)}
        posterior = funsor_to_mvn(logp, ndims=0)

        # marginalize out remaining variables
        logp = logp.reduce(ops.logaddexp)
        assert isinstance(logp, Tensor) and logp.shape == (), logp.pretty()
        return logp.data, posterior


def track(args):
    results = {}  # keyed on (seed, bias, num_frames)
    for seed in args.seed:
        torch.manual_seed(seed)
        observations, states, sensor_bias = generate_data(
            max(args.num_frames), args.num_sensors
        )
        for bias, num_frames in itertools.product(args.bias, args.num_frames):
            print(
                "tracking with seed={}, bias={}, num_frames={}".format(
                    seed, bias, num_frames
                )
            )
            model = Model(args.num_sensors)
            optim = Adam(model.parameters(), lr=args.lr, betas=(0.5, 0.8))
            losses = []
            for i in range(args.num_epochs):
                optim.zero_grad()
                log_prob, posterior = model(observations[:num_frames], add_bias=bias)
                loss = -log_prob
                loss.backward()
                losses.append(loss.item())
                if i % 10 == 0:
                    print(loss.item())
                optim.step()

            # Collect evaluation metrics.
            final_state_true = states[num_frames - 1]
            assert final_state_true.shape == (4,)
            final_pos_true = final_state_true[:2]
            final_vel_true = final_state_true[2:]

            final_state_est = posterior.loc
            assert final_state_est.shape == (4,)
            final_pos_est = final_state_est[:2]
            final_vel_est = final_state_est[2:]
            final_pos_error = float(torch.norm(final_pos_true - final_pos_est))
            final_vel_error = float(torch.norm(final_vel_true - final_vel_est))
            print("final_pos_error = {}".format(final_pos_error))

            results[seed, bias, num_frames] = {
                "args": args,
                "observations": observations[:num_frames],
                "states": states[:num_frames],
                "sensor_bias": sensor_bias,
                "losses": losses,
                "bias_scale": float(model.log_bias_scale.exp()),
                "obs_noise": float(model.log_obs_noise.exp()),
                "trans_noise": float(model.log_trans_noise.exp()),
                "final_state_estimate": posterior,
                "final_pos_error": final_pos_error,
                "final_vel_error": final_vel_error,
            }
        if args.metrics_filename:
            print("saving output to: {}".format(args.metrics_filename))
            torch.save(results, args.metrics_filename)
    return results


def main(args):
    funsor.set_backend("torch")
    if (
        args.force
        or not args.metrics_filename
        or not os.path.exists(args.metrics_filename)
    ):
        # Increase compression threshold for numerical stability.
        with funsor.gaussian.Gaussian.set_compression_threshold(3):
            results = track(args)
    else:
        results = torch.load(args.metrics_filename)

    if args.plot_filename:
        import matplotlib

        matplotlib.use("Agg")
        import numpy as np
        from matplotlib import pyplot

        seeds = set(seed for seed, _, _ in results)
        X = args.num_frames
        pyplot.figure(figsize=(5, 1.4), dpi=300)

        pos_error = np.array(
            [
                [results[s, 0, f]["final_pos_error"] for s in seeds]
                for f in args.num_frames
            ]
        )
        mse = (pos_error ** 2).mean(axis=1)
        std = (pos_error ** 2).std(axis=1) / len(seeds) ** 0.5
        pyplot.plot(X, mse ** 0.5, "k--")
        pyplot.fill_between(
            X, (mse - std) ** 0.5, (mse + std) ** 0.5, color="black", alpha=0.15, lw=0
        )

        pos_error = np.array(
            [
                [results[s, 1, f]["final_pos_error"] for s in seeds]
                for f in args.num_frames
            ]
        )
        mse = (pos_error ** 2).mean(axis=1)
        std = (pos_error ** 2).std(axis=1) / len(seeds) ** 0.5
        pyplot.plot(X, mse ** 0.5, "r-")
        pyplot.fill_between(
            X, (mse - std) ** 0.5, (mse + std) ** 0.5, color="red", alpha=0.15, lw=0
        )

        pyplot.ylabel("Position RMSE")
        pyplot.xlabel("Track Length")
        pyplot.xticks((5, 10, 15, 20, 25, 30))
        pyplot.xlim(5, 30)
        pyplot.tight_layout(0)
        pyplot.savefig(args.plot_filename)


def int_list(args):
    result = []
    for arg in args.split(","):
        if "-" in arg:
            beg, end = map(int, arg.split("-"))
            result.extend(range(beg, 1 + end))
        else:
            result.append(int(arg))
    return result


if __name__ == "__main__":
    parser = argparse.ArgumentParser(description="Biased Kalman filter")
    parser.add_argument(
        "--seed",
        default="0",
        type=int_list,
        help="random seed, comma delimited for multiple runs",
    )
    parser.add_argument(
        "--bias",
        default="0,1",
        type=int_list,
        help="whether to model bias, comma deliminted for multiple runs",
    )
    parser.add_argument(
        "-f",
        "--num-frames",
        default="5,10,15,20,25,30",
        type=int_list,
        help="number of sensor frames, comma delimited for multiple runs",
    )
    parser.add_argument("--num-sensors", default=5, type=int)
    parser.add_argument("-n", "--num-epochs", default=50, type=int)
    parser.add_argument("--lr", default=0.1, type=float)
    parser.add_argument("--metrics-filename", default="", type=str)
    parser.add_argument("--plot-filename", default="", type=str)
    parser.add_argument("--force", action="store_true")
    args = parser.parse_args()
    main(args)
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Example: Switching Linear Dynamical System

import argparse

import torch

import funsor
import funsor.ops as ops
import funsor.torch.distributions as dist


def main(args):
    funsor.set_backend("torch")

    # Declare parameters.
    trans_probs = funsor.Tensor(
        torch.tensor([[0.9, 0.1], [0.1, 0.9]], requires_grad=True)
    )
    trans_noise = funsor.Tensor(
        torch.tensor(
            [0.1, 1.0],  # low noise component  # high noisy component
            requires_grad=True,
        )
    )
    emit_noise = funsor.Tensor(torch.tensor(0.5, requires_grad=True))
    params = [trans_probs.data, trans_noise.data, emit_noise.data]

    # A Gaussian HMM model.
    @funsor.interpretations.moment_matching
    def model(data):
        log_prob = funsor.Number(0.0)

        # s is the discrete latent state,
        # x is the continuous latent state,
        # y is the observed state.
        s_curr = funsor.Tensor(torch.tensor(0), dtype=2)
        x_curr = funsor.Tensor(torch.tensor(0.0))
        for t, y in enumerate(data):
            s_prev = s_curr
            x_prev = x_curr

            # A delayed sample statement.
            s_curr = funsor.Variable(f"s_{t}", funsor.Bint[2])
            log_prob += dist.Categorical(trans_probs[s_prev], value=s_curr)

            # A delayed sample statement.
            x_curr = funsor.Variable(f"x_{t}", funsor.Real)
            log_prob += dist.Normal(x_prev, trans_noise[s_curr], value=x_curr)

            # Marginalize out previous delayed sample statements.
            if t > 0:
                log_prob = log_prob.reduce(ops.logaddexp, {s_prev.name, x_prev.name})

            # An observe statement.
            log_prob += dist.Normal(x_curr, emit_noise, value=y)

        log_prob = log_prob.reduce(ops.logaddexp)
        return log_prob

    # Train model parameters.
    torch.manual_seed(0)
    data = torch.randn(args.time_steps)
    optim = torch.optim.Adam(params, lr=args.learning_rate)
    for step in range(args.train_steps):
        optim.zero_grad()
        log_prob = model(data)
        assert not log_prob.inputs, "free variables remain"
        loss = -log_prob.data
        loss.backward()
        optim.step()
        if args.verbose and step % 10 == 0:
            print(f"step {step} loss = {loss.item()}")


if __name__ == "__main__":
    parser = argparse.ArgumentParser(description="Switching linear dynamical system")
    parser.add_argument("-t", "--time-steps", default=10, type=int)
    parser.add_argument("-n", "--train-steps", default=101, type=int)
    parser.add_argument("-lr", "--learning-rate", default=0.01, type=float)
    parser.add_argument("--filter", action="store_true")
    parser.add_argument("-v", "--verbose", action="store_true")
    args = parser.parse_args()
    main(args)
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Example: Talbot’s method for numerical inversion of the Laplace transform

import argparse
import math

import torch

import funsor
import funsor.ops as ops
from funsor.adam import Adam
from funsor.domains import Real
from funsor.factory import Bound, Fresh, Has, make_funsor
from funsor.interpretations import StatefulInterpretation
from funsor.tensor import Tensor
from funsor.terms import Funsor, Variable
from funsor.util import get_backend


@make_funsor
def InverseLaplace(
    F: Has[{"s"}], t: Funsor, s: Bound  # noqa: F821
) -> Fresh[lambda F: F]:
    """
    Inverse Laplace transform of function F(s).

    There is no closed-form solution for arbitrary F(s). However, we can
    resort to numerical approximations which we store in new interpretations.
    For example, see Talbot's method below.

    :param F: function of s.
    :param t: times at which to evaluate the inverse Laplace transformation of F.
    :param s: s Variable.
    """
    return None


class Talbot(StatefulInterpretation):
    """
    Talbot's method for numerical inversion of the Laplace transform.

    Reference
    Abate, Joseph, and Ward Whitt. "A Unified Framework for Numerically
    Inverting Laplace Transforms." INFORMS Journal of Computing, vol. 18.4
    (2006): 408-421. Print. (http://www.columbia.edu/~ww2040/allpapers.html)

    Implementation here is adapted from the MATLAB implementation of the algorithm by
    Tucker McClure (2021). Numerical Inverse Laplace Transform
    (https://www.mathworks.com/matlabcentral/fileexchange/39035-numerical-inverse-laplace-transform),
    MATLAB Central File Exchange. Retrieved April 4, 2021.

    :param num_steps: number of terms to sum for each t.
    """

    def __init__(self, num_steps):
        super().__init__("talbot")
        self.num_steps = num_steps


@Talbot.register(InverseLaplace, Funsor, Funsor, Variable)
def talbot(self, F, t, s):
    if get_backend() == "torch":
        import torch

        k = torch.arange(1, self.num_steps)
        delta = torch.zeros(self.num_steps, dtype=torch.complex64)
        delta[0] = 2 * self.num_steps / 5
        delta[1:] = (
            2 * math.pi / 5 * k * (1 / (math.pi / self.num_steps * k).tan() + 1j)
        )

        gamma = torch.zeros(self.num_steps, dtype=torch.complex64)
        gamma[0] = 0.5 * delta[0].exp()
        gamma[1:] = (
            1
            + 1j
            * math.pi
            / self.num_steps
            * k
            * (1 + 1 / (math.pi / self.num_steps * k).tan() ** 2)
            - 1j / (math.pi / self.num_steps * k).tan()
        ) * delta[1:].exp()

        delta = Tensor(delta)["num_steps"]
        gamma = Tensor(gamma)["num_steps"]
        ilt = 0.4 / t * (gamma * F(**{s.name: delta / t})).reduce(ops.add, "num_steps")

        return Tensor(ilt.data.real, ilt.inputs)
    else:
        raise NotImplementedError(f"Unsupported backend {get_backend()}")


def main(args):
    """
    Reference for the n-step sequential model used here:

    Aaron L. Lucius et al (2003).
    "General Methods for Analysis of Sequential ‘‘n-step’’ Kinetic Mechanisms:
    Application to Single Turnover Kinetics of Helicase-Catalyzed DNA Unwinding"
    https://www.sciencedirect.com/science/article/pii/S0006349503746487
    """

    funsor.set_backend("torch")

    # Problem definition.
    true_rate = 20
    true_nsteps = 4
    rate = Variable("rate", Real)
    nsteps = Variable("nsteps", Real)
    s = Variable("s", Real)
    time = Tensor(torch.arange(0.04, 1.04, 0.04))["timepoint"]
    noise = Tensor(torch.randn(time.inputs["timepoint"].size))["timepoint"] / 500
    data = (
        Tensor(1 - torch.igammac(torch.tensor(true_nsteps), true_rate * time.data))[
            "timepoint"
        ]
        + noise
    )
    F = rate ** nsteps / (s * (rate + s) ** nsteps)
    # Inverse Laplace.
    pred = InverseLaplace(F, time, "s")

    # Loss function.
    loss = (pred - data).abs().reduce(ops.add, "timepoint")
    init_params = {
        "rate": Tensor(torch.tensor(5.0, requires_grad=True)),
        "nsteps": Tensor(torch.tensor(2.0, requires_grad=True)),
    }

    with Talbot(num_steps=args.talbot_num_steps):
        # Fit the data
        with Adam(
            args.num_steps,
            lr=args.learning_rate,
            log_every=args.log_every,
            params=init_params,
        ) as optim:
            loss.reduce(ops.min, {"rate", "nsteps"})
        # Fitted curve.
        fitted_curve = pred(rate=optim.param("rate"), nsteps=optim.param("nsteps"))

    print(f"Data\n{data}")
    print(f"Fit curve\n{fitted_curve}")
    print(f"True rate\n{true_rate}")
    print("Learned rate\n{}".format(optim.param("rate").item()))
    print(f"True number of steps\n{true_nsteps}")
    print("Learned number of steps\n{}".format(optim.param("nsteps").item()))


if __name__ == "__main__":
    parser = argparse.ArgumentParser(
        description="Numerical inversion of the Laplace transform using Talbot's method"
    )
    parser.add_argument("-N", "--talbot-num-steps", type=int, default=32)
    parser.add_argument("-n", "--num-steps", type=int, default=501)
    parser.add_argument("-lr", "--learning-rate", type=float, default=0.1)
    parser.add_argument("--log-every", type=int, default=20)
    args = parser.parse_args()
    main(args)
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Example: VAE MNIST

import argparse
import os
import typing
from collections import OrderedDict

import torch
import torch.utils.data
from torch import nn, optim
from torch.nn import functional as F
from torchvision import transforms
from torchvision.datasets import MNIST

import funsor
import funsor.ops as ops
import funsor.torch.distributions as dist
from funsor.domains import Bint, Reals

REPO_PATH = os.path.dirname(os.path.dirname(os.path.abspath(__file__)))
DATA_PATH = os.path.join(REPO_PATH, "data")


class Encoder(nn.Module):
    def __init__(self):
        super(Encoder, self).__init__()
        self.fc1 = nn.Linear(784, 400)
        self.fc21 = nn.Linear(400, 20)
        self.fc22 = nn.Linear(400, 20)

    def forward(self, image: Reals[28, 28]) -> typing.Tuple[Reals[20], Reals[20]]:
        image = image.reshape(image.shape[:-2] + (-1,))
        h1 = F.relu(self.fc1(image))
        loc = self.fc21(h1)
        scale = self.fc22(h1).exp()
        return loc, scale


class Decoder(nn.Module):
    def __init__(self):
        super(Decoder, self).__init__()
        self.fc3 = nn.Linear(20, 400)
        self.fc4 = nn.Linear(400, 784)

    def forward(self, z: Reals[20]) -> Reals[28, 28]:
        h3 = F.relu(self.fc3(z))
        out = torch.sigmoid(self.fc4(h3))
        return out.reshape(out.shape[:-1] + (28, 28))


def main(args):
    funsor.set_backend("torch")

    # XXX Temporary fix after https://github.com/pyro-ppl/pyro/pull/2701
    import pyro

    pyro.enable_validation(False)

    encoder = Encoder()
    decoder = Decoder()

    # These rely on type hints on the .forward() methods.
    encode = funsor.function(encoder)
    decode = funsor.function(decoder)

    @funsor.montecarlo.MonteCarlo()
    def loss_function(data, subsample_scale):
        # Lazily sample from the guide.
        loc, scale = encode(data)
        q = funsor.Independent(
            dist.Normal(loc["i"], scale["i"], value="z_i"), "z", "i", "z_i"
        )

        # Evaluate the model likelihood at the lazy value z.
        probs = decode("z")
        p = dist.Bernoulli(probs["x", "y"], value=data["x", "y"])
        p = p.reduce(ops.add, {"x", "y"})

        # Construct an elbo. This is where sampling happens.
        elbo = funsor.Integrate(q, p - q, "z")
        elbo = elbo.reduce(ops.add, "batch") * subsample_scale
        loss = -elbo
        return loss

    train_loader = torch.utils.data.DataLoader(
        MNIST(DATA_PATH, train=True, download=True, transform=transforms.ToTensor()),
        batch_size=args.batch_size,
        shuffle=True,
    )

    encoder.train()
    decoder.train()
    optimizer = optim.Adam(
        list(encoder.parameters()) + list(decoder.parameters()), lr=1e-3
    )
    for epoch in range(args.num_epochs):
        train_loss = 0
        for batch_idx, (data, _) in enumerate(train_loader):
            subsample_scale = float(len(train_loader.dataset) / len(data))
            data = data[:, 0, :, :]
            data = funsor.Tensor(data, OrderedDict(batch=Bint[len(data)]))

            optimizer.zero_grad()
            loss = loss_function(data, subsample_scale)
            assert isinstance(loss, funsor.Tensor), loss.pretty()
            loss.data.backward()
            train_loss += loss.item()
            optimizer.step()
            if batch_idx % 50 == 0:
                print(f"  loss = {loss.item()}")
                if batch_idx and args.smoke_test:
                    return
        print(f"epoch {epoch} train_loss = {train_loss}")


if __name__ == "__main__":
    parser = argparse.ArgumentParser(description="VAE MNIST Example")
    parser.add_argument("-n", "--num-epochs", type=int, default=10)
    parser.add_argument("--batch-size", type=int, default=8)
    parser.add_argument("--smoke-test", action="store_true")
    args = parser.parse_args()
    main(args)
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      	einsum (in module funsor.ops.array)


      	einsum() (in module funsor.einsum)


      	Einsum() (in module funsor.tensor)


      	Elbo (class in funsor.elbo)


      	ELBO (class in funsor.minipyro)


      	elbo() (in module funsor.minipyro)


      	empty() (in module funsor.testing)


      	entropy() (Distribution method)

      
        	(Independent method)


      


      	enumerate_support() (Distribution method)


      	eq (in module funsor.ops.builtin)


      	excludes_backend() (in module funsor.testing)


      	exp (in module funsor.ops.builtin)


      	exp() (Funsor method)


      	expand (in module funsor.ops.array)


      	expand() (DiscreteHMM method)

      
        	(FunsorDistribution method)


        	(SwitchingLinearHMM method)


      


      	expand_inputs() (Distribution method)


      	Expectation() (in module funsor.minipyro)


      	Exponential (class in funsor.torch.distributions)


      	extract_affine() (in module funsor.affine)


  





F


  	
      	filter() (SwitchingLinearHMM method)


      	find_domain() (in module funsor.domains)


      	finfo (in module funsor.ops.array)


      	FinitaryOp (class in funsor.ops.op)


      	flip (in module funsor.ops.array)


      	floordiv (in module funsor.ops.builtin)


      	forward_backward() (in module funsor.adjoint)


      	forward_filter_backward_precondition() (in module funsor.recipes)


      	forward_filter_backward_rsample() (in module funsor.recipes)


      	Fresh (class in funsor.factory)


      	full_like (in module funsor.ops.array)


      	Function (class in funsor.tensor)


      	function() (in module funsor.tensor)


      	Funsor (class in funsor.terms)


      	funsor.adjoint (module)


      	funsor.affine (module)


      	funsor.approximations (module)


      	funsor.cnf (module)


      	funsor.compiler (module)


      	funsor.constant (module)


      	funsor.delta (module)


      	funsor.domains (module)


      	funsor.einsum (module)


      	funsor.elbo (module)


      	funsor.factory (module)


      	funsor.gaussian (module)


      	funsor.integrate (module)


  

  	
      	funsor.interpretations (module)


      	funsor.interpreter (module)


      	funsor.joint (module)


      	funsor.minipyro (module)


      	funsor.montecarlo (module)


      	funsor.ops.array (module)


      	funsor.ops.builtin (module)


      	funsor.ops.op (module)


      	funsor.ops.program (module)


      	funsor.ops.tracer (module)


      	funsor.optimizer (module)


      	funsor.precondition (module)


      	funsor.pyro.convert (module)


      	funsor.pyro.distribution (module)


      	funsor.pyro.hmm (module)


      	funsor.recipes (module)


      	funsor.sum_product (module)


      	funsor.tensor (module)


      	funsor.terms (module)


      	funsor.testing (module)


      	funsor.torch.distributions (module)


      	funsor.typing (module)


      	funsor_to_cat_and_mvn() (in module funsor.pyro.convert)


      	funsor_to_mvn() (in module funsor.pyro.convert)


      	funsor_to_tensor() (in module funsor.pyro.convert)


      	FunsorDistribution (class in funsor.pyro.distribution)


      	funsordistribution_to_funsor() (in module funsor.pyro.distribution)


  





G


  	
      	Gamma (class in funsor.torch.distributions)


      	GammaPoisson (class in funsor.torch.distributions)


      	Gaussian (class in funsor.gaussian)


      	GaussianHMM (class in funsor.pyro.hmm)


      	GaussianMixture (in module funsor.cnf)


      	GaussianMRF (class in funsor.pyro.hmm)


      	ge (in module funsor.ops.builtin)


      	GenericTypeMeta (class in funsor.typing)


      	Geometric (class in funsor.torch.distributions)


  

  	
      	get_args() (in module funsor.typing)


      	get_origin() (in module funsor.typing)


      	get_param_store() (in module funsor.minipyro)


      	get_trace() (trace method)


      	get_type_hints() (in module funsor.typing)


      	getitem (in module funsor.ops.builtin)


      	getslice (in module funsor.ops.builtin)


      	gt (in module funsor.ops.builtin)


      	Gumbel (class in funsor.torch.distributions)


  





H


  	
      	HalfCauchy (class in funsor.torch.distributions)


      	HalfNormal (class in funsor.torch.distributions)


      	Has (class in funsor.factory)


      	has_enumerate_support (Distribution attribute)


  

  	
      	has_rsample (DiscreteHMM attribute)

      
        	(GaussianHMM attribute)


        	(GaussianMRF attribute)


        	(SwitchingLinearHMM attribute)


      


  





I


  	
      	id_from_inputs() (in module funsor.testing)


      	ignore_jit_warnings() (in module funsor.tensor)


      	Independent (class in funsor.terms)


      	input_vars (Funsor attribute)


      	Integrate (class in funsor.integrate)


      	interpret() (AdjointTape method)


      	Interpretation (class in funsor.interpretations)


      	interpretation() (in module funsor.interpreter)


      	inv (WrappedTransformOp attribute)


  

  	
      	inv() (TransformOp static method)


      	invert (in module funsor.ops.builtin)


      	is_affine() (in module funsor.affine)


      	is_array() (in module funsor.testing)


      	is_full_rank (Gaussian attribute)


      	isnan (in module funsor.ops.array)


      	item() (Funsor method)

      
        	(Number method)


        	(Tensor method)


      


      	iter_subsets() (in module funsor.testing)


  





J


  	
      	Jit (class in funsor.minipyro)


      	Jit_ELBO (class in funsor.minipyro)


  

  	
      	JitTrace_ELBO() (in module funsor.minipyro)


      	JitTraceEnum_ELBO() (in module funsor.minipyro)


      	JitTraceMeanField_ELBO() (in module funsor.minipyro)


  





L


  	
      	Lambda (class in funsor.terms)


      	Laplace (class in funsor.torch.distributions)


      	laplace_approximate (in module funsor.approximations)


      	lazy (in module funsor.interpretations)


      	le (in module funsor.ops.builtin)


      	lgamma (in module funsor.ops.builtin)


      	log (in module funsor.ops.builtin)


      	log() (Funsor method)


      	log1p (in module funsor.ops.builtin)


      	log1p() (Funsor method)


      	log_abs_det_jacobian (WrappedTransformOp attribute)


      	log_abs_det_jacobian() (TransformOp static method)


      	log_joint (class in funsor.minipyro)


  

  	
      	log_normalizer (Gaussian attribute)


      	log_prob() (DiscreteHMM method)

      
        	(Distribution method)


        	(FunsorDistribution method)


        	(SwitchingLinearHMM method)


      


      	LogAbsDetJacobianOp (class in funsor.ops.op)


      	logaddexp (in module funsor.ops.array)


      	logsumexp (in module funsor.ops.array)


      	logsumexp() (Funsor method)


      	lower() (in module funsor.compiler)


      	LowRankMultivariateNormal (class in funsor.torch.distributions)


      	lshift (in module funsor.ops.builtin)


      	lt (in module funsor.ops.builtin)


  





M


  	
      	make() (funsor.ops.op.Op class method)


      	make_chain_einsum() (in module funsor.testing)


      	make_einsum_example() (in module funsor.testing)


      	make_funsor() (in module funsor.factory)


      	make_hmm_einsum() (in module funsor.testing)


      	make_plated_hmm_einsum() (in module funsor.testing)


      	MarkovProduct (class in funsor.sum_product)


      	MarkovProductMeta (class in funsor.sum_product)


      	materialize() (Constant method)

      
        	(Tensor method)


      


      	matmul (in module funsor.ops.builtin)


      	matrix_and_mvn_to_funsor() (in module funsor.pyro.convert)


      	max (in module funsor.ops.builtin)


      	max() (Funsor method)


      	mean (in module funsor.ops.array)


      	mean() (Distribution method)

      
        	(Funsor method)


        	(Independent method)


      


  

  	
      	mean_approximate (in module funsor.approximations)


      	Memoize (class in funsor.interpretations)


      	memoize() (in module funsor.interpretations)


      	Messenger (class in funsor.minipyro)


      	min (in module funsor.ops.builtin)


      	min() (Funsor method)


      	mixed_sequential_sum_product() (in module funsor.sum_product)


      	mod (in module funsor.ops.builtin)


      	modified_partial_sum_product() (in module funsor.sum_product)


      	moment_matching (in module funsor.interpretations)


      	moment_matching_contract_default() (in module funsor.joint)


      	moment_matching_contract_joint() (in module funsor.joint)


      	moment_matching_reduce() (Funsor method)


      	MonteCarlo (class in funsor.montecarlo)


      	mul (in module funsor.ops.builtin)


      	Multinomial (class in funsor.torch.distributions)


      	MultivariateNormal (class in funsor.torch.distributions)


      	mvn_to_funsor() (in module funsor.pyro.convert)


  





N


  	
      	naive_contract_einsum() (in module funsor.einsum)


      	naive_einsum() (in module funsor.einsum)


      	naive_plated_einsum() (in module funsor.einsum)


      	naive_sarkka_bilmes_product() (in module funsor.sum_product)


      	naive_sequential_sum_product() (in module funsor.sum_product)


      	name (CondIndepStackFrame attribute)

      
        	(LogAbsDetJacobianOp attribute)


        	(WrappedTransformOp attribute)


      


      	ne (in module funsor.ops.builtin)


      	neg (in module funsor.ops.builtin)


      	new_arange (in module funsor.ops.array)


      	new_arange() (Tensor method)


      	new_eye (in module funsor.ops.array)


      	new_full (in module funsor.ops.array)


      	new_zeros (in module funsor.ops.array)


  

  	
      	NonreparameterizedBeta (class in funsor.torch.distributions)


      	NonreparameterizedDirichlet (class in funsor.torch.distributions)


      	NonreparameterizedGamma (class in funsor.torch.distributions)


      	NonreparameterizedNormal (class in funsor.torch.distributions)


      	Normal (class in funsor.torch.distributions)


      	normalize (in module funsor.interpretations)


      	normalize_contraction_commutative_canonical_order() (in module funsor.cnf)


      	normalize_contraction_commute_joint() (in module funsor.cnf)


      	normalize_contraction_generic_args() (in module funsor.cnf)


      	normalize_contraction_generic_tuple() (in module funsor.cnf)


      	normalize_fuse_subs() (in module funsor.cnf)


      	normalize_trivial() (in module funsor.cnf)


      	null (in module funsor.ops.builtin)


      	NullaryOp (class in funsor.ops.op)


      	Number (class in funsor.terms)


  





O


  	
      	of_shape() (in module funsor.terms)


      	ones() (in module funsor.testing)


      	Op (class in funsor.ops.op)


  

  	
      	OpProgram (class in funsor.ops.program)


      	optimize_contract_finitary_funsor() (in module funsor.optimizer)


      	optimize_contraction_variadic() (in module funsor.optimizer)


      	or_ (in module funsor.ops.builtin)


  





P


  	
      	param() (in module funsor.minipyro)


      	Pareto (class in funsor.torch.distributions)


      	partial_sum_product() (in module funsor.sum_product)


      	partial_unroll() (in module funsor.sum_product)


      	PatternMissingError


      	permute (in module funsor.ops.array)


      	plate() (in module funsor.minipyro)


      	PlateMessenger (class in funsor.minipyro)


      	Poisson (class in funsor.torch.distributions)


      	pop_interpretation() (in module funsor.interpreter)


      	pos (in module funsor.ops.builtin)


      	postprocess_message() (log_joint method)

      
        	(Messenger method)


        	(trace method)


      


  

  	
      	pow (in module funsor.ops.builtin)


      	Precondition (class in funsor.precondition)


      	pretty() (Funsor method)


      	process_message() (block method)

      
        	(Messenger method)


        	(PlateMessenger method)


        	(log_joint method)


        	(replay method)


      


      	prod (in module funsor.ops.array)


      	prod() (Funsor method)


      	push_interpretation() (in module funsor.interpreter)


      	PyroOptim (class in funsor.minipyro)


  





Q


  	
      	qr (in module funsor.ops.array)


  

  	
      	quote() (Funsor method)


  





R


  	
      	rand() (in module funsor.testing)


      	randint() (in module funsor.testing)


      	randn (in module funsor.ops.array)


      	randn() (in module funsor.testing)


      	random_gaussian() (in module funsor.testing)


      	random_mvn() (in module funsor.testing)


      	random_scale_tril() (in module funsor.testing)


      	random_tensor() (in module funsor.testing)


      	rank (Gaussian attribute)


      	Real (class in funsor.domains)


      	Reals (class in funsor.domains)


      	reals() (in module funsor.domains)


      	RealsType (class in funsor.domains)


  

  	
      	reciprocal (in module funsor.ops.builtin)


      	Reduce (class in funsor.terms)


      	reduce() (Funsor method)


      	reduce_funsor() (in module funsor.cnf)


      	register() (Op method)


      	register_subclasscheck() (in module funsor.typing)


      	reinterpret() (in module funsor.interpreter)


      	replay (class in funsor.minipyro)


      	requires_backend() (in module funsor.testing)


      	requires_grad (Funsor attribute)

      
        	(Tensor attribute)


      


      	reshape() (Funsor method)


      	rsample() (FunsorDistribution method)


      	rshift (in module funsor.ops.builtin)


  





S


  	
      	safediv (in module funsor.ops.builtin)


      	safesub (in module funsor.ops.builtin)


      	sample (in module funsor.ops.array)


      	sample() (Funsor method)

      
        	(FunsorDistribution method)


        	(in module funsor.minipyro)


      


      	sarkka_bilmes_product() (in module funsor.sum_product)


      	Scatter (class in funsor.terms)


      	scatter (in module funsor.ops.array)


      	scatter_add (in module funsor.ops.array)


      	seed (class in funsor.minipyro)


      	sequential (in module funsor.interpretations)


      	sequential_reduce() (Funsor method)


      	sequential_sum_product() (in module funsor.sum_product)


      	set_callable() (CallableInterpretation method)


      	set_compression_threshold() (funsor.gaussian.Gaussian class method)


      	set_inv() (TransformOp method)


      	set_log_abs_det_jacobian() (TransformOp method)


      	shape (Bint attribute)

      
        	(Funsor attribute)


        	(Real attribute)


        	(Reals attribute)


      


      	sigmoid (in module funsor.ops.builtin)


      	sigmoid() (Funsor method)


  

  	
      	signature (LogAbsDetJacobianOp attribute)

      
        	(WrappedTransformOp attribute)


      


      	size (BintType attribute)

      
        	(CondIndepStackFrame attribute)


      


      	Slice (class in funsor.terms)


      	solve() (in module funsor.delta)


      	sqrt (in module funsor.ops.builtin)


      	sqrt() (Funsor method)


      	Stack (class in funsor.terms)


      	stack (in module funsor.ops.array)


      	StatefulInterpretation (class in funsor.interpretations)


      	std (in module funsor.ops.array)


      	std() (Funsor method)


      	step() (SVI method)


      	StudentT (class in funsor.torch.distributions)


      	sub (in module funsor.ops.builtin)


      	subclass_register() (funsor.ops.op.Op class method)


      	Subs (class in funsor.terms)


      	sum (in module funsor.ops.array)


      	sum() (Funsor method)


      	sum_product() (in module funsor.sum_product)


      	support (FunsorDistribution attribute)


      	SVI (class in funsor.minipyro)


      	SwitchingLinearHMM (class in funsor.pyro.hmm)


  





T


  	
      	tanh (in module funsor.ops.builtin)


      	tanh() (Funsor method)


      	Tensor (class in funsor.tensor)


      	tensor_to_funsor() (in module funsor.minipyro)

      
        	(in module funsor.pyro.convert)


      


      	tensordot() (in module funsor.tensor)


      	TernaryOp (class in funsor.ops.op)


      	to_data() (in module funsor.terms)


      	to_funsor() (in module funsor.terms)


      	TorchOptimizer (Adam attribute)

      
        	(ClippedAdam attribute)


      


  

  	
      	trace (class in funsor.minipyro)


      	Trace_ELBO (class in funsor.minipyro)


      	trace_function() (in module funsor.ops.tracer)


      	TraceEnum_ELBO (class in funsor.minipyro)


      	TraceMeanField_ELBO (class in funsor.minipyro)


      	TransformOp (class in funsor.ops.op)


      	transpose (in module funsor.ops.array)


      	triangular_inv (in module funsor.ops.array)


      	triangular_solve (in module funsor.ops.array)


      	truediv (in module funsor.ops.builtin)


      	typing_wrap (class in funsor.typing)


  





U


  	
      	Unary (class in funsor.terms)


      	unary_contract() (in module funsor.cnf)


      	unary_log_exp() (in module funsor.cnf)


      	unary_neg_variable() (in module funsor.cnf)


  

  	
      	UnaryOp (class in funsor.ops.op)


      	unfold_contraction_generic_tuple() (in module funsor.optimizer)


      	unfold_contraction_variadic() (in module funsor.optimizer)


      	Uniform (class in funsor.torch.distributions)


      	unsqueeze (in module funsor.ops.array)


  





V


  	
      	var (in module funsor.ops.array)


      	var() (Funsor method)


      	Variable (class in funsor.terms)


  

  	
      	Variadic (class in funsor.typing)


      	variance() (Distribution method)

      
        	(Independent method)


      


      	VonMises (class in funsor.torch.distributions)


  





W


  	
      	WrappedTransformOp (class in funsor.ops.op)


  





X


  	
      	xfail_if_not_found() (in module funsor.testing)


      	xfail_if_not_implemented() (in module funsor.testing)


  

  	
      	xfail_param() (in module funsor.testing)


      	xor (in module funsor.ops.builtin)


  





Z


  	
      	zeros() (in module funsor.testing)
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  All modules for which code is available

	builtins

	funsor.adjoint

	funsor.affine

	funsor.approximations

	funsor.cnf

	funsor.compiler

	funsor.constant

	funsor.delta

	funsor.distribution

	funsor.domains

	funsor.einsum

	funsor.elbo

	funsor.factory

	funsor.gaussian

	funsor.integrate

	funsor.interpretations

	funsor.interpreter

	funsor.joint

	funsor.minipyro

	funsor.montecarlo

	funsor.ops

	funsor.ops.op

	funsor.ops.program

	funsor.ops.tracer


	funsor.optimizer

	funsor.precondition

	funsor.pyro.convert

	funsor.pyro.distribution

	funsor.pyro.hmm

	funsor.recipes

	funsor.registry

	funsor.sum_product

	funsor.tensor

	funsor.terms

	funsor.testing

	funsor.torch.distributions

	funsor.typing

	inspect

	pyro.distributions.conjugate

	pyro.distributions.delta

	pyro.distributions.testing.fakes

	pyro.distributions.torch

	pyro.optim.clipped_adam

	torch.distributions.constraints

	torch.optim.adam

	typing
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  Source code for inspect

"""Get useful information from live Python objects.

This module encapsulates the interface provided by the internal special
attributes (co_*, im_*, tb_*, etc.) in a friendlier fashion.
It also provides some help for examining source code and class layout.

Here are some of the useful functions provided by this module:

    ismodule(), isclass(), ismethod(), isfunction(), isgeneratorfunction(),
        isgenerator(), istraceback(), isframe(), iscode(), isbuiltin(),
        isroutine() - check object types
    getmembers() - get members of an object that satisfy a given condition

    getfile(), getsourcefile(), getsource() - find an object's source code
    getdoc(), getcomments() - get documentation on an object
    getmodule() - determine the module that an object came from
    getclasstree() - arrange classes so as to represent their hierarchy

    getargvalues(), getcallargs() - get info about function arguments
    getfullargspec() - same, with support for Python 3 features
    formatargvalues() - format an argument spec
    getouterframes(), getinnerframes() - get info about frames
    currentframe() - get the current stack frame
    stack(), trace() - get info about frames on the stack or in a traceback

    signature() - get a Signature object for the callable
"""

# This module is in the public domain.  No warranties.

__author__ = ('Ka-Ping Yee <ping@lfw.org>',
              'Yury Selivanov <yselivanov@sprymix.com>')

import abc
import dis
import collections.abc
import enum
import importlib.machinery
import itertools
import linecache
import os
import re
import sys
import tokenize
import token
import types
import warnings
import functools
import builtins
from operator import attrgetter
from collections import namedtuple, OrderedDict

# Create constants for the compiler flags in Include/code.h
# We try to get them from dis to avoid duplication
mod_dict = globals()
for k, v in dis.COMPILER_FLAG_NAMES.items():
    mod_dict["CO_" + v] = k

# See Include/object.h
TPFLAGS_IS_ABSTRACT = 1 << 20

# ----------------------------------------------------------- type-checking
def ismodule(object):
    """Return true if the object is a module.

    Module objects provide these attributes:
        __cached__      pathname to byte compiled file
        __doc__         documentation string
        __file__        filename (missing for built-in modules)"""
    return isinstance(object, types.ModuleType)

def isclass(object):
    """Return true if the object is a class.

    Class objects provide these attributes:
        __doc__         documentation string
        __module__      name of module in which this class was defined"""
    return isinstance(object, type)

def ismethod(object):
    """Return true if the object is an instance method.

    Instance method objects provide these attributes:
        __doc__         documentation string
        __name__        name with which this method was defined
        __func__        function object containing implementation of method
        __self__        instance to which this method is bound"""
    return isinstance(object, types.MethodType)

def ismethoddescriptor(object):
    """Return true if the object is a method descriptor.

    But not if ismethod() or isclass() or isfunction() are true.

    This is new in Python 2.2, and, for example, is true of int.__add__.
    An object passing this test has a __get__ attribute but not a __set__
    attribute, but beyond that the set of attributes varies.  __name__ is
    usually sensible, and __doc__ often is.

    Methods implemented via descriptors that also pass one of the other
    tests return false from the ismethoddescriptor() test, simply because
    the other tests promise more -- you can, e.g., count on having the
    __func__ attribute (etc) when an object passes ismethod()."""
    if isclass(object) or ismethod(object) or isfunction(object):
        # mutual exclusion
        return False
    tp = type(object)
    return hasattr(tp, "__get__") and not hasattr(tp, "__set__")

def isdatadescriptor(object):
    """Return true if the object is a data descriptor.

    Data descriptors have both a __get__ and a __set__ attribute.  Examples are
    properties (defined in Python) and getsets and members (defined in C).
    Typically, data descriptors will also have __name__ and __doc__ attributes
    (properties, getsets, and members have both of these attributes), but this
    is not guaranteed."""
    if isclass(object) or ismethod(object) or isfunction(object):
        # mutual exclusion
        return False
    tp = type(object)
    return hasattr(tp, "__set__") and hasattr(tp, "__get__")

if hasattr(types, 'MemberDescriptorType'):
    # CPython and equivalent
    def ismemberdescriptor(object):
        """Return true if the object is a member descriptor.

        Member descriptors are specialized descriptors defined in extension
        modules."""
        return isinstance(object, types.MemberDescriptorType)
else:
    # Other implementations
    def ismemberdescriptor(object):
        """Return true if the object is a member descriptor.

        Member descriptors are specialized descriptors defined in extension
        modules."""
        return False

if hasattr(types, 'GetSetDescriptorType'):
    # CPython and equivalent
    def isgetsetdescriptor(object):
        """Return true if the object is a getset descriptor.

        getset descriptors are specialized descriptors defined in extension
        modules."""
        return isinstance(object, types.GetSetDescriptorType)
else:
    # Other implementations
    def isgetsetdescriptor(object):
        """Return true if the object is a getset descriptor.

        getset descriptors are specialized descriptors defined in extension
        modules."""
        return False

def isfunction(object):
    """Return true if the object is a user-defined function.

    Function objects provide these attributes:
        __doc__         documentation string
        __name__        name with which this function was defined
        __code__        code object containing compiled function bytecode
        __defaults__    tuple of any default values for arguments
        __globals__     global namespace in which this function was defined
        __annotations__ dict of parameter annotations
        __kwdefaults__  dict of keyword only parameters with defaults"""
    return isinstance(object, types.FunctionType)

def isgeneratorfunction(object):
    """Return true if the object is a user-defined generator function.

    Generator function objects provide the same attributes as functions.
    See help(isfunction) for a list of attributes."""
    return bool((isfunction(object) or ismethod(object)) and
                object.__code__.co_flags & CO_GENERATOR)

def iscoroutinefunction(object):
    """Return true if the object is a coroutine function.

    Coroutine functions are defined with "async def" syntax.
    """
    return bool((isfunction(object) or ismethod(object)) and
                object.__code__.co_flags & CO_COROUTINE)

def isasyncgenfunction(object):
    """Return true if the object is an asynchronous generator function.

    Asynchronous generator functions are defined with "async def"
    syntax and have "yield" expressions in their body.
    """
    return bool((isfunction(object) or ismethod(object)) and
                object.__code__.co_flags & CO_ASYNC_GENERATOR)

def isasyncgen(object):
    """Return true if the object is an asynchronous generator."""
    return isinstance(object, types.AsyncGeneratorType)

def isgenerator(object):
    """Return true if the object is a generator.

    Generator objects provide these attributes:
        __iter__        defined to support iteration over container
        close           raises a new GeneratorExit exception inside the
                        generator to terminate the iteration
        gi_code         code object
        gi_frame        frame object or possibly None once the generator has
                        been exhausted
        gi_running      set to 1 when generator is executing, 0 otherwise
        next            return the next item from the container
        send            resumes the generator and "sends" a value that becomes
                        the result of the current yield-expression
        throw           used to raise an exception inside the generator"""
    return isinstance(object, types.GeneratorType)

def iscoroutine(object):
    """Return true if the object is a coroutine."""
    return isinstance(object, types.CoroutineType)

def isawaitable(object):
    """Return true if object can be passed to an ``await`` expression."""
    return (isinstance(object, types.CoroutineType) or
            isinstance(object, types.GeneratorType) and
                bool(object.gi_code.co_flags & CO_ITERABLE_COROUTINE) or
            isinstance(object, collections.abc.Awaitable))

def istraceback(object):
    """Return true if the object is a traceback.

    Traceback objects provide these attributes:
        tb_frame        frame object at this level
        tb_lasti        index of last attempted instruction in bytecode
        tb_lineno       current line number in Python source code
        tb_next         next inner traceback object (called by this level)"""
    return isinstance(object, types.TracebackType)

def isframe(object):
    """Return true if the object is a frame object.

    Frame objects provide these attributes:
        f_back          next outer frame object (this frame's caller)
        f_builtins      built-in namespace seen by this frame
        f_code          code object being executed in this frame
        f_globals       global namespace seen by this frame
        f_lasti         index of last attempted instruction in bytecode
        f_lineno        current line number in Python source code
        f_locals        local namespace seen by this frame
        f_trace         tracing function for this frame, or None"""
    return isinstance(object, types.FrameType)

def iscode(object):
    """Return true if the object is a code object.

    Code objects provide these attributes:
        co_argcount         number of arguments (not including *, ** args
                            or keyword only arguments)
        co_code             string of raw compiled bytecode
        co_cellvars         tuple of names of cell variables
        co_consts           tuple of constants used in the bytecode
        co_filename         name of file in which this code object was created
        co_firstlineno      number of first line in Python source code
        co_flags            bitmap: 1=optimized | 2=newlocals | 4=*arg | 8=**arg
                            | 16=nested | 32=generator | 64=nofree | 128=coroutine
                            | 256=iterable_coroutine | 512=async_generator
        co_freevars         tuple of names of free variables
        co_kwonlyargcount   number of keyword only arguments (not including ** arg)
        co_lnotab           encoded mapping of line numbers to bytecode indices
        co_name             name with which this code object was defined
        co_names            tuple of names of local variables
        co_nlocals          number of local variables
        co_stacksize        virtual machine stack space required
        co_varnames         tuple of names of arguments and local variables"""
    return isinstance(object, types.CodeType)

def isbuiltin(object):
    """Return true if the object is a built-in function or method.

    Built-in functions and methods provide these attributes:
        __doc__         documentation string
        __name__        original name of this function or method
        __self__        instance to which a method is bound, or None"""
    return isinstance(object, types.BuiltinFunctionType)

def isroutine(object):
    """Return true if the object is any kind of function or method."""
    return (isbuiltin(object)
            or isfunction(object)
            or ismethod(object)
            or ismethoddescriptor(object))

def isabstract(object):
    """Return true if the object is an abstract base class (ABC)."""
    if not isinstance(object, type):
        return False
    if object.__flags__ & TPFLAGS_IS_ABSTRACT:
        return True
    if not issubclass(type(object), abc.ABCMeta):
        return False
    if hasattr(object, '__abstractmethods__'):
        # It looks like ABCMeta.__new__ has finished running;
        # TPFLAGS_IS_ABSTRACT should have been accurate.
        return False
    # It looks like ABCMeta.__new__ has not finished running yet; we're
    # probably in __init_subclass__. We'll look for abstractmethods manually.
    for name, value in object.__dict__.items():
        if getattr(value, "__isabstractmethod__", False):
            return True
    for base in object.__bases__:
        for name in getattr(base, "__abstractmethods__", ()):
            value = getattr(object, name, None)
            if getattr(value, "__isabstractmethod__", False):
                return True
    return False

def getmembers(object, predicate=None):
    """Return all members of an object as (name, value) pairs sorted by name.
    Optionally, only return members that satisfy a given predicate."""
    if isclass(object):
        mro = (object,) + getmro(object)
    else:
        mro = ()
    results = []
    processed = set()
    names = dir(object)
    # :dd any DynamicClassAttributes to the list of names if object is a class;
    # this may result in duplicate entries if, for example, a virtual
    # attribute with the same name as a DynamicClassAttribute exists
    try:
        for base in object.__bases__:
            for k, v in base.__dict__.items():
                if isinstance(v, types.DynamicClassAttribute):
                    names.append(k)
    except AttributeError:
        pass
    for key in names:
        # First try to get the value via getattr.  Some descriptors don't
        # like calling their __get__ (see bug #1785), so fall back to
        # looking in the __dict__.
        try:
            value = getattr(object, key)
            # handle the duplicate key
            if key in processed:
                raise AttributeError
        except AttributeError:
            for base in mro:
                if key in base.__dict__:
                    value = base.__dict__[key]
                    break
            else:
                # could be a (currently) missing slot member, or a buggy
                # __dir__; discard and move on
                continue
        if not predicate or predicate(value):
            results.append((key, value))
        processed.add(key)
    results.sort(key=lambda pair: pair[0])
    return results

Attribute = namedtuple('Attribute', 'name kind defining_class object')

def classify_class_attrs(cls):
    """Return list of attribute-descriptor tuples.

    For each name in dir(cls), the return list contains a 4-tuple
    with these elements:

        0. The name (a string).

        1. The kind of attribute this is, one of these strings:
               'class method'    created via classmethod()
               'static method'   created via staticmethod()
               'property'        created via property()
               'method'          any other flavor of method or descriptor
               'data'            not a method

        2. The class which defined this attribute (a class).

        3. The object as obtained by calling getattr; if this fails, or if the
           resulting object does not live anywhere in the class' mro (including
           metaclasses) then the object is looked up in the defining class's
           dict (found by walking the mro).

    If one of the items in dir(cls) is stored in the metaclass it will now
    be discovered and not have None be listed as the class in which it was
    defined.  Any items whose home class cannot be discovered are skipped.
    """

    mro = getmro(cls)
    metamro = getmro(type(cls)) # for attributes stored in the metaclass
    metamro = tuple(cls for cls in metamro if cls not in (type, object))
    class_bases = (cls,) + mro
    all_bases = class_bases + metamro
    names = dir(cls)
    # :dd any DynamicClassAttributes to the list of names;
    # this may result in duplicate entries if, for example, a virtual
    # attribute with the same name as a DynamicClassAttribute exists.
    for base in mro:
        for k, v in base.__dict__.items():
            if isinstance(v, types.DynamicClassAttribute):
                names.append(k)
    result = []
    processed = set()

    for name in names:
        # Get the object associated with the name, and where it was defined.
        # Normal objects will be looked up with both getattr and directly in
        # its class' dict (in case getattr fails [bug #1785], and also to look
        # for a docstring).
        # For DynamicClassAttributes on the second pass we only look in the
        # class's dict.
        #
        # Getting an obj from the __dict__ sometimes reveals more than
        # using getattr.  Static and class methods are dramatic examples.
        homecls = None
        get_obj = None
        dict_obj = None
        if name not in processed:
            try:
                if name == '__dict__':
                    raise Exception("__dict__ is special, don't want the proxy")
                get_obj = getattr(cls, name)
            except Exception as exc:
                pass
            else:
                homecls = getattr(get_obj, "__objclass__", homecls)
                if homecls not in class_bases:
                    # if the resulting object does not live somewhere in the
                    # mro, drop it and search the mro manually
                    homecls = None
                    last_cls = None
                    # first look in the classes
                    for srch_cls in class_bases:
                        srch_obj = getattr(srch_cls, name, None)
                        if srch_obj is get_obj:
                            last_cls = srch_cls
                    # then check the metaclasses
                    for srch_cls in metamro:
                        try:
                            srch_obj = srch_cls.__getattr__(cls, name)
                        except AttributeError:
                            continue
                        if srch_obj is get_obj:
                            last_cls = srch_cls
                    if last_cls is not None:
                        homecls = last_cls
        for base in all_bases:
            if name in base.__dict__:
                dict_obj = base.__dict__[name]
                if homecls not in metamro:
                    homecls = base
                break
        if homecls is None:
            # unable to locate the attribute anywhere, most likely due to
            # buggy custom __dir__; discard and move on
            continue
        obj = get_obj if get_obj is not None else dict_obj
        # Classify the object or its descriptor.
        if isinstance(dict_obj, (staticmethod, types.BuiltinMethodType)):
            kind = "static method"
            obj = dict_obj
        elif isinstance(dict_obj, (classmethod, types.ClassMethodDescriptorType)):
            kind = "class method"
            obj = dict_obj
        elif isinstance(dict_obj, property):
            kind = "property"
            obj = dict_obj
        elif isroutine(obj):
            kind = "method"
        else:
            kind = "data"
        result.append(Attribute(name, kind, homecls, obj))
        processed.add(name)
    return result

# ----------------------------------------------------------- class helpers

def getmro(cls):
    "Return tuple of base classes (including cls) in method resolution order."
    return cls.__mro__

# -------------------------------------------------------- function helpers

def unwrap(func, *, stop=None):
    """Get the object wrapped by *func*.

   Follows the chain of :attr:`__wrapped__` attributes returning the last
   object in the chain.

   *stop* is an optional callback accepting an object in the wrapper chain
   as its sole argument that allows the unwrapping to be terminated early if
   the callback returns a true value. If the callback never returns a true
   value, the last object in the chain is returned as usual. For example,
   :func:`signature` uses this to stop unwrapping if any object in the
   chain has a ``__signature__`` attribute defined.

   :exc:`ValueError` is raised if a cycle is encountered.

    """
    if stop is None:
        def _is_wrapper(f):
            return hasattr(f, '__wrapped__')
    else:
        def _is_wrapper(f):
            return hasattr(f, '__wrapped__') and not stop(f)
    f = func  # remember the original func for error reporting
    # Memoise by id to tolerate non-hashable objects, but store objects to
    # ensure they aren't destroyed, which would allow their IDs to be reused.
    memo = {id(f): f}
    recursion_limit = sys.getrecursionlimit()
    while _is_wrapper(func):
        func = func.__wrapped__
        id_func = id(func)
        if (id_func in memo) or (len(memo) >= recursion_limit):
            raise ValueError('wrapper loop when unwrapping {!r}'.format(f))
        memo[id_func] = func
    return func

# -------------------------------------------------- source code extraction
def indentsize(line):
    """Return the indent size, in spaces, at the start of a line of text."""
    expline = line.expandtabs()
    return len(expline) - len(expline.lstrip())

def _findclass(func):
    cls = sys.modules.get(func.__module__)
    if cls is None:
        return None
    for name in func.__qualname__.split('.')[:-1]:
        cls = getattr(cls, name)
    if not isclass(cls):
        return None
    return cls

def _finddoc(obj):
    if isclass(obj):
        for base in obj.__mro__:
            if base is not object:
                try:
                    doc = base.__doc__
                except AttributeError:
                    continue
                if doc is not None:
                    return doc
        return None

    if ismethod(obj):
        name = obj.__func__.__name__
        self = obj.__self__
        if (isclass(self) and
            getattr(getattr(self, name, None), '__func__') is obj.__func__):
            # classmethod
            cls = self
        else:
            cls = self.__class__
    elif isfunction(obj):
        name = obj.__name__
        cls = _findclass(obj)
        if cls is None or getattr(cls, name) is not obj:
            return None
    elif isbuiltin(obj):
        name = obj.__name__
        self = obj.__self__
        if (isclass(self) and
            self.__qualname__ + '.' + name == obj.__qualname__):
            # classmethod
            cls = self
        else:
            cls = self.__class__
    # Should be tested before isdatadescriptor().
    elif isinstance(obj, property):
        func = obj.fget
        name = func.__name__
        cls = _findclass(func)
        if cls is None or getattr(cls, name) is not obj:
            return None
    elif ismethoddescriptor(obj) or isdatadescriptor(obj):
        name = obj.__name__
        cls = obj.__objclass__
        if getattr(cls, name) is not obj:
            return None
    else:
        return None

    for base in cls.__mro__:
        try:
            doc = getattr(base, name).__doc__
        except AttributeError:
            continue
        if doc is not None:
            return doc
    return None

def getdoc(object):
    """Get the documentation string for an object.

    All tabs are expanded to spaces.  To clean up docstrings that are
    indented to line up with blocks of code, any whitespace than can be
    uniformly removed from the second line onwards is removed."""
    try:
        doc = object.__doc__
    except AttributeError:
        return None
    if doc is None:
        try:
            doc = _finddoc(object)
        except (AttributeError, TypeError):
            return None
    if not isinstance(doc, str):
        return None
    return cleandoc(doc)

def cleandoc(doc):
    """Clean up indentation from docstrings.

    Any whitespace that can be uniformly removed from the second line
    onwards is removed."""
    try:
        lines = doc.expandtabs().split('\n')
    except UnicodeError:
        return None
    else:
        # Find minimum indentation of any non-blank lines after first line.
        margin = sys.maxsize
        for line in lines[1:]:
            content = len(line.lstrip())
            if content:
                indent = len(line) - content
                margin = min(margin, indent)
        # Remove indentation.
        if lines:
            lines[0] = lines[0].lstrip()
        if margin < sys.maxsize:
            for i in range(1, len(lines)): lines[i] = lines[i][margin:]
        # Remove any trailing or leading blank lines.
        while lines and not lines[-1]:
            lines.pop()
        while lines and not lines[0]:
            lines.pop(0)
        return '\n'.join(lines)

def getfile(object):
    """Work out which source or compiled file an object was defined in."""
    if ismodule(object):
        if getattr(object, '__file__', None):
            return object.__file__
        raise TypeError('{!r} is a built-in module'.format(object))
    if isclass(object):
        if hasattr(object, '__module__'):
            module = sys.modules.get(object.__module__)
            if getattr(module, '__file__', None):
                return module.__file__
        raise TypeError('{!r} is a built-in class'.format(object))
    if ismethod(object):
        object = object.__func__
    if isfunction(object):
        object = object.__code__
    if istraceback(object):
        object = object.tb_frame
    if isframe(object):
        object = object.f_code
    if iscode(object):
        return object.co_filename
    raise TypeError('module, class, method, function, traceback, frame, or '
                    'code object was expected, got {}'.format(
                    type(object).__name__))

def getmodulename(path):
    """Return the module name for a given file, or None."""
    fname = os.path.basename(path)
    # Check for paths that look like an actual module file
    suffixes = [(-len(suffix), suffix)
                    for suffix in importlib.machinery.all_suffixes()]
    suffixes.sort() # try longest suffixes first, in case they overlap
    for neglen, suffix in suffixes:
        if fname.endswith(suffix):
            return fname[:neglen]
    return None

def getsourcefile(object):
    """Return the filename that can be used to locate an object's source.
    Return None if no way can be identified to get the source.
    """
    filename = getfile(object)
    all_bytecode_suffixes = importlib.machinery.DEBUG_BYTECODE_SUFFIXES[:]
    all_bytecode_suffixes += importlib.machinery.OPTIMIZED_BYTECODE_SUFFIXES[:]
    if any(filename.endswith(s) for s in all_bytecode_suffixes):
        filename = (os.path.splitext(filename)[0] +
                    importlib.machinery.SOURCE_SUFFIXES[0])
    elif any(filename.endswith(s) for s in
                 importlib.machinery.EXTENSION_SUFFIXES):
        return None
    if os.path.exists(filename):
        return filename
    # only return a non-existent filename if the module has a PEP 302 loader
    if getattr(getmodule(object, filename), '__loader__', None) is not None:
        return filename
    # or it is in the linecache
    if filename in linecache.cache:
        return filename

def getabsfile(object, _filename=None):
    """Return an absolute path to the source or compiled file for an object.

    The idea is for each object to have a unique origin, so this routine
    normalizes the result as much as possible."""
    if _filename is None:
        _filename = getsourcefile(object) or getfile(object)
    return os.path.normcase(os.path.abspath(_filename))

modulesbyfile = {}
_filesbymodname = {}

def getmodule(object, _filename=None):
    """Return the module an object was defined in, or None if not found."""
    if ismodule(object):
        return object
    if hasattr(object, '__module__'):
        return sys.modules.get(object.__module__)
    # Try the filename to modulename cache
    if _filename is not None and _filename in modulesbyfile:
        return sys.modules.get(modulesbyfile[_filename])
    # Try the cache again with the absolute file name
    try:
        file = getabsfile(object, _filename)
    except TypeError:
        return None
    if file in modulesbyfile:
        return sys.modules.get(modulesbyfile[file])
    # Update the filename to module name cache and check yet again
    # Copy sys.modules in order to cope with changes while iterating
    for modname, module in sys.modules.copy().items():
        if ismodule(module) and hasattr(module, '__file__'):
            f = module.__file__
            if f == _filesbymodname.get(modname, None):
                # Have already mapped this module, so skip it
                continue
            _filesbymodname[modname] = f
            f = getabsfile(module)
            # Always map to the name the module knows itself by
            modulesbyfile[f] = modulesbyfile[
                os.path.realpath(f)] = module.__name__
    if file in modulesbyfile:
        return sys.modules.get(modulesbyfile[file])
    # Check the main module
    main = sys.modules['__main__']
    if not hasattr(object, '__name__'):
        return None
    if hasattr(main, object.__name__):
        mainobject = getattr(main, object.__name__)
        if mainobject is object:
            return main
    # Check builtins
    builtin = sys.modules['builtins']
    if hasattr(builtin, object.__name__):
        builtinobject = getattr(builtin, object.__name__)
        if builtinobject is object:
            return builtin

def findsource(object):
    """Return the entire source file and starting line number for an object.

    The argument may be a module, class, method, function, traceback, frame,
    or code object.  The source code is returned as a list of all the lines
    in the file and the line number indexes a line in that list.  An OSError
    is raised if the source code cannot be retrieved."""

    file = getsourcefile(object)
    if file:
        # Invalidate cache if needed.
        linecache.checkcache(file)
    else:
        file = getfile(object)
        # Allow filenames in form of "<something>" to pass through.
        # `doctest` monkeypatches `linecache` module to enable
        # inspection, so let `linecache.getlines` to be called.
        if not (file.startswith('<') and file.endswith('>')):
            raise OSError('source code not available')

    module = getmodule(object, file)
    if module:
        lines = linecache.getlines(file, module.__dict__)
    else:
        lines = linecache.getlines(file)
    if not lines:
        raise OSError('could not get source code')

    if ismodule(object):
        return lines, 0

    if isclass(object):
        name = object.__name__
        pat = re.compile(r'^(\s*)class\s*' + name + r'\b')
        # make some effort to find the best matching class definition:
        # use the one with the least indentation, which is the one
        # that's most probably not inside a function definition.
        candidates = []
        for i in range(len(lines)):
            match = pat.match(lines[i])
            if match:
                # if it's at toplevel, it's already the best one
                if lines[i][0] == 'c':
                    return lines, i
                # else add whitespace to candidate list
                candidates.append((match.group(1), i))
        if candidates:
            # this will sort by whitespace, and by line number,
            # less whitespace first
            candidates.sort()
            return lines, candidates[0][1]
        else:
            raise OSError('could not find class definition')

    if ismethod(object):
        object = object.__func__
    if isfunction(object):
        object = object.__code__
    if istraceback(object):
        object = object.tb_frame
    if isframe(object):
        object = object.f_code
    if iscode(object):
        if not hasattr(object, 'co_firstlineno'):
            raise OSError('could not find function definition')
        lnum = object.co_firstlineno - 1
        pat = re.compile(r'^(\s*def\s)|(\s*async\s+def\s)|(.*(?<!\w)lambda(:|\s))|^(\s*@)')
        while lnum > 0:
            if pat.match(lines[lnum]): break
            lnum = lnum - 1
        return lines, lnum
    raise OSError('could not find code object')

def getcomments(object):
    """Get lines of comments immediately preceding an object's source code.

    Returns None when source can't be found.
    """
    try:
        lines, lnum = findsource(object)
    except (OSError, TypeError):
        return None

    if ismodule(object):
        # Look for a comment block at the top of the file.
        start = 0
        if lines and lines[0][:2] == '#!': start = 1
        while start < len(lines) and lines[start].strip() in ('', '#'):
            start = start + 1
        if start < len(lines) and lines[start][:1] == '#':
            comments = []
            end = start
            while end < len(lines) and lines[end][:1] == '#':
                comments.append(lines[end].expandtabs())
                end = end + 1
            return ''.join(comments)

    # Look for a preceding block of comments at the same indentation.
    elif lnum > 0:
        indent = indentsize(lines[lnum])
        end = lnum - 1
        if end >= 0 and lines[end].lstrip()[:1] == '#' and \
            indentsize(lines[end]) == indent:
            comments = [lines[end].expandtabs().lstrip()]
            if end > 0:
                end = end - 1
                comment = lines[end].expandtabs().lstrip()
                while comment[:1] == '#' and indentsize(lines[end]) == indent:
                    comments[:0] = [comment]
                    end = end - 1
                    if end < 0: break
                    comment = lines[end].expandtabs().lstrip()
            while comments and comments[0].strip() == '#':
                comments[:1] = []
            while comments and comments[-1].strip() == '#':
                comments[-1:] = []
            return ''.join(comments)

class EndOfBlock(Exception): pass

class BlockFinder:
    """Provide a tokeneater() method to detect the end of a code block."""
    def __init__(self):
        self.indent = 0
        self.islambda = False
        self.started = False
        self.passline = False
        self.indecorator = False
        self.decoratorhasargs = False
        self.last = 1

    def tokeneater(self, type, token, srowcol, erowcol, line):
        if not self.started and not self.indecorator:
            # skip any decorators
            if token == "@":
                self.indecorator = True
            # look for the first "def", "class" or "lambda"
            elif token in ("def", "class", "lambda"):
                if token == "lambda":
                    self.islambda = True
                self.started = True
            self.passline = True    # skip to the end of the line
        elif token == "(":
            if self.indecorator:
                self.decoratorhasargs = True
        elif token == ")":
            if self.indecorator:
                self.indecorator = False
                self.decoratorhasargs = False
        elif type == tokenize.NEWLINE:
            self.passline = False   # stop skipping when a NEWLINE is seen
            self.last = srowcol[0]
            if self.islambda:       # lambdas always end at the first NEWLINE
                raise EndOfBlock
            # hitting a NEWLINE when in a decorator without args
            # ends the decorator
            if self.indecorator and not self.decoratorhasargs:
                self.indecorator = False
        elif self.passline:
            pass
        elif type == tokenize.INDENT:
            self.indent = self.indent + 1
            self.passline = True
        elif type == tokenize.DEDENT:
            self.indent = self.indent - 1
            # the end of matching indent/dedent pairs end a block
            # (note that this only works for "def"/"class" blocks,
            #  not e.g. for "if: else:" or "try: finally:" blocks)
            if self.indent <= 0:
                raise EndOfBlock
        elif self.indent == 0 and type not in (tokenize.COMMENT, tokenize.NL):
            # any other token on the same indentation level end the previous
            # block as well, except the pseudo-tokens COMMENT and NL.
            raise EndOfBlock

def getblock(lines):
    """Extract the block of code at the top of the given list of lines."""
    blockfinder = BlockFinder()
    try:
        tokens = tokenize.generate_tokens(iter(lines).__next__)
        for _token in tokens:
            blockfinder.tokeneater(*_token)
    except (EndOfBlock, IndentationError):
        pass
    return lines[:blockfinder.last]

def getsourcelines(object):
    """Return a list of source lines and starting line number for an object.

    The argument may be a module, class, method, function, traceback, frame,
    or code object.  The source code is returned as a list of the lines
    corresponding to the object and the line number indicates where in the
    original source file the first line of code was found.  An OSError is
    raised if the source code cannot be retrieved."""
    object = unwrap(object)
    lines, lnum = findsource(object)

    if istraceback(object):
        object = object.tb_frame

    # for module or frame that corresponds to module, return all source lines
    if (ismodule(object) or
        (isframe(object) and object.f_code.co_name == "<module>")):
        return lines, 0
    else:
        return getblock(lines[lnum:]), lnum + 1

def getsource(object):
    """Return the text of the source code for an object.

    The argument may be a module, class, method, function, traceback, frame,
    or code object.  The source code is returned as a single string.  An
    OSError is raised if the source code cannot be retrieved."""
    lines, lnum = getsourcelines(object)
    return ''.join(lines)

# --------------------------------------------------- class tree extraction
def walktree(classes, children, parent):
    """Recursive helper function for getclasstree()."""
    results = []
    classes.sort(key=attrgetter('__module__', '__name__'))
    for c in classes:
        results.append((c, c.__bases__))
        if c in children:
            results.append(walktree(children[c], children, c))
    return results

def getclasstree(classes, unique=False):
    """Arrange the given list of classes into a hierarchy of nested lists.

    Where a nested list appears, it contains classes derived from the class
    whose entry immediately precedes the list.  Each entry is a 2-tuple
    containing a class and a tuple of its base classes.  If the 'unique'
    argument is true, exactly one entry appears in the returned structure
    for each class in the given list.  Otherwise, classes using multiple
    inheritance and their descendants will appear multiple times."""
    children = {}
    roots = []
    for c in classes:
        if c.__bases__:
            for parent in c.__bases__:
                if not parent in children:
                    children[parent] = []
                if c not in children[parent]:
                    children[parent].append(c)
                if unique and parent in classes: break
        elif c not in roots:
            roots.append(c)
    for parent in children:
        if parent not in classes:
            roots.append(parent)
    return walktree(roots, children, None)

# ------------------------------------------------ argument list extraction
Arguments = namedtuple('Arguments', 'args, varargs, varkw')

def getargs(co):
    """Get information about the arguments accepted by a code object.

    Three things are returned: (args, varargs, varkw), where
    'args' is the list of argument names. Keyword-only arguments are
    appended. 'varargs' and 'varkw' are the names of the * and **
    arguments or None."""
    args, varargs, kwonlyargs, varkw = _getfullargs(co)
    return Arguments(args + kwonlyargs, varargs, varkw)

def _getfullargs(co):
    """Get information about the arguments accepted by a code object.

    Four things are returned: (args, varargs, kwonlyargs, varkw), where
    'args' and 'kwonlyargs' are lists of argument names, and 'varargs'
    and 'varkw' are the names of the * and ** arguments or None."""

    if not iscode(co):
        raise TypeError('{!r} is not a code object'.format(co))

    nargs = co.co_argcount
    names = co.co_varnames
    nkwargs = co.co_kwonlyargcount
    args = list(names[:nargs])
    kwonlyargs = list(names[nargs:nargs+nkwargs])
    step = 0

    nargs += nkwargs
    varargs = None
    if co.co_flags & CO_VARARGS:
        varargs = co.co_varnames[nargs]
        nargs = nargs + 1
    varkw = None
    if co.co_flags & CO_VARKEYWORDS:
        varkw = co.co_varnames[nargs]
    return args, varargs, kwonlyargs, varkw


ArgSpec = namedtuple('ArgSpec', 'args varargs keywords defaults')

def getargspec(func):
    """Get the names and default values of a function's parameters.

    A tuple of four things is returned: (args, varargs, keywords, defaults).
    'args' is a list of the argument names, including keyword-only argument names.
    'varargs' and 'keywords' are the names of the * and ** parameters or None.
    'defaults' is an n-tuple of the default values of the last n parameters.

    This function is deprecated, as it does not support annotations or
    keyword-only parameters and will raise ValueError if either is present
    on the supplied callable.

    For a more structured introspection API, use inspect.signature() instead.

    Alternatively, use getfullargspec() for an API with a similar namedtuple
    based interface, but full support for annotations and keyword-only
    parameters.

    Deprecated since Python 3.5, use `inspect.getfullargspec()`.
    """
    warnings.warn("inspect.getargspec() is deprecated since Python 3.0, "
                  "use inspect.signature() or inspect.getfullargspec()",
                  DeprecationWarning, stacklevel=2)
    args, varargs, varkw, defaults, kwonlyargs, kwonlydefaults, ann = \
        getfullargspec(func)
    if kwonlyargs or ann:
        raise ValueError("Function has keyword-only parameters or annotations"
                         ", use getfullargspec() API which can support them")
    return ArgSpec(args, varargs, varkw, defaults)

FullArgSpec = namedtuple('FullArgSpec',
    'args, varargs, varkw, defaults, kwonlyargs, kwonlydefaults, annotations')

def getfullargspec(func):
    """Get the names and default values of a callable object's parameters.

    A tuple of seven things is returned:
    (args, varargs, varkw, defaults, kwonlyargs, kwonlydefaults, annotations).
    'args' is a list of the parameter names.
    'varargs' and 'varkw' are the names of the * and ** parameters or None.
    'defaults' is an n-tuple of the default values of the last n parameters.
    'kwonlyargs' is a list of keyword-only parameter names.
    'kwonlydefaults' is a dictionary mapping names from kwonlyargs to defaults.
    'annotations' is a dictionary mapping parameter names to annotations.

    Notable differences from inspect.signature():
      - the "self" parameter is always reported, even for bound methods
      - wrapper chains defined by __wrapped__ *not* unwrapped automatically
    """

    try:
        # Re: `skip_bound_arg=False`
        #
        # There is a notable difference in behaviour between getfullargspec
        # and Signature: the former always returns 'self' parameter for bound
        # methods, whereas the Signature always shows the actual calling
        # signature of the passed object.
        #
        # To simulate this behaviour, we "unbind" bound methods, to trick
        # inspect.signature to always return their first parameter ("self",
        # usually)

        # Re: `follow_wrapper_chains=False`
        #
        # getfullargspec() historically ignored __wrapped__ attributes,
        # so we ensure that remains the case in 3.3+

        sig = _signature_from_callable(func,
                                       follow_wrapper_chains=False,
                                       skip_bound_arg=False,
                                       sigcls=Signature)
    except Exception as ex:
        # Most of the times 'signature' will raise ValueError.
        # But, it can also raise AttributeError, and, maybe something
        # else. So to be fully backwards compatible, we catch all
        # possible exceptions here, and reraise a TypeError.
        raise TypeError('unsupported callable') from ex

    args = []
    varargs = None
    varkw = None
    kwonlyargs = []
    defaults = ()
    annotations = {}
    defaults = ()
    kwdefaults = {}

    if sig.return_annotation is not sig.empty:
        annotations['return'] = sig.return_annotation

    for param in sig.parameters.values():
        kind = param.kind
        name = param.name

        if kind is _POSITIONAL_ONLY:
            args.append(name)
        elif kind is _POSITIONAL_OR_KEYWORD:
            args.append(name)
            if param.default is not param.empty:
                defaults += (param.default,)
        elif kind is _VAR_POSITIONAL:
            varargs = name
        elif kind is _KEYWORD_ONLY:
            kwonlyargs.append(name)
            if param.default is not param.empty:
                kwdefaults[name] = param.default
        elif kind is _VAR_KEYWORD:
            varkw = name

        if param.annotation is not param.empty:
            annotations[name] = param.annotation

    if not kwdefaults:
        # compatibility with 'func.__kwdefaults__'
        kwdefaults = None

    if not defaults:
        # compatibility with 'func.__defaults__'
        defaults = None

    return FullArgSpec(args, varargs, varkw, defaults,
                       kwonlyargs, kwdefaults, annotations)


ArgInfo = namedtuple('ArgInfo', 'args varargs keywords locals')

def getargvalues(frame):
    """Get information about arguments passed into a particular frame.

    A tuple of four things is returned: (args, varargs, varkw, locals).
    'args' is a list of the argument names.
    'varargs' and 'varkw' are the names of the * and ** arguments or None.
    'locals' is the locals dictionary of the given frame."""
    args, varargs, varkw = getargs(frame.f_code)
    return ArgInfo(args, varargs, varkw, frame.f_locals)

def formatannotation(annotation, base_module=None):
    if getattr(annotation, '__module__', None) == 'typing':
        return repr(annotation).replace('typing.', '')
    if isinstance(annotation, type):
        if annotation.__module__ in ('builtins', base_module):
            return annotation.__qualname__
        return annotation.__module__+'.'+annotation.__qualname__
    return repr(annotation)

def formatannotationrelativeto(object):
    module = getattr(object, '__module__', None)
    def _formatannotation(annotation):
        return formatannotation(annotation, module)
    return _formatannotation

def formatargspec(args, varargs=None, varkw=None, defaults=None,
                  kwonlyargs=(), kwonlydefaults={}, annotations={},
                  formatarg=str,
                  formatvarargs=lambda name: '*' + name,
                  formatvarkw=lambda name: '**' + name,
                  formatvalue=lambda value: '=' + repr(value),
                  formatreturns=lambda text: ' -> ' + text,
                  formatannotation=formatannotation):
    """Format an argument spec from the values returned by getfullargspec.

    The first seven arguments are (args, varargs, varkw, defaults,
    kwonlyargs, kwonlydefaults, annotations).  The other five arguments
    are the corresponding optional formatting functions that are called to
    turn names and values into strings.  The last argument is an optional
    function to format the sequence of arguments.

    Deprecated since Python 3.5: use the `signature` function and `Signature`
    objects.
    """

    from warnings import warn

    warn("`formatargspec` is deprecated since Python 3.5. Use `signature` and "
         "the `Signature` object directly",
         DeprecationWarning,
         stacklevel=2)

    def formatargandannotation(arg):
        result = formatarg(arg)
        if arg in annotations:
            result += ': ' + formatannotation(annotations[arg])
        return result
    specs = []
    if defaults:
        firstdefault = len(args) - len(defaults)
    for i, arg in enumerate(args):
        spec = formatargandannotation(arg)
        if defaults and i >= firstdefault:
            spec = spec + formatvalue(defaults[i - firstdefault])
        specs.append(spec)
    if varargs is not None:
        specs.append(formatvarargs(formatargandannotation(varargs)))
    else:
        if kwonlyargs:
            specs.append('*')
    if kwonlyargs:
        for kwonlyarg in kwonlyargs:
            spec = formatargandannotation(kwonlyarg)
            if kwonlydefaults and kwonlyarg in kwonlydefaults:
                spec += formatvalue(kwonlydefaults[kwonlyarg])
            specs.append(spec)
    if varkw is not None:
        specs.append(formatvarkw(formatargandannotation(varkw)))
    result = '(' + ', '.join(specs) + ')'
    if 'return' in annotations:
        result += formatreturns(formatannotation(annotations['return']))
    return result

def formatargvalues(args, varargs, varkw, locals,
                    formatarg=str,
                    formatvarargs=lambda name: '*' + name,
                    formatvarkw=lambda name: '**' + name,
                    formatvalue=lambda value: '=' + repr(value)):
    """Format an argument spec from the 4 values returned by getargvalues.

    The first four arguments are (args, varargs, varkw, locals).  The
    next four arguments are the corresponding optional formatting functions
    that are called to turn names and values into strings.  The ninth
    argument is an optional function to format the sequence of arguments."""
    def convert(name, locals=locals,
                formatarg=formatarg, formatvalue=formatvalue):
        return formatarg(name) + formatvalue(locals[name])
    specs = []
    for i in range(len(args)):
        specs.append(convert(args[i]))
    if varargs:
        specs.append(formatvarargs(varargs) + formatvalue(locals[varargs]))
    if varkw:
        specs.append(formatvarkw(varkw) + formatvalue(locals[varkw]))
    return '(' + ', '.join(specs) + ')'

def _missing_arguments(f_name, argnames, pos, values):
    names = [repr(name) for name in argnames if name not in values]
    missing = len(names)
    if missing == 1:
        s = names[0]
    elif missing == 2:
        s = "{} and {}".format(*names)
    else:
        tail = ", {} and {}".format(*names[-2:])
        del names[-2:]
        s = ", ".join(names) + tail
    raise TypeError("%s() missing %i required %s argument%s: %s" %
                    (f_name, missing,
                      "positional" if pos else "keyword-only",
                      "" if missing == 1 else "s", s))

def _too_many(f_name, args, kwonly, varargs, defcount, given, values):
    atleast = len(args) - defcount
    kwonly_given = len([arg for arg in kwonly if arg in values])
    if varargs:
        plural = atleast != 1
        sig = "at least %d" % (atleast,)
    elif defcount:
        plural = True
        sig = "from %d to %d" % (atleast, len(args))
    else:
        plural = len(args) != 1
        sig = str(len(args))
    kwonly_sig = ""
    if kwonly_given:
        msg = " positional argument%s (and %d keyword-only argument%s)"
        kwonly_sig = (msg % ("s" if given != 1 else "", kwonly_given,
                             "s" if kwonly_given != 1 else ""))
    raise TypeError("%s() takes %s positional argument%s but %d%s %s given" %
            (f_name, sig, "s" if plural else "", given, kwonly_sig,
             "was" if given == 1 and not kwonly_given else "were"))

def getcallargs(*func_and_positional, **named):
    """Get the mapping of arguments to values.

    A dict is returned, with keys the function argument names (including the
    names of the * and ** arguments, if any), and values the respective bound
    values from 'positional' and 'named'."""
    func = func_and_positional[0]
    positional = func_and_positional[1:]
    spec = getfullargspec(func)
    args, varargs, varkw, defaults, kwonlyargs, kwonlydefaults, ann = spec
    f_name = func.__name__
    arg2value = {}


    if ismethod(func) and func.__self__ is not None:
        # implicit 'self' (or 'cls' for classmethods) argument
        positional = (func.__self__,) + positional
    num_pos = len(positional)
    num_args = len(args)
    num_defaults = len(defaults) if defaults else 0

    n = min(num_pos, num_args)
    for i in range(n):
        arg2value[args[i]] = positional[i]
    if varargs:
        arg2value[varargs] = tuple(positional[n:])
    possible_kwargs = set(args + kwonlyargs)
    if varkw:
        arg2value[varkw] = {}
    for kw, value in named.items():
        if kw not in possible_kwargs:
            if not varkw:
                raise TypeError("%s() got an unexpected keyword argument %r" %
                                (f_name, kw))
            arg2value[varkw][kw] = value
            continue
        if kw in arg2value:
            raise TypeError("%s() got multiple values for argument %r" %
                            (f_name, kw))
        arg2value[kw] = value
    if num_pos > num_args and not varargs:
        _too_many(f_name, args, kwonlyargs, varargs, num_defaults,
                   num_pos, arg2value)
    if num_pos < num_args:
        req = args[:num_args - num_defaults]
        for arg in req:
            if arg not in arg2value:
                _missing_arguments(f_name, req, True, arg2value)
        for i, arg in enumerate(args[num_args - num_defaults:]):
            if arg not in arg2value:
                arg2value[arg] = defaults[i]
    missing = 0
    for kwarg in kwonlyargs:
        if kwarg not in arg2value:
            if kwonlydefaults and kwarg in kwonlydefaults:
                arg2value[kwarg] = kwonlydefaults[kwarg]
            else:
                missing += 1
    if missing:
        _missing_arguments(f_name, kwonlyargs, False, arg2value)
    return arg2value

ClosureVars = namedtuple('ClosureVars', 'nonlocals globals builtins unbound')

def getclosurevars(func):
    """
    Get the mapping of free variables to their current values.

    Returns a named tuple of dicts mapping the current nonlocal, global
    and builtin references as seen by the body of the function. A final
    set of unbound names that could not be resolved is also provided.
    """

    if ismethod(func):
        func = func.__func__

    if not isfunction(func):
        raise TypeError("{!r} is not a Python function".format(func))

    code = func.__code__
    # Nonlocal references are named in co_freevars and resolved
    # by looking them up in __closure__ by positional index
    if func.__closure__ is None:
        nonlocal_vars = {}
    else:
        nonlocal_vars = {
            var : cell.cell_contents
            for var, cell in zip(code.co_freevars, func.__closure__)
       }

    # Global and builtin references are named in co_names and resolved
    # by looking them up in __globals__ or __builtins__
    global_ns = func.__globals__
    builtin_ns = global_ns.get("__builtins__", builtins.__dict__)
    if ismodule(builtin_ns):
        builtin_ns = builtin_ns.__dict__
    global_vars = {}
    builtin_vars = {}
    unbound_names = set()
    for name in code.co_names:
        if name in ("None", "True", "False"):
            # Because these used to be builtins instead of keywords, they
            # may still show up as name references. We ignore them.
            continue
        try:
            global_vars[name] = global_ns[name]
        except KeyError:
            try:
                builtin_vars[name] = builtin_ns[name]
            except KeyError:
                unbound_names.add(name)

    return ClosureVars(nonlocal_vars, global_vars,
                       builtin_vars, unbound_names)

# -------------------------------------------------- stack frame extraction

Traceback = namedtuple('Traceback', 'filename lineno function code_context index')

def getframeinfo(frame, context=1):
    """Get information about a frame or traceback object.

    A tuple of five things is returned: the filename, the line number of
    the current line, the function name, a list of lines of context from
    the source code, and the index of the current line within that list.
    The optional second argument specifies the number of lines of context
    to return, which are centered around the current line."""
    if istraceback(frame):
        lineno = frame.tb_lineno
        frame = frame.tb_frame
    else:
        lineno = frame.f_lineno
    if not isframe(frame):
        raise TypeError('{!r} is not a frame or traceback object'.format(frame))

    filename = getsourcefile(frame) or getfile(frame)
    if context > 0:
        start = lineno - 1 - context//2
        try:
            lines, lnum = findsource(frame)
        except OSError:
            lines = index = None
        else:
            start = max(0, min(start, len(lines) - context))
            lines = lines[start:start+context]
            index = lineno - 1 - start
    else:
        lines = index = None

    return Traceback(filename, lineno, frame.f_code.co_name, lines, index)

def getlineno(frame):
    """Get the line number from a frame object, allowing for optimization."""
    # FrameType.f_lineno is now a descriptor that grovels co_lnotab
    return frame.f_lineno

FrameInfo = namedtuple('FrameInfo', ('frame',) + Traceback._fields)

def getouterframes(frame, context=1):
    """Get a list of records for a frame and all higher (calling) frames.

    Each record contains a frame object, filename, line number, function
    name, a list of lines of context, and index within the context."""
    framelist = []
    while frame:
        frameinfo = (frame,) + getframeinfo(frame, context)
        framelist.append(FrameInfo(*frameinfo))
        frame = frame.f_back
    return framelist

def getinnerframes(tb, context=1):
    """Get a list of records for a traceback's frame and all lower frames.

    Each record contains a frame object, filename, line number, function
    name, a list of lines of context, and index within the context."""
    framelist = []
    while tb:
        frameinfo = (tb.tb_frame,) + getframeinfo(tb, context)
        framelist.append(FrameInfo(*frameinfo))
        tb = tb.tb_next
    return framelist

def currentframe():
    """Return the frame of the caller or None if this is not possible."""
    return sys._getframe(1) if hasattr(sys, "_getframe") else None

def stack(context=1):
    """Return a list of records for the stack above the caller's frame."""
    return getouterframes(sys._getframe(1), context)

def trace(context=1):
    """Return a list of records for the stack below the current exception."""
    return getinnerframes(sys.exc_info()[2], context)


# ------------------------------------------------ static version of getattr

_sentinel = object()

def _static_getmro(klass):
    return type.__dict__['__mro__'].__get__(klass)

def _check_instance(obj, attr):
    instance_dict = {}
    try:
        instance_dict = object.__getattribute__(obj, "__dict__")
    except AttributeError:
        pass
    return dict.get(instance_dict, attr, _sentinel)


def _check_class(klass, attr):
    for entry in _static_getmro(klass):
        if _shadowed_dict(type(entry)) is _sentinel:
            try:
                return entry.__dict__[attr]
            except KeyError:
                pass
    return _sentinel

def _is_type(obj):
    try:
        _static_getmro(obj)
    except TypeError:
        return False
    return True

def _shadowed_dict(klass):
    dict_attr = type.__dict__["__dict__"]
    for entry in _static_getmro(klass):
        try:
            class_dict = dict_attr.__get__(entry)["__dict__"]
        except KeyError:
            pass
        else:
            if not (type(class_dict) is types.GetSetDescriptorType and
                    class_dict.__name__ == "__dict__" and
                    class_dict.__objclass__ is entry):
                return class_dict
    return _sentinel

def getattr_static(obj, attr, default=_sentinel):
    """Retrieve attributes without triggering dynamic lookup via the
       descriptor protocol,  __getattr__ or __getattribute__.

       Note: this function may not be able to retrieve all attributes
       that getattr can fetch (like dynamically created attributes)
       and may find attributes that getattr can't (like descriptors
       that raise AttributeError). It can also return descriptor objects
       instead of instance members in some cases. See the
       documentation for details.
    """
    instance_result = _sentinel
    if not _is_type(obj):
        klass = type(obj)
        dict_attr = _shadowed_dict(klass)
        if (dict_attr is _sentinel or
            type(dict_attr) is types.MemberDescriptorType):
            instance_result = _check_instance(obj, attr)
    else:
        klass = obj

    klass_result = _check_class(klass, attr)

    if instance_result is not _sentinel and klass_result is not _sentinel:
        if (_check_class(type(klass_result), '__get__') is not _sentinel and
            _check_class(type(klass_result), '__set__') is not _sentinel):
            return klass_result

    if instance_result is not _sentinel:
        return instance_result
    if klass_result is not _sentinel:
        return klass_result

    if obj is klass:
        # for types we check the metaclass too
        for entry in _static_getmro(type(klass)):
            if _shadowed_dict(type(entry)) is _sentinel:
                try:
                    return entry.__dict__[attr]
                except KeyError:
                    pass
    if default is not _sentinel:
        return default
    raise AttributeError(attr)


# ------------------------------------------------ generator introspection

GEN_CREATED = 'GEN_CREATED'
GEN_RUNNING = 'GEN_RUNNING'
GEN_SUSPENDED = 'GEN_SUSPENDED'
GEN_CLOSED = 'GEN_CLOSED'

def getgeneratorstate(generator):
    """Get current state of a generator-iterator.

    Possible states are:
      GEN_CREATED: Waiting to start execution.
      GEN_RUNNING: Currently being executed by the interpreter.
      GEN_SUSPENDED: Currently suspended at a yield expression.
      GEN_CLOSED: Execution has completed.
    """
    if generator.gi_running:
        return GEN_RUNNING
    if generator.gi_frame is None:
        return GEN_CLOSED
    if generator.gi_frame.f_lasti == -1:
        return GEN_CREATED
    return GEN_SUSPENDED


def getgeneratorlocals(generator):
    """
    Get the mapping of generator local variables to their current values.

    A dict is returned, with the keys the local variable names and values the
    bound values."""

    if not isgenerator(generator):
        raise TypeError("{!r} is not a Python generator".format(generator))

    frame = getattr(generator, "gi_frame", None)
    if frame is not None:
        return generator.gi_frame.f_locals
    else:
        return {}


# ------------------------------------------------ coroutine introspection

CORO_CREATED = 'CORO_CREATED'
CORO_RUNNING = 'CORO_RUNNING'
CORO_SUSPENDED = 'CORO_SUSPENDED'
CORO_CLOSED = 'CORO_CLOSED'

def getcoroutinestate(coroutine):
    """Get current state of a coroutine object.

    Possible states are:
      CORO_CREATED: Waiting to start execution.
      CORO_RUNNING: Currently being executed by the interpreter.
      CORO_SUSPENDED: Currently suspended at an await expression.
      CORO_CLOSED: Execution has completed.
    """
    if coroutine.cr_running:
        return CORO_RUNNING
    if coroutine.cr_frame is None:
        return CORO_CLOSED
    if coroutine.cr_frame.f_lasti == -1:
        return CORO_CREATED
    return CORO_SUSPENDED


def getcoroutinelocals(coroutine):
    """
    Get the mapping of coroutine local variables to their current values.

    A dict is returned, with the keys the local variable names and values the
    bound values."""
    frame = getattr(coroutine, "cr_frame", None)
    if frame is not None:
        return frame.f_locals
    else:
        return {}


###############################################################################
### Function Signature Object (PEP 362)
###############################################################################


_WrapperDescriptor = type(type.__call__)
_MethodWrapper = type(all.__call__)
_ClassMethodWrapper = type(int.__dict__['from_bytes'])

_NonUserDefinedCallables = (_WrapperDescriptor,
                            _MethodWrapper,
                            _ClassMethodWrapper,
                            types.BuiltinFunctionType)


def _signature_get_user_defined_method(cls, method_name):
    """Private helper. Checks if ``cls`` has an attribute
    named ``method_name`` and returns it only if it is a
    pure python function.
    """
    try:
        meth = getattr(cls, method_name)
    except AttributeError:
        return
    else:
        if not isinstance(meth, _NonUserDefinedCallables):
            # Once '__signature__' will be added to 'C'-level
            # callables, this check won't be necessary
            return meth


def _signature_get_partial(wrapped_sig, partial, extra_args=()):
    """Private helper to calculate how 'wrapped_sig' signature will
    look like after applying a 'functools.partial' object (or alike)
    on it.
    """

    old_params = wrapped_sig.parameters
    new_params = OrderedDict(old_params.items())

    partial_args = partial.args or ()
    partial_keywords = partial.keywords or {}

    if extra_args:
        partial_args = extra_args + partial_args

    try:
        ba = wrapped_sig.bind_partial(*partial_args, **partial_keywords)
    except TypeError as ex:
        msg = 'partial object {!r} has incorrect arguments'.format(partial)
        raise ValueError(msg) from ex


    transform_to_kwonly = False
    for param_name, param in old_params.items():
        try:
            arg_value = ba.arguments[param_name]
        except KeyError:
            pass
        else:
            if param.kind is _POSITIONAL_ONLY:
                # If positional-only parameter is bound by partial,
                # it effectively disappears from the signature
                new_params.pop(param_name)
                continue

            if param.kind is _POSITIONAL_OR_KEYWORD:
                if param_name in partial_keywords:
                    # This means that this parameter, and all parameters
                    # after it should be keyword-only (and var-positional
                    # should be removed). Here's why. Consider the following
                    # function:
                    #     foo(a, b, *args, c):
                    #         pass
                    #
                    # "partial(foo, a='spam')" will have the following
                    # signature: "(*, a='spam', b, c)". Because attempting
                    # to call that partial with "(10, 20)" arguments will
                    # raise a TypeError, saying that "a" argument received
                    # multiple values.
                    transform_to_kwonly = True
                    # Set the new default value
                    new_params[param_name] = param.replace(default=arg_value)
                else:
                    # was passed as a positional argument
                    new_params.pop(param.name)
                    continue

            if param.kind is _KEYWORD_ONLY:
                # Set the new default value
                new_params[param_name] = param.replace(default=arg_value)

        if transform_to_kwonly:
            assert param.kind is not _POSITIONAL_ONLY

            if param.kind is _POSITIONAL_OR_KEYWORD:
                new_param = new_params[param_name].replace(kind=_KEYWORD_ONLY)
                new_params[param_name] = new_param
                new_params.move_to_end(param_name)
            elif param.kind in (_KEYWORD_ONLY, _VAR_KEYWORD):
                new_params.move_to_end(param_name)
            elif param.kind is _VAR_POSITIONAL:
                new_params.pop(param.name)

    return wrapped_sig.replace(parameters=new_params.values())


def _signature_bound_method(sig):
    """Private helper to transform signatures for unbound
    functions to bound methods.
    """

    params = tuple(sig.parameters.values())

    if not params or params[0].kind in (_VAR_KEYWORD, _KEYWORD_ONLY):
        raise ValueError('invalid method signature')

    kind = params[0].kind
    if kind in (_POSITIONAL_OR_KEYWORD, _POSITIONAL_ONLY):
        # Drop first parameter:
        # '(p1, p2[, ...])' -> '(p2[, ...])'
        params = params[1:]
    else:
        if kind is not _VAR_POSITIONAL:
            # Unless we add a new parameter type we never
            # get here
            raise ValueError('invalid argument type')
        # It's a var-positional parameter.
        # Do nothing. '(*args[, ...])' -> '(*args[, ...])'

    return sig.replace(parameters=params)


def _signature_is_builtin(obj):
    """Private helper to test if `obj` is a callable that might
    support Argument Clinic's __text_signature__ protocol.
    """
    return (isbuiltin(obj) or
            ismethoddescriptor(obj) or
            isinstance(obj, _NonUserDefinedCallables) or
            # Can't test 'isinstance(type)' here, as it would
            # also be True for regular python classes
            obj in (type, object))


def _signature_is_functionlike(obj):
    """Private helper to test if `obj` is a duck type of FunctionType.
    A good example of such objects are functions compiled with
    Cython, which have all attributes that a pure Python function
    would have, but have their code statically compiled.
    """

    if not callable(obj) or isclass(obj):
        # All function-like objects are obviously callables,
        # and not classes.
        return False

    name = getattr(obj, '__name__', None)
    code = getattr(obj, '__code__', None)
    defaults = getattr(obj, '__defaults__', _void) # Important to use _void ...
    kwdefaults = getattr(obj, '__kwdefaults__', _void) # ... and not None here
    annotations = getattr(obj, '__annotations__', None)

    return (isinstance(code, types.CodeType) and
            isinstance(name, str) and
            (defaults is None or isinstance(defaults, tuple)) and
            (kwdefaults is None or isinstance(kwdefaults, dict)) and
            isinstance(annotations, dict))


def _signature_get_bound_param(spec):
    """ Private helper to get first parameter name from a
    __text_signature__ of a builtin method, which should
    be in the following format: '($param1, ...)'.
    Assumptions are that the first argument won't have
    a default value or an annotation.
    """

    assert spec.startswith('($')

    pos = spec.find(',')
    if pos == -1:
        pos = spec.find(')')

    cpos = spec.find(':')
    assert cpos == -1 or cpos > pos

    cpos = spec.find('=')
    assert cpos == -1 or cpos > pos

    return spec[2:pos]


def _signature_strip_non_python_syntax(signature):
    """
    Private helper function. Takes a signature in Argument Clinic's
    extended signature format.

    Returns a tuple of three things:
      * that signature re-rendered in standard Python syntax,
      * the index of the "self" parameter (generally 0), or None if
        the function does not have a "self" parameter, and
      * the index of the last "positional only" parameter,
        or None if the signature has no positional-only parameters.
    """

    if not signature:
        return signature, None, None

    self_parameter = None
    last_positional_only = None

    lines = [l.encode('ascii') for l in signature.split('\n')]
    generator = iter(lines).__next__
    token_stream = tokenize.tokenize(generator)

    delayed_comma = False
    skip_next_comma = False
    text = []
    add = text.append

    current_parameter = 0
    OP = token.OP
    ERRORTOKEN = token.ERRORTOKEN

    # token stream always starts with ENCODING token, skip it
    t = next(token_stream)
    assert t.type == tokenize.ENCODING

    for t in token_stream:
        type, string = t.type, t.string

        if type == OP:
            if string == ',':
                if skip_next_comma:
                    skip_next_comma = False
                else:
                    assert not delayed_comma
                    delayed_comma = True
                    current_parameter += 1
                continue

            if string == '/':
                assert not skip_next_comma
                assert last_positional_only is None
                skip_next_comma = True
                last_positional_only = current_parameter - 1
                continue

        if (type == ERRORTOKEN) and (string == '$'):
            assert self_parameter is None
            self_parameter = current_parameter
            continue

        if delayed_comma:
            delayed_comma = False
            if not ((type == OP) and (string == ')')):
                add(', ')
        add(string)
        if (string == ','):
            add(' ')
    clean_signature = ''.join(text)
    return clean_signature, self_parameter, last_positional_only


def _signature_fromstr(cls, obj, s, skip_bound_arg=True):
    """Private helper to parse content of '__text_signature__'
    and return a Signature based on it.
    """
    # Lazy import ast because it's relatively heavy and
    # it's not used for other than this function.
    import ast

    Parameter = cls._parameter_cls

    clean_signature, self_parameter, last_positional_only = \
        _signature_strip_non_python_syntax(s)

    program = "def foo" + clean_signature + ": pass"

    try:
        module = ast.parse(program)
    except SyntaxError:
        module = None

    if not isinstance(module, ast.Module):
        raise ValueError("{!r} builtin has invalid signature".format(obj))

    f = module.body[0]

    parameters = []
    empty = Parameter.empty
    invalid = object()

    module = None
    module_dict = {}
    module_name = getattr(obj, '__module__', None)
    if module_name:
        module = sys.modules.get(module_name, None)
        if module:
            module_dict = module.__dict__
    sys_module_dict = sys.modules.copy()

    def parse_name(node):
        assert isinstance(node, ast.arg)
        if node.annotation != None:
            raise ValueError("Annotations are not currently supported")
        return node.arg

    def wrap_value(s):
        try:
            value = eval(s, module_dict)
        except NameError:
            try:
                value = eval(s, sys_module_dict)
            except NameError:
                raise RuntimeError()

        if isinstance(value, str):
            return ast.Str(value)
        if isinstance(value, (int, float)):
            return ast.Num(value)
        if isinstance(value, bytes):
            return ast.Bytes(value)
        if value in (True, False, None):
            return ast.NameConstant(value)
        raise RuntimeError()

    class RewriteSymbolics(ast.NodeTransformer):
        def visit_Attribute(self, node):
            a = []
            n = node
            while isinstance(n, ast.Attribute):
                a.append(n.attr)
                n = n.value
            if not isinstance(n, ast.Name):
                raise RuntimeError()
            a.append(n.id)
            value = ".".join(reversed(a))
            return wrap_value(value)

        def visit_Name(self, node):
            if not isinstance(node.ctx, ast.Load):
                raise ValueError()
            return wrap_value(node.id)

    def p(name_node, default_node, default=empty):
        name = parse_name(name_node)
        if name is invalid:
            return None
        if default_node and default_node is not _empty:
            try:
                default_node = RewriteSymbolics().visit(default_node)
                o = ast.literal_eval(default_node)
            except ValueError:
                o = invalid
            if o is invalid:
                return None
            default = o if o is not invalid else default
        parameters.append(Parameter(name, kind, default=default, annotation=empty))

    # non-keyword-only parameters
    args = reversed(f.args.args)
    defaults = reversed(f.args.defaults)
    iter = itertools.zip_longest(args, defaults, fillvalue=None)
    if last_positional_only is not None:
        kind = Parameter.POSITIONAL_ONLY
    else:
        kind = Parameter.POSITIONAL_OR_KEYWORD
    for i, (name, default) in enumerate(reversed(list(iter))):
        p(name, default)
        if i == last_positional_only:
            kind = Parameter.POSITIONAL_OR_KEYWORD

    # *args
    if f.args.vararg:
        kind = Parameter.VAR_POSITIONAL
        p(f.args.vararg, empty)

    # keyword-only arguments
    kind = Parameter.KEYWORD_ONLY
    for name, default in zip(f.args.kwonlyargs, f.args.kw_defaults):
        p(name, default)

    # **kwargs
    if f.args.kwarg:
        kind = Parameter.VAR_KEYWORD
        p(f.args.kwarg, empty)

    if self_parameter is not None:
        # Possibly strip the bound argument:
        #    - We *always* strip first bound argument if
        #      it is a module.
        #    - We don't strip first bound argument if
        #      skip_bound_arg is False.
        assert parameters
        _self = getattr(obj, '__self__', None)
        self_isbound = _self is not None
        self_ismodule = ismodule(_self)
        if self_isbound and (self_ismodule or skip_bound_arg):
            parameters.pop(0)
        else:
            # for builtins, self parameter is always positional-only!
            p = parameters[0].replace(kind=Parameter.POSITIONAL_ONLY)
            parameters[0] = p

    return cls(parameters, return_annotation=cls.empty)


def _signature_from_builtin(cls, func, skip_bound_arg=True):
    """Private helper function to get signature for
    builtin callables.
    """

    if not _signature_is_builtin(func):
        raise TypeError("{!r} is not a Python builtin "
                        "function".format(func))

    s = getattr(func, "__text_signature__", None)
    if not s:
        raise ValueError("no signature found for builtin {!r}".format(func))

    return _signature_fromstr(cls, func, s, skip_bound_arg)


def _signature_from_function(cls, func):
    """Private helper: constructs Signature for the given python function."""

    is_duck_function = False
    if not isfunction(func):
        if _signature_is_functionlike(func):
            is_duck_function = True
        else:
            # If it's not a pure Python function, and not a duck type
            # of pure function:
            raise TypeError('{!r} is not a Python function'.format(func))

    Parameter = cls._parameter_cls

    # Parameter information.
    func_code = func.__code__
    pos_count = func_code.co_argcount
    arg_names = func_code.co_varnames
    positional = tuple(arg_names[:pos_count])
    keyword_only_count = func_code.co_kwonlyargcount
    keyword_only = arg_names[pos_count:(pos_count + keyword_only_count)]
    annotations = func.__annotations__
    defaults = func.__defaults__
    kwdefaults = func.__kwdefaults__

    if defaults:
        pos_default_count = len(defaults)
    else:
        pos_default_count = 0

    parameters = []

    # Non-keyword-only parameters w/o defaults.
    non_default_count = pos_count - pos_default_count
    for name in positional[:non_default_count]:
        annotation = annotations.get(name, _empty)
        parameters.append(Parameter(name, annotation=annotation,
                                    kind=_POSITIONAL_OR_KEYWORD))

    # ... w/ defaults.
    for offset, name in enumerate(positional[non_default_count:]):
        annotation = annotations.get(name, _empty)
        parameters.append(Parameter(name, annotation=annotation,
                                    kind=_POSITIONAL_OR_KEYWORD,
                                    default=defaults[offset]))

    # *args
    if func_code.co_flags & CO_VARARGS:
        name = arg_names[pos_count + keyword_only_count]
        annotation = annotations.get(name, _empty)
        parameters.append(Parameter(name, annotation=annotation,
                                    kind=_VAR_POSITIONAL))

    # Keyword-only parameters.
    for name in keyword_only:
        default = _empty
        if kwdefaults is not None:
            default = kwdefaults.get(name, _empty)

        annotation = annotations.get(name, _empty)
        parameters.append(Parameter(name, annotation=annotation,
                                    kind=_KEYWORD_ONLY,
                                    default=default))
    # **kwargs
    if func_code.co_flags & CO_VARKEYWORDS:
        index = pos_count + keyword_only_count
        if func_code.co_flags & CO_VARARGS:
            index += 1

        name = arg_names[index]
        annotation = annotations.get(name, _empty)
        parameters.append(Parameter(name, annotation=annotation,
                                    kind=_VAR_KEYWORD))

    # Is 'func' is a pure Python function - don't validate the
    # parameters list (for correct order and defaults), it should be OK.
    return cls(parameters,
               return_annotation=annotations.get('return', _empty),
               __validate_parameters__=is_duck_function)


def _signature_from_callable(obj, *,
                             follow_wrapper_chains=True,
                             skip_bound_arg=True,
                             sigcls):

    """Private helper function to get signature for arbitrary
    callable objects.
    """

    if not callable(obj):
        raise TypeError('{!r} is not a callable object'.format(obj))

    if isinstance(obj, types.MethodType):
        # In this case we skip the first parameter of the underlying
        # function (usually `self` or `cls`).
        sig = _signature_from_callable(
            obj.__func__,
            follow_wrapper_chains=follow_wrapper_chains,
            skip_bound_arg=skip_bound_arg,
            sigcls=sigcls)

        if skip_bound_arg:
            return _signature_bound_method(sig)
        else:
            return sig

    # Was this function wrapped by a decorator?
    if follow_wrapper_chains:
        obj = unwrap(obj, stop=(lambda f: hasattr(f, "__signature__")))
        if isinstance(obj, types.MethodType):
            # If the unwrapped object is a *method*, we might want to
            # skip its first parameter (self).
            # See test_signature_wrapped_bound_method for details.
            return _signature_from_callable(
                obj,
                follow_wrapper_chains=follow_wrapper_chains,
                skip_bound_arg=skip_bound_arg,
                sigcls=sigcls)

    try:
        sig = obj.__signature__
    except AttributeError:
        pass
    else:
        if sig is not None:
            if not isinstance(sig, Signature):
                raise TypeError(
                    'unexpected object {!r} in __signature__ '
                    'attribute'.format(sig))
            return sig

    try:
        partialmethod = obj._partialmethod
    except AttributeError:
        pass
    else:
        if isinstance(partialmethod, functools.partialmethod):
            # Unbound partialmethod (see functools.partialmethod)
            # This means, that we need to calculate the signature
            # as if it's a regular partial object, but taking into
            # account that the first positional argument
            # (usually `self`, or `cls`) will not be passed
            # automatically (as for boundmethods)

            wrapped_sig = _signature_from_callable(
                partialmethod.func,
                follow_wrapper_chains=follow_wrapper_chains,
                skip_bound_arg=skip_bound_arg,
                sigcls=sigcls)

            sig = _signature_get_partial(wrapped_sig, partialmethod, (None,))
            first_wrapped_param = tuple(wrapped_sig.parameters.values())[0]
            if first_wrapped_param.kind is Parameter.VAR_POSITIONAL:
                # First argument of the wrapped callable is `*args`, as in
                # `partialmethod(lambda *args)`.
                return sig
            else:
                sig_params = tuple(sig.parameters.values())
                assert (not sig_params or
                        first_wrapped_param is not sig_params[0])
                new_params = (first_wrapped_param,) + sig_params
                return sig.replace(parameters=new_params)

    if isfunction(obj) or _signature_is_functionlike(obj):
        # If it's a pure Python function, or an object that is duck type
        # of a Python function (Cython functions, for instance), then:
        return _signature_from_function(sigcls, obj)

    if _signature_is_builtin(obj):
        return _signature_from_builtin(sigcls, obj,
                                       skip_bound_arg=skip_bound_arg)

    if isinstance(obj, functools.partial):
        wrapped_sig = _signature_from_callable(
            obj.func,
            follow_wrapper_chains=follow_wrapper_chains,
            skip_bound_arg=skip_bound_arg,
            sigcls=sigcls)
        return _signature_get_partial(wrapped_sig, obj)

    sig = None
    if isinstance(obj, type):
        # obj is a class or a metaclass

        # First, let's see if it has an overloaded __call__ defined
        # in its metaclass
        call = _signature_get_user_defined_method(type(obj), '__call__')
        if call is not None:
            sig = _signature_from_callable(
                call,
                follow_wrapper_chains=follow_wrapper_chains,
                skip_bound_arg=skip_bound_arg,
                sigcls=sigcls)
        else:
            # Now we check if the 'obj' class has a '__new__' method
            new = _signature_get_user_defined_method(obj, '__new__')
            if new is not None:
                sig = _signature_from_callable(
                    new,
                    follow_wrapper_chains=follow_wrapper_chains,
                    skip_bound_arg=skip_bound_arg,
                    sigcls=sigcls)
            else:
                # Finally, we should have at least __init__ implemented
                init = _signature_get_user_defined_method(obj, '__init__')
                if init is not None:
                    sig = _signature_from_callable(
                        init,
                        follow_wrapper_chains=follow_wrapper_chains,
                        skip_bound_arg=skip_bound_arg,
                        sigcls=sigcls)

        if sig is None:
            # At this point we know, that `obj` is a class, with no user-
            # defined '__init__', '__new__', or class-level '__call__'

            for base in obj.__mro__[:-1]:
                # Since '__text_signature__' is implemented as a
                # descriptor that extracts text signature from the
                # class docstring, if 'obj' is derived from a builtin
                # class, its own '__text_signature__' may be 'None'.
                # Therefore, we go through the MRO (except the last
                # class in there, which is 'object') to find the first
                # class with non-empty text signature.
                try:
                    text_sig = base.__text_signature__
                except AttributeError:
                    pass
                else:
                    if text_sig:
                        # If 'obj' class has a __text_signature__ attribute:
                        # return a signature based on it
                        return _signature_fromstr(sigcls, obj, text_sig)

            # No '__text_signature__' was found for the 'obj' class.
            # Last option is to check if its '__init__' is
            # object.__init__ or type.__init__.
            if type not in obj.__mro__:
                # We have a class (not metaclass), but no user-defined
                # __init__ or __new__ for it
                if (obj.__init__ is object.__init__ and
                    obj.__new__ is object.__new__):
                    # Return a signature of 'object' builtin.
                    return sigcls.from_callable(object)
                else:
                    raise ValueError(
                        'no signature found for builtin type {!r}'.format(obj))

    elif not isinstance(obj, _NonUserDefinedCallables):
        # An object with __call__
        # We also check that the 'obj' is not an instance of
        # _WrapperDescriptor or _MethodWrapper to avoid
        # infinite recursion (and even potential segfault)
        call = _signature_get_user_defined_method(type(obj), '__call__')
        if call is not None:
            try:
                sig = _signature_from_callable(
                    call,
                    follow_wrapper_chains=follow_wrapper_chains,
                    skip_bound_arg=skip_bound_arg,
                    sigcls=sigcls)
            except ValueError as ex:
                msg = 'no signature found for {!r}'.format(obj)
                raise ValueError(msg) from ex

    if sig is not None:
        # For classes and objects we skip the first parameter of their
        # __call__, __new__, or __init__ methods
        if skip_bound_arg:
            return _signature_bound_method(sig)
        else:
            return sig

    if isinstance(obj, types.BuiltinFunctionType):
        # Raise a nicer error message for builtins
        msg = 'no signature found for builtin function {!r}'.format(obj)
        raise ValueError(msg)

    raise ValueError('callable {!r} is not supported by signature'.format(obj))


class _void:
    """A private marker - used in Parameter & Signature."""


class _empty:
    """Marker object for Signature.empty and Parameter.empty."""


class _ParameterKind(enum.IntEnum):
    POSITIONAL_ONLY = 0
    POSITIONAL_OR_KEYWORD = 1
    VAR_POSITIONAL = 2
    KEYWORD_ONLY = 3
    VAR_KEYWORD = 4

    def __str__(self):
        return self._name_


_POSITIONAL_ONLY         = _ParameterKind.POSITIONAL_ONLY
_POSITIONAL_OR_KEYWORD   = _ParameterKind.POSITIONAL_OR_KEYWORD
_VAR_POSITIONAL          = _ParameterKind.VAR_POSITIONAL
_KEYWORD_ONLY            = _ParameterKind.KEYWORD_ONLY
_VAR_KEYWORD             = _ParameterKind.VAR_KEYWORD

_PARAM_NAME_MAPPING = {
    _POSITIONAL_ONLY: 'positional-only',
    _POSITIONAL_OR_KEYWORD: 'positional or keyword',
    _VAR_POSITIONAL: 'variadic positional',
    _KEYWORD_ONLY: 'keyword-only',
    _VAR_KEYWORD: 'variadic keyword'
}

_get_paramkind_descr = _PARAM_NAME_MAPPING.__getitem__


class Parameter:
    """Represents a parameter in a function signature.

    Has the following public attributes:

    * name : str
        The name of the parameter as a string.
    * default : object
        The default value for the parameter if specified.  If the
        parameter has no default value, this attribute is set to
        `Parameter.empty`.
    * annotation
        The annotation for the parameter if specified.  If the
        parameter has no annotation, this attribute is set to
        `Parameter.empty`.
    * kind : str
        Describes how argument values are bound to the parameter.
        Possible values: `Parameter.POSITIONAL_ONLY`,
        `Parameter.POSITIONAL_OR_KEYWORD`, `Parameter.VAR_POSITIONAL`,
        `Parameter.KEYWORD_ONLY`, `Parameter.VAR_KEYWORD`.
    """

    __slots__ = ('_name', '_kind', '_default', '_annotation')

    POSITIONAL_ONLY         = _POSITIONAL_ONLY
    POSITIONAL_OR_KEYWORD   = _POSITIONAL_OR_KEYWORD
    VAR_POSITIONAL          = _VAR_POSITIONAL
    KEYWORD_ONLY            = _KEYWORD_ONLY
    VAR_KEYWORD             = _VAR_KEYWORD

    empty = _empty

    def __init__(self, name, kind, *, default=_empty, annotation=_empty):
        try:
            self._kind = _ParameterKind(kind)
        except ValueError:
            raise ValueError(f'value {kind!r} is not a valid Parameter.kind')
        if default is not _empty:
            if self._kind in (_VAR_POSITIONAL, _VAR_KEYWORD):
                msg = '{} parameters cannot have default values'
                msg = msg.format(_get_paramkind_descr(self._kind))
                raise ValueError(msg)
        self._default = default
        self._annotation = annotation

        if name is _empty:
            raise ValueError('name is a required attribute for Parameter')

        if not isinstance(name, str):
            msg = 'name must be a str, not a {}'.format(type(name).__name__)
            raise TypeError(msg)

        if name[0] == '.' and name[1:].isdigit():
            # These are implicit arguments generated by comprehensions. In
            # order to provide a friendlier interface to users, we recast
            # their name as "implicitN" and treat them as positional-only.
            # See issue 19611.
            if self._kind != _POSITIONAL_OR_KEYWORD:
                msg = (
                    'implicit arguments must be passed as '
                    'positional or keyword arguments, not {}'
                )
                msg = msg.format(_get_paramkind_descr(self._kind))
                raise ValueError(msg)
            self._kind = _POSITIONAL_ONLY
            name = 'implicit{}'.format(name[1:])

        if not name.isidentifier():
            raise ValueError('{!r} is not a valid parameter name'.format(name))

        self._name = name

    def __reduce__(self):
        return (type(self),
                (self._name, self._kind),
                {'_default': self._default,
                 '_annotation': self._annotation})

    def __setstate__(self, state):
        self._default = state['_default']
        self._annotation = state['_annotation']

    @property
    def name(self):
        return self._name

    @property
    def default(self):
        return self._default

    @property
    def annotation(self):
        return self._annotation

    @property
    def kind(self):
        return self._kind

    def replace(self, *, name=_void, kind=_void,
                annotation=_void, default=_void):
        """Creates a customized copy of the Parameter."""

        if name is _void:
            name = self._name

        if kind is _void:
            kind = self._kind

        if annotation is _void:
            annotation = self._annotation

        if default is _void:
            default = self._default

        return type(self)(name, kind, default=default, annotation=annotation)

    def __str__(self):
        kind = self.kind
        formatted = self._name

        # Add annotation and default value
        if self._annotation is not _empty:
            formatted = '{}: {}'.format(formatted,
                                       formatannotation(self._annotation))

        if self._default is not _empty:
            if self._annotation is not _empty:
                formatted = '{} = {}'.format(formatted, repr(self._default))
            else:
                formatted = '{}={}'.format(formatted, repr(self._default))

        if kind == _VAR_POSITIONAL:
            formatted = '*' + formatted
        elif kind == _VAR_KEYWORD:
            formatted = '**' + formatted

        return formatted

    def __repr__(self):
        return '<{} "{}">'.format(self.__class__.__name__, self)

    def __hash__(self):
        return hash((self.name, self.kind, self.annotation, self.default))

    def __eq__(self, other):
        if self is other:
            return True
        if not isinstance(other, Parameter):
            return NotImplemented
        return (self._name == other._name and
                self._kind == other._kind and
                self._default == other._default and
                self._annotation == other._annotation)


class BoundArguments:
    """Result of `Signature.bind` call.  Holds the mapping of arguments
    to the function's parameters.

    Has the following public attributes:

    * arguments : OrderedDict
        An ordered mutable mapping of parameters' names to arguments' values.
        Does not contain arguments' default values.
    * signature : Signature
        The Signature object that created this instance.
    * args : tuple
        Tuple of positional arguments values.
    * kwargs : dict
        Dict of keyword arguments values.
    """

    __slots__ = ('arguments', '_signature', '__weakref__')

    def __init__(self, signature, arguments):
        self.arguments = arguments
        self._signature = signature

    @property
    def signature(self):
        return self._signature

    @property
    def args(self):
        args = []
        for param_name, param in self._signature.parameters.items():
            if param.kind in (_VAR_KEYWORD, _KEYWORD_ONLY):
                break

            try:
                arg = self.arguments[param_name]
            except KeyError:
                # We're done here. Other arguments
                # will be mapped in 'BoundArguments.kwargs'
                break
            else:
                if param.kind == _VAR_POSITIONAL:
                    # *args
                    args.extend(arg)
                else:
                    # plain argument
                    args.append(arg)

        return tuple(args)

    @property
    def kwargs(self):
        kwargs = {}
        kwargs_started = False
        for param_name, param in self._signature.parameters.items():
            if not kwargs_started:
                if param.kind in (_VAR_KEYWORD, _KEYWORD_ONLY):
                    kwargs_started = True
                else:
                    if param_name not in self.arguments:
                        kwargs_started = True
                        continue

            if not kwargs_started:
                continue

            try:
                arg = self.arguments[param_name]
            except KeyError:
                pass
            else:
                if param.kind == _VAR_KEYWORD:
                    # **kwargs
                    kwargs.update(arg)
                else:
                    # plain keyword argument
                    kwargs[param_name] = arg

        return kwargs

    def apply_defaults(self):
        """Set default values for missing arguments.

        For variable-positional arguments (*args) the default is an
        empty tuple.

        For variable-keyword arguments (**kwargs) the default is an
        empty dict.
        """
        arguments = self.arguments
        new_arguments = []
        for name, param in self._signature.parameters.items():
            try:
                new_arguments.append((name, arguments[name]))
            except KeyError:
                if param.default is not _empty:
                    val = param.default
                elif param.kind is _VAR_POSITIONAL:
                    val = ()
                elif param.kind is _VAR_KEYWORD:
                    val = {}
                else:
                    # This BoundArguments was likely produced by
                    # Signature.bind_partial().
                    continue
                new_arguments.append((name, val))
        self.arguments = OrderedDict(new_arguments)

    def __eq__(self, other):
        if self is other:
            return True
        if not isinstance(other, BoundArguments):
            return NotImplemented
        return (self.signature == other.signature and
                self.arguments == other.arguments)

    def __setstate__(self, state):
        self._signature = state['_signature']
        self.arguments = state['arguments']

    def __getstate__(self):
        return {'_signature': self._signature, 'arguments': self.arguments}

    def __repr__(self):
        args = []
        for arg, value in self.arguments.items():
            args.append('{}={!r}'.format(arg, value))
        return '<{} ({})>'.format(self.__class__.__name__, ', '.join(args))


class Signature:
    """A Signature object represents the overall signature of a function.
    It stores a Parameter object for each parameter accepted by the
    function, as well as information specific to the function itself.

    A Signature object has the following public attributes and methods:

    * parameters : OrderedDict
        An ordered mapping of parameters' names to the corresponding
        Parameter objects (keyword-only arguments are in the same order
        as listed in `code.co_varnames`).
    * return_annotation : object
        The annotation for the return type of the function if specified.
        If the function has no annotation for its return type, this
        attribute is set to `Signature.empty`.
    * bind(*args, **kwargs) -> BoundArguments
        Creates a mapping from positional and keyword arguments to
        parameters.
    * bind_partial(*args, **kwargs) -> BoundArguments
        Creates a partial mapping from positional and keyword arguments
        to parameters (simulating 'functools.partial' behavior.)
    """

    __slots__ = ('_return_annotation', '_parameters')

    _parameter_cls = Parameter
    _bound_arguments_cls = BoundArguments

    empty = _empty

    def __init__(self, parameters=None, *, return_annotation=_empty,
                 __validate_parameters__=True):
        """Constructs Signature from the given list of Parameter
        objects and 'return_annotation'.  All arguments are optional.
        """

        if parameters is None:
            params = OrderedDict()
        else:
            if __validate_parameters__:
                params = OrderedDict()
                top_kind = _POSITIONAL_ONLY
                kind_defaults = False

                for idx, param in enumerate(parameters):
                    kind = param.kind
                    name = param.name

                    if kind < top_kind:
                        msg = (
                            'wrong parameter order: {} parameter before {} '
                            'parameter'
                        )
                        msg = msg.format(_get_paramkind_descr(top_kind),
                                         _get_paramkind_descr(kind))
                        raise ValueError(msg)
                    elif kind > top_kind:
                        kind_defaults = False
                        top_kind = kind

                    if kind in (_POSITIONAL_ONLY, _POSITIONAL_OR_KEYWORD):
                        if param.default is _empty:
                            if kind_defaults:
                                # No default for this parameter, but the
                                # previous parameter of the same kind had
                                # a default
                                msg = 'non-default argument follows default ' \
                                      'argument'
                                raise ValueError(msg)
                        else:
                            # There is a default for this parameter.
                            kind_defaults = True

                    if name in params:
                        msg = 'duplicate parameter name: {!r}'.format(name)
                        raise ValueError(msg)

                    params[name] = param
            else:
                params = OrderedDict(((param.name, param)
                                                for param in parameters))

        self._parameters = types.MappingProxyType(params)
        self._return_annotation = return_annotation

    @classmethod
    def from_function(cls, func):
        """Constructs Signature for the given python function.

        Deprecated since Python 3.5, use `Signature.from_callable()`.
        """

        warnings.warn("inspect.Signature.from_function() is deprecated since "
                      "Python 3.5, use Signature.from_callable()",
                      DeprecationWarning, stacklevel=2)
        return _signature_from_function(cls, func)

    @classmethod
    def from_builtin(cls, func):
        """Constructs Signature for the given builtin function.

        Deprecated since Python 3.5, use `Signature.from_callable()`.
        """

        warnings.warn("inspect.Signature.from_builtin() is deprecated since "
                      "Python 3.5, use Signature.from_callable()",
                      DeprecationWarning, stacklevel=2)
        return _signature_from_builtin(cls, func)

    @classmethod
    def from_callable(cls, obj, *, follow_wrapped=True):
        """Constructs Signature for the given callable object."""
        return _signature_from_callable(obj, sigcls=cls,
                                        follow_wrapper_chains=follow_wrapped)

    @property
    def parameters(self):
        return self._parameters

    @property
    def return_annotation(self):
        return self._return_annotation

    def replace(self, *, parameters=_void, return_annotation=_void):
        """Creates a customized copy of the Signature.
        Pass 'parameters' and/or 'return_annotation' arguments
        to override them in the new copy.
        """

        if parameters is _void:
            parameters = self.parameters.values()

        if return_annotation is _void:
            return_annotation = self._return_annotation

        return type(self)(parameters,
                          return_annotation=return_annotation)

    def _hash_basis(self):
        params = tuple(param for param in self.parameters.values()
                             if param.kind != _KEYWORD_ONLY)

        kwo_params = {param.name: param for param in self.parameters.values()
                                        if param.kind == _KEYWORD_ONLY}

        return params, kwo_params, self.return_annotation

    def __hash__(self):
        params, kwo_params, return_annotation = self._hash_basis()
        kwo_params = frozenset(kwo_params.values())
        return hash((params, kwo_params, return_annotation))

    def __eq__(self, other):
        if self is other:
            return True
        if not isinstance(other, Signature):
            return NotImplemented
        return self._hash_basis() == other._hash_basis()

    def _bind(self, args, kwargs, *, partial=False):
        """Private method. Don't use directly."""

        arguments = OrderedDict()

        parameters = iter(self.parameters.values())
        parameters_ex = ()
        arg_vals = iter(args)

        while True:
            # Let's iterate through the positional arguments and corresponding
            # parameters
            try:
                arg_val = next(arg_vals)
            except StopIteration:
                # No more positional arguments
                try:
                    param = next(parameters)
                except StopIteration:
                    # No more parameters. That's it. Just need to check that
                    # we have no `kwargs` after this while loop
                    break
                else:
                    if param.kind == _VAR_POSITIONAL:
                        # That's OK, just empty *args.  Let's start parsing
                        # kwargs
                        break
                    elif param.name in kwargs:
                        if param.kind == _POSITIONAL_ONLY:
                            msg = '{arg!r} parameter is positional only, ' \
                                  'but was passed as a keyword'
                            msg = msg.format(arg=param.name)
                            raise TypeError(msg) from None
                        parameters_ex = (param,)
                        break
                    elif (param.kind == _VAR_KEYWORD or
                                                param.default is not _empty):
                        # That's fine too - we have a default value for this
                        # parameter.  So, lets start parsing `kwargs`, starting
                        # with the current parameter
                        parameters_ex = (param,)
                        break
                    else:
                        # No default, not VAR_KEYWORD, not VAR_POSITIONAL,
                        # not in `kwargs`
                        if partial:
                            parameters_ex = (param,)
                            break
                        else:
                            msg = 'missing a required argument: {arg!r}'
                            msg = msg.format(arg=param.name)
                            raise TypeError(msg) from None
            else:
                # We have a positional argument to process
                try:
                    param = next(parameters)
                except StopIteration:
                    raise TypeError('too many positional arguments') from None
                else:
                    if param.kind in (_VAR_KEYWORD, _KEYWORD_ONLY):
                        # Looks like we have no parameter for this positional
                        # argument
                        raise TypeError(
                            'too many positional arguments') from None

                    if param.kind == _VAR_POSITIONAL:
                        # We have an '*args'-like argument, let's fill it with
                        # all positional arguments we have left and move on to
                        # the next phase
                        values = [arg_val]
                        values.extend(arg_vals)
                        arguments[param.name] = tuple(values)
                        break

                    if param.name in kwargs:
                        raise TypeError(
                            'multiple values for argument {arg!r}'.format(
                                arg=param.name)) from None

                    arguments[param.name] = arg_val

        # Now, we iterate through the remaining parameters to process
        # keyword arguments
        kwargs_param = None
        for param in itertools.chain(parameters_ex, parameters):
            if param.kind == _VAR_KEYWORD:
                # Memorize that we have a '**kwargs'-like parameter
                kwargs_param = param
                continue

            if param.kind == _VAR_POSITIONAL:
                # Named arguments don't refer to '*args'-like parameters.
                # We only arrive here if the positional arguments ended
                # before reaching the last parameter before *args.
                continue

            param_name = param.name
            try:
                arg_val = kwargs.pop(param_name)
            except KeyError:
                # We have no value for this parameter.  It's fine though,
                # if it has a default value, or it is an '*args'-like
                # parameter, left alone by the processing of positional
                # arguments.
                if (not partial and param.kind != _VAR_POSITIONAL and
                                                    param.default is _empty):
                    raise TypeError('missing a required argument: {arg!r}'. \
                                    format(arg=param_name)) from None

            else:
                if param.kind == _POSITIONAL_ONLY:
                    # This should never happen in case of a properly built
                    # Signature object (but let's have this check here
                    # to ensure correct behaviour just in case)
                    raise TypeError('{arg!r} parameter is positional only, '
                                    'but was passed as a keyword'. \
                                    format(arg=param.name))

                arguments[param_name] = arg_val

        if kwargs:
            if kwargs_param is not None:
                # Process our '**kwargs'-like parameter
                arguments[kwargs_param.name] = kwargs
            else:
                raise TypeError(
                    'got an unexpected keyword argument {arg!r}'.format(
                        arg=next(iter(kwargs))))

        return self._bound_arguments_cls(self, arguments)

    def bind(*args, **kwargs):
        """Get a BoundArguments object, that maps the passed `args`
        and `kwargs` to the function's signature.  Raises `TypeError`
        if the passed arguments can not be bound.
        """
        return args[0]._bind(args[1:], kwargs)

    def bind_partial(*args, **kwargs):
        """Get a BoundArguments object, that partially maps the
        passed `args` and `kwargs` to the function's signature.
        Raises `TypeError` if the passed arguments can not be bound.
        """
        return args[0]._bind(args[1:], kwargs, partial=True)

    def __reduce__(self):
        return (type(self),
                (tuple(self._parameters.values()),),
                {'_return_annotation': self._return_annotation})

    def __setstate__(self, state):
        self._return_annotation = state['_return_annotation']

    def __repr__(self):
        return '<{} {}>'.format(self.__class__.__name__, self)

    def __str__(self):
        result = []
        render_pos_only_separator = False
        render_kw_only_separator = True
        for param in self.parameters.values():
            formatted = str(param)

            kind = param.kind

            if kind == _POSITIONAL_ONLY:
                render_pos_only_separator = True
            elif render_pos_only_separator:
                # It's not a positional-only parameter, and the flag
                # is set to 'True' (there were pos-only params before.)
                result.append('/')
                render_pos_only_separator = False

            if kind == _VAR_POSITIONAL:
                # OK, we have an '*args'-like parameter, so we won't need
                # a '*' to separate keyword-only arguments
                render_kw_only_separator = False
            elif kind == _KEYWORD_ONLY and render_kw_only_separator:
                # We have a keyword-only parameter to render and we haven't
                # rendered an '*args'-like parameter before, so add a '*'
                # separator to the parameters list ("foo(arg1, *, arg2)" case)
                result.append('*')
                # This condition should be only triggered once, so
                # reset the flag
                render_kw_only_separator = False

            result.append(formatted)

        if render_pos_only_separator:
            # There were only positional-only parameters, hence the
            # flag was not reset to 'False'
            result.append('/')

        rendered = '({})'.format(', '.join(result))

        if self.return_annotation is not _empty:
            anno = formatannotation(self.return_annotation)
            rendered += ' -> {}'.format(anno)

        return rendered


def signature(obj, *, follow_wrapped=True):
    """Get a signature object for the passed callable."""
    return Signature.from_callable(obj, follow_wrapped=follow_wrapped)


def _main():
    """ Logic for inspecting an object given at command line """
    import argparse
    import importlib

    parser = argparse.ArgumentParser()
    parser.add_argument(
        'object',
         help="The object to be analysed. "
              "It supports the 'module:qualname' syntax")
    parser.add_argument(
        '-d', '--details', action='store_true',
        help='Display info about the module rather than its source code')

    args = parser.parse_args()

    target = args.object
    mod_name, has_attrs, attrs = target.partition(":")
    try:
        obj = module = importlib.import_module(mod_name)
    except Exception as exc:
        msg = "Failed to import {} ({}: {})".format(mod_name,
                                                    type(exc).__name__,
                                                    exc)
        print(msg, file=sys.stderr)
        sys.exit(2)

    if has_attrs:
        parts = attrs.split(".")
        obj = module
        for part in parts:
            obj = getattr(obj, part)

    if module.__name__ in sys.builtin_module_names:
        print("Can't get info for builtin modules.", file=sys.stderr)
        sys.exit(1)

    if args.details:
        print('Target: {}'.format(target))
        print('Origin: {}'.format(getsourcefile(module)))
        print('Cached: {}'.format(module.__cached__))
        if obj is module:
            print('Loader: {}'.format(repr(module.__loader__)))
            if hasattr(module, '__path__'):
                print('Submodule search path: {}'.format(module.__path__))
        else:
            try:
                __, lineno = findsource(obj)
            except Exception:
                pass
            else:
                print('Line: {}'.format(lineno))

        print('\n')
    else:
        print(getsource(obj))


if __name__ == "__main__":
    _main()
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  Source code for typing

"""
The typing module: Support for gradual typing as defined by PEP 484.

At large scale, the structure of the module is following:
* Imports and exports, all public names should be explicitly added to __all__.
* Internal helper functions: these should never be used in code outside this module.
* _SpecialForm and its instances (special forms): Any, NoReturn, ClassVar, Union, Optional
* Two classes whose instances can be type arguments in addition to types: ForwardRef and TypeVar
* The core of internal generics API: _GenericAlias and _VariadicGenericAlias, the latter is
  currently only used by Tuple and Callable. All subscripted types like X[int], Union[int, str],
  etc., are instances of either of these classes.
* The public counterpart of the generics API consists of two classes: Generic and Protocol
  (the latter is currently private, but will be made public after PEP 544 acceptance).
* Public helper functions: get_type_hints, overload, cast, no_type_check,
  no_type_check_decorator.
* Generic aliases for collections.abc ABCs and few additional protocols.
* Special types: NewType, NamedTuple, TypedDict (may be added soon).
* Wrapper submodules for re and io related types.
"""

import abc
from abc import abstractmethod, abstractproperty
import collections
import collections.abc
import contextlib
import functools
import operator
import re as stdlib_re  # Avoid confusion with the re we export.
import sys
import types
from types import WrapperDescriptorType, MethodWrapperType, MethodDescriptorType

# Please keep __all__ alphabetized within each category.
__all__ = [
    # Super-special typing primitives.
    'Any',
    'Callable',
    'ClassVar',
    'ForwardRef',
    'Generic',
    'Optional',
    'Tuple',
    'Type',
    'TypeVar',
    'Union',

    # ABCs (from collections.abc).
    'AbstractSet',  # collections.abc.Set.
    'ByteString',
    'Container',
    'ContextManager',
    'Hashable',
    'ItemsView',
    'Iterable',
    'Iterator',
    'KeysView',
    'Mapping',
    'MappingView',
    'MutableMapping',
    'MutableSequence',
    'MutableSet',
    'Sequence',
    'Sized',
    'ValuesView',
    'Awaitable',
    'AsyncIterator',
    'AsyncIterable',
    'Coroutine',
    'Collection',
    'AsyncGenerator',
    'AsyncContextManager',

    # Structural checks, a.k.a. protocols.
    'Reversible',
    'SupportsAbs',
    'SupportsBytes',
    'SupportsComplex',
    'SupportsFloat',
    'SupportsInt',
    'SupportsRound',

    # Concrete collection types.
    'ChainMap',
    'Counter',
    'Deque',
    'Dict',
    'DefaultDict',
    'List',
    'OrderedDict',
    'Set',
    'FrozenSet',
    'NamedTuple',  # Not really a type.
    'Generator',

    # One-off things.
    'AnyStr',
    'cast',
    'get_type_hints',
    'NewType',
    'no_type_check',
    'no_type_check_decorator',
    'NoReturn',
    'overload',
    'Text',
    'TYPE_CHECKING',
]

# The pseudo-submodules 're' and 'io' are part of the public
# namespace, but excluded from __all__ because they might stomp on
# legitimate imports of those modules.


def _type_check(arg, msg, is_argument=True):
    """Check that the argument is a type, and return it (internal helper).

    As a special case, accept None and return type(None) instead. Also wrap strings
    into ForwardRef instances. Consider several corner cases, for example plain
    special forms like Union are not valid, while Union[int, str] is OK, etc.
    The msg argument is a human-readable error message, e.g::

        "Union[arg, ...]: arg should be a type."

    We append the repr() of the actual value (truncated to 100 chars).
    """
    invalid_generic_forms = (Generic, _Protocol)
    if is_argument:
        invalid_generic_forms = invalid_generic_forms + (ClassVar, )

    if arg is None:
        return type(None)
    if isinstance(arg, str):
        return ForwardRef(arg)
    if (isinstance(arg, _GenericAlias) and
            arg.__origin__ in invalid_generic_forms):
        raise TypeError(f"{arg} is not valid as type argument")
    if (isinstance(arg, _SpecialForm) and arg not in (Any, NoReturn) or
            arg in (Generic, _Protocol)):
        raise TypeError(f"Plain {arg} is not valid as type argument")
    if isinstance(arg, (type, TypeVar, ForwardRef)):
        return arg
    if not callable(arg):
        raise TypeError(f"{msg} Got {arg!r:.100}.")
    return arg


def _type_repr(obj):
    """Return the repr() of an object, special-casing types (internal helper).

    If obj is a type, we return a shorter version than the default
    type.__repr__, based on the module and qualified name, which is
    typically enough to uniquely identify a type.  For everything
    else, we fall back on repr(obj).
    """
    if isinstance(obj, type):
        if obj.__module__ == 'builtins':
            return obj.__qualname__
        return f'{obj.__module__}.{obj.__qualname__}'
    if obj is ...:
        return('...')
    if isinstance(obj, types.FunctionType):
        return obj.__name__
    return repr(obj)


def _collect_type_vars(types):
    """Collect all type variable contained in types in order of
    first appearance (lexicographic order). For example::

        _collect_type_vars((T, List[S, T])) == (T, S)
    """
    tvars = []
    for t in types:
        if isinstance(t, TypeVar) and t not in tvars:
            tvars.append(t)
        if isinstance(t, _GenericAlias) and not t._special:
            tvars.extend([t for t in t.__parameters__ if t not in tvars])
    return tuple(tvars)


def _subs_tvars(tp, tvars, subs):
    """Substitute type variables 'tvars' with substitutions 'subs'.
    These two must have the same length.
    """
    if not isinstance(tp, _GenericAlias):
        return tp
    new_args = list(tp.__args__)
    for a, arg in enumerate(tp.__args__):
        if isinstance(arg, TypeVar):
            for i, tvar in enumerate(tvars):
                if arg == tvar:
                    new_args[a] = subs[i]
        else:
            new_args[a] = _subs_tvars(arg, tvars, subs)
    if tp.__origin__ is Union:
        return Union[tuple(new_args)]
    return tp.copy_with(tuple(new_args))


def _check_generic(cls, parameters):
    """Check correct count for parameters of a generic cls (internal helper).
    This gives a nice error message in case of count mismatch.
    """
    if not cls.__parameters__:
        raise TypeError(f"{cls} is not a generic class")
    alen = len(parameters)
    elen = len(cls.__parameters__)
    if alen != elen:
        raise TypeError(f"Too {'many' if alen > elen else 'few'} parameters for {cls};"
                        f" actual {alen}, expected {elen}")


def _remove_dups_flatten(parameters):
    """An internal helper for Union creation and substitution: flatten Unions
    among parameters, then remove duplicates.
    """
    # Flatten out Union[Union[...], ...].
    params = []
    for p in parameters:
        if isinstance(p, _GenericAlias) and p.__origin__ is Union:
            params.extend(p.__args__)
        elif isinstance(p, tuple) and len(p) > 0 and p[0] is Union:
            params.extend(p[1:])
        else:
            params.append(p)
    # Weed out strict duplicates, preserving the first of each occurrence.
    all_params = set(params)
    if len(all_params) < len(params):
        new_params = []
        for t in params:
            if t in all_params:
                new_params.append(t)
                all_params.remove(t)
        params = new_params
        assert not all_params, all_params
    return tuple(params)


_cleanups = []


def _tp_cache(func):
    """Internal wrapper caching __getitem__ of generic types with a fallback to
    original function for non-hashable arguments.
    """
    cached = functools.lru_cache()(func)
    _cleanups.append(cached.cache_clear)

    @functools.wraps(func)
    def inner(*args, **kwds):
        try:
            return cached(*args, **kwds)
        except TypeError:
            pass  # All real errors (not unhashable args) are raised below.
        return func(*args, **kwds)
    return inner


def _eval_type(t, globalns, localns):
    """Evaluate all forward reverences in the given type t.
    For use of globalns and localns see the docstring for get_type_hints().
    """
    if isinstance(t, ForwardRef):
        return t._evaluate(globalns, localns)
    if isinstance(t, _GenericAlias):
        ev_args = tuple(_eval_type(a, globalns, localns) for a in t.__args__)
        if ev_args == t.__args__:
            return t
        res = t.copy_with(ev_args)
        res._special = t._special
        return res
    return t


class _Final:
    """Mixin to prohibit subclassing"""

    __slots__ = ('__weakref__',)

    def __init_subclass__(self, *args, **kwds):
        if '_root' not in kwds:
            raise TypeError("Cannot subclass special typing classes")

class _Immutable:
    """Mixin to indicate that object should not be copied."""

    def __copy__(self):
        return self

    def __deepcopy__(self, memo):
        return self


class _SpecialForm(_Final, _Immutable, _root=True):
    """Internal indicator of special typing constructs.
    See _doc instance attribute for specific docs.
    """

    __slots__ = ('_name', '_doc')

    def __new__(cls, *args, **kwds):
        """Constructor.

        This only exists to give a better error message in case
        someone tries to subclass a special typing object (not a good idea).
        """
        if (len(args) == 3 and
                isinstance(args[0], str) and
                isinstance(args[1], tuple)):
            # Close enough.
            raise TypeError(f"Cannot subclass {cls!r}")
        return super().__new__(cls)

    def __init__(self, name, doc):
        self._name = name
        self._doc = doc

    def __eq__(self, other):
        if not isinstance(other, _SpecialForm):
            return NotImplemented
        return self._name == other._name

    def __hash__(self):
        return hash((self._name,))

    def __repr__(self):
        return 'typing.' + self._name

    def __reduce__(self):
        return self._name

    def __call__(self, *args, **kwds):
        raise TypeError(f"Cannot instantiate {self!r}")

    def __instancecheck__(self, obj):
        raise TypeError(f"{self} cannot be used with isinstance()")

    def __subclasscheck__(self, cls):
        raise TypeError(f"{self} cannot be used with issubclass()")

    @_tp_cache
    def __getitem__(self, parameters):
        if self._name == 'ClassVar':
            item = _type_check(parameters, 'ClassVar accepts only single type.')
            return _GenericAlias(self, (item,))
        if self._name == 'Union':
            if parameters == ():
                raise TypeError("Cannot take a Union of no types.")
            if not isinstance(parameters, tuple):
                parameters = (parameters,)
            msg = "Union[arg, ...]: each arg must be a type."
            parameters = tuple(_type_check(p, msg) for p in parameters)
            parameters = _remove_dups_flatten(parameters)
            if len(parameters) == 1:
                return parameters[0]
            return _GenericAlias(self, parameters)
        if self._name == 'Optional':
            arg = _type_check(parameters, "Optional[t] requires a single type.")
            return Union[arg, type(None)]
        raise TypeError(f"{self} is not subscriptable")


Any = _SpecialForm('Any', doc=
    """Special type indicating an unconstrained type.

    - Any is compatible with every type.
    - Any assumed to have all methods.
    - All values assumed to be instances of Any.

    Note that all the above statements are true from the point of view of
    static type checkers. At runtime, Any should not be used with instance
    or class checks.
    """)

NoReturn = _SpecialForm('NoReturn', doc=
    """Special type indicating functions that never return.
    Example::

      from typing import NoReturn

      def stop() -> NoReturn:
          raise Exception('no way')

    This type is invalid in other positions, e.g., ``List[NoReturn]``
    will fail in static type checkers.
    """)

ClassVar = _SpecialForm('ClassVar', doc=
    """Special type construct to mark class variables.

    An annotation wrapped in ClassVar indicates that a given
    attribute is intended to be used as a class variable and
    should not be set on instances of that class. Usage::

      class Starship:
          stats: ClassVar[Dict[str, int]] = {} # class variable
          damage: int = 10                     # instance variable

    ClassVar accepts only types and cannot be further subscribed.

    Note that ClassVar is not a class itself, and should not
    be used with isinstance() or issubclass().
    """)

Union = _SpecialForm('Union', doc=
    """Union type; Union[X, Y] means either X or Y.

    To define a union, use e.g. Union[int, str].  Details:
    - The arguments must be types and there must be at least one.
    - None as an argument is a special case and is replaced by
      type(None).
    - Unions of unions are flattened, e.g.::

        Union[Union[int, str], float] == Union[int, str, float]

    - Unions of a single argument vanish, e.g.::

        Union[int] == int  # The constructor actually returns int

    - Redundant arguments are skipped, e.g.::

        Union[int, str, int] == Union[int, str]

    - When comparing unions, the argument order is ignored, e.g.::

        Union[int, str] == Union[str, int]

    - You cannot subclass or instantiate a union.
    - You can use Optional[X] as a shorthand for Union[X, None].
    """)

Optional = _SpecialForm('Optional', doc=
    """Optional type.

    Optional[X] is equivalent to Union[X, None].
    """)


class ForwardRef(_Final, _root=True):
    """Internal wrapper to hold a forward reference."""

    __slots__ = ('__forward_arg__', '__forward_code__',
                 '__forward_evaluated__', '__forward_value__',
                 '__forward_is_argument__')

    def __init__(self, arg, is_argument=True):
        if not isinstance(arg, str):
            raise TypeError(f"Forward reference must be a string -- got {arg!r}")
        try:
            code = compile(arg, '<string>', 'eval')
        except SyntaxError:
            raise SyntaxError(f"Forward reference must be an expression -- got {arg!r}")
        self.__forward_arg__ = arg
        self.__forward_code__ = code
        self.__forward_evaluated__ = False
        self.__forward_value__ = None
        self.__forward_is_argument__ = is_argument

    def _evaluate(self, globalns, localns):
        if not self.__forward_evaluated__ or localns is not globalns:
            if globalns is None and localns is None:
                globalns = localns = {}
            elif globalns is None:
                globalns = localns
            elif localns is None:
                localns = globalns
            self.__forward_value__ = _type_check(
                eval(self.__forward_code__, globalns, localns),
                "Forward references must evaluate to types.",
                is_argument=self.__forward_is_argument__)
            self.__forward_evaluated__ = True
        return self.__forward_value__

    def __eq__(self, other):
        if not isinstance(other, ForwardRef):
            return NotImplemented
        if self.__forward_evaluated__ and other.__forward_evaluated__:
            return (self.__forward_arg__ == other.__forward_arg__ and
                    self.__forward_value__ == other.__forward_value__)
        return self.__forward_arg__ == other.__forward_arg__

    def __hash__(self):
        return hash(self.__forward_arg__)

    def __repr__(self):
        return f'ForwardRef({self.__forward_arg__!r})'


class TypeVar(_Final, _Immutable, _root=True):
    """Type variable.

    Usage::

      T = TypeVar('T')  # Can be anything
      A = TypeVar('A', str, bytes)  # Must be str or bytes

    Type variables exist primarily for the benefit of static type
    checkers.  They serve as the parameters for generic types as well
    as for generic function definitions.  See class Generic for more
    information on generic types.  Generic functions work as follows:

      def repeat(x: T, n: int) -> List[T]:
          '''Return a list containing n references to x.'''
          return [x]*n

      def longest(x: A, y: A) -> A:
          '''Return the longest of two strings.'''
          return x if len(x) >= len(y) else y

    The latter example's signature is essentially the overloading
    of (str, str) -> str and (bytes, bytes) -> bytes.  Also note
    that if the arguments are instances of some subclass of str,
    the return type is still plain str.

    At runtime, isinstance(x, T) and issubclass(C, T) will raise TypeError.

    Type variables defined with covariant=True or contravariant=True
    can be used to declare covariant or contravariant generic types.
    See PEP 484 for more details. By default generic types are invariant
    in all type variables.

    Type variables can be introspected. e.g.:

      T.__name__ == 'T'
      T.__constraints__ == ()
      T.__covariant__ == False
      T.__contravariant__ = False
      A.__constraints__ == (str, bytes)

    Note that only type variables defined in global scope can be pickled.
    """

    __slots__ = ('__name__', '__bound__', '__constraints__',
                 '__covariant__', '__contravariant__')

    def __init__(self, name, *constraints, bound=None,
                 covariant=False, contravariant=False):
        self.__name__ = name
        if covariant and contravariant:
            raise ValueError("Bivariant types are not supported.")
        self.__covariant__ = bool(covariant)
        self.__contravariant__ = bool(contravariant)
        if constraints and bound is not None:
            raise TypeError("Constraints cannot be combined with bound=...")
        if constraints and len(constraints) == 1:
            raise TypeError("A single constraint is not allowed")
        msg = "TypeVar(name, constraint, ...): constraints must be types."
        self.__constraints__ = tuple(_type_check(t, msg) for t in constraints)
        if bound:
            self.__bound__ = _type_check(bound, "Bound must be a type.")
        else:
            self.__bound__ = None
        try:
            def_mod = sys._getframe(1).f_globals.get('__name__', '__main__')  # for pickling
        except (AttributeError, ValueError):
            def_mod = None
        if def_mod != 'typing':
            self.__module__ = def_mod

    def __repr__(self):
        if self.__covariant__:
            prefix = '+'
        elif self.__contravariant__:
            prefix = '-'
        else:
            prefix = '~'
        return prefix + self.__name__

    def __reduce__(self):
        return self.__name__


# Special typing constructs Union, Optional, Generic, Callable and Tuple
# use three special attributes for internal bookkeeping of generic types:
# * __parameters__ is a tuple of unique free type parameters of a generic
#   type, for example, Dict[T, T].__parameters__ == (T,);
# * __origin__ keeps a reference to a type that was subscripted,
#   e.g., Union[T, int].__origin__ == Union, or the non-generic version of
#   the type.
# * __args__ is a tuple of all arguments used in subscripting,
#   e.g., Dict[T, int].__args__ == (T, int).


# Mapping from non-generic type names that have a generic alias in typing
# but with a different name.
_normalize_alias = {'list': 'List',
                    'tuple': 'Tuple',
                    'dict': 'Dict',
                    'set': 'Set',
                    'frozenset': 'FrozenSet',
                    'deque': 'Deque',
                    'defaultdict': 'DefaultDict',
                    'type': 'Type',
                    'Set': 'AbstractSet'}

def _is_dunder(attr):
    return attr.startswith('__') and attr.endswith('__')


class _GenericAlias(_Final, _root=True):
    """The central part of internal API.

    This represents a generic version of type 'origin' with type arguments 'params'.
    There are two kind of these aliases: user defined and special. The special ones
    are wrappers around builtin collections and ABCs in collections.abc. These must
    have 'name' always set. If 'inst' is False, then the alias can't be instantiated,
    this is used by e.g. typing.List and typing.Dict.
    """
    def __init__(self, origin, params, *, inst=True, special=False, name=None):
        self._inst = inst
        self._special = special
        if special and name is None:
            orig_name = origin.__name__
            name = _normalize_alias.get(orig_name, orig_name)
        self._name = name
        if not isinstance(params, tuple):
            params = (params,)
        self.__origin__ = origin
        self.__args__ = tuple(... if a is _TypingEllipsis else
                              () if a is _TypingEmpty else
                              a for a in params)
        self.__parameters__ = _collect_type_vars(params)
        self.__slots__ = None  # This is not documented.
        if not name:
            self.__module__ = origin.__module__

    @_tp_cache
    def __getitem__(self, params):
        if self.__origin__ in (Generic, _Protocol):
            # Can't subscript Generic[...] or _Protocol[...].
            raise TypeError(f"Cannot subscript already-subscripted {self}")
        if not isinstance(params, tuple):
            params = (params,)
        msg = "Parameters to generic types must be types."
        params = tuple(_type_check(p, msg) for p in params)
        _check_generic(self, params)
        return _subs_tvars(self, self.__parameters__, params)

    def copy_with(self, params):
        # We don't copy self._special.
        return _GenericAlias(self.__origin__, params, name=self._name, inst=self._inst)

    def __repr__(self):
        if (self._name != 'Callable' or
                len(self.__args__) == 2 and self.__args__[0] is Ellipsis):
            if self._name:
                name = 'typing.' + self._name
            else:
                name = _type_repr(self.__origin__)
            if not self._special:
                args = f'[{", ".join([_type_repr(a) for a in self.__args__])}]'
            else:
                args = ''
            return (f'{name}{args}')
        if self._special:
            return 'typing.Callable'
        return (f'typing.Callable'
                f'[[{", ".join([_type_repr(a) for a in self.__args__[:-1]])}], '
                f'{_type_repr(self.__args__[-1])}]')

    def __eq__(self, other):
        if not isinstance(other, _GenericAlias):
            return NotImplemented
        if self.__origin__ != other.__origin__:
            return False
        if self.__origin__ is Union and other.__origin__ is Union:
            return frozenset(self.__args__) == frozenset(other.__args__)
        return self.__args__ == other.__args__

    def __hash__(self):
        if self.__origin__ is Union:
            return hash((Union, frozenset(self.__args__)))
        return hash((self.__origin__, self.__args__))

    def __call__(self, *args, **kwargs):
        if not self._inst:
            raise TypeError(f"Type {self._name} cannot be instantiated; "
                            f"use {self._name.lower()}() instead")
        result = self.__origin__(*args, **kwargs)
        try:
            result.__orig_class__ = self
        except AttributeError:
            pass
        return result

    def __mro_entries__(self, bases):
        if self._name:  # generic version of an ABC or built-in class
            res = []
            if self.__origin__ not in bases:
                res.append(self.__origin__)
            i = bases.index(self)
            if not any(isinstance(b, _GenericAlias) or issubclass(b, Generic)
                       for b in bases[i+1:]):
                res.append(Generic)
            return tuple(res)
        if self.__origin__ is Generic:
            i = bases.index(self)
            for b in bases[i+1:]:
                if isinstance(b, _GenericAlias) and b is not self:
                    return ()
        return (self.__origin__,)

    def __getattr__(self, attr):
        # We are careful for copy and pickle.
        # Also for simplicity we just don't relay all dunder names
        if '__origin__' in self.__dict__ and not _is_dunder(attr):
            return getattr(self.__origin__, attr)
        raise AttributeError(attr)

    def __setattr__(self, attr, val):
        if _is_dunder(attr) or attr in ('_name', '_inst', '_special'):
            super().__setattr__(attr, val)
        else:
            setattr(self.__origin__, attr, val)

    def __instancecheck__(self, obj):
        return self.__subclasscheck__(type(obj))

    def __subclasscheck__(self, cls):
        if self._special:
            if not isinstance(cls, _GenericAlias):
                return issubclass(cls, self.__origin__)
            if cls._special:
                return issubclass(cls.__origin__, self.__origin__)
        raise TypeError("Subscripted generics cannot be used with"
                        " class and instance checks")

    def __reduce__(self):
        if self._special:
            return self._name

        if self._name:
            origin = globals()[self._name]
        else:
            origin = self.__origin__
        if (origin is Callable and
            not (len(self.__args__) == 2 and self.__args__[0] is Ellipsis)):
            args = list(self.__args__[:-1]), self.__args__[-1]
        else:
            args = tuple(self.__args__)
            if len(args) == 1 and not isinstance(args[0], tuple):
                args, = args
        return operator.getitem, (origin, args)


class _VariadicGenericAlias(_GenericAlias, _root=True):
    """Same as _GenericAlias above but for variadic aliases. Currently,
    this is used only by special internal aliases: Tuple and Callable.
    """
    def __getitem__(self, params):
        if self._name != 'Callable' or not self._special:
            return self.__getitem_inner__(params)
        if not isinstance(params, tuple) or len(params) != 2:
            raise TypeError("Callable must be used as "
                            "Callable[[arg, ...], result].")
        args, result = params
        if args is Ellipsis:
            params = (Ellipsis, result)
        else:
            if not isinstance(args, list):
                raise TypeError(f"Callable[args, result]: args must be a list."
                                f" Got {args}")
            params = (tuple(args), result)
        return self.__getitem_inner__(params)

    @_tp_cache
    def __getitem_inner__(self, params):
        if self.__origin__ is tuple and self._special:
            if params == ():
                return self.copy_with((_TypingEmpty,))
            if not isinstance(params, tuple):
                params = (params,)
            if len(params) == 2 and params[1] is ...:
                msg = "Tuple[t, ...]: t must be a type."
                p = _type_check(params[0], msg)
                return self.copy_with((p, _TypingEllipsis))
            msg = "Tuple[t0, t1, ...]: each t must be a type."
            params = tuple(_type_check(p, msg) for p in params)
            return self.copy_with(params)
        if self.__origin__ is collections.abc.Callable and self._special:
            args, result = params
            msg = "Callable[args, result]: result must be a type."
            result = _type_check(result, msg)
            if args is Ellipsis:
                return self.copy_with((_TypingEllipsis, result))
            msg = "Callable[[arg, ...], result]: each arg must be a type."
            args = tuple(_type_check(arg, msg) for arg in args)
            params = args + (result,)
            return self.copy_with(params)
        return super().__getitem__(params)


class Generic:
    """Abstract base class for generic types.

    A generic type is typically declared by inheriting from
    this class parameterized with one or more type variables.
    For example, a generic mapping type might be defined as::

      class Mapping(Generic[KT, VT]):
          def __getitem__(self, key: KT) -> VT:
              ...
          # Etc.

    This class can then be used as follows::

      def lookup_name(mapping: Mapping[KT, VT], key: KT, default: VT) -> VT:
          try:
              return mapping[key]
          except KeyError:
              return default
    """
    __slots__ = ()

    def __new__(cls, *args, **kwds):
        if cls is Generic:
            raise TypeError("Type Generic cannot be instantiated; "
                            "it can be used only as a base class")
        if super().__new__ is object.__new__ and cls.__init__ is not object.__init__:
            obj = super().__new__(cls)
        else:
            obj = super().__new__(cls, *args, **kwds)
        return obj

    @_tp_cache
    def __class_getitem__(cls, params):
        if not isinstance(params, tuple):
            params = (params,)
        if not params and cls is not Tuple:
            raise TypeError(
                f"Parameter list to {cls.__qualname__}[...] cannot be empty")
        msg = "Parameters to generic types must be types."
        params = tuple(_type_check(p, msg) for p in params)
        if cls is Generic:
            # Generic can only be subscripted with unique type variables.
            if not all(isinstance(p, TypeVar) for p in params):
                raise TypeError(
                    "Parameters to Generic[...] must all be type variables")
            if len(set(params)) != len(params):
                raise TypeError(
                    "Parameters to Generic[...] must all be unique")
        elif cls is _Protocol:
            # _Protocol is internal at the moment, just skip the check
            pass
        else:
            # Subscripting a regular Generic subclass.
            _check_generic(cls, params)
        return _GenericAlias(cls, params)

    def __init_subclass__(cls, *args, **kwargs):
        super().__init_subclass__(*args, **kwargs)
        tvars = []
        if '__orig_bases__' in cls.__dict__:
            error = Generic in cls.__orig_bases__
        else:
            error = Generic in cls.__bases__ and cls.__name__ != '_Protocol'
        if error:
            raise TypeError("Cannot inherit from plain Generic")
        if '__orig_bases__' in cls.__dict__:
            tvars = _collect_type_vars(cls.__orig_bases__)
            # Look for Generic[T1, ..., Tn].
            # If found, tvars must be a subset of it.
            # If not found, tvars is it.
            # Also check for and reject plain Generic,
            # and reject multiple Generic[...].
            gvars = None
            for base in cls.__orig_bases__:
                if (isinstance(base, _GenericAlias) and
                        base.__origin__ is Generic):
                    if gvars is not None:
                        raise TypeError(
                            "Cannot inherit from Generic[...] multiple types.")
                    gvars = base.__parameters__
            if gvars is None:
                gvars = tvars
            else:
                tvarset = set(tvars)
                gvarset = set(gvars)
                if not tvarset <= gvarset:
                    s_vars = ', '.join(str(t) for t in tvars if t not in gvarset)
                    s_args = ', '.join(str(g) for g in gvars)
                    raise TypeError(f"Some type variables ({s_vars}) are"
                                    f" not listed in Generic[{s_args}]")
                tvars = gvars
        cls.__parameters__ = tuple(tvars)


class _TypingEmpty:
    """Internal placeholder for () or []. Used by TupleMeta and CallableMeta
    to allow empty list/tuple in specific places, without allowing them
    to sneak in where prohibited.
    """


class _TypingEllipsis:
    """Internal placeholder for ... (ellipsis)."""


def cast(typ, val):
    """Cast a value to a type.

    This returns the value unchanged.  To the type checker this
    signals that the return value has the designated type, but at
    runtime we intentionally don't check anything (we want this
    to be as fast as possible).
    """
    return val


def _get_defaults(func):
    """Internal helper to extract the default arguments, by name."""
    try:
        code = func.__code__
    except AttributeError:
        # Some built-in functions don't have __code__, __defaults__, etc.
        return {}
    pos_count = code.co_argcount
    arg_names = code.co_varnames
    arg_names = arg_names[:pos_count]
    defaults = func.__defaults__ or ()
    kwdefaults = func.__kwdefaults__
    res = dict(kwdefaults) if kwdefaults else {}
    pos_offset = pos_count - len(defaults)
    for name, value in zip(arg_names[pos_offset:], defaults):
        assert name not in res
        res[name] = value
    return res


_allowed_types = (types.FunctionType, types.BuiltinFunctionType,
                  types.MethodType, types.ModuleType,
                  WrapperDescriptorType, MethodWrapperType, MethodDescriptorType)


[docs]def get_type_hints(obj, globalns=None, localns=None):
    """Return type hints for an object.

    This is often the same as obj.__annotations__, but it handles
    forward references encoded as string literals, and if necessary
    adds Optional[t] if a default value equal to None is set.

    The argument may be a module, class, method, or function. The annotations
    are returned as a dictionary. For classes, annotations include also
    inherited members.

    TypeError is raised if the argument is not of a type that can contain
    annotations, and an empty dictionary is returned if no annotations are
    present.

    BEWARE -- the behavior of globalns and localns is counterintuitive
    (unless you are familiar with how eval() and exec() work).  The
    search order is locals first, then globals.

    - If no dict arguments are passed, an attempt is made to use the
      globals from obj (or the respective module's globals for classes),
      and these are also used as the locals.  If the object does not appear
      to have globals, an empty dictionary is used.

    - If one dict argument is passed, it is used for both globals and
      locals.

    - If two dict arguments are passed, they specify globals and
      locals, respectively.
    """

    if getattr(obj, '__no_type_check__', None):
        return {}
    # Classes require a special treatment.
    if isinstance(obj, type):
        hints = {}
        for base in reversed(obj.__mro__):
            if globalns is None:
                base_globals = sys.modules[base.__module__].__dict__
            else:
                base_globals = globalns
            ann = base.__dict__.get('__annotations__', {})
            for name, value in ann.items():
                if value is None:
                    value = type(None)
                if isinstance(value, str):
                    value = ForwardRef(value, is_argument=False)
                value = _eval_type(value, base_globals, localns)
                hints[name] = value
        return hints

    if globalns is None:
        if isinstance(obj, types.ModuleType):
            globalns = obj.__dict__
        else:
            nsobj = obj
            # Find globalns for the unwrapped object.
            while hasattr(nsobj, '__wrapped__'):
                nsobj = nsobj.__wrapped__
            globalns = getattr(nsobj, '__globals__', {})
        if localns is None:
            localns = globalns
    elif localns is None:
        localns = globalns
    hints = getattr(obj, '__annotations__', None)
    if hints is None:
        # Return empty annotations for something that _could_ have them.
        if isinstance(obj, _allowed_types):
            return {}
        else:
            raise TypeError('{!r} is not a module, class, method, '
                            'or function.'.format(obj))
    defaults = _get_defaults(obj)
    hints = dict(hints)
    for name, value in hints.items():
        if value is None:
            value = type(None)
        if isinstance(value, str):
            value = ForwardRef(value)
        value = _eval_type(value, globalns, localns)
        if name in defaults and defaults[name] is None:
            value = Optional[value]
        hints[name] = value
    return hints



def no_type_check(arg):
    """Decorator to indicate that annotations are not type hints.

    The argument must be a class or function; if it is a class, it
    applies recursively to all methods and classes defined in that class
    (but not to methods defined in its superclasses or subclasses).

    This mutates the function(s) or class(es) in place.
    """
    if isinstance(arg, type):
        arg_attrs = arg.__dict__.copy()
        for attr, val in arg.__dict__.items():
            if val in arg.__bases__ + (arg,):
                arg_attrs.pop(attr)
        for obj in arg_attrs.values():
            if isinstance(obj, types.FunctionType):
                obj.__no_type_check__ = True
            if isinstance(obj, type):
                no_type_check(obj)
    try:
        arg.__no_type_check__ = True
    except TypeError:  # built-in classes
        pass
    return arg


def no_type_check_decorator(decorator):
    """Decorator to give another decorator the @no_type_check effect.

    This wraps the decorator with something that wraps the decorated
    function in @no_type_check.
    """

    @functools.wraps(decorator)
    def wrapped_decorator(*args, **kwds):
        func = decorator(*args, **kwds)
        func = no_type_check(func)
        return func

    return wrapped_decorator


def _overload_dummy(*args, **kwds):
    """Helper for @overload to raise when called."""
    raise NotImplementedError(
        "You should not call an overloaded function. "
        "A series of @overload-decorated functions "
        "outside a stub module should always be followed "
        "by an implementation that is not @overload-ed.")


def overload(func):
    """Decorator for overloaded functions/methods.

    In a stub file, place two or more stub definitions for the same
    function in a row, each decorated with @overload.  For example:

      @overload
      def utf8(value: None) -> None: ...
      @overload
      def utf8(value: bytes) -> bytes: ...
      @overload
      def utf8(value: str) -> bytes: ...

    In a non-stub file (i.e. a regular .py file), do the same but
    follow it with an implementation.  The implementation should *not*
    be decorated with @overload.  For example:

      @overload
      def utf8(value: None) -> None: ...
      @overload
      def utf8(value: bytes) -> bytes: ...
      @overload
      def utf8(value: str) -> bytes: ...
      def utf8(value):
          # implementation goes here
    """
    return _overload_dummy


class _ProtocolMeta(type):
    """Internal metaclass for _Protocol.

    This exists so _Protocol classes can be generic without deriving
    from Generic.
    """

    def __instancecheck__(self, obj):
        if _Protocol not in self.__bases__:
            return super().__instancecheck__(obj)
        raise TypeError("Protocols cannot be used with isinstance().")

    def __subclasscheck__(self, cls):
        if not self._is_protocol:
            # No structural checks since this isn't a protocol.
            return NotImplemented

        if self is _Protocol:
            # Every class is a subclass of the empty protocol.
            return True

        # Find all attributes defined in the protocol.
        attrs = self._get_protocol_attrs()

        for attr in attrs:
            if not any(attr in d.__dict__ for d in cls.__mro__):
                return False
        return True

    def _get_protocol_attrs(self):
        # Get all Protocol base classes.
        protocol_bases = []
        for c in self.__mro__:
            if getattr(c, '_is_protocol', False) and c.__name__ != '_Protocol':
                protocol_bases.append(c)

        # Get attributes included in protocol.
        attrs = set()
        for base in protocol_bases:
            for attr in base.__dict__.keys():
                # Include attributes not defined in any non-protocol bases.
                for c in self.__mro__:
                    if (c is not base and attr in c.__dict__ and
                            not getattr(c, '_is_protocol', False)):
                        break
                else:
                    if (not attr.startswith('_abc_') and
                            attr != '__abstractmethods__' and
                            attr != '__annotations__' and
                            attr != '__weakref__' and
                            attr != '_is_protocol' and
                            attr != '_gorg' and
                            attr != '__dict__' and
                            attr != '__args__' and
                            attr != '__slots__' and
                            attr != '_get_protocol_attrs' and
                            attr != '__next_in_mro__' and
                            attr != '__parameters__' and
                            attr != '__origin__' and
                            attr != '__orig_bases__' and
                            attr != '__extra__' and
                            attr != '__tree_hash__' and
                            attr != '__module__'):
                        attrs.add(attr)

        return attrs


class _Protocol(Generic, metaclass=_ProtocolMeta):
    """Internal base class for protocol classes.

    This implements a simple-minded structural issubclass check
    (similar but more general than the one-offs in collections.abc
    such as Hashable).
    """

    __slots__ = ()

    _is_protocol = True

    def __class_getitem__(cls, params):
        return super().__class_getitem__(params)


# Some unconstrained type variables.  These are used by the container types.
# (These are not for export.)
T = TypeVar('T')  # Any type.
KT = TypeVar('KT')  # Key type.
VT = TypeVar('VT')  # Value type.
T_co = TypeVar('T_co', covariant=True)  # Any type covariant containers.
V_co = TypeVar('V_co', covariant=True)  # Any type covariant containers.
VT_co = TypeVar('VT_co', covariant=True)  # Value type covariant containers.
T_contra = TypeVar('T_contra', contravariant=True)  # Ditto contravariant.
# Internal type variable used for Type[].
CT_co = TypeVar('CT_co', covariant=True, bound=type)

# A useful type variable with constraints.  This represents string types.
# (This one *is* for export!)
AnyStr = TypeVar('AnyStr', bytes, str)


# Various ABCs mimicking those in collections.abc.
def _alias(origin, params, inst=True):
    return _GenericAlias(origin, params, special=True, inst=inst)

Hashable = _alias(collections.abc.Hashable, ())  # Not generic.
Awaitable = _alias(collections.abc.Awaitable, T_co)
Coroutine = _alias(collections.abc.Coroutine, (T_co, T_contra, V_co))
AsyncIterable = _alias(collections.abc.AsyncIterable, T_co)
AsyncIterator = _alias(collections.abc.AsyncIterator, T_co)
Iterable = _alias(collections.abc.Iterable, T_co)
Iterator = _alias(collections.abc.Iterator, T_co)
Reversible = _alias(collections.abc.Reversible, T_co)
Sized = _alias(collections.abc.Sized, ())  # Not generic.
Container = _alias(collections.abc.Container, T_co)
Collection = _alias(collections.abc.Collection, T_co)
Callable = _VariadicGenericAlias(collections.abc.Callable, (), special=True)
Callable.__doc__ = \
    """Callable type; Callable[[int], str] is a function of (int) -> str.

    The subscription syntax must always be used with exactly two
    values: the argument list and the return type.  The argument list
    must be a list of types or ellipsis; the return type must be a single type.

    There is no syntax to indicate optional or keyword arguments,
    such function types are rarely used as callback types.
    """
AbstractSet = _alias(collections.abc.Set, T_co)
MutableSet = _alias(collections.abc.MutableSet, T)
# NOTE: Mapping is only covariant in the value type.
Mapping = _alias(collections.abc.Mapping, (KT, VT_co))
MutableMapping = _alias(collections.abc.MutableMapping, (KT, VT))
Sequence = _alias(collections.abc.Sequence, T_co)
MutableSequence = _alias(collections.abc.MutableSequence, T)
ByteString = _alias(collections.abc.ByteString, ())  # Not generic
Tuple = _VariadicGenericAlias(tuple, (), inst=False, special=True)
Tuple.__doc__ = \
    """Tuple type; Tuple[X, Y] is the cross-product type of X and Y.

    Example: Tuple[T1, T2] is a tuple of two elements corresponding
    to type variables T1 and T2.  Tuple[int, float, str] is a tuple
    of an int, a float and a string.

    To specify a variable-length tuple of homogeneous type, use Tuple[T, ...].
    """
List = _alias(list, T, inst=False)
Deque = _alias(collections.deque, T)
Set = _alias(set, T, inst=False)
FrozenSet = _alias(frozenset, T_co, inst=False)
MappingView = _alias(collections.abc.MappingView, T_co)
KeysView = _alias(collections.abc.KeysView, KT)
ItemsView = _alias(collections.abc.ItemsView, (KT, VT_co))
ValuesView = _alias(collections.abc.ValuesView, VT_co)
ContextManager = _alias(contextlib.AbstractContextManager, T_co)
AsyncContextManager = _alias(contextlib.AbstractAsyncContextManager, T_co)
Dict = _alias(dict, (KT, VT), inst=False)
DefaultDict = _alias(collections.defaultdict, (KT, VT))
OrderedDict = _alias(collections.OrderedDict, (KT, VT))
Counter = _alias(collections.Counter, T)
ChainMap = _alias(collections.ChainMap, (KT, VT))
Generator = _alias(collections.abc.Generator, (T_co, T_contra, V_co))
AsyncGenerator = _alias(collections.abc.AsyncGenerator, (T_co, T_contra))
Type = _alias(type, CT_co, inst=False)
Type.__doc__ = \
    """A special construct usable to annotate class objects.

    For example, suppose we have the following classes::

      class User: ...  # Abstract base for User classes
      class BasicUser(User): ...
      class ProUser(User): ...
      class TeamUser(User): ...

    And a function that takes a class argument that's a subclass of
    User and returns an instance of the corresponding class::

      U = TypeVar('U', bound=User)
      def new_user(user_class: Type[U]) -> U:
          user = user_class()
          # (Here we could write the user object to a database)
          return user

      joe = new_user(BasicUser)

    At this point the type checker knows that joe has type BasicUser.
    """


class SupportsInt(_Protocol):
    """An ABC with one abstract method __int__."""
    __slots__ = ()

    @abstractmethod
    def __int__(self) -> int:
        pass


class SupportsFloat(_Protocol):
    """An ABC with one abstract method __float__."""
    __slots__ = ()

    @abstractmethod
    def __float__(self) -> float:
        pass


class SupportsComplex(_Protocol):
    """An ABC with one abstract method __complex__."""
    __slots__ = ()

    @abstractmethod
    def __complex__(self) -> complex:
        pass


class SupportsBytes(_Protocol):
    """An ABC with one abstract method __bytes__."""
    __slots__ = ()

    @abstractmethod
    def __bytes__(self) -> bytes:
        pass


class SupportsAbs(_Protocol[T_co]):
    """An ABC with one abstract method __abs__ that is covariant in its return type."""
    __slots__ = ()

    @abstractmethod
    def __abs__(self) -> T_co:
        pass


class SupportsRound(_Protocol[T_co]):
    """An ABC with one abstract method __round__ that is covariant in its return type."""
    __slots__ = ()

    @abstractmethod
    def __round__(self, ndigits: int = 0) -> T_co:
        pass


def _make_nmtuple(name, types):
    msg = "NamedTuple('Name', [(f0, t0), (f1, t1), ...]); each t must be a type"
    types = [(n, _type_check(t, msg)) for n, t in types]
    nm_tpl = collections.namedtuple(name, [n for n, t in types])
    # Prior to PEP 526, only _field_types attribute was assigned.
    # Now, both __annotations__ and _field_types are used to maintain compatibility.
    nm_tpl.__annotations__ = nm_tpl._field_types = collections.OrderedDict(types)
    try:
        nm_tpl.__module__ = sys._getframe(2).f_globals.get('__name__', '__main__')
    except (AttributeError, ValueError):
        pass
    return nm_tpl


# attributes prohibited to set in NamedTuple class syntax
_prohibited = ('__new__', '__init__', '__slots__', '__getnewargs__',
               '_fields', '_field_defaults', '_field_types',
               '_make', '_replace', '_asdict', '_source')

_special = ('__module__', '__name__', '__annotations__')


class NamedTupleMeta(type):

    def __new__(cls, typename, bases, ns):
        if ns.get('_root', False):
            return super().__new__(cls, typename, bases, ns)
        types = ns.get('__annotations__', {})
        nm_tpl = _make_nmtuple(typename, types.items())
        defaults = []
        defaults_dict = {}
        for field_name in types:
            if field_name in ns:
                default_value = ns[field_name]
                defaults.append(default_value)
                defaults_dict[field_name] = default_value
            elif defaults:
                raise TypeError("Non-default namedtuple field {field_name} cannot "
                                "follow default field(s) {default_names}"
                                .format(field_name=field_name,
                                        default_names=', '.join(defaults_dict.keys())))
        nm_tpl.__new__.__annotations__ = collections.OrderedDict(types)
        nm_tpl.__new__.__defaults__ = tuple(defaults)
        nm_tpl._field_defaults = defaults_dict
        # update from user namespace without overriding special namedtuple attributes
        for key in ns:
            if key in _prohibited:
                raise AttributeError("Cannot overwrite NamedTuple attribute " + key)
            elif key not in _special and key not in nm_tpl._fields:
                setattr(nm_tpl, key, ns[key])
        return nm_tpl


class NamedTuple(metaclass=NamedTupleMeta):
    """Typed version of namedtuple.

    Usage in Python versions >= 3.6::

        class Employee(NamedTuple):
            name: str
            id: int

    This is equivalent to::

        Employee = collections.namedtuple('Employee', ['name', 'id'])

    The resulting class has extra __annotations__ and _field_types
    attributes, giving an ordered dict mapping field names to types.
    __annotations__ should be preferred, while _field_types
    is kept to maintain pre PEP 526 compatibility. (The field names
    are in the _fields attribute, which is part of the namedtuple
    API.) Alternative equivalent keyword syntax is also accepted::

        Employee = NamedTuple('Employee', name=str, id=int)

    In Python versions <= 3.5 use::

        Employee = NamedTuple('Employee', [('name', str), ('id', int)])
    """
    _root = True

    def __new__(*args, **kwargs):
        if not args:
            raise TypeError('NamedTuple.__new__(): not enough arguments')
        cls, *args = args  # allow the "cls" keyword be passed
        if args:
            typename, *args = args # allow the "typename" keyword be passed
        elif 'typename' in kwargs:
            typename = kwargs.pop('typename')
        else:
            raise TypeError("NamedTuple.__new__() missing 1 required positional "
                            "argument: 'typename'")
        if args:
            try:
                fields, = args # allow the "fields" keyword be passed
            except ValueError:
                raise TypeError(f'NamedTuple.__new__() takes from 2 to 3 '
                                f'positional arguments but {len(args) + 2} '
                                f'were given') from None
        elif 'fields' in kwargs and len(kwargs) == 1:
            fields = kwargs.pop('fields')
        else:
            fields = None

        if fields is None:
            fields = kwargs.items()
        elif kwargs:
            raise TypeError("Either list of fields or keywords"
                            " can be provided to NamedTuple, not both")
        return _make_nmtuple(typename, fields)
    __new__.__text_signature__ = '($cls, typename, fields=None, /, **kwargs)'


def NewType(name, tp):
    """NewType creates simple unique types with almost zero
    runtime overhead. NewType(name, tp) is considered a subtype of tp
    by static type checkers. At runtime, NewType(name, tp) returns
    a dummy function that simply returns its argument. Usage::

        UserId = NewType('UserId', int)

        def name_by_id(user_id: UserId) -> str:
            ...

        UserId('user')          # Fails type check

        name_by_id(42)          # Fails type check
        name_by_id(UserId(42))  # OK

        num = UserId(5) + 1     # type: int
    """

    def new_type(x):
        return x

    new_type.__name__ = name
    new_type.__supertype__ = tp
    return new_type


# Python-version-specific alias (Python 2: unicode; Python 3: str)
Text = str


# Constant that's True when type checking, but False here.
TYPE_CHECKING = False


class IO(Generic[AnyStr]):
    """Generic base class for TextIO and BinaryIO.

    This is an abstract, generic version of the return of open().

    NOTE: This does not distinguish between the different possible
    classes (text vs. binary, read vs. write vs. read/write,
    append-only, unbuffered).  The TextIO and BinaryIO subclasses
    below capture the distinctions between text vs. binary, which is
    pervasive in the interface; however we currently do not offer a
    way to track the other distinctions in the type system.
    """

    __slots__ = ()

    @abstractproperty
    def mode(self) -> str:
        pass

    @abstractproperty
    def name(self) -> str:
        pass

    @abstractmethod
    def close(self) -> None:
        pass

    @abstractproperty
    def closed(self) -> bool:
        pass

    @abstractmethod
    def fileno(self) -> int:
        pass

    @abstractmethod
    def flush(self) -> None:
        pass

    @abstractmethod
    def isatty(self) -> bool:
        pass

    @abstractmethod
    def read(self, n: int = -1) -> AnyStr:
        pass

    @abstractmethod
    def readable(self) -> bool:
        pass

    @abstractmethod
    def readline(self, limit: int = -1) -> AnyStr:
        pass

    @abstractmethod
    def readlines(self, hint: int = -1) -> List[AnyStr]:
        pass

    @abstractmethod
    def seek(self, offset: int, whence: int = 0) -> int:
        pass

    @abstractmethod
    def seekable(self) -> bool:
        pass

    @abstractmethod
    def tell(self) -> int:
        pass

    @abstractmethod
    def truncate(self, size: int = None) -> int:
        pass

    @abstractmethod
    def writable(self) -> bool:
        pass

    @abstractmethod
    def write(self, s: AnyStr) -> int:
        pass

    @abstractmethod
    def writelines(self, lines: List[AnyStr]) -> None:
        pass

    @abstractmethod
    def __enter__(self) -> 'IO[AnyStr]':
        pass

    @abstractmethod
    def __exit__(self, type, value, traceback) -> None:
        pass


class BinaryIO(IO[bytes]):
    """Typed version of the return of open() in binary mode."""

    __slots__ = ()

    @abstractmethod
    def write(self, s: Union[bytes, bytearray]) -> int:
        pass

    @abstractmethod
    def __enter__(self) -> 'BinaryIO':
        pass


class TextIO(IO[str]):
    """Typed version of the return of open() in text mode."""

    __slots__ = ()

    @abstractproperty
    def buffer(self) -> BinaryIO:
        pass

    @abstractproperty
    def encoding(self) -> str:
        pass

    @abstractproperty
    def errors(self) -> Optional[str]:
        pass

    @abstractproperty
    def line_buffering(self) -> bool:
        pass

    @abstractproperty
    def newlines(self) -> Any:
        pass

    @abstractmethod
    def __enter__(self) -> 'TextIO':
        pass


class io:
    """Wrapper namespace for IO generic classes."""

    __all__ = ['IO', 'TextIO', 'BinaryIO']
    IO = IO
    TextIO = TextIO
    BinaryIO = BinaryIO


io.__name__ = __name__ + '.io'
sys.modules[io.__name__] = io

Pattern = _alias(stdlib_re.Pattern, AnyStr)
Match = _alias(stdlib_re.Match, AnyStr)

class re:
    """Wrapper namespace for re type aliases."""

    __all__ = ['Pattern', 'Match']
    Pattern = Pattern
    Match = Match


re.__name__ = __name__ + '.re'
sys.modules[re.__name__] = re
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  Source code for funsor.adjoint

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

from collections import defaultdict
from collections.abc import Hashable

from funsor.cnf import Contraction
from funsor.interpretations import Interpretation, reflect
from funsor.interpreter import stack_reinterpret
from funsor.ops import AssociativeOp
from funsor.registry import KeyedRegistry
from funsor.terms import (
    Approximate,
    Binary,
    Cat,
    Funsor,
    Reduce,
    Scatter,
    Slice,
    Subs,
    substitute,
    to_funsor,
)

from . import instrument, interpreter, ops


def _alpha_unmangle(expr):
    alpha_subs = {
        name: name.split("__BOUND")[0] for name in expr.bound if "__BOUND" in name
    }
    if not alpha_subs:
        return tuple(expr._ast_values)

    return expr._alpha_convert(alpha_subs)


[docs]class AdjointTape(Interpretation):
    def __init__(self):
        super().__init__("adjoint")
        self.tape = []
        self._old_interpretation = None
        self._eager_to_lazy = {}

[docs]    def interpret(self, cls, *args):
        if cls in adjoint_ops:  # atomic op, don't trace internals
            with self._old_interpretation:
                result = cls(*args)
            self.tape.append((result, cls, args))
        else:
            result = self._old_interpretation.interpret(cls, *args)
        lazy_args = [
            self._eager_to_lazy.get(
                id(arg)
                if ops.is_numeric_array(arg) or not isinstance(arg, Hashable)
                else arg,
                arg,
            )
            for arg in args
        ]
        with self._old_interpretation:
            self._eager_to_lazy[result] = reflect.interpret(cls, *lazy_args)
        return result


    def __enter__(self):
        self.tape = []
        self._old_interpretation = interpreter.get_interpretation()
        return super().__enter__()

[docs]    def adjoint(self, sum_op, bin_op, root, targets=None, *, batch_vars=set()):
        zero = to_funsor(ops.UNITS[sum_op])
        one = to_funsor(ops.UNITS[bin_op])
        adjoint_values = defaultdict(lambda: zero)
        adjoint_values[root] = one

        reached_root = False
        while self.tape:
            output, fn, inputs = self.tape.pop()
            if not reached_root:
                if output is root:
                    reached_root = True
                else:
                    continue

            # reverse the effects of alpha-renaming
            with reflect:

                lazy_output = self._eager_to_lazy[output]
                lazy_fn = type(lazy_output)
                lazy_inputs = lazy_output._ast_values
                # TODO abstract this into a helper function
                # FIXME make lazy_output linear instead of quadratic in the size of the tape
                lazy_other_subs = tuple(
                    (name, to_funsor(name.split("__BOUND")[0], domain))
                    for name, domain in lazy_output.inputs.items()
                    if "__BOUND" in name
                )
                lazy_inputs = _alpha_unmangle(
                    substitute(lazy_fn(*lazy_inputs), lazy_other_subs)
                )
                lazy_output = type(lazy_output)(
                    *_alpha_unmangle(substitute(lazy_output, lazy_other_subs))
                )

                other_subs = tuple(
                    (name, to_funsor(name.split("__BOUND")[0], domain))
                    for name, domain in output.inputs.items()
                    if "__BOUND" in name
                )
                inputs = _alpha_unmangle(substitute(fn(*inputs), other_subs))
                output = type(output)(*_alpha_unmangle(substitute(output, other_subs)))

                self._eager_to_lazy[output] = lazy_output

            in_adjs = adjoint_ops(fn, sum_op, bin_op, adjoint_values[output], *inputs)
            for v, adjv in in_adjs:
                # Marginalize out message variables that don't appear in recipients.
                agg_vars = adjv.input_vars - v.input_vars - root.input_vars - batch_vars
                assert "particle" not in {var.name for var in agg_vars}  # DEBUG FIXME
                old_value = adjoint_values[v]
                adjoint_values[v] = sum_op(old_value, adjv.reduce(sum_op, agg_vars))

        result = defaultdict(lambda: zero)
        for key, value in adjoint_values.items():
            lazy_key = self._eager_to_lazy.get(key, key)
            result[lazy_key] = value

        if targets is None:
            return result
        return {target: result[target] for target in targets}




[docs]def forward_backward(sum_op, bin_op, expr, *, batch_vars=frozenset()):
    with AdjointTape() as tape:
        # TODO fix traversal order in AdjointTape instead of using stack_reinterpret
        forward = stack_reinterpret(expr)
    backward = tape.adjoint(sum_op, bin_op, forward, batch_vars=batch_vars)
    return forward, backward



[docs]def adjoint(sum_op, bin_op, expr):
    forward, backward = forward_backward(sum_op, bin_op, expr)
    return backward



# logaddexp/add
def _fail_default(*args):
    raise NotImplementedError("Should not be here! {}".format(args))


adjoint_ops = KeyedRegistry(default=_fail_default)
if instrument.DEBUG:
    adjoint_ops_register = adjoint_ops.register
    adjoint_ops.register = lambda *args: lambda fn: adjoint_ops_register(*args)(
        instrument.debug_logged(fn)
    )


[docs]@adjoint_ops.register(
    Binary, AssociativeOp, AssociativeOp, Funsor, AssociativeOp, Funsor, Funsor
)
def adjoint_binary(adj_sum_op, adj_prod_op, out_adj, op, lhs, rhs):
    if op is adj_prod_op:
        lhs_adj = adj_prod_op(out_adj, rhs)
        rhs_adj = adj_prod_op(out_adj, lhs)
        return ((lhs, lhs_adj), (rhs, rhs_adj))
    elif op is adj_sum_op:
        return ((lhs, out_adj), (rhs, out_adj))
    raise ValueError("should not be here!")



[docs]@adjoint_ops.register(
    Reduce, AssociativeOp, AssociativeOp, Funsor, AssociativeOp, Funsor, frozenset
)
def adjoint_reduce(adj_sum_op, adj_prod_op, out_adj, op, arg, reduced_vars):
    if op is adj_sum_op:
        out_adj = Approximate(
            adj_sum_op, out_adj, adj_prod_op(out_adj, arg), reduced_vars
        )
        return ((arg, out_adj),)
    elif op is adj_prod_op:  # plate!
        out = arg.reduce(adj_prod_op, reduced_vars)
        div_op = ops.SAFE_BINARY_INVERSES[adj_prod_op]
        return ((arg, div_op(adj_prod_op(out_adj, out), arg)),)
    raise ValueError("should not be here!")



[docs]@adjoint_ops.register(
    Contraction,
    AssociativeOp,
    AssociativeOp,
    Funsor,
    AssociativeOp,
    AssociativeOp,
    frozenset,
    Funsor,
)
def adjoint_contract_unary(
    adj_sum_op, adj_prod_op, out_adj, sum_op, prod_op, reduced_vars, arg
):
    return adjoint_reduce(adj_sum_op, adj_prod_op, out_adj, sum_op, arg, reduced_vars)



[docs]@adjoint_ops.register(
    Contraction,
    AssociativeOp,
    AssociativeOp,
    Funsor,
    AssociativeOp,
    AssociativeOp,
    frozenset,
    tuple,
)
def adjoint_contract_generic(
    adj_sum_op, adj_prod_op, out_adj, sum_op, prod_op, reduced_vars, terms
):
    assert len(terms) == 1 or len(terms) == 2
    return adjoint_ops(
        Contraction,
        adj_sum_op,
        adj_prod_op,
        out_adj,
        sum_op,
        prod_op,
        reduced_vars,
        *terms
    )



[docs]@adjoint_ops.register(
    Contraction,
    AssociativeOp,
    AssociativeOp,
    Funsor,
    AssociativeOp,
    AssociativeOp,
    frozenset,
    Funsor,
    Funsor,
)
def adjoint_contract(
    adj_sum_op, adj_prod_op, out_adj, sum_op, prod_op, reduced_vars, lhs, rhs
):
    if prod_op is adj_prod_op and sum_op in (ops.null, adj_sum_op):

        # the only change is here:
        out_adj = Approximate(
            adj_sum_op,
            out_adj,
            adj_prod_op(out_adj, adj_prod_op(lhs, rhs)),
            reduced_vars,
        )

        lhs_adj = adj_prod_op(out_adj, rhs)
        rhs_adj = adj_prod_op(lhs, out_adj)
        return ((lhs, lhs_adj), (rhs, rhs_adj))

    elif prod_op is adj_sum_op:
        if reduced_vars:
            raise NotImplementedError("TODO implement sum Contraction")
        return ((lhs, out_adj), (rhs, out_adj))

    raise ValueError("should not be here!")



[docs]@adjoint_ops.register(Cat, AssociativeOp, AssociativeOp, Funsor, str, tuple, str)
def adjoint_cat(adj_sum_op, adj_prod_op, out_adj, name, parts, part_name):
    if part_name not in out_adj.inputs:
        return tuple((part, out_adj) for part in parts)
    in_adjs = []
    start = 0
    size = sum(part.inputs[part_name].dtype for part in parts)
    for i, part in enumerate(parts):
        part_slice = Slice(name, start, start + part.inputs[part_name].dtype, 1, size)
        part_adj = out_adj(**{name: part_slice})
        in_adjs.append((part, part_adj))
        start += part.inputs[part_name].dtype
    return tuple(in_adjs)



[docs]@adjoint_ops.register(Subs, AssociativeOp, AssociativeOp, Funsor, Funsor, tuple)
def adjoint_subs(adj_sum_op, adj_prod_op, out_adj, arg, subs):

    # detect fresh variable collisions that should be relabeled and reduced
    relabel = {k: interpreter.gensym(k) for k, v in subs}
    relabeled_subs = tuple((relabel[k], v) for k, v in subs)
    relabeled_arg = arg(**relabel)

    reduced_vars = out_adj.input_vars - relabeled_arg.input_vars
    for k, v in subs:
        reduced_vars |= v.input_vars - relabeled_arg.input_vars

    relabeled_arg_adj = Scatter(adj_sum_op, relabeled_subs, out_adj, reduced_vars)
    arg_adj = relabeled_arg_adj(**{v: k for k, v in relabel.items()})
    return ((arg, arg_adj),)



[docs]@adjoint_ops.register(
    Scatter,
    AssociativeOp,
    AssociativeOp,
    Funsor,
    AssociativeOp,
    tuple,
    Funsor,
    frozenset,
)
def adjoint_scatter(adj_sum_op, adj_prod_op, out_adj, op, subs, source, reduced_vars):
    return ((source, out_adj(**dict(subs)).reduce(adj_sum_op, reduced_vars)),)
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  Source code for funsor.affine

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

from collections import OrderedDict
from functools import reduce, singledispatch

import opt_einsum

from funsor.domains import Bint
from funsor.interpreter import gensym
from funsor.tensor import Tensor, get_default_prototype
from funsor.terms import Binary, Finitary, Funsor, Lambda, Reduce, Unary, Variable

from . import ops


[docs]def is_affine(fn):
    """
    A sound but incomplete test to determine whether a funsor is affine with
    respect to all of its real inputs.

    :param Funsor fn: A funsor.
    :rtype: bool
    """
    return affine_inputs(fn) == _real_inputs(fn)



def _real_inputs(fn):
    return frozenset(k for k, d in fn.inputs.items() if d.dtype == "real")


[docs]def affine_inputs(fn):
    """
    Returns a [sound sub]set of real inputs of ``fn``
    wrt which ``fn`` is known to be affine.

    :param Funsor fn: A funsor.
    :return: A set of input names wrt which ``fn`` is affine.
    :rtype: frozenset
    """
    result = getattr(fn, "_affine_inputs", None)
    if result is None:
        result = fn._affine_inputs = _affine_inputs(fn)
    return result



@singledispatch
def _affine_inputs(fn):
    assert isinstance(fn, Funsor)
    return frozenset()


# Make registration public.
affine_inputs.register = _affine_inputs.register


@affine_inputs.register(Variable)
def _(fn):
    return _real_inputs(fn)


@affine_inputs.register(Unary)
def _(fn):
    if fn.op in (ops.neg, ops.sum) or isinstance(
        fn.op, (ops.ReshapeOp, ops.GetsliceOp)
    ):
        return affine_inputs(fn.arg)
    return frozenset()


@affine_inputs.register(Binary)
def _(fn):
    if fn.op in (ops.add, ops.sub):
        return affine_inputs(fn.lhs) | affine_inputs(fn.rhs)
    if fn.op is ops.truediv:
        return affine_inputs(fn.lhs) - _real_inputs(fn.rhs)
    if isinstance(fn.op, ops.GetitemOp):
        return affine_inputs(fn.lhs)
    if fn.op in (ops.mul, ops.matmul):
        lhs_affine = affine_inputs(fn.lhs) - _real_inputs(fn.rhs)
        rhs_affine = affine_inputs(fn.rhs) - _real_inputs(fn.lhs)
        if not lhs_affine:
            return rhs_affine
        if not rhs_affine:
            return lhs_affine
        # This multilinear case introduces incompleteness, since some vars
        # could later be reduced, making remaining vars affine.
        return frozenset()
    return frozenset()


@affine_inputs.register(Reduce)
def _(fn):
    return affine_inputs(fn.arg) - fn.reduced_vars


@affine_inputs.register(Finitary[ops.EinsumOp, tuple])
def _(fn):
    # This is simply a multiary version of the above Binary(ops.mul, ...) case.
    results = []
    for i, x in enumerate(fn.args):
        others = fn.args[:i] + fn.args[i + 1 :]
        other_inputs = reduce(ops.or_, map(_real_inputs, others), frozenset())
        results.append(affine_inputs(x) - other_inputs)
    # This multilinear case introduces incompleteness, since some vars
    # could later be reduced, making remaining vars affine.
    if sum(map(bool, results)) == 1:
        for result in results:
            if result:
                return result
    return frozenset()


[docs]def extract_affine(fn):
    """
    Extracts an affine representation of a funsor, satisfying::

        x = ...
        const, coeffs = extract_affine(x)
        y = sum(Einsum(eqn, coeff, Variable(var, coeff.output))
                for var, (coeff, eqn) in coeffs.items())
        assert_close(y, x)
        assert frozenset(coeffs) == affine_inputs(x)

    The ``coeffs`` will have one key per input wrt which ``fn`` is known to be
    affine (via :func:`affine_inputs` ), and ``const`` and ``coeffs.values``
    will all be constant wrt these inputs.

    The affine approximation is computed by ev evaluating ``fn`` at
    zero and each basis vector. To improve performance, users may want to run
    under the :func:`~funsor.interpretations.Memoize` interpretation.

    :param Funsor fn: A funsor that is affine wrt the (add,mul) semiring in
        some subset of its inputs.
    :return: A pair ``(const, coeffs)`` where const is a funsor with no real
        inputs and ``coeffs`` is an OrderedDict mapping input name to a
        ``(coefficient, eqn)`` pair in einsum form.
    :rtype: tuple
    """
    # NB: this depends on the global default backend.
    prototype = get_default_prototype()
    # Determine constant part by evaluating fn at zero.
    inputs = affine_inputs(fn)
    inputs = OrderedDict((k, v) for k, v in fn.inputs.items() if k in inputs)
    zeros = {k: Tensor(ops.new_zeros(prototype, v.shape)) for k, v in inputs.items()}
    const = fn(**zeros)

    # Determine linear coefficients by evaluating fn on basis vectors.
    name = gensym("probe")
    coeffs = OrderedDict()
    for k, v in inputs.items():
        dim = v.num_elements
        var = Variable(name, Bint[dim])
        subs = zeros.copy()
        subs[k] = Tensor(ops.new_eye(prototype, (dim,)).reshape((dim,) + v.shape))[var]
        coeff = Lambda(var, fn(**subs) - const).reshape(v.shape + const.shape)
        inputs1 = "".join(map(opt_einsum.get_symbol, range(len(coeff.shape))))
        inputs2 = inputs1[: len(v.shape)]
        output = inputs1[len(v.shape) :]
        eqn = "{},{}->{}".format(inputs1, inputs2, output)
        coeffs[k] = coeff, eqn
    return const, coeffs



__all__ = [
    "affine_inputs",
    "extract_affine",
    "is_affine",
]
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  Source code for funsor.approximations

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

from collections import OrderedDict
from functools import reduce, singledispatch

from funsor.cnf import Contraction, GaussianMixture
from funsor.delta import Delta
from funsor.gaussian import Gaussian, _compute_offsets
from funsor.instrument import debug_logged
from funsor.integrate import Integrate
from funsor.interpretations import DispatchedInterpretation
from funsor.tensor import Tensor, align_tensor
from funsor.terms import Approximate, Funsor
from funsor.typing import deep_isinstance

from . import ops

argmax_approximate = DispatchedInterpretation("argmax_approximate")
"""
Point-approximate at the argmax of the provided guide.
"""


@argmax_approximate.register(Approximate, ops.MaxOp, Funsor, Funsor, frozenset)
@argmax_approximate.register(Approximate, ops.LogaddexpOp, Funsor, Funsor, frozenset)
def argmax_approximate_logaddexp(op, model, guide, approx_vars):
    result = model
    argmax = compute_argmax(guide, approx_vars)
    for name, point in argmax.items():
        result += Delta(name, point)
    return result


mean_approximate = DispatchedInterpretation("mean_approximate")
"""
Point-approximate at the mean of the provided guide.
"""


@mean_approximate.register(Approximate, ops.LogaddexpOp, Funsor, Funsor, frozenset)
def mean_approximate_logaddexp(op, model, guide, approx_vars):
    results = [model]
    for var in approx_vars:
        var_mean = Integrate(guide, var, var)
        results.append(Delta(var.name, var_mean))
    return reduce(ops.add, results)


laplace_approximate = DispatchedInterpretation("laplace_approximate")
"""
Gaussian approximate using the value and Hessian of the model, evaluated at the
mode of the guide.
"""


@laplace_approximate.register(Approximate, ops.LogaddexpOp, Funsor, Funsor, frozenset)
def laplace_approximate_logaddexp(op, model, guide, approx_vars):
    point = compute_argmax(guide, approx_vars)
    hessian = compute_hessian(model, approx_vars)
    assert deep_isinstance(hessian, GaussianMixture)
    total = model(**point).reduce(ops.logaddexp, approx_vars)
    return total + hessian


################################################################################
# Computations.
# TODO Consider either making these Funsor methods or making .sample() and
# ._sample() singledispatch functions.


@singledispatch
def compute_hessian(model, approx_vars):
    # TODO adapt from moment_matching
    raise NotImplementedError


[docs]@singledispatch
def compute_argmax(model, approx_vars):
    """
    Computes argmax of a funsor.

    :param Funsor model: A function of the approximated vars.
    :param frozenset approx_vars: A frozenset of
        :class:`~funsor.terms.Variable` s to maximize.
    :returns: A dict mapping name (str) to point estimate (Funsor), for each
        variable name in ``approx_vars``.
    :rtype: str
    """
    if approx_vars.isdisjoint(model.input_vars):
        return {}  # nothing to do
    raise NotImplementedError



@compute_argmax.register(Tensor)
@debug_logged
def compute_argmax_tensor(model, approx_vars):
    approx_vars = approx_vars.intersection(model.input_vars)
    if not approx_vars:
        return {}

    # Partition inputs into batch_inputs + event_inputs.
    approx_names = frozenset(v.name for v in approx_vars)
    batch_inputs = OrderedDict()
    event_inputs = OrderedDict()
    for k, d in model.inputs.items():
        if k in approx_names:
            event_inputs[k] = d
        else:
            batch_inputs[k] = d
    inputs = batch_inputs.copy()
    inputs.update(event_inputs)
    data = align_tensor(inputs, model)

    # Flatten and compute single argmax.
    batch_shape = data.shape[: len(batch_inputs)]
    flat_data = data.reshape(batch_shape + (-1,))
    flat_point = ops.argmax(flat_data, -1)
    assert flat_point.shape == batch_shape

    # Unflatten into deltas
    result = {}
    mod_point = flat_point
    for name, domain in reversed(list(event_inputs.items())):
        size = domain.dtype
        result[name] = Tensor(mod_point % size, batch_inputs, size)
        mod_point = mod_point // size
    return result


@compute_argmax.register(Gaussian)
@debug_logged
def compute_argmax_gaussian(model, approx_vars):
    approx_vars = approx_vars.intersection(model.input_vars)
    if not approx_vars:
        return {}
    if any(v.dtype != "real" for v in approx_vars):
        raise ValueError(
            "Argmax of non-normalized Gaussian mixtures is intentionally "
            "not implemented. You probably want to normalize. To work around, "
            "add a zero Tensor/Array with given inputs."
        )

    # Partition inputs into int_inputs + real_inputs.
    int_inputs = OrderedDict()
    real_inputs = OrderedDict()
    for k, d in model.inputs.items():
        if d.dtype == "real":
            real_inputs[k] = d
        else:
            int_inputs[k] = d

    approx_names = frozenset(v.name for v in approx_vars)
    if approx_names == frozenset(real_inputs):
        mode = model._mean
        offsets, _ = _compute_offsets(real_inputs)
        result = {}
        for key, domain in real_inputs.items():
            data = mode[..., offsets[key] : offsets[key] + domain.num_elements]
            data = data.reshape(mode.shape[:-1] + domain.shape)
            result[key] = Tensor(data, int_inputs)
        return result

    raise NotImplementedError("TODO implement partial argmax of real variables")


@compute_argmax.register(GaussianMixture)
@debug_logged
def compute_argmax_gaussian_mixture(model, approx_vars):
    approx_vars = approx_vars.intersection(model.input_vars)
    if not approx_vars:
        return {}
    if any(model.reduced_vars):
        raise NotImplementedError
    discrete, gaussian = model.terms
    result = {}

    # Compute real argmax.
    real_vars = frozenset(v for v in gaussian.input_vars if v.dtype == "real")
    real_approx_vars = real_vars & approx_vars
    if real_approx_vars:
        result.update(compute_argmax(gaussian, real_approx_vars))

    # Compute int argmax.
    int_approx_vars = frozenset(
        v for v in model.input_vars & approx_vars if v.dtype != "real"
    )
    if int_approx_vars:
        discrete = discrete + gaussian.reduce(ops.logaddexp, real_vars)
        result.update(compute_argmax(discrete, int_approx_vars))

    return result


@compute_argmax.register(Contraction[ops.NullOp, ops.AddOp, frozenset, tuple])
def compute_argmax_contract(model, approx_vars):
    for t1 in model.terms:
        for t2 in model.terms:
            if t1 is t2:
                continue
            if not approx_vars.isdisjoint(t1.input_vars & t2.input_vars):
                raise ValueError("should never be here")

    result = {}
    for term in model.terms:
        result.update(compute_argmax(term, approx_vars & term.input_vars))
    return result


__all__ = [
    "argmax_approximate",
    "compute_argmax",
    "laplace_approximate",
    "mean_approximate",
]
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  Source code for funsor.cnf

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

import functools
import itertools
from collections import Counter, OrderedDict, defaultdict
from functools import reduce
from typing import Tuple, Union

import opt_einsum

import funsor
import funsor.ops as ops
from funsor.affine import affine_inputs
from funsor.delta import Delta
from funsor.domains import find_domain
from funsor.gaussian import Gaussian
from funsor.interpretations import eager, normalize, reflect
from funsor.interpreter import children
from funsor.ops import DISTRIBUTIVE_OPS, AssociativeOp, NullOp
from funsor.tensor import Tensor
from funsor.terms import (
    _INFIX,
    Align,
    Binary,
    Funsor,
    Number,
    Reduce,
    Subs,
    Unary,
    Variable,
    to_funsor,
)
from funsor.typing import Variadic
from funsor.util import broadcast_shape, get_backend, quote


[docs]class Contraction(Funsor):
    """
    Declarative representation of a finitary sum-product operation.

    After normalization via the :func:`~funsor.terms.normalize` interpretation
    contractions will canonically order their terms by type::

        Delta, Number, Tensor, Gaussian
    """

    def __init__(self, red_op, bin_op, reduced_vars, terms):
        terms = (terms,) if isinstance(terms, Funsor) else terms
        assert isinstance(red_op, AssociativeOp)
        assert isinstance(bin_op, AssociativeOp)
        assert all(isinstance(v, Funsor) for v in terms)
        assert isinstance(reduced_vars, frozenset)
        assert all(isinstance(v, Variable) for v in reduced_vars)
        assert isinstance(terms, tuple) and len(terms) > 0

        assert not (isinstance(red_op, NullOp) and isinstance(bin_op, NullOp))
        if isinstance(red_op, NullOp):
            assert not reduced_vars
        elif isinstance(bin_op, NullOp):
            assert len(terms) == 1
        else:
            assert reduced_vars and len(terms) > 1
            assert (red_op, bin_op) in DISTRIBUTIVE_OPS

        fresh = frozenset()
        bound = {v.name: v.output for v in reduced_vars}
        inputs = OrderedDict()
        for v in terms:
            inputs.update((k, d) for k, d in v.inputs.items() if k not in bound)

        if bin_op is ops.null:
            output = terms[0].output
        else:
            output = reduce(
                lambda lhs, rhs: find_domain(bin_op, lhs, rhs),
                [v.output for v in reversed(terms)],
            )
        super(Contraction, self).__init__(inputs, output, fresh, bound)
        self.red_op = red_op
        self.bin_op = bin_op
        self.terms = terms
        self.reduced_vars = reduced_vars

    def __repr__(self):
        if self.bin_op in _INFIX:
            bin_op = " " + _INFIX[self.bin_op] + " "
            return "{}.reduce({}, {})".format(
                bin_op.join(map(repr, self.terms)),
                self.red_op,
                str(set(self.reduced_vars)),
            )
        return super().__repr__()

    def __str__(self):
        if self.bin_op in _INFIX:
            bin_op = " " + _INFIX[self.bin_op] + " "
            return "({}).reduce({}, {})".format(
                bin_op.join(map(str, self.terms)),
                self.red_op,
                str(set(map(str, self.reduced_vars))),
            )
        return super().__str__()

    def _sample(self, sampled_vars, sample_inputs, rng_key):
        sampled_vars = sampled_vars.intersection(self.inputs)
        if not sampled_vars:
            return self
        for term in self.terms:
            if isinstance(term, Delta):
                sampled_vars -= term.fresh
        if not sampled_vars:
            return self

        if self.red_op in (ops.null, ops.logaddexp):
            if rng_key is not None and get_backend() == "jax":
                import jax

                rng_keys = jax.random.split(rng_key, len(self.terms))
            else:
                rng_keys = [None] * len(self.terms)

            if self.bin_op in (ops.null, ops.logaddexp):
                # Design choice: we sample over logaddexp reductions, but leave
                # logaddexp binary choices symbolic.
                terms = [
                    term._sample(
                        sampled_vars.intersection(term.inputs), sample_inputs, rng_key
                    )
                    for term, rng_key in zip(self.terms, rng_keys)
                ]
                return Contraction(self.red_op, self.bin_op, self.reduced_vars, *terms)

            if self.bin_op is ops.add:
                # Sample variables greedily in order of the terms in which they appear.
                for term in self.terms:
                    greedy_vars = sampled_vars.intersection(term.inputs)
                    if greedy_vars:
                        break
                assert greedy_vars
                greedy_terms, terms = [], []
                for term in self.terms:
                    if greedy_vars.isdisjoint(term.inputs):
                        terms.append(term)
                    elif isinstance(term, Delta) and greedy_vars.isdisjoint(term.fresh):
                        terms.append(term)
                    else:
                        greedy_terms.append(term)
                if len(greedy_terms) == 1:
                    term = greedy_terms[0]
                    terms.append(term._sample(greedy_vars, sample_inputs, rng_keys[0]))
                    result = Contraction(
                        self.red_op, self.bin_op, self.reduced_vars, *terms
                    )
                elif (
                    len(greedy_terms) == 2
                    and isinstance(greedy_terms[0], Tensor)
                    and isinstance(greedy_terms[1], Gaussian)
                ):
                    discrete, gaussian = greedy_terms
                    term = discrete + gaussian.log_normalizer
                    terms.append(gaussian)
                    terms.append(-gaussian.log_normalizer)
                    terms.append(term._sample(greedy_vars, sample_inputs, rng_keys[0]))
                    result = Contraction(
                        self.red_op, self.bin_op, self.reduced_vars, *terms
                    )
                elif any(
                    isinstance(term, funsor.distribution.Distribution)
                    and not greedy_vars.isdisjoint(term.value.inputs)
                    for term in greedy_terms
                ):
                    sampled_terms = [
                        term._sample(
                            greedy_vars.intersection(term.value.inputs),
                            sample_inputs,
                            rng_key,
                        )
                        for term, rng_key in zip(greedy_terms, rng_keys)
                        if isinstance(term, funsor.distribution.Distribution)
                        and not greedy_vars.isdisjoint(term.value.inputs)
                    ]
                    result = Contraction(
                        self.red_op,
                        self.bin_op,
                        self.reduced_vars,
                        *(terms + sampled_terms)
                    )
                else:
                    raise NotImplementedError(
                        "Unhandled case: {}".format(
                            ", ".join(str(type(t)) for t in greedy_terms)
                        )
                    )
                return result._sample(
                    sampled_vars - greedy_vars, sample_inputs, rng_keys[1]
                )

        raise TypeError(
            "Cannot sample through ops ({}, {})".format(self.red_op, self.bin_op)
        )

[docs]    def align(self, names):
        assert isinstance(names, tuple)
        assert all(name in self.inputs for name in names)
        new_terms = tuple(
            t.align(tuple(n for n in names if n in t.inputs)) for t in self.terms
        )
        result = Contraction(self.red_op, self.bin_op, self.reduced_vars, *new_terms)
        if not names == tuple(result.inputs):
            return Align(
                result, names
            )  # raise NotImplementedError("TODO align all terms")
        return result


    def _alpha_convert(self, alpha_subs):
        reduced_vars = frozenset(
            to_funsor(alpha_subs.get(var.name, var), var.output)
            for var in self.reduced_vars
        )
        alpha_subs = {k: to_funsor(v, self.bound[k]) for k, v in alpha_subs.items()}
        red_op, bin_op, _, terms = super()._alpha_convert(alpha_subs)
        return red_op, bin_op, reduced_vars, terms



GaussianMixture = Contraction[
    Union[ops.LogaddexpOp, NullOp],
    ops.AddOp,
    frozenset,
    Tuple[Union[Tensor, Number], Gaussian],
]


@quote.register(Contraction)
def _(arg, indent, out):
    line = "{}({}, {},".format(type(arg).__name__, repr(arg.red_op), repr(arg.bin_op))
    out.append((indent, line))
    quote.inplace(arg.reduced_vars, indent + 1, out)
    i, line = out[-1]
    out[-1] = i, line + ","
    quote.inplace(arg.terms, indent + 1, out)
    i, line = out[-1]
    out[-1] = i, line + ")"


@children.register(Contraction)
def children_contraction(x):
    return (x.red_op, x.bin_op, x.reduced_vars) + x.terms


[docs]@children.register(Contraction)
def children_contraction(x):
    return (x.red_op, x.bin_op, x.reduced_vars) + x.terms



[docs]@eager.register(Contraction, AssociativeOp, AssociativeOp, frozenset, Variadic[Funsor])
def eager_contraction_generic_to_tuple(red_op, bin_op, reduced_vars, *terms):
    return eager.interpret(Contraction, red_op, bin_op, reduced_vars, terms)



[docs]@eager.register(Contraction, AssociativeOp, AssociativeOp, frozenset, tuple)
def eager_contraction_generic_recursive(red_op, bin_op, reduced_vars, terms):
    # Count the number of terms in which each variable is reduced.
    counts = Counter()
    for term in terms:
        counts.update(reduced_vars & term.input_vars)

    # push down leaf reductions
    terms = list(terms)
    leaf_reduced = False
    reduced_once = frozenset(v for v, count in counts.items() if count == 1)
    if reduced_once:
        for i, term in enumerate(terms):
            unique_vars = reduced_once & term.input_vars
            if unique_vars:
                result = term.reduce(red_op, unique_vars)
                if result is not normalize.interpret(
                    Contraction, red_op, ops.null, unique_vars, (term,)
                ):
                    terms[i] = result
                    reduced_vars -= unique_vars
                    leaf_reduced = True
    if leaf_reduced:
        return Contraction(red_op, bin_op, reduced_vars, *terms)

    # exploit associativity to recursively evaluate this contraction
    # a bit expensive, but handles interpreter-imposed directionality constraints
    terms = tuple(terms)
    reduced_twice = frozenset(v for v, count in counts.items() if count == 2)
    for i, lhs in enumerate(terms[0:-1]):
        for j_, rhs in enumerate(terms[i + 1 :]):
            j = i + j_ + 1
            unique_vars = reduced_twice.intersection(lhs.input_vars, rhs.input_vars)
            result = Contraction(red_op, bin_op, unique_vars, lhs, rhs)
            if result is not normalize.interpret(
                Contraction, red_op, bin_op, unique_vars, (lhs, rhs)
            ):  # did we make progress?
                # pick the first evaluable pair
                reduced_vars -= unique_vars
                new_terms = terms[:i] + (result,) + terms[i + 1 : j] + terms[j + 1 :]
                return Contraction(red_op, bin_op, reduced_vars, *new_terms)

    return None



[docs]@eager.register(Contraction, AssociativeOp, AssociativeOp, frozenset, Funsor)
def eager_contraction_to_reduce(red_op, bin_op, reduced_vars, term):
    args = red_op, term, reduced_vars
    return eager.dispatch(Reduce, *args)(*args)



[docs]@eager.register(Contraction, AssociativeOp, AssociativeOp, frozenset, Funsor, Funsor)
def eager_contraction_to_binary(red_op, bin_op, reduced_vars, lhs, rhs):

    if not reduced_vars.issubset(lhs.input_vars & rhs.input_vars):
        args = red_op, bin_op, reduced_vars, (lhs, rhs)
        result = eager.dispatch(Contraction, *args)(*args)
        if result is not None:
            return result

    args = bin_op, lhs, rhs
    result = eager.dispatch(Binary, *args)(*args)
    if result is not None and reduced_vars:
        result = eager.interpret(Reduce, red_op, result, reduced_vars)
    return result



@eager.register(Contraction, ops.AddOp, ops.MulOp, frozenset, Tensor, Tensor)
def eager_contraction_tensor(red_op, bin_op, reduced_vars, *terms):
    if not all(term.dtype == "real" for term in terms):
        raise NotImplementedError("TODO")
    backend = BACKEND_TO_EINSUM_BACKEND[get_backend()]
    return _eager_contract_tensors(reduced_vars, terms, backend=backend)


[docs]@eager.register(Contraction, ops.LogaddexpOp, ops.AddOp, frozenset, Tensor, Tensor)
def eager_contraction_tensor(red_op, bin_op, reduced_vars, *terms):
    if not all(term.dtype == "real" for term in terms):
        raise NotImplementedError("TODO")
    backend = BACKEND_TO_LOGSUMEXP_BACKEND[get_backend()]
    return _eager_contract_tensors(reduced_vars, terms, backend=backend)



# TODO Consider using this for more than binary contractions.
def _eager_contract_tensors(reduced_vars, terms, backend):
    iter_symbols = map(opt_einsum.get_symbol, itertools.count())
    symbols = defaultdict(functools.partial(next, iter_symbols))

    inputs = OrderedDict()
    einsum_inputs = []
    operands = []
    for term in terms:
        inputs.update(term.inputs)
        einsum_inputs.append(
            "".join(symbols[k] for k in term.inputs)
            + "".join(
                symbols[i - len(term.shape)]
                for i, size in enumerate(term.shape)
                if size != 1
            )
        )

        # Squeeze absent event dims to be compatible with einsum.
        data = term.data
        batch_shape = data.shape[: len(data.shape) - len(term.shape)]
        event_shape = tuple(size for size in term.shape if size != 1)
        data = data.reshape(batch_shape + event_shape)
        operands.append(data)

    for var in reduced_vars:
        inputs.pop(var.name, None)
    batch_shape = tuple(v.size for v in inputs.values())
    event_shape = broadcast_shape(*(term.shape for term in terms))
    einsum_output = "".join(symbols[k] for k in inputs) + "".join(
        symbols[dim] for dim in range(-len(event_shape), 0) if dim in symbols
    )
    equation = ",".join(einsum_inputs) + "->" + einsum_output
    data = opt_einsum.contract(equation, *operands, backend=backend)
    data = data.reshape(batch_shape + event_shape)
    return Tensor(data, inputs)


# TODO(https://github.com/pyro-ppl/funsor/issues/238) Use a port of
# Pyro's gaussian_tensordot() here. Until then we must eagerly add the
# possibly-rank-deficient terms before reducing to avoid Cholesky errors.
[docs]@eager.register(
    Contraction, ops.LogaddexpOp, ops.AddOp, frozenset, GaussianMixture, GaussianMixture
)
def eager_contraction_gaussian(red_op, bin_op, reduced_vars, x, y):
    return (x + y).reduce(red_op, reduced_vars)



@affine_inputs.register(Contraction)
def _(fn):
    with reflect:
        flat = reduce(fn.bin_op, fn.terms).reduce(fn.red_op, fn.reduced_vars)
    return affine_inputs(flat)


##########################################
# Normalizing Contractions
##########################################

ORDERING = {Delta: 1, Number: 2, Tensor: 3, Gaussian: 4, Unary[ops.NegOp, Gaussian]: 5}
GROUND_TERMS = tuple(ORDERING)


[docs]@normalize.register(
    Contraction, AssociativeOp, ops.AddOp, frozenset, GROUND_TERMS, GROUND_TERMS
)
def normalize_contraction_commutative_canonical_order(
    red_op, bin_op, reduced_vars, *terms
):
    # when bin_op is commutative, put terms into a canonical order for pattern matching
    new_terms = tuple(
        v
        for i, v in sorted(
            enumerate(terms),
            key=lambda t: (ORDERING.get(type(t[1]).__origin__, -1), t[0]),
        )
    )
    if any(v is not vv for v, vv in zip(terms, new_terms)):
        return Contraction(red_op, bin_op, reduced_vars, *new_terms)
    return normalize.interpret(Contraction, red_op, bin_op, reduced_vars, new_terms)



@normalize.register(
    Contraction, AssociativeOp, ops.AddOp, frozenset, GaussianMixture, GROUND_TERMS
)
def normalize_contraction_commute_joint(red_op, bin_op, reduced_vars, mixture, other):
    return Contraction(
        mixture.red_op if red_op is ops.null else red_op,
        bin_op,
        reduced_vars | mixture.reduced_vars,
        *(mixture.terms + (other,))
    )


[docs]@normalize.register(
    Contraction, AssociativeOp, ops.AddOp, frozenset, GROUND_TERMS, GaussianMixture
)
def normalize_contraction_commute_joint(red_op, bin_op, reduced_vars, other, mixture):
    return Contraction(
        mixture.red_op if red_op is ops.null else red_op,
        bin_op,
        reduced_vars | mixture.reduced_vars,
        *(mixture.terms + (other,))
    )



[docs]@normalize.register(
    Contraction, AssociativeOp, AssociativeOp, frozenset, Variadic[Funsor]
)
def normalize_contraction_generic_args(red_op, bin_op, reduced_vars, *terms):
    return normalize.interpret(Contraction, red_op, bin_op, reduced_vars, tuple(terms))



[docs]@normalize.register(Contraction, NullOp, NullOp, frozenset, Funsor)
def normalize_trivial(red_op, bin_op, reduced_vars, term):
    assert not reduced_vars
    return term



[docs]@normalize.register(Contraction, AssociativeOp, AssociativeOp, frozenset, tuple)
def normalize_contraction_generic_tuple(red_op, bin_op, reduced_vars, terms):

    if not reduced_vars and red_op is not ops.null:
        return Contraction(ops.null, bin_op, reduced_vars, *terms)

    if len(terms) == 1 and bin_op is not ops.null:
        return Contraction(red_op, ops.null, reduced_vars, *terms)

    if red_op is ops.null and bin_op is ops.null:
        return terms[0]

    if red_op is bin_op:
        new_terms = tuple(v.reduce(red_op, reduced_vars) for v in terms)
        return Contraction(red_op, bin_op, frozenset(), *new_terms)

    if bin_op in ops.UNITS and any(
        isinstance(t, Number) and t.data == ops.UNITS[bin_op] for t in terms
    ):
        new_terms = tuple(
            t
            for t in terms
            if not (isinstance(t, Number) and t.data == ops.UNITS[bin_op])
        )
        if not new_terms:  # everything was a unit
            new_terms = (terms[0],)
        return Contraction(red_op, bin_op, reduced_vars, *new_terms)

    for i, v in enumerate(terms):

        if not isinstance(v, Contraction):
            continue

        # fuse operations without distributing
        if (v.red_op is ops.null and bin_op is v.bin_op) or (
            bin_op is ops.null and v.red_op in (red_op, ops.null)
        ):
            red_op = v.red_op if red_op is ops.null else red_op
            bin_op = v.bin_op if bin_op is ops.null else bin_op
            new_terms = terms[:i] + v.terms + terms[i + 1 :]
            return Contraction(
                red_op, bin_op, reduced_vars | v.reduced_vars, *new_terms
            )

    # nothing more to do, reflect
    return None



#########################################
# Creating Contractions from other terms
#########################################


[docs]@normalize.register(Binary, AssociativeOp, Funsor, Funsor)
def binary_to_contract(op, lhs, rhs):
    return Contraction(ops.null, op, frozenset(), lhs, rhs)



[docs]@normalize.register(Reduce, AssociativeOp, Funsor, frozenset)
def reduce_funsor(op, arg, reduced_vars):
    return Contraction(op, ops.null, reduced_vars, arg)



[docs]@normalize.register(
    Unary,
    ops.NegOp,
    (Variable, Contraction[ops.AssociativeOp, ops.MulOp, frozenset, tuple]),
)
def unary_neg_variable(op, arg):
    return arg * -1



#######################################################################
# Distributing Unary transformations (Subs, log, exp, neg, reciprocal)
#######################################################################


[docs]@normalize.register(Subs, Funsor, tuple)
def do_fresh_subs(arg, subs):
    if not subs:
        return arg
    if all(name in arg.fresh for name, sub in subs):
        return arg.eager_subs(subs)
    return None



[docs]@normalize.register(Subs, Contraction, tuple)
def distribute_subs_contraction(arg, subs):
    new_terms = tuple(
        Subs(v, tuple((name, sub) for name, sub in subs if name in v.inputs))
        if any(name in v.inputs for name, sub in subs)
        else v
        for v in arg.terms
    )
    return Contraction(arg.red_op, arg.bin_op, arg.reduced_vars, *new_terms)



[docs]@normalize.register(Subs, Subs, tuple)
def normalize_fuse_subs(arg, subs):
    # a(b)(c) -> a(b(c), c)
    arg_subs = (
        tuple(arg.subs.items()) if isinstance(arg.subs, OrderedDict) else arg.subs
    )
    new_subs = subs + tuple((k, Subs(v, subs)) for k, v in arg_subs)
    return Subs(arg.arg, new_subs)



[docs]@normalize.register(Binary, ops.SubOp, Funsor, Funsor)
def binary_subtract(op, lhs, rhs):
    return lhs + -rhs



[docs]@normalize.register(Binary, ops.TruedivOp, Funsor, Funsor)
def binary_divide(op, lhs, rhs):
    return lhs * Unary(ops.reciprocal, rhs)



[docs]@normalize.register(Unary, ops.ExpOp, Unary[ops.LogOp, Funsor])
@normalize.register(Unary, ops.LogOp, Unary[ops.ExpOp, Funsor])
@normalize.register(Unary, ops.NegOp, Unary[ops.NegOp, Funsor])
@normalize.register(Unary, ops.ReciprocalOp, Unary[ops.ReciprocalOp, Funsor])
def unary_log_exp(op, arg):
    return arg.arg



[docs]@normalize.register(
    Unary, ops.ReciprocalOp, Contraction[NullOp, ops.MulOp, frozenset, tuple]
)
@normalize.register(Unary, ops.NegOp, Contraction[NullOp, ops.AddOp, frozenset, tuple])
def unary_contract(op, arg):
    return Contraction(
        arg.red_op, arg.bin_op, arg.reduced_vars, *(op(t) for t in arg.terms)
    )



BACKEND_TO_EINSUM_BACKEND = {
    "numpy": "numpy",
    "torch": "torch",
    "jax": "jax.numpy",
}
# NB: numpy_log, numpy_map is backend-agnostic so they also work for torch backend;
# however, we might need to profile to make a switch
BACKEND_TO_LOGSUMEXP_BACKEND = {
    "numpy": "funsor.einsum.numpy_log",
    "torch": "pyro.ops.einsum.torch_log",
    "jax": "funsor.einsum.numpy_log",
}
BACKEND_TO_MAP_BACKEND = {
    "numpy": "funsor.einsum.numpy_map",
    "torch": "pyro.ops.einsum.torch_map",
    "jax": "funsor.einsum.numpy_map",
}
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  Source code for funsor.compiler

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

import functools

import funsor

from .cnf import Contraction
from .ops.program import OpProgram, make_tuple
from .tensor import Tensor
from .terms import Binary, Funsor, Number, Tuple, Unary, Variable


def compile_funsor(expr: Funsor) -> OpProgram:
    """
    Compiles a symbolic :class:`~funsor.terms.Funsor` to an
    :class:`~funsor.ops.program.OpProgram` that runs on backend values.

    Example::

        # Create a lazy expression.
        a = Variable("a", Reals[3, 3])
        b = Variable("b", Reals[3])
        x = Variable("x", Reals[3])
        expr = a @ x + b

        # Evaluate via Funsor substitution.
        data = dict(a=randn(3, 3), b=randn(3), x=randn(3))
        expected = expr(**data).data

        # Alternatively evaluate via a program.
        program = compile_funsor(expr)
        actual = program(**data)
        assert (acutal == expected).all()

    :param Funsor expr: A funsor expression to evaluate.
    :returns: An op program.
    :rtype: ~funsor.ops.program.OpProgram
    """
    assert isinstance(expr, Funsor)

    # Lower and convert to A-normal form.
    lowered_expr = lower(expr)
    anf = list(funsor.interpreter.anf(lowered_expr))
    ids = {}

    # Collect constants (leaves).
    constants = []
    for f in anf:
        if isinstance(f, (Number, Tensor)):
            ids[f] = len(ids)
            constants.append(f.data)

    # Collect input variables (leaves).
    inputs = []
    for k, d in expr.inputs.items():
        f = Variable(k, d)
        ids[f] = len(ids)
        inputs.append(k)

    # Collect operations to be computed (internal nodes).
    operations = []
    for f in anf:
        if f in ids:
            continue  # constant or free variable
        ids[f] = len(ids)
        if isinstance(f, Unary):
            arg_ids = (ids[f.arg],)
            operations.append((f.op, arg_ids))
        elif isinstance(f, Binary):
            arg_ids = (ids[f.lhs], ids[f.rhs])
            operations.append((f.op, arg_ids))
        elif isinstance(f, Tuple):
            arg_ids = tuple(ids[arg] for arg in f.args)
            operations.append((make_tuple, arg_ids))
        elif isinstance(f, tuple):
            continue  # Skip from Tuple directly to its elements.
        else:
            raise NotImplementedError(type(f).__name__)

    return OpProgram(constants, inputs, operations)


[docs]def lower(expr: Funsor) -> Funsor:
    """
    Lower a funsor expression:
    - eliminate bound variables
    - convert Contraction to Binary

    :param Funsor expr: An arbitrary funsor expression.
    :returns: A lowered funsor expression.
    :rtype: Funsor
    """
    # FIXME should this be lazy? What about Lambda?
    with funsor.interpretations.reflect:
        return _lower(expr)



@functools.singledispatch
def _lower(x):
    raise NotImplementedError(type(x).__name__)


@_lower.register(Number)
@_lower.register(Tensor)
@_lower.register(Variable)
def _lower_atom(x):
    return x


@_lower.register(Tuple)
def _lower_tuple(x):
    args = tuple(_lower(arg) for arg in x.args)
    return Tuple(args)


@_lower.register(Unary)
def _lower_unary(x):
    arg = _lower(x.arg)
    return Unary(x.op, arg)


@_lower.register(Binary)
def _lower_binary(x):
    lhs = _lower(x.lhs)
    rhs = _lower(x.rhs)
    return Binary(x.op, lhs, rhs)


@_lower.register(Contraction)
def _lower_contraction(x):
    if x.reduced_vars:
        raise NotImplementedError("TODO")

    terms = [_lower(term) for term in x.terms]
    bin_op = functools.partial(Binary, x.bin_op)
    return functools.reduce(bin_op, terms)


__all__ = [
    "lower",
]
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  Source code for funsor.constant

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

from collections import OrderedDict
from functools import reduce

import funsor.ops as ops
from funsor.tensor import Tensor
from funsor.terms import (
    Binary,
    Funsor,
    FunsorMeta,
    Number,
    Reduce,
    Unary,
    Variable,
    eager,
)


[docs]class ConstantMeta(FunsorMeta):
    """
    Wrapper to convert ``const_inputs`` to a tuple.
    """

    def __call__(cls, const_inputs, arg):
        if isinstance(const_inputs, dict):
            const_inputs = tuple(const_inputs.items())
        return super(ConstantMeta, cls).__call__(const_inputs, arg)



[docs]class Constant(Funsor, metaclass=ConstantMeta):
    """
    Funsor that is constant wrt ``const_inputs``.

    :class:`Constant` can be used for provenance tracking.

    Examples::

        a = Constant(OrderedDict(x=Real, y=Bint[3]), Number(0))
        a(y=1)  # returns Constant(OrderedDict(x=Real), Number(0))
        a(x=2, y=1)  # returns Number(0)

        d = Tensor(torch.tensor([1, 2, 3]))["y"]
        a + d  # returns Constant(OrderedDict(x=Real), d)

        c = Constant(OrderedDict(x=Bint[3]), Number(1))
        c.reduce(ops.add, "x")  # returns Number(3)

    :param dict const_inputs: A mapping from input name (str) to datatype (``funsor.domain.Domain``).
    :param funsor arg: A funsor that is constant wrt to const_inputs.
    """

    def __init__(self, const_inputs, arg):
        assert isinstance(arg, Funsor)
        assert isinstance(const_inputs, tuple)
        const_inputs = OrderedDict(const_inputs)
        # const_inputs and arg.inputs have to be disjoint
        assert set(const_inputs).isdisjoint(arg.inputs)
        inputs = const_inputs.copy()
        inputs.update(arg.inputs)
        output = arg.output
        fresh = frozenset(const_inputs)
        bound = {}
        super(Constant, self).__init__(inputs, output, fresh, bound)
        self.arg = arg
        self.const_vars = frozenset(Variable(k, v) for k, v in const_inputs.items())
        self.const_inputs = const_inputs

[docs]    def eager_subs(self, subs):
        assert isinstance(subs, tuple)
        subs = OrderedDict(subs)
        const_inputs = OrderedDict()
        for k, d in self.const_inputs.items():
            if k in subs:
                v = subs[k]
                assert v.output == d
                assert all(
                    v.inputs[k] == self.inputs[k]
                    for k in set(v.inputs).intersection(self.inputs)
                )
                const_inputs.update(
                    (name, value)
                    for name, value in v.inputs.items()
                    if name not in self.inputs
                )
            else:
                const_inputs[k] = d
        if const_inputs:
            return Constant(const_inputs, self.arg)
        return self.arg


[docs]    def eager_reduce(self, op, reduced_vars):
        assert reduced_vars.issubset(self.arg.inputs)
        return Constant(self.const_inputs, self.arg.reduce(op, reduced_vars))


[docs]    def align(self, names):
        assert isinstance(names, tuple)
        assert all(name in self.inputs for name in names)
        if not names or names == tuple(self.inputs):
            return self

        const_names = names[: len(self.const_inputs)]
        arg_names = names[len(self.const_inputs) :]
        assert frozenset(self.const_inputs) == frozenset(const_names)
        const_inputs = OrderedDict((name, self.inputs[name]) for name in const_names)
        return Constant(const_inputs, self.arg.align(arg_names))


[docs]    def materialize(self, x):
        """
        Attempt to convert a Funsor to a :class:`~funsor.terms.Number` or
        :class:`Tensor` by substituting :func:`arange` s into its free variables.

        :arg Funsor x: A funsor.
        :rtype: Funsor
        """
        assert isinstance(x, Funsor)
        if isinstance(x, (Number, Tensor)):
            return x

        assert isinstance(self.arg, Tensor)
        return self.arg.materialize(x)




[docs]@eager.register(Reduce, ops.AddOp, Constant, frozenset)
@eager.register(Reduce, ops.MulOp, Constant, frozenset)
@eager.register(Reduce, ops.LogaddexpOp, Constant, frozenset)
def eager_reduce_add(op, arg, reduced_vars):
    # reduce Constant.arg.inputs
    result = arg.arg
    if reduced_vars - arg.const_vars:
        result = result.reduce(op, reduced_vars - arg.const_vars)

    # reduce Constant.const_inputs
    reduced_const_vars = reduced_vars & arg.const_vars
    if reduced_const_vars:
        # only Bint types are supported
        assert all(var.output.dtype != "real" for var in reduced_const_vars)
        size = reduce(ops.mul, (var.output.size for var in reduced_const_vars))
        # other ops like min/max can also be supported if necessary
        if op is ops.add:
            prod_op = ops.mul
        elif op is ops.mul:
            prod_op = ops.pow
        elif op is ops.logaddexp:
            prod_op = ops.add
            size = ops.log(size)
        result = prod_op(result, size)
        const_vars = arg.const_vars - reduced_const_vars
        const_inputs = OrderedDict((v.name, v.output) for v in const_vars)
        if const_inputs:
            return Constant(const_inputs, result)
        return result
    return Constant(arg.const_inputs, result)



[docs]@eager.register(Binary, ops.BinaryOp, Constant, Constant)
def eager_binary_constant_constant(op, lhs, rhs):
    const_vars = (
        (lhs.const_vars | rhs.const_vars) - lhs.arg.input_vars - rhs.arg.input_vars
    )
    const_inputs = OrderedDict((v.name, v.output) for v in const_vars)
    if const_inputs:
        return Constant(const_inputs, op(lhs.arg, rhs.arg))
    return op(lhs.arg, rhs.arg)



[docs]@eager.register(Binary, ops.BinaryOp, Constant, (Number, Tensor))
def eager_binary_constant_tensor(op, lhs, rhs):
    const_inputs = OrderedDict(
        (k, v) for k, v in lhs.const_inputs.items() if k not in rhs.inputs
    )
    if const_inputs:
        return Constant(const_inputs, op(lhs.arg, rhs))
    return op(lhs.arg, rhs)



[docs]@eager.register(Binary, ops.BinaryOp, (Number, Tensor), Constant)
def eager_binary_tensor_constant(op, lhs, rhs):
    const_inputs = OrderedDict(
        (k, v) for k, v in rhs.const_inputs.items() if k not in lhs.inputs
    )
    if const_inputs:
        return Constant(const_inputs, op(lhs, rhs.arg))
    return op(lhs, rhs.arg)



[docs]@eager.register(Unary, ops.UnaryOp, Constant)
def eager_unary(op, arg):
    return Constant(arg.const_inputs, op(arg.arg))
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  Source code for funsor.delta

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

from collections import OrderedDict
from functools import reduce

from funsor.domains import Domain, Real
from funsor.instrument import debug_logged
from funsor.ops import AddOp, SubOp, TransformOp
from funsor.registry import KeyedRegistry
from funsor.terms import (
    Align,
    Binary,
    Funsor,
    FunsorMeta,
    Independent,
    Lambda,
    Number,
    Unary,
    Variable,
    eager,
    to_funsor,
)
from funsor.util import get_default_dtype

from . import ops


[docs]def solve(expr, value):
    """
    Tries to solve for free inputs of an ``expr`` such that ``expr == value``,
    and computes the log-abs-det-Jacobian of the resulting substitution.

    :param Funsor expr: An expression with a free variable.
    :param Funsor value: A target value.
    :return: A tuple ``(name, point, log_abs_det_jacobian)``
    :rtype: tuple
    :raises: ValueError
    """
    assert isinstance(expr, Funsor)
    assert isinstance(value, Funsor)
    result = solve.dispatch(type(expr), *(expr._ast_values + (value,)))
    if result is None:
        raise ValueError("Cannot substitute into a Delta: {}".format(value))
    return result



_solve = KeyedRegistry(lambda *args: None)
solve.dispatch = _solve.__call__
solve.register = _solve.register


@solve.register(Variable, str, Domain, Funsor)
@debug_logged
def solve_variable(name, output, y):
    assert y.output == output
    point = y
    log_density = Number(0)
    return name, point, log_density


@solve.register(Unary, TransformOp, Funsor, Funsor)
@debug_logged
def solve_unary(op, arg, y):
    x = op.inv(y)
    name, point, log_density = solve(arg, x)
    log_density += op.log_abs_det_jacobian(x, y)
    return name, point, log_density


class DeltaMeta(FunsorMeta):
    """
    Makes Delta less of a pain to use by supporting Delta(name, point, log_density)
    """

    def __call__(cls, *args):
        if len(args) > 1:
            assert len(args) == 2 or len(args) == 3
            assert isinstance(args[0], str) and isinstance(args[1], Funsor)
            args = args + (Number(0.0),) if len(args) == 2 else args
            args = (((args[0], (to_funsor(args[1]), to_funsor(args[2]))),),)
        assert isinstance(args[0], tuple)
        return super().__call__(args[0])


[docs]class Delta(Funsor, metaclass=DeltaMeta):
    """
    Normalized delta distribution binding multiple variables.

    There are three syntaxes supported for constructing Deltas::

        Delta(((name1, (point1, log_density1)),
               (name2, (point2, log_density2)),
               (name3, (point3, log_density3))))

    or for a single name::

        Delta(name, point, log_density)

    or for default ``log_density == 0``::

        Delta(name, point)

    :param tuple terms: A tuple of tuples of the form
        ``(name, (point, log_density))``.
    """

    def __init__(self, terms):
        assert isinstance(terms, tuple) and len(terms) > 0
        inputs = OrderedDict()
        for name, (point, log_density) in terms:
            assert isinstance(name, str)
            assert isinstance(point, Funsor)
            assert isinstance(log_density, Funsor)
            assert log_density.output == Real
            assert name not in inputs
            assert name not in point.inputs
            inputs.update({name: point.output})
            inputs.update(point.inputs)

        output = Real
        fresh = frozenset(name for name, term in terms)
        bound = {}
        super(Delta, self).__init__(inputs, output, fresh, bound)
        self.terms = terms

[docs]    def align(self, names):
        assert isinstance(names, tuple)
        assert all(name in self.fresh for name in names)
        if not names or names == tuple(n for n, p in self.terms):
            return self

        new_terms = tuple(sorted(self.terms, key=lambda t: names.index(t[0])))
        return Delta(new_terms)


[docs]    def eager_subs(self, subs):
        subs = OrderedDict(subs)
        new_terms = []
        log_densities = []
        for name, (point, log_density) in self.terms:
            if name in subs:
                value = subs[name]
                assert value.output == point.output
                if isinstance(value, Variable):
                    new_terms.append((value.name, (point, log_density)))
                    continue

                if not any(
                    d.dtype == "real"
                    for side in (value, point)
                    for d in side.inputs.values()
                ):
                    dtype = get_default_dtype()
                    is_equal = ops.astype((value == point).all(), dtype)
                    log_densities.append(is_equal.log() + log_density)
                    continue

                # Try to invert the substitution.
                soln = solve(value, point)
                if soln is None:
                    return None  # lazily substitute
                new_name, new_point, point_log_density = soln
                new_terms.append(
                    (new_name, (new_point, log_density + point_log_density))
                )
            else:
                new_terms.append((name, (point, log_density)))

        if not log_densities:
            return Delta(tuple(new_terms))
        elif not new_terms:
            return reduce(ops.add, log_densities)
        else:
            return Delta(tuple(new_terms)) + reduce(ops.add, log_densities)


[docs]    def eager_reduce(self, op, reduced_vars):
        assert reduced_vars.issubset(self.inputs)
        if op in (ops.max, ops.logaddexp):
            if reduced_vars - self.fresh and self.fresh - reduced_vars:
                result = self
                if not reduced_vars.isdisjoint(self.fresh):
                    result = result.eager_reduce(op, reduced_vars & self.fresh)
                    if result is not self:
                        if not reduced_vars.issubset(self.fresh):
                            result = result.eager_reduce(op, reduced_vars - self.fresh)
                            if result is not self:
                                return result
                return None

            result_terms = [
                (name, (point, log_density))
                for name, (point, log_density) in self.terms
                if name not in reduced_vars
            ]

            result_terms, scale = [], Number(0)
            for name, (point, log_density) in self.terms:
                if name in reduced_vars:
                    # XXX obscenely wasteful - need a lazy Zero term
                    if point.inputs:
                        scale += (point == point).all().log()
                    if log_density.inputs:
                        scale += log_density * 0.0
                else:
                    result_terms.append((name, (point, log_density)))

            result = Delta(tuple(result_terms)) + scale if result_terms else scale
            return result.reduce(op, reduced_vars - self.fresh)

        if op is ops.add:
            raise NotImplementedError("TODO Implement ops.add to simulate .to_event().")

        return None  # defer to default implementation


    def _sample(self, sampled_vars, sample_inputs, rng_key):
        return self



@eager.register(Binary, AddOp, Delta, Delta)
def eager_add_multidelta(op, lhs, rhs):
    if lhs.fresh.intersection(rhs.inputs):
        return eager_add_delta_funsor(op, lhs, rhs)

    if rhs.fresh.intersection(lhs.inputs):
        return eager_add_funsor_delta(op, lhs, rhs)

    return Delta(lhs.terms + rhs.terms)


@eager.register(Binary, (AddOp, SubOp), Delta, (Funsor, Align))
def eager_add_delta_funsor(op, lhs, rhs):
    if lhs.fresh.intersection(rhs.inputs):
        rhs = rhs(
            **{
                name: point
                for name, (point, log_density) in lhs.terms
                if name in rhs.inputs
            }
        )
        return op(lhs, rhs)

    return None  # defer to default implementation


@eager.register(Binary, AddOp, (Funsor, Align), Delta)
def eager_add_funsor_delta(op, lhs, rhs):
    if rhs.fresh.intersection(lhs.inputs):
        lhs = lhs(
            **{
                name: point
                for name, (point, log_density) in rhs.terms
                if name in lhs.inputs
            }
        )
        return op(lhs, rhs)

    return None


@eager.register(Independent, Delta, str, str, str)
def eager_independent_delta(delta, reals_var, bint_var, diag_var):
    for i, (name, (point, log_density)) in enumerate(delta.terms):
        if name == diag_var:
            bv = Variable(bint_var, delta.inputs[bint_var])
            point = Lambda(bv, point)
            if bint_var in log_density.inputs:
                log_density = log_density.reduce(ops.add, bint_var)
            else:
                log_density = log_density * delta.inputs[bint_var].dtype
            new_terms = (
                delta.terms[:i]
                + ((reals_var, (point, log_density)),)
                + delta.terms[i + 1 :]
            )
            return Delta(new_terms)

    return None


__all__ = [
    "Delta",
    "solve",
]
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  Source code for funsor.distribution

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

import functools
import importlib
import inspect
import math
import typing
import warnings
from collections import OrderedDict
from importlib import import_module

import makefun

import funsor.delta
import funsor.ops as ops
from funsor.affine import is_affine
from funsor.cnf import Contraction, GaussianMixture
from funsor.domains import Array, Real, Reals
from funsor.gaussian import Gaussian
from funsor.interpreter import gensym
from funsor.tensor import (
    Tensor,
    align_tensors,
    dummy_numeric_array,
    get_default_prototype,
    ignore_jit_warnings,
    numeric_array,
)
from funsor.terms import (
    Finitary,
    Funsor,
    FunsorMeta,
    Independent,
    Lambda,
    Number,
    Variable,
    eager,
    reflect,
    to_data,
    to_funsor,
)
from funsor.typing import deep_isinstance
from funsor.util import broadcast_shape, get_backend, getargspec, lazy_property

BACKEND_TO_DISTRIBUTIONS_BACKEND = {
    "torch": "funsor.torch.distributions",
    "jax": "funsor.jax.distributions",
}


def numbers_to_tensors(*args):
    """
    Convert :class:`~funsor.terms.Number` s to :class:`funsor.tensor.Tensor` s,
    using any provided tensor as a prototype, if available.
    """
    if any(isinstance(x, Number) for x in args):
        prototype = get_default_prototype()
        options = dict(dtype=prototype.dtype)
        for x in args:
            if isinstance(x, Tensor):
                options = dict(
                    dtype=x.data.dtype, device=getattr(x.data, "device", None)
                )
                break
        with ignore_jit_warnings():
            args = tuple(
                Tensor(numeric_array(x.data, **options), dtype=x.dtype)
                if isinstance(x, Number)
                else x
                for x in args
            )
    return args


class DistributionMeta(FunsorMeta):
    """
    Wrapper to fill in default values and convert Numbers to Tensors.
    """

    def __call__(cls, *args, **kwargs):
        kwargs.update(zip(cls._ast_fields, args))
        kwargs["value"] = kwargs.get("value", "value")
        kwargs = OrderedDict(
            (k, kwargs[k]) for k in cls._ast_fields
        )  # make sure args are sorted

        domains = OrderedDict()
        for k, v in kwargs.items():
            if k == "value":
                continue

            # compute unbroadcasted param domains
            domain = cls._infer_param_domain(k, getattr(kwargs[k], "shape", ()))
            # use to_funsor to infer output dimensions of e.g. tensors
            domains[k] = domain if domain is not None else to_funsor(v).output

            # broadcast individual param domains with Funsor inputs
            # this avoids .expand-ing underlying parameter tensors
            dtype = domains[k].dtype
            if isinstance(v, Funsor):
                domains[k] = Array[dtype, broadcast_shape(v.shape, domains[k].shape)]
            elif ops.is_numeric_array(v):
                domains[k] = Array[dtype, broadcast_shape(v.shape, domains[k].shape)]

        # now use the broadcasted parameter shapes to infer the event_shape
        domains["value"] = cls._infer_value_domain(**domains)

        # finally, perform conversions to funsors
        kwargs = OrderedDict(
            (k, to_funsor(v, output=domains[k])) for k, v in kwargs.items()
        )
        args = numbers_to_tensors(*kwargs.values())

        return super(DistributionMeta, cls).__call__(*args)


[docs]class Distribution(Funsor, metaclass=DistributionMeta):
    r"""
    Funsor backed by a PyTorch/JAX distribution object.

    :param \*args: Distribution-dependent parameters.  These can be either
        funsors or objects that can be coerced to funsors via
        :func:`~funsor.terms.to_funsor` . See derived classes for details.
    """
    dist_class = "defined by derived classes"

    def __init__(self, *args):
        params = tuple(zip(self._ast_fields, args))
        assert any(k == "value" for k, v in params)
        inputs = OrderedDict()
        for name, value in params:
            assert isinstance(name, str)
            assert isinstance(value, Funsor)
            inputs.update(value.inputs)
        inputs = OrderedDict(inputs)
        output = Real
        super(Distribution, self).__init__(inputs, output)
        self.params = OrderedDict(params)

    def __repr__(self):
        return "{}({})".format(
            type(self).__name__,
            ", ".join("{}={}".format(*kv) for kv in self.params.items()),
        )

[docs]    def eager_reduce(self, op, reduced_vars):
        assert reduced_vars.issubset(self.inputs)
        if (
            op is ops.logaddexp
            and isinstance(self.value, Variable)
            and self.value.name in reduced_vars
        ):
            return Number(0.0)  # distributions are normalized
        return super(Distribution, self).eager_reduce(op, reduced_vars)


    def _get_raw_dist(self):
        """
        Internal method for working with underlying distribution attributes
        """
        value_name = [
            name
            for name, domain in self.value.inputs.items()  # TODO is this right?
            if domain == self.value.output
        ][0]
        # arbitrary name-dim mapping, since we're converting back to a funsor anyway
        name_to_dim = {
            name: -dim - 1
            for dim, (name, domain) in enumerate(self.inputs.items())
            if isinstance(domain.dtype, int) and name != value_name
        }
        raw_dist = to_data(self, name_to_dim=name_to_dim)
        dim_to_name = {dim: name for name, dim in name_to_dim.items()}
        # also return value output, dim_to_name for converting results back to funsor
        value_output = self.inputs[value_name]
        return raw_dist, value_name, value_output, dim_to_name

    @property
    def has_enumerate_support(self):
        return getattr(self.dist_class, "has_enumerate_support", False)

[docs]    @classmethod
    def eager_log_prob(cls, *params):
        params, value = params[:-1], params[-1]
        params = params + (Variable("value", value.output),)
        instance = reflect.interpret(cls, *params)
        raw_dist, value_name, value_output, dim_to_name = instance._get_raw_dist()
        assert value.output == value_output
        name_to_dim = {v: k for k, v in dim_to_name.items()}
        dim_to_name.update(
            {
                -1 - d - len(raw_dist.batch_shape): name
                for d, name in enumerate(value.inputs)
                if name not in name_to_dim
            }
        )
        name_to_dim.update(
            {v: k for k, v in dim_to_name.items() if v not in name_to_dim}
        )
        raw_log_prob = raw_dist.log_prob(to_data(value, name_to_dim=name_to_dim))
        log_prob = to_funsor(raw_log_prob, Real, dim_to_name=dim_to_name)
        # this logic ensures that the inputs have the canonical order
        # implied by align_tensors, which is assumed pervasively in tests
        inputs = OrderedDict()
        for x in params[:-1] + (value,):
            inputs.update(x.inputs)
        return log_prob.align(tuple(inputs))


    def _sample(self, sampled_vars, sample_inputs, rng_key):

        # note this should handle transforms correctly via distribution_to_data
        raw_dist, value_name, value_output, dim_to_name = self._get_raw_dist()
        for d, name in zip(range(len(sample_inputs), 0, -1), sample_inputs.keys()):
            dim_to_name[-d - len(raw_dist.batch_shape)] = name

        if value_name not in sampled_vars:
            return self

        sample_shape = tuple(v.size for v in sample_inputs.values())
        sample_args = (
            (sample_shape,) if get_backend() == "torch" else (rng_key, sample_shape)
        )
        if raw_dist.has_rsample:
            raw_value = raw_dist.rsample(*sample_args)
        else:
            raw_value = ops.detach(raw_dist.sample(*sample_args))

        funsor_value = to_funsor(
            raw_value, output=value_output, dim_to_name=dim_to_name
        )
        funsor_value = funsor_value.align(
            tuple(sample_inputs)
            + tuple(inp for inp in self.inputs if inp in funsor_value.inputs)
        )
        if not raw_dist.has_rsample:
            # scaling of dice_factor by num samples should already be handled by Funsor.sample
            raw_log_prob = raw_dist.log_prob(raw_value)
            dice_factor = to_funsor(
                raw_log_prob - ops.detach(raw_log_prob),
                output=self.output,
                dim_to_name=dim_to_name,
            )
            result = funsor.delta.Delta(value_name, funsor_value, dice_factor)
        else:
            result = funsor.delta.Delta(value_name, funsor_value)
        return result

[docs]    def enumerate_support(self, expand=False):
        assert self.has_enumerate_support and isinstance(self.value, Variable)
        raw_dist, value_name, value_output, dim_to_name = self._get_raw_dist()
        raw_value = raw_dist.enumerate_support(expand=expand)
        dim_to_name[min(dim_to_name.keys(), default=0) - 1] = value_name
        return to_funsor(raw_value, output=value_output, dim_to_name=dim_to_name)


[docs]    def entropy(self):
        raw_dist, value_name, value_output, dim_to_name = self._get_raw_dist()
        raw_value = raw_dist.entropy()
        return to_funsor(raw_value, output=self.output, dim_to_name=dim_to_name)


[docs]    def mean(self):
        raw_dist, value_name, value_output, dim_to_name = self._get_raw_dist()
        raw_value = raw_dist.mean
        return to_funsor(raw_value, output=value_output, dim_to_name=dim_to_name)


[docs]    def variance(self):
        raw_dist, value_name, value_output, dim_to_name = self._get_raw_dist()
        raw_value = raw_dist.variance
        return to_funsor(raw_value, output=value_output, dim_to_name=dim_to_name)


    def __getattribute__(self, attr):
        if attr in type(self)._ast_fields and attr != "name":
            return self.params[attr]
        return super().__getattribute__(attr)

    @classmethod
    def _infer_value_dtype(cls, domains):
        try:
            support = cls.dist_class.support
        except NotImplementedError:
            raise NotImplementedError(
                f"Failed to infer dtype of {cls.dist_class.__name__}"
            )
        while type(support).__name__ == "IndependentConstraint":
            support = support.base_constraint
        if type(support).__name__ == "_IntegerInterval":
            return int(support.upper_bound + 1)
        return "real"

    @classmethod
    @functools.lru_cache(maxsize=5000)
    def _infer_value_domain(cls, **domains):
        dtype = cls._infer_value_dtype(domains)
        # TODO implement .infer_shapes() methods on each distribution
        # TODO fix distribution constraints by wrapping in _Independent
        batch_shape, event_shape = infer_shapes(cls.dist_class, domains)
        shape = batch_shape + event_shape
        if "value" in domains:
            shape = broadcast_shape(shape, domains["value"].shape)
        return Array[dtype, shape]

    @classmethod
    @functools.lru_cache(maxsize=5000)
    def _infer_param_domain(cls, name, raw_shape):
        support = cls.dist_class.arg_constraints.get(name, None)
        # XXX: if the backend does not have the same definition of constraints, we should
        # define backend-specific distributions and overide these `infer_value_domain`,
        # `infer_param_domain` methods.
        # Because NumPyro and Pyro have the same pattern, we use name check for simplicity.
        support_name = type(support).__name__.lstrip("_")

        event_dim = 0
        while support_name == "IndependentConstraint":
            event_dim += support.reinterpreted_batch_ndims
            support = support.base_constraint
            support_name = type(support).__name__.lstrip("_")

        if support_name == "Simplex":
            output = Reals[raw_shape[-1 - event_dim :]]
        elif support_name == "RealVector":
            output = Reals[raw_shape[-1 - event_dim :]]
        elif support_name in ["LowerCholesky", "PositiveDefinite"]:
            output = Reals[raw_shape[-2 - event_dim :]]
        # resolve the issue: logits's constraints are real (instead of real_vector)
        # for discrete multivariate distributions in Pyro
        elif support_name == "Real":
            if name == "logits" and (
                "probs" in cls.dist_class.arg_constraints
                and type(cls.dist_class.arg_constraints["probs"]).__name__.lstrip("_")
                == "Simplex"
            ):
                output = Reals[raw_shape[-1 - event_dim :]]
            else:
                output = Reals[raw_shape[len(raw_shape) - event_dim :]]
        elif support_name in ("Interval", "GreaterThan", "LessThan"):
            output = Reals[raw_shape[len(raw_shape) - event_dim :]]
        else:
            output = None
        return output



def infer_shapes(dist_class, domains):
    arg_shapes = {k: domain.shape for k, domain in domains.items() if k != "value"}
    try:
        return dist_class.infer_shapes(**arg_shapes)
    except (AttributeError, NotImplementedError):
        pass
        # warnings.warn(f"Failed to infer shape for {dist_class.__name__}, "
        #               "falling back to expensive instance construction")

    # Rely on the underlying distribution's logic to infer the event_shape
    # given param domains.
    args = {
        k: dummy_numeric_array(domain) for k, domain in domains.items() if k != "value"
    }
    instance = dist_class(**args, validate_args=False)
    return instance.batch_shape, instance.event_shape


################################################################################
# Distribution Wrappers
################################################################################


def make_dist(
    backend_dist_class, param_names=(), generate_eager=True, generate_to_funsor=True
):
    if not param_names:
        param_names = tuple(
            name
            for name in inspect.getfullargspec(backend_dist_class.__init__)[0][1:]
            if name in backend_dist_class.arg_constraints
        )

    @makefun.with_signature(
        "__init__(self, {}, value='value')".format(", ".join(param_names))
    )
    def dist_init(self, **kwargs):
        return Distribution.__init__(self, *tuple(kwargs[k] for k in self._ast_fields))

    dist_class = DistributionMeta(
        backend_dist_class.__name__.split("Wrapper_")[-1],
        (Distribution,),
        {"dist_class": backend_dist_class, "__init__": dist_init},
    )

    if generate_eager:
        eager.register(dist_class, *((Tensor,) * (len(param_names) + 1)))(
            dist_class.eager_log_prob
        )

    if generate_to_funsor:
        to_funsor.register(backend_dist_class)(
            functools.partial(backenddist_to_funsor, dist_class)
        )

    return dist_class


FUNSOR_DIST_NAMES = [
    ("Beta", ("concentration1", "concentration0")),
    ("Cauchy", ()),
    ("Chi2", ()),
    ("BernoulliProbs", ("probs",)),
    ("BernoulliLogits", ("logits",)),
    ("Binomial", ("total_count", "probs")),
    ("Categorical", ("probs",)),
    ("CategoricalLogits", ("logits",)),
    ("Delta", ("v", "log_density")),
    ("Dirichlet", ("concentration",)),
    ("DirichletMultinomial", ("concentration", "total_count")),
    ("Exponential", ()),
    ("Gamma", ("concentration", "rate")),
    ("GammaPoisson", ("concentration", "rate")),
    ("Geometric", ("probs",)),
    ("Gumbel", ()),
    ("HalfCauchy", ()),
    ("HalfNormal", ()),
    ("Laplace", ()),
    ("LowRankMultivariateNormal", ()),
    ("Multinomial", ("total_count", "probs")),
    ("MultivariateNormal", ("loc", "scale_tril")),
    ("NonreparameterizedBeta", ("concentration1", "concentration0")),
    ("NonreparameterizedDirichlet", ("concentration",)),
    ("NonreparameterizedGamma", ("concentration", "rate")),
    ("NonreparameterizedNormal", ("loc", "scale")),
    ("Normal", ("loc", "scale")),
    ("Pareto", ()),
    ("Poisson", ()),
    ("StudentT", ()),
    ("Uniform", ()),
    ("VonMises", ()),
]


###############################################
# Converting backend Distributions to funsors
###############################################


def backenddist_to_funsor(
    funsor_dist_class, backend_dist, output=None, dim_to_name=None
):
    params = [
        to_funsor(
            getattr(backend_dist, param_name),
            output=funsor_dist_class._infer_param_domain(
                param_name, getattr(getattr(backend_dist, param_name), "shape", ())
            ),
            dim_to_name=dim_to_name,
        )
        for param_name in funsor_dist_class._ast_fields
        if param_name != "value"
    ]
    return funsor_dist_class(*params)


def indepdist_to_funsor(backend_dist, output=None, dim_to_name=None):
    if dim_to_name is None:
        dim_to_name = {}
    event_dim_to_name = OrderedDict(
        (i, "_pyro_event_dim_{}".format(i))
        for i in range(-backend_dist.reinterpreted_batch_ndims, 0)
    )
    dim_to_name = OrderedDict(
        (dim - backend_dist.reinterpreted_batch_ndims, name)
        for dim, name in dim_to_name.items()
    )
    dim_to_name.update(event_dim_to_name)
    result = to_funsor(backend_dist.base_dist, dim_to_name=dim_to_name)
    if isinstance(result, Distribution) and not deep_isinstance(
        result.value, Finitary[ops.StackOp, tuple]
    ):  # ops.stack() used in some eager patterns
        params = tuple(result.params.values())[:-1]
        for dim, name in reversed(event_dim_to_name.items()):
            dim_var = to_funsor(name, result.inputs[name])
            params = tuple(Lambda(dim_var, param) for param in params)
        if isinstance(result.value, Variable):
            # broadcasting logic in Distribution will compute correct value domain
            result = type(result)(*(params + (result.value.name,)))
        else:
            raise NotImplementedError("TODO support converting Indep(Transform)")
    else:
        # this handles the output of eager rewrites, e.g. Normal->Gaussian or Beta->Dirichlet
        for dim, name in reversed(event_dim_to_name.items()):
            result = funsor.terms.Independent(result, "value", name, "value")
    return result


def expandeddist_to_funsor(backend_dist, output=None, dim_to_name=None):

    funsor_base_dist = to_funsor(
        backend_dist.base_dist, output=output, dim_to_name=dim_to_name
    )
    if not dim_to_name:
        assert not backend_dist.batch_shape
        return funsor_base_dist

    name_to_dim = {name: dim for dim, name in dim_to_name.items()}
    raw_expanded_params = {}
    for name, funsor_param in funsor_base_dist.params.items():
        if name == "value":
            continue
        raw_param = to_data(funsor_param, name_to_dim=name_to_dim)
        raw_expanded_params[name] = ops.expand(
            raw_param, backend_dist.batch_shape + funsor_param.shape
        )

    raw_expanded_dist = type(backend_dist.base_dist)(**raw_expanded_params)
    return to_funsor(raw_expanded_dist, output, dim_to_name)


def maskeddist_to_funsor(backend_dist, output=None, dim_to_name=None):
    mask = to_funsor(
        ops.astype(backend_dist._mask, "float32"),
        output=output,
        dim_to_name=dim_to_name,
    )
    funsor_base_dist = to_funsor(
        backend_dist.base_dist, output=output, dim_to_name=dim_to_name
    )
    return mask * funsor_base_dist


# TODO make this work with transforms with nontrivial event_dim logic
# converts TransformedDistributions
def transformeddist_to_funsor(backend_dist, output=None, dim_to_name=None):
    dist_module = import_module(BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()]).dist
    base_dist, transforms = backend_dist, []
    while isinstance(base_dist, dist_module.TransformedDistribution):
        transforms = base_dist.transforms + transforms
        base_dist = base_dist.base_dist
    funsor_base_dist = to_funsor(base_dist, output=output, dim_to_name=dim_to_name)
    # TODO make this work with transforms that change the output type
    transform = to_funsor(
        dist_module.transforms.ComposeTransform(transforms),
        funsor_base_dist.inputs["value"],
        dim_to_name,
    )
    _, inv_transform, ldj = funsor.delta.solve(
        transform, to_funsor("value", funsor_base_dist.inputs["value"])
    )
    return -ldj + funsor_base_dist(value=inv_transform)


class CoerceDistributionToFunsor:
    """
    Handler to reinterpret a backend distribution ``D`` as a corresponding
    funsor during ``type(D).__call__()`` in case any constructor args are
    funsors rather than backend tensors.

    Example usage::

        # in foo/distribution.py
        coerce_to_funsor = CoerceDistributionToFunsor("foo")

        class DistributionMeta(type):
            def __call__(cls, *args, **kwargs):
                result = coerce_to_funsor(cls, args, kwargs)
                if result is not None:
                    return result
                return super().__call__(*args, **kwargs)

        class Distribution(metaclass=DistributionMeta):
            ...

    :param str backend: Name of a funsor backend.
    """

    def __init__(self, backend):
        self.backend = backend

    @lazy_property
    def module(self):
        funsor.set_backend(self.backend)
        module_name = BACKEND_TO_DISTRIBUTIONS_BACKEND[self.backend]
        return importlib.import_module(module_name)

    def __call__(self, cls, args, kwargs):
        # Check whether distribution class takes any tensor inputs.
        arg_constraints = getattr(cls, "arg_constraints", None)
        if not arg_constraints:
            return

        # Check whether any tensor inputs are actually funsors.
        try:
            ast_fields = cls._funsor_ast_fields
        except AttributeError:
            ast_fields = cls._funsor_ast_fields = getargspec(cls.__init__)[0][1:]
        kwargs = {
            name: value
            for pairs in (zip(ast_fields, args), kwargs.items())
            for name, value in pairs
        }
        if not any(
            isinstance(value, (str, Funsor))
            for name, value in kwargs.items()
            if name in arg_constraints
        ):
            return

        # Check for a corresponding funsor class.
        try:
            funsor_cls = cls._funsor_cls
        except AttributeError:
            funsor_cls = getattr(self.module, cls.__name__, None)
            # resolve the issues Binomial/Multinomial are functions in NumPyro, which
            # fallback to either BinomialProbs or BinomialLogits
            if funsor_cls is None and cls.__name__.endswith("Probs"):
                funsor_cls = getattr(self.module, cls.__name__[:-5], None)
            cls._funsor_cls = funsor_cls
        if funsor_cls is None:
            warnings.warn("missing funsor for {}".format(cls.__name__), RuntimeWarning)
            return

        # Coerce to funsor.
        return funsor_cls(**kwargs)


###############################################################
# Converting distribution funsors to backend distributions
###############################################################


@to_data.register(Distribution)
def distribution_to_data(funsor_dist, name_to_dim=None):
    funsor_event_shape = funsor_dist.value.output.shape

    # attempt to generically infer the independent output dimensions
    domains = {k: v.output for k, v in funsor_dist.params.items()}
    indep_shape, _ = infer_shapes(funsor_dist.dist_class, domains)

    params = []
    for param_name, funsor_param in zip(
        funsor_dist._ast_fields, funsor_dist._ast_values[:-1]
    ):
        param = to_data(funsor_param, name_to_dim=name_to_dim)

        # infer the independent dimensions of each parameter separately, since we chose to keep them unbroadcasted
        param_event_shape = getattr(
            funsor_dist._infer_param_domain(param_name, funsor_param.output.shape),
            "shape",
            (),
        )
        param_indep_shape = funsor_param.output.shape[
            : len(funsor_param.output.shape) - len(param_event_shape)
        ]
        for i in range(max(0, len(indep_shape) - len(param_indep_shape))):
            # add singleton event dimensions, leave broadcasting/expanding to backend
            param = ops.unsqueeze(param, -1 - len(funsor_param.output.shape))

        params.append(param)

    pyro_dist = funsor_dist.dist_class(
        **dict(zip(funsor_dist._ast_fields[:-1], params))
    )
    pyro_dist = pyro_dist.to_event(
        max(len(funsor_event_shape) - len(pyro_dist.event_shape), 0)
    )

    # TODO get this working for all backends
    if not isinstance(funsor_dist.value, Variable):
        if get_backend() != "torch":
            raise NotImplementedError(
                "transformed distributions not yet supported under this backend,"
                "try set_backend('torch')"
            )
        inv_value = funsor.delta.solve(
            funsor_dist.value, Variable("value", funsor_dist.value.output)
        )[1]
        transforms = to_data(inv_value, name_to_dim=name_to_dim)
        backend_dist = import_module(
            BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()]
        ).dist
        pyro_dist = backend_dist.TransformedDistribution(pyro_dist, transforms)

    if pyro_dist.event_shape != funsor_event_shape:
        raise ValueError("Event shapes don't match, something went wrong")
    return pyro_dist


@to_data.register(Independent[typing.Union[Independent, Distribution], str, str, str])
def indep_to_data(funsor_dist, name_to_dim=None):
    if not isinstance(funsor_dist.fn, (Independent, Distribution, Gaussian)):
        raise NotImplementedError(f"cannot convert {funsor_dist} to data")
    name_to_dim = OrderedDict((name, dim - 1) for name, dim in name_to_dim.items())
    name_to_dim.update({funsor_dist.bint_var: -1})
    backend_dist = import_module(BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()]).dist
    result = to_data(funsor_dist.fn, name_to_dim=name_to_dim)

    # collapse nested Independents into a single Independent for conversion
    reinterpreted_batch_ndims = 1
    while isinstance(result, backend_dist.Independent):
        result = result.base_dist
        reinterpreted_batch_ndims += 1

    return backend_dist.Independent(result, reinterpreted_batch_ndims)


@to_data.register(Gaussian)
def gaussian_to_data(funsor_dist, name_to_dim=None):
    int_inputs = OrderedDict(
        (k, d) for k, d in funsor_dist.inputs.items() if d.dtype != "real"
    )
    loc = to_data(Tensor(funsor_dist._mean, int_inputs), name_to_dim)
    precision = to_data(Tensor(funsor_dist._precision, int_inputs), name_to_dim)
    backend_dist = import_module(BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()])
    return backend_dist.MultivariateNormal.dist_class(loc, precision_matrix=precision)


@to_data.register(GaussianMixture)
def gaussianmixture_to_data(funsor_dist, name_to_dim=None):
    discrete, gaussian = funsor_dist.terms
    backend_dist = import_module(BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()])
    cat = backend_dist.CategoricalLogits.dist_class(
        logits=to_data(discrete + gaussian.log_normalizer, name_to_dim=name_to_dim)
    )
    mvn = to_data(gaussian, name_to_dim=name_to_dim)
    return cat, mvn


################################################
# Backend-agnostic distribution patterns
################################################


def Bernoulli(probs=None, logits=None, value="value"):
    """
    Wraps backend `Bernoulli` distributions.

    This dispatches to either `BernoulliProbs` or `BernoulliLogits`
    to accept either ``probs`` or ``logits`` args.

    :param Funsor probs: Probability of 1.
    :param Funsor value: Optional observation in ``{0,1}``.
    """
    backend_dist = import_module(BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()])
    if probs is not None:
        probs = to_funsor(probs, output=Real)
        return backend_dist.BernoulliProbs(probs, value)  # noqa: F821
    if logits is not None:
        logits = to_funsor(logits, output=Real)
        return backend_dist.BernoulliLogits(logits, value)  # noqa: F821
    raise ValueError("Either probs or logits must be specified")


def LogNormal(loc, scale, value="value"):
    """
    Wraps backend `LogNormal` distributions.

    :param Funsor loc: Mean of the untransformed Normal distribution.
    :param Funsor scale: Standard deviation of the untransformed Normal
        distribution.
    :param Funsor value: Optional real observation.
    """
    loc, scale = to_funsor(loc), to_funsor(scale)
    y = to_funsor(value, output=loc.output)
    t = ops.exp
    x = t.inv(y)
    log_abs_det_jacobian = t.log_abs_det_jacobian(x, y)
    backend_dist = import_module(BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()])
    return backend_dist.Normal(loc, scale, x) - log_abs_det_jacobian  # noqa: F821


def eager_beta(concentration1, concentration0, value):
    concentration = ops.stack((concentration0, concentration1))
    value = ops.stack((1 - value, value))
    backend_dist = import_module(BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()])
    return backend_dist.Dirichlet(concentration, value=value)  # noqa: F821


def eager_binomial(total_count, probs, value):
    probs = ops.stack((1 - probs, probs))
    value = ops.stack((total_count - value, value))
    backend_dist = import_module(BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()])
    return backend_dist.Multinomial(total_count, probs, value=value)  # noqa: F821


def eager_multinomial(total_count, probs, value):
    # Multinomial.log_prob() supports inhomogeneous total_count only by
    # avoiding passing total_count to the constructor.
    inputs, (total_count, probs, value) = align_tensors(total_count, probs, value)
    shape = broadcast_shape(total_count.shape + (1,), probs.shape, value.shape)
    probs = Tensor(ops.expand(probs, shape), inputs)
    value = Tensor(ops.expand(value, shape), inputs)
    if get_backend() == "torch":
        total_count = Number(
            ops.amax(total_count, None).item()
        )  # Used by distributions validation code.
    else:
        total_count = Tensor(ops.expand(total_count, shape[:-1]), inputs)
    backend_dist = import_module(BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()])
    return backend_dist.Multinomial.eager_log_prob(
        total_count, probs, value
    )  # noqa: F821


def eager_categorical_funsor(probs, value):
    return probs[value].log()


def eager_categorical_tensor(probs, value):
    value = probs.materialize(value)
    backend_dist = import_module(BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()])
    return backend_dist.Categorical(probs=probs, value=value)  # noqa: F821


def eager_delta_tensor(v, log_density, value):
    # This handles event_dim specially, and hence cannot use the
    # generic Delta.eager_log_prob() method.
    assert v.output == value.output
    event_dim = len(v.output.shape)
    inputs, (v, log_density, value) = align_tensors(v, log_density, value)
    backend_dist = import_module(BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()])
    data = backend_dist.Delta.dist_class(v, log_density, event_dim).log_prob(
        value
    )  # noqa: F821
    return Tensor(data, inputs)


def eager_delta_funsor_variable(v, log_density, value):
    assert v.output == value.output
    return funsor.delta.Delta(value.name, v, log_density)


def eager_delta_funsor_funsor(v, log_density, value):
    assert v.output == value.output
    return funsor.delta.Delta(v.name, value, log_density)


def eager_delta_variable_variable(v, log_density, value):
    return None


def eager_normal(loc, scale, value):
    assert loc.output == Real
    assert scale.output == Real
    assert value.output == Real
    if not is_affine(loc) or not is_affine(value):
        return None  # lazy

    white_vec = ops.new_zeros(scale.data, scale.data.shape + (1,))
    prec_sqrt = (1 / scale.data)[..., None, None]
    log_prob = -0.5 * math.log(2 * math.pi) - ops.log(scale)
    inputs = scale.inputs.copy()
    var = gensym("value")
    inputs[var] = Real
    gaussian = log_prob + Gaussian(
        white_vec=white_vec,
        prec_sqrt=prec_sqrt,
        inputs=inputs,
    )
    return gaussian(**{var: value - loc})


def eager_mvn(loc, scale_tril, value):
    assert len(loc.shape) == 1
    assert len(scale_tril.shape) == 2
    assert value.output == loc.output
    if not is_affine(loc) or not is_affine(value):
        return None  # lazy

    white_vec = ops.new_zeros(scale_tril.data, scale_tril.data.shape[:-1])
    prec_sqrt = ops.transpose(ops.triangular_inv(scale_tril.data), -1, -2)
    scale_diag = Tensor(ops.diagonal(scale_tril.data, -1, -2), scale_tril.inputs)
    log_prob = (
        -0.5 * scale_diag.shape[0] * math.log(2 * math.pi) - ops.log(scale_diag).sum()
    )
    inputs = scale_tril.inputs.copy()
    var = gensym("value")
    inputs[var] = Reals[scale_diag.shape[0]]
    gaussian = log_prob + Gaussian(
        white_vec=white_vec, prec_sqrt=prec_sqrt, inputs=inputs
    )
    return gaussian(**{var: value - loc})


def eager_beta_bernoulli(red_op, bin_op, reduced_vars, x, y):
    backend_dist = import_module(BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()])
    return eager_dirichlet_multinomial(
        red_op,
        bin_op,
        reduced_vars,
        x,
        backend_dist.Binomial(total_count=1, probs=y.probs, value=y.value),
    )


def eager_dirichlet_categorical(red_op, bin_op, reduced_vars, x, y):
    dirichlet_reduction = x.input_vars & reduced_vars
    if dirichlet_reduction:
        backend_dist = import_module(BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()])
        identity = Tensor(
            ops.new_eye(funsor.tensor.get_default_prototype(), x.concentration.shape)
        )
        return backend_dist.DirichletMultinomial(
            concentration=x.concentration, total_count=1, value=identity[y.value]
        )
    else:
        return eager.interpret(Contraction, red_op, bin_op, reduced_vars, (x, y))


def eager_dirichlet_multinomial(red_op, bin_op, reduced_vars, x, y):
    dirichlet_reduction = x.input_vars & reduced_vars
    if dirichlet_reduction:
        backend_dist = import_module(BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()])
        return backend_dist.DirichletMultinomial(
            concentration=x.concentration, total_count=y.total_count, value=y.value
        )
    else:
        return eager.interpret(Contraction, red_op, bin_op, reduced_vars, (x, y))


def eager_plate_multinomial(op, x, reduced_vars):
    if not reduced_vars.isdisjoint(x.probs.input_vars):
        return None
    if not reduced_vars.issubset(x.value.input_vars):
        return None

    backend_dist = import_module(BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()])
    total_count = x.total_count
    for v in reduced_vars:
        if v.name in total_count.inputs:
            total_count = total_count.reduce(ops.add, v)
        else:
            total_count = total_count * v.output.size
    return backend_dist.Multinomial(
        total_count=total_count,
        probs=x.probs,
        value=x.value.reduce(ops.add, reduced_vars),
    )


def _log_beta(x, y):
    return ops.lgamma(x) + ops.lgamma(y) - ops.lgamma(x + y)


def eager_gamma_gamma(red_op, bin_op, reduced_vars, x, y):
    gamma_reduction = x.input_vars & reduced_vars
    if gamma_reduction:
        unnormalized = (y.concentration - 1) * ops.log(y.value) - (
            y.concentration + x.concentration
        ) * ops.log(y.value + x.rate)
        const = -x.concentration * ops.log(x.rate) + _log_beta(
            y.concentration, x.concentration
        )
        return unnormalized - const
    else:
        return eager.interpret(Contraction, red_op, bin_op, reduced_vars, (x, y))


def eager_gamma_poisson(red_op, bin_op, reduced_vars, x, y):
    gamma_reduction = x.input_vars & reduced_vars
    if gamma_reduction:
        backend_dist = import_module(BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()])
        return backend_dist.GammaPoisson(
            concentration=x.concentration, rate=x.rate, value=y.value
        )
    else:
        return eager.interpret(Contraction, red_op, bin_op, reduced_vars, (x, y))


def eager_dirichlet_posterior(op, c, z):
    if (z.concentration is c.terms[0].concentration) and (
        c.terms[1].total_count is z.total_count
    ):
        backend_dist = import_module(BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()])
        return backend_dist.Dirichlet(
            concentration=z.concentration + c.terms[1].value, value=c.terms[0].value
        )
    else:
        return None
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  Source code for funsor.domains

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

import copyreg
import functools
import inspect
import operator
import warnings
from functools import reduce
from weakref import WeakValueDictionary

import funsor.ops as ops
from funsor.ops.builtin import parse_ellipsis, parse_slice
from funsor.util import broadcast_shape, get_backend, get_tracing_state, quote

Domain = type


class ArrayType(Domain):
    """
    Base class of array-like domains.
    """

    _type_cache = WeakValueDictionary()

    def __getitem__(cls, dtype_shape):
        dtype, shape = dtype_shape
        assert dtype is not None
        assert shape is not None

        # in some JAX versions, shape can be np.int64 type
        if get_tracing_state() or get_backend() == "jax":
            if dtype not in (None, "real"):
                dtype = int(dtype)
            if shape is not None:
                shape = tuple(map(int, shape))

        assert cls.dtype in (None, dtype)
        assert cls.shape in (None, shape)
        key = dtype, shape
        result = ArrayType._type_cache.get(key, None)
        if result is None:
            if dtype == "real":
                assert all(isinstance(size, int) and size >= 0 for size in shape)
                name = (
                    "Reals[{}]".format(",".join(map(str, shape))) if shape else "Real"
                )
                result = RealsType(name, (), {"shape": shape})
            elif isinstance(dtype, int):
                assert dtype >= 0
                name = "Bint[{}]".format(",".join(map(str, (dtype,) + shape)))
                result = BintType(name, (), {"dtype": dtype, "shape": shape})
            else:
                raise ValueError("invalid dtype: {}".format(dtype))
            ArrayType._type_cache[key] = result
        return result

    def __subclasscheck__(cls, subcls):
        if not isinstance(subcls, ArrayType):
            return False
        if cls.dtype not in (None, subcls.dtype):
            return False
        if cls.shape not in (None, subcls.shape):
            return False
        return True

    def __repr__(cls):
        return cls.__name__

    def __str__(cls):
        return cls.__name__

    @property
    def num_elements(cls):
        return reduce(operator.mul, cls.shape, 1)

    @property
    def is_concrete(cls):
        # FIXME this should simply be isinstance(cls, Domain)
        return cls.dtype is not None and cls.shape is not None


[docs]class BintType(ArrayType):
    def __getitem__(cls, size_shape):
        if isinstance(size_shape, tuple):
            size, shape = size_shape[0], size_shape[1:]
        else:
            size, shape = size_shape, ()
        return super().__getitem__((size, shape))

    def __subclasscheck__(cls, subcls):
        if not isinstance(subcls, BintType):
            return False
        if cls.dtype not in (None, subcls.dtype):
            return False
        if cls.shape not in (None, subcls.shape):
            return False
        return True

    @property
    def size(cls):
        return cls.dtype

    def __iter__(cls):
        from funsor.terms import Number

        return (Number(i, cls.size) for i in range(cls.size))



[docs]class RealsType(ArrayType):
    dtype = "real"

    def __getitem__(cls, shape):
        if not isinstance(shape, tuple):
            shape = (shape,)
        return super().__getitem__(("real", shape))

    def __subclasscheck__(cls, subcls):
        if not isinstance(subcls, RealsType):
            return False
        if cls.dtype not in (None, subcls.dtype):
            return False
        if cls.shape not in (None, subcls.shape):
            return False
        return True



def _pickle_array(cls):
    if cls in (Array, Bint, Real, Reals):
        return cls.__name__
    return operator.getitem, (Array, (cls.dtype, cls.shape))


copyreg.pickle(ArrayType, _pickle_array)
copyreg.pickle(BintType, _pickle_array)
copyreg.pickle(RealsType, _pickle_array)


class Array(metaclass=ArrayType):
    """
    Generic factory for :class:`Reals` or :class:`Bint`.

        Arary["real", (3, 3)] = Reals[3, 3]
        Array["real", ()] = Real
    """

    dtype = None
    shape = None


[docs]class Bint(metaclass=BintType):
    """
    Factory for bounded integer types::

        Bint[5]           # integers ranging in {0,1,2,3,4}
        Bint[2, 3, 3]     # 3x3 matrices with entries in {0,1}
    """

    dtype = None
    shape = None



[docs]class Reals(metaclass=RealsType):
    """
    Type of a real-valued array with known shape::

        Reals[()] = Real  # scalar
        Reals[8]          # vector of length 8
        Reals[3, 3]       # 3x3 matrix
    """

    shape = None



Real = Reals[()]


# DEPRECATED
[docs]def reals(*args):
    warnings.warn(
        "reals(...) is deprecated, use Real or Reals[...] instead", DeprecationWarning
    )
    return Reals[args]



# DEPRECATED
[docs]def bint(size):
    warnings.warn("bint(...) is deprecated, use Bint[...] instead", DeprecationWarning)
    return Bint[size]



class ProductDomain(Domain):

    _type_cache = WeakValueDictionary()

    def __getitem__(cls, arg_domains):
        try:
            return ProductDomain._type_cache[arg_domains]
        except KeyError:
            assert isinstance(arg_domains, tuple)
            assert all(isinstance(arg_domain, Domain) for arg_domain in arg_domains)
            subcls = type("Product_", (Product,), {"__args__": arg_domains})
            ProductDomain._type_cache[arg_domains] = subcls
            return subcls

    def __repr__(cls):
        return "Product[{}]".format(", ".join(map(repr, cls.__args__)))

    @property
    def __origin__(cls):
        return Product

    @property
    def shape(cls):
        return (len(cls.__args__),)


class Product(tuple, metaclass=ProductDomain):
    """like typing.Tuple, but works with issubclass"""

    __args__ = NotImplemented


class DependentMeta(type):
    def __getitem__(cls, fn):
        return cls(fn)


[docs]class Dependent(metaclass=DependentMeta):
    """
    Type hint for dependently type-decorated functions.

    Examples::

        Dependent[Real]  # a constant known domain
        Dependent[lambda x: Array[x.dtype, x.shape[1:]]  # args are Domains
        Dependent[lambda x, y: Bint[x.size + y.size]]

    :param callable fn: A lambda taking named arguments (in any order)
        which will be filled in with the domain of the similarly named
        funsor argument to the decorated function. This lambda should
        compute a desired resulting domain given domains of arguments.
    """

    def __init__(self, fn):
        function = type(lambda: None)
        self.fn = fn if isinstance(fn, function) else lambda: fn
        self.args = inspect.getfullargspec(fn)[0]

    def __call__(self, **kwargs):
        return self.fn(*map(kwargs.__getitem__, self.args))



################################################################################
# Function registration

quote.register_repr(BintType)
quote.register_repr(RealsType)


[docs]@functools.singledispatch
def find_domain(op, *domains):
    r"""
    Finds the :class:`Domain` resulting when applying ``op`` to ``domains``.
    :param callable op: An operation.
    :param Domain \*domains: One or more input domains.
    """
    raise NotImplementedError



@find_domain.register(ops.UnaryOp)
def _find_domain_pointwise_unary_generic(op, domain):
    if isinstance(domain, ArrayType):
        return Array[domain.dtype, domain.shape]
    raise NotImplementedError


@find_domain.register(ops.AstypeOp)
def _find_domain_astype(op, domain):
    if op.defaults["dtype"] in ("float", "double", "float32", "float64"):
        dtype = "real"
    elif op.defaults["dtype"] in ("bool"):
        dtype = 2
    elif op.defaults["dtype"] in ("int", "int8", "int16", "int32", "int64", "uint8"):
        dtype = domain.dtype
    else:
        raise NotImplementedError
    return Array[dtype, domain.shape]


@find_domain.register(ops.LogOp)
@find_domain.register(ops.ExpOp)
def _find_domain_log_exp(op, domain):
    return Array["real", domain.shape]


@find_domain.register(ops.ReductionOp)
def _find_domain_reduction(op, domain):
    # Canonicalize dim.
    dim = op.defaults.get("dim", None)
    ndims = len(domain.shape)
    if dim is None:
        dims = set(range(ndims))
    elif isinstance(dim, int):
        dims = {dim % ndims}
    else:
        dims = {i % ndims for i in dim}

    # Compute shape.
    if op.defaults.get("keepdims", False):
        shape = tuple(1 if i in dims else domain.shape[i] for i in range(ndims))
    else:
        shape = tuple(domain.shape[i] for i in range(ndims) if i not in dims)

    # Compute domain.
    if op.name in ("all", "any"):
        dtype = 2
    elif domain.dtype == "real":
        dtype = "real"
    else:
        raise NotImplementedError("TODO")

    return Array[dtype, shape]


@find_domain.register(ops.ReshapeOp)
def _find_domain_reshape(op, domain):
    return Array[domain.dtype, op.defaults["shape"]]


@find_domain.register(ops.GetitemOp)
def _find_domain_getitem(op, lhs_domain, rhs_domain):
    if isinstance(lhs_domain, ArrayType):
        offset = op.defaults["offset"]
        dtype = lhs_domain.dtype
        shape = lhs_domain.shape[:offset] + lhs_domain.shape[1 + offset :]
        return Array[dtype, shape]
    elif isinstance(lhs_domain, ProductDomain):
        # XXX should this return a Union?
        raise NotImplementedError(
            "Cannot statically infer domain from: " f"{lhs_domain}[{rhs_domain}]"
        )


@find_domain.register(ops.GetsliceOp)
def _find_domain_getslice(op, domain):
    index = op.defaults["index"]
    if isinstance(domain, ArrayType):
        dtype = domain.dtype
        shape = list(domain.shape)
        left, right = parse_ellipsis(index)

        i = 0
        for part in left:
            if part is None:
                shape.insert(i, 1)
                i += 1
            elif isinstance(part, int):
                del shape[i]
            elif isinstance(part, slice):
                start, stop, step = parse_slice(part, shape[i])
                shape[i] = max(0, (stop - start + step - 1) // step)
                i += 1
            else:
                raise ValueError(part)

        i = -1
        for part in reversed(right):
            if part is None:
                shape.insert(len(shape) + i + 1, 1)
                i -= 1
            elif isinstance(part, int):
                del shape[i]
            elif isinstance(part, slice):
                start, stop, step = parse_slice(part, shape[i])
                shape[i] = max(0, (stop - start + step - 1) // step)
                i -= 1
            else:
                raise ValueError(part)

        return Array[dtype, tuple(shape)]

    if isinstance(domain, ProductDomain):
        if isinstance(index, tuple):
            assert len(index) == 1
            index = index[0]
        if isinstance(index, int):
            return domain.__args__[index]
        elif isinstance(index, slice):
            return Product[domain.__args__[index]]
        else:
            raise ValueError(index)

    raise NotImplementedError("TODO")


@find_domain.register(ops.BinaryOp)
def _find_domain_pointwise_binary_generic(op, lhs, rhs):
    if (
        isinstance(lhs, ArrayType)
        and isinstance(rhs, ArrayType)
        and lhs.dtype == rhs.dtype
    ):
        return Array[lhs.dtype, broadcast_shape(lhs.shape, rhs.shape)]
    raise NotImplementedError("TODO")


@find_domain.register(ops.FloordivOp)
def _find_domain_floordiv(op, lhs, rhs):
    if isinstance(lhs, ArrayType) and isinstance(rhs, ArrayType):
        shape = broadcast_shape(lhs.shape, rhs.shape)
        if isinstance(lhs.dtype, int) and isinstance(rhs.dtype, int):
            size = (lhs.size - 1) // (rhs.size - 1) + 1
            return Array[size, shape]
        if lhs.dtype == "real" and rhs.dtype == "real":
            return Reals[shape]
    raise NotImplementedError("TODO")


@find_domain.register(ops.ModOp)
def _find_domain_mod(op, lhs, rhs):
    if isinstance(lhs, ArrayType) and isinstance(rhs, ArrayType):
        shape = broadcast_shape(lhs.shape, rhs.shape)
        if isinstance(lhs.dtype, int) and isinstance(rhs.dtype, int):
            dtype = max(0, rhs.dtype - 1)
            return Array[dtype, shape]
        if lhs.dtype == "real" and rhs.dtype == "real":
            return Reals[shape]
    raise NotImplementedError("TODO")


@find_domain.register(ops.MatmulOp)
def _find_domain_matmul(op, lhs, rhs):
    assert lhs.shape and rhs.shape
    if len(rhs.shape) == 1:
        assert lhs.shape[-1] == rhs.shape[-1]
        shape = lhs.shape[:-1]
    elif len(lhs.shape) == 1:
        assert lhs.shape[-1] == rhs.shape[-2]
        shape = rhs.shape[:-2] + rhs.shape[-1:]
    else:
        assert lhs.shape[-1] == rhs.shape[-2]
        shape = broadcast_shape(lhs.shape[:-1], rhs.shape[:-2] + (1,)) + rhs.shape[-1:]
    return Reals[shape]


@find_domain.register(ops.AssociativeOp)
def _find_domain_associative_generic(op, *domains):

    assert 1 <= len(domains) <= 2

    if len(domains) == 1:
        return Array[domains[0].dtype, ()]

    lhs, rhs = domains
    if lhs.dtype == "real" or rhs.dtype == "real":
        dtype = "real"
    elif op in (ops.add, ops.mul, ops.pow, ops.max, ops.min):
        dtype = op(lhs.dtype - 1, rhs.dtype - 1) + 1
    elif op in (ops.and_, ops.or_, ops.xor):
        dtype = 2
    elif lhs.dtype == rhs.dtype:
        dtype = lhs.dtype
    else:
        raise NotImplementedError("TODO")

    shape = broadcast_shape(lhs.shape, rhs.shape)
    return Array[dtype, shape]


@find_domain.register(ops.WrappedTransformOp)
def _transform_find_domain(op, domain):
    fn = op.defaults["fn"]
    shape = fn.forward_shape(domain.shape)
    return Array[domain.dtype, shape]


@find_domain.register(ops.LogAbsDetJacobianOp)
def _transform_log_abs_det_jacobian(op, domain, codomain):
    # TODO do we need to handle batch shape here?
    return Real


@find_domain.register(ops.StackOp)
def _find_domain_stack(op, parts):
    shape = broadcast_shape(*(x.shape for x in parts))
    dim = op.defaults["dim"]
    if dim >= 0:
        dim = dim - len(shape) - 1
    assert dim < 0
    split = dim + len(shape) + 1
    shape = shape[:split] + (len(parts),) + shape[split:]
    output = Array[parts[0].dtype, shape]
    return output


@find_domain.register(ops.CatOp)
def _find_domain_cat(op, parts):
    dim = op.defaults["axis"]
    if dim >= 0:
        event_dims = {len(x.shape) for x in parts}
        assert len(event_dims) == 1, "undefined"
        dim = dim - next(iter(event_dims))
    assert dim < 0
    shape = broadcast_shape(*(x.shape[:dim] for x in parts))
    shape += (sum(x.shape[dim] for x in parts),)
    if dim < -1:
        shape += broadcast_shape(*(x.shape[dim + 1 :] for x in parts))
    output = Array[parts[0].dtype, shape]
    return output


@find_domain.register(ops.EinsumOp)
def _find_domain_einsum(op, operands):
    equation = op.defaults["equation"]
    ein_inputs, ein_output = equation.split("->")
    ein_inputs = ein_inputs.split(",")
    size_dict = {}
    for ein_input, x in zip(ein_inputs, operands):
        assert x.dtype == "real"
        assert len(ein_input) == len(x.shape)
        for name, size in zip(ein_input, x.shape):
            other_size = size_dict.setdefault(name, size)
            if other_size != size:
                raise ValueError(
                    "Size mismatch at {}: {} vs {}".format(name, size, other_size)
                )
    return Reals[tuple(size_dict[d] for d in ein_output)]


__all__ = [
    "Bint",
    "BintType",
    "Dependent",
    "Domain",
    "Real",
    "Reals",
    "RealsType",
    "bint",
    "find_domain",
    "reals",
]
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  Source code for funsor.einsum

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

from functools import reduce

import funsor.ops as ops
from funsor.cnf import Contraction
from funsor.optimizer import apply_optimizer
from funsor.sum_product import sum_product
from funsor.terms import Funsor, Variable, lazy

# TODO: add numpy einsum here
BACKEND_OPS = {
    "torch": (ops.add, ops.mul),
    "pyro.ops.einsum.torch_log": (ops.logaddexp, ops.add),
    "pyro.ops.einsum.torch_marginal": (ops.logaddexp, ops.add),
    "pyro.ops.einsum.torch_map": (ops.max, ops.add),
    "pyro.ops.einsum.torch_sample": (ops.logaddexp, ops.add),
    "numpy": (ops.add, ops.mul),
    "funsor.einsum.numpy_log": (ops.logaddexp, ops.add),
    "funsor.einsum.numpy_map": (ops.max, ops.add),
    "jax.numpy": (ops.add, ops.mul),
}

BACKEND_ADJOINT_OPS = {
    "pyro.ops.einsum.torch_marginal": (ops.logaddexp, ops.add),
    "pyro.ops.einsum.torch_map": (ops.max, ops.add),
}


[docs]def naive_contract_einsum(eqn, *terms, **kwargs):
    """
    Use for testing Contract against einsum
    """
    assert "plates" not in kwargs

    backend = kwargs.pop("backend", "torch")
    if backend in BACKEND_OPS:
        sum_op, prod_op = BACKEND_OPS[backend]
    else:
        raise ValueError("{} backend not implemented".format(backend))

    assert isinstance(eqn, str)
    assert all(isinstance(term, Funsor) for term in terms)
    inputs, output = eqn.split("->")
    inputs = inputs.split(",")
    assert len(inputs) == len(terms)
    assert len(output.split(",")) == 1
    input_dims = frozenset(d for inp in inputs for d in inp)
    output_dims = frozenset(d for d in output)
    all_inputs = {k: v for term in terms for k, v in term.inputs.items()}
    reduced_vars = frozenset(
        Variable(k, all_inputs[k]) for k in input_dims - output_dims
    )
    return Contraction(sum_op, prod_op, reduced_vars, *terms)



[docs]def naive_einsum(eqn, *terms, **kwargs):
    """
    Implements standard variable elimination.
    """
    backend = kwargs.pop("backend", "torch")
    if backend in BACKEND_OPS:
        sum_op, prod_op = BACKEND_OPS[backend]
    else:
        raise ValueError("{} backend not implemented".format(backend))

    assert isinstance(eqn, str)
    assert all(isinstance(term, Funsor) for term in terms)
    inputs, output = eqn.split("->")
    assert len(output.split(",")) == 1
    input_dims = frozenset(d for inp in inputs.split(",") for d in inp)
    output_dims = frozenset(output)
    reduce_dims = input_dims - output_dims
    return reduce(prod_op, terms).reduce(sum_op, reduce_dims)



[docs]def naive_plated_einsum(eqn, *terms, **kwargs):
    """
    Implements Tensor Variable Elimination (Algorithm 1 in [Obermeyer et al 2019])

    [Obermeyer et al 2019] Obermeyer, F., Bingham, E., Jankowiak, M., Chiu, J.,
        Pradhan, N., Rush, A., and Goodman, N.  Tensor Variable Elimination for
        Plated Factor Graphs, 2019
    """
    plates = kwargs.pop("plates", "")
    if not plates:
        return naive_einsum(eqn, *terms, **kwargs)

    backend = kwargs.pop("backend", "torch")
    if backend in BACKEND_OPS:
        sum_op, prod_op = BACKEND_OPS[backend]
    else:
        raise ValueError("{} backend not implemented".format(backend))

    assert isinstance(eqn, str)
    assert all(isinstance(term, Funsor) for term in terms)
    inputs, output = eqn.split("->")
    inputs = inputs.split(",")
    assert len(inputs) == len(terms)
    assert len(output.split(",")) == 1
    input_dims = frozenset(d for inp in inputs for d in inp)
    output_dims = frozenset(d for d in output)
    plate_dims = frozenset(plates) - output_dims
    reduce_vars = input_dims - output_dims - frozenset(plates)

    output_plates = output_dims & frozenset(plates)
    if not all(output_plates.issubset(inp) for inp in inputs):
        raise NotImplementedError("TODO")

    eliminate = plate_dims | reduce_vars
    return sum_product(sum_op, prod_op, terms, eliminate, frozenset(plates))



[docs]def einsum(eqn, *terms, **kwargs):
    r"""
    Top-level interface for optimized tensor variable elimination.

    :param str equation: An einsum equation.
    :param funsor.terms.Funsor \*terms: One or more operands.
    :param set plates: Optional keyword argument denoting which funsor
        dimensions are plate dimensions. Among all input dimensions (from
        terms): dimensions in plates but not in outputs are product-reduced;
        dimensions in neither plates nor outputs are sum-reduced.
    """
    with lazy:
        naive_ast = naive_plated_einsum(eqn, *terms, **kwargs)
    return apply_optimizer(naive_ast)
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  Source code for funsor.elbo

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

from functools import reduce

from multipledispatch.variadic import Variadic

from funsor.cnf import Contraction
from funsor.integrate import Integrate
from funsor.interpretations import StatefulInterpretation
from funsor.ops import AddOp, LogaddexpOp, NullOp
from funsor.terms import Funsor, Reduce

from . import ops


# TODO refactor this once Approximate is merged
[docs]class Elbo(StatefulInterpretation):
    """
    Given an approximating ``guide`` funsor, approximates::

        model.reduce(ops.logaddexp, approx_vars)

    by the lower bound::

        Integrate(guide, model - guide, approx_vars)

    :param Funsor guide: A guide or proposal funsor.
    :param frozenset approx_vars: The variables being integrated.
    """

    def __init__(self, guide, approx_vars):
        super().__init__("elbo")
        self.guide = guide
        self.approx_vars = approx_vars



@Elbo.register(Contraction, (LogaddexpOp, NullOp), (AddOp, NullOp), frozenset, tuple)
def elbo_contract(state, sum_op, prod_op, reduced_vars, terms):
    if reduced_vars.isdisjoint(state.approx_vars):
        return None
    if reduced_vars != state.approx_vars:
        raise NotImplementedError("TODO")

    model = reduce(prod_op, terms)
    return Integrate(state.guide, model - state.guide, state.approx_vars)


@Elbo.register(
    Contraction, (LogaddexpOp, NullOp), (AddOp, NullOp), frozenset, Variadic[Funsor]
)
def elbo_contract_variadic(state, sum_op, prod_op, reduced_vars, *terms):
    return elbo_contract(state, sum_op, prod_op, reduced_vars, terms)


@Elbo.register(Reduce, LogaddexpOp, Funsor, frozenset)
def elbo_reduce(state, sum_op, arg, reduced_vars):
    return elbo_contract(state, sum_op, ops.add, reduced_vars, (arg,))


__all__ = [
    "Elbo",
]
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  Source code for funsor.factory

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

import inspect
import typing
import warnings
from collections import OrderedDict
from functools import singledispatch

import makefun

from funsor.instrument import debug_logged
from funsor.terms import Funsor, FunsorMeta, Variable, eager, to_funsor
from funsor.util import as_callable


def _get_name(fn):
    return getattr(fn, "__name__", type(fn).__name__)


def _erase_types(fn):
    def result(*args):
        return fn(*args)

    result.__name__ = _get_name(fn)
    result.__module__ = fn.__module__
    return debug_logged(result)


class FreshMeta(type):
    def __getitem__(cls, fn):
        return Fresh(fn)


[docs]class Fresh(metaclass=FreshMeta):
    """
    Type hint for :func:`make_funsor` decorated functions. This provides hints
    for fresh variables (names) and the return type.

    Examples::

        Fresh[Real]  # a constant known domain
        Fresh[lambda x: Array[x.dtype, x.shape[1:]]  # args are Domains
        Fresh[lambda x, y: Bint[x.size + y.size]]

    :param callable fn: A lambda taking named arguments (in any order)
        which will be filled in with the domain of the similarly named
        funsor argument to the decorated function. This lambda should
        compute a desired resulting domain given domains of arguments.
    """

    def __init__(self, fn):
        function = type(lambda: None)
        self.fn = fn if isinstance(fn, function) else lambda: fn
        self.args = inspect.getfullargspec(fn)[0]

    def __call__(self, **kwargs):
        return self.fn(*map(kwargs.__getitem__, self.args))



[docs]class Bound:
    """
    Type hint for :func:`make_funsor` decorated functions. This provides hints
    for bound variables (names).
    """

    pass



class ValueMeta(type):
    def __getitem__(cls, value_type):
        return Value(value_type)


class Value(metaclass=ValueMeta):
    def __init__(self, value_type):
        if issubclass(value_type, Funsor):
            raise TypeError("Types cannot depend on Funsor values")
        self.value_type = value_type


class HasMeta(type):
    def __getitem__(cls, bound):
        return Has(bound)


[docs]class Has(metaclass=HasMeta):
    """
    Type hint for :func:`make_funsor` decorated functions.

    This hint asserts that a set of :class:`Bound` variables
    always appear in the ``.inputs`` of the annotated argument.

    For example, we could write a named ``matmul`` function that
    asserts that both arguments always contain the reduced input,
    and cannot be constant with respect to that input::

        @make_funsor
        def MatMul(
            x: Has[{"i"}],
            y: Has[{"i"}],
            i: Bound,
        ) -> Fresh[lambda x: x]:
            return (x * y).reduce(ops.add, i)

    Here the string ``"i"`` in the annotations for ``x`` and ``y``
    refer to the argument ``i`` of our ``MatMul`` function,
    which is known to be ``Bound`` (i.e it does not appear in the
    ``.inputs`` of evaluating ``Matmul(x, y, "i")``.

    .. warning ::

        This annotation is experimental and may be removed in the future.

        Note that because Funsor is inherently extensional,
        violating a `Has` constraint only raises a :class:`SyntaxWarning`
        rather than a full :class:`TypeError`  and even then only under
        the :func:`~funsor.interpretations.reflect`  interpretation.

        As such, :class:`Has` annotations should be used sparingly,
        reserved for cases where the programmer has complete control
        over the inputs to a function and knows that an argument
        will always depend on a bound variable, e.g. when writing one-off
        Funsor terms to describe custom layers in a neural network.

    :param set bound: A :class:`~builtins.set` of strings of names of
        :class:`Bound` arguments of a :func:`make_funsor` -decorated function.
    """

    def __init__(self, bound):
        assert isinstance(bound, set)
        assert all(isinstance(v, str) for v in bound)
        self.bound = bound



def _get_dependent_args(fields, hints, args):
    return {
        name: arg if isinstance(hint, Value) else arg.output
        for name, arg, hint in zip(fields, args, hints)
        if hint in (Funsor, Bound) or isinstance(hint, (Has, Value))
    }


[docs]def make_funsor(fn):
    """
    Decorator to dynamically create a subclass of
    :class:`~funsor.terms.Funsor`, together with a single default eager
    pattern.

    This infers inputs, outputs, fresh, and bound variables from type hints
    follow the following convention:

    - Funsor inputs are typed :class:`~funsor.terms.Funsor`.
    - Bound variable inputs (names) are typed :class:`Bound`.
    - Fresh variable inputs (names) are typed :class:`Fresh` together with
      lambda to compute the dependent domain.
    - Ground value inputs (e.g. Python ints) are typed :class:`Value` together with
      their actual data type, e.g. ``Value[int]``.
    - The return value is typed :class:`Fresh` together with a lambda to
      compute the dependent return domain.

    For example to unflatten a single coordinate into a pair of coordinates we
    could define::

        @make_funsor
        def Unflatten(
            x: Funsor,
            i: Bound,
            i_over_2: Fresh[lambda i: Bint[i.size // 2]],
            i_mod_2: Fresh[lambda: Bint[2]],
        ) -> Fresh[lambda x: x]:
            assert i.output.size % 2 == 0
            return x(**{i.name: i_over_2 * Number(2, 3) + i_mod_2})

    :param callable fn: A type annotated function of Funsors.
    :rtype: subclas of :class:`~funsor.terms.Funsor`
    """
    input_types = typing.get_type_hints(as_callable(fn))
    for name, hint in input_types.items():
        if not (hint in (Funsor, Bound) or isinstance(hint, (Fresh, Value, Has))):
            raise TypeError(f"Invalid type hint {name}: {hint}")
    output_type = input_types.pop("return")
    hints = tuple(input_types.values())

    class ResultMeta(FunsorMeta):
        def __call__(cls, *args):
            args = list(args)

            # Compute domains of bound variables.
            for i, (name, arg) in enumerate(zip(cls._ast_fields, args)):
                hint = input_types[name]
                if hint is Funsor or isinstance(hint, Has):  # TODO support domains
                    args[i] = to_funsor(arg)
                elif hint is Bound:
                    for other in args:
                        if isinstance(other, Funsor):
                            domain = other.inputs.get(arg, None)
                            if domain is not None:
                                arg = to_funsor(arg, domain)
                    if not isinstance(arg, Variable):
                        raise ValueError(f"Cannot infer domain of {name}={arg}")
                    args[i] = arg
                elif isinstance(hint, Value):
                    if not isinstance(arg, hint.value_type):
                        raise TypeError(
                            f"invalid dependent value type: {arg}: {hint.value_type}"
                        )
                    args[i] = arg

            # Compute domains of fresh variables.
            dependent_args = _get_dependent_args(cls._ast_fields, hints, args)
            for i, (hint, arg) in enumerate(zip(hints, args)):
                if isinstance(hint, Fresh):
                    domain = hint(**dependent_args)
                    args[i] = to_funsor(arg, domain)
            return super().__call__(*args)

    @makefun.with_signature(
        "__init__({})".format(", ".join(["self"] + list(input_types)))
    )
    def __init__(self, **kwargs):
        args = tuple(kwargs[k] for k in self._ast_fields)
        dependent_args = _get_dependent_args(self._ast_fields, hints, args)
        output = output_type(**dependent_args)
        inputs = OrderedDict()
        bound = {}
        for hint, arg, arg_name in zip(hints, args, self._ast_fields):
            if hint is Funsor:
                assert isinstance(arg, Funsor)
                inputs.update(arg.inputs)
            elif isinstance(hint, Has):
                assert isinstance(arg, Funsor)
                inputs.update(arg.inputs)
                for name in hint.bound:
                    if kwargs[name] not in arg.input_vars:
                        warnings.warn(
                            f"Argument {arg_name} is missing bound variable {kwargs[name]} from argument {name}."
                            f"Are you sure {name} will always appear in {arg_name}?",
                            SyntaxWarning,
                        )
        for hint, arg in zip(hints, args):
            if hint is Bound:
                bound[arg.name] = inputs.pop(arg.name)
        for hint, arg in zip(hints, args):
            if isinstance(hint, Fresh):
                for k, d in arg.inputs.items():
                    if k not in bound:
                        inputs[k] = d
        fresh = frozenset()
        Funsor.__init__(self, inputs, output, fresh, bound)
        for name, arg in zip(self._ast_fields, args):
            setattr(self, name, arg)

    def _alpha_convert(self, alpha_subs):
        alpha_subs = {k: to_funsor(v, self.bound[k]) for k, v in alpha_subs.items()}
        return Funsor._alpha_convert(self, alpha_subs)

    name = _get_name(fn)
    ResultMeta.__name__ = f"{name}Meta"
    Result = ResultMeta(
        name, (Funsor,), {"__init__": __init__, "_alpha_convert": _alpha_convert}
    )
    pattern = (Result,) + tuple(
        _hint_to_pattern(input_types[k]) for k in Result._ast_fields
    )
    eager.register(*pattern)(_erase_types(fn))
    return Result



@singledispatch
def _hint_to_pattern(t):
    return Funsor


@_hint_to_pattern.register(Value)
def _(t):
    return t.value_type
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  Source code for funsor.gaussian

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

import math
from collections import OrderedDict, defaultdict
from contextlib import contextmanager
from functools import reduce

import funsor.ops as ops
from funsor.affine import affine_inputs, extract_affine, is_affine
from funsor.delta import Delta
from funsor.domains import Real, Reals
from funsor.interpretations import compress_gaussians
from funsor.ops import AddOp, SubOp
from funsor.tensor import Tensor, align_tensor, align_tensors
from funsor.terms import (
    Binary,
    Funsor,
    FunsorMeta,
    Number,
    Slice,
    Subs,
    Variable,
    eager,
    reflect,
)
from funsor.util import broadcast_shape, get_tracing_state, lazy_property


def _log_det_tri(x):
    return ops.log(ops.diagonal(x, -1, -2)).sum(-1)


def _vv(vec1, vec2):
    """
    Computes the inner product ``< vec1 | vec 2 >``.
    """
    return (vec1[..., None, :] @ vec2[..., None])[..., 0, 0]


def _norm2(vec):
    return _vv(vec, vec)


def _mv(mat, vec):
    return (mat @ vec[..., None])[..., 0]


def _vm(vec, mat):
    return (vec[..., None, :] @ mat)[..., 0, :]


def _mmt(mat1, mat2=None):
    if mat2 is None:
        mat2 = mat1
    return mat1 @ ops.transpose(mat2, -1, -2)


def _mtm(mat1, mat2=None):
    if mat2 is None:
        mat2 = mat1
    return ops.transpose(mat1, -1, -2) @ mat2


def _inverse_cholesky(P):
    """
    Computes a Cholesky decomposition of the inverse of a posdef matrix.
    """
    # Ref: https://nbviewer.jupyter.org/gist/fehiepsi/5ef8e09e61604f10607380467eb82006#Precision-to-scale_tril
    Lf = ops.cholesky(ops.flip(P, (-2, -1)))
    L_inv = ops.transpose(ops.flip(Lf, (-2, -1)), -2, -1)
    L = ops.triangular_inv(L_inv)
    return L


def _compress_rank(white_vec, prec_sqrt, assume_full_rank=False):
    """
    Compress a wide representation ``(white_vec, prec_sqrt)`` while preserving
    the quadratic function ``||x @ prec_sqrt - white_vec||^2 + const``.
    """
    dim, rank = prec_sqrt.shape[-2:]
    assert rank >= dim
    old_norm2 = _norm2(white_vec)

    # Let P = prec_sqrt and w = white_vec define the original Gaussian
    #
    #   G(x;w,P) = -1/2 || x P - w ||^2
    #            = -1/2 x P P' x' + x P w' -1/2 w w'
    #
    # We seek a compressed Gaussian G(x;wc,Pc) and constant C such that
    #
    #   G(x;w,P) = G(x;wc,Pc) + C
    #            = -1/2 x Pc Pc' x' + x Pc wc' -1/2 wc wc' + C
    if assume_full_rank:
        # Cholesky factorizing Pc = chol(P P'), we match remaining coefficients
        #
        #    Pc wc' = P w'  ==>  wc' = Pc \ P w'
        info_vec_ = prec_sqrt @ white_vec[..., None]
        precision = prec_sqrt @ ops.transpose(prec_sqrt, -1, -2)
        prec_sqrt = ops.cholesky(precision)
        white_vec = ops.triangular_solve(info_vec_, prec_sqrt)[..., 0]
    else:
        # Computing a reduced QR representation of P' of shape (rank,dim)
        #
        #   P' = Q [ R ]     P = [ R'  0 ] Q'
        #          [ 0 ]
        #
        # where Q is orthogonal and R is upper triangular of shape (dim,dim).
        # Then splitting along the new dimension,
        #
        #   G(x;w,P) = -1/2 || x [R' 0] Q' - w ||^2
        #            = -1/2 || x [R' 0] - w Q ||^2
        #            = -1/2 || x R' - (w Q)[...,:dim] ||^2
        #              -1/2 || (w Q)[...,dim:] ||^2
        #            =: G(x;wc,Pc) + C
        # where
        #
        #   wc = (w Q)[...,:dim]
        #   Pc = R'
        Q, R = ops.qr(ops.transpose(prec_sqrt, -1, -2))
        assert Q.shape[-2:] == (rank, dim)  # note only part of Q is returned
        assert R.shape[-2:] == (dim, dim)
        prec_sqrt = ops.transpose(R, -1, -2)
        white_vec = _vm(white_vec, Q)
    # Finally the shifting constant is
    #
    #    C = 1/2 (wc wc' - w w')
    new_norm2 = _norm2(white_vec)
    shift = 0.5 * (new_norm2 - old_norm2)
    return white_vec, prec_sqrt, shift


def _compute_offsets(inputs):
    """
    Compute offsets of real inputs into the concatenated Gaussian dims.
    This ignores all int inputs.

    :param OrderedDict inputs: A schema mapping variable name to domain.
    :return: a pair ``(offsets, total)``, where ``offsets`` is an OrderedDict
        mapping input name to integer offset, and ``total`` is the total event
        size.
    :rtype: tuple
    """
    assert isinstance(inputs, OrderedDict)
    offsets = OrderedDict()
    total = 0
    for key, domain in inputs.items():
        if domain.dtype == "real":
            offsets[key] = total
            total += domain.num_elements
    return offsets, total


def _split_real_inputs(inputs, lhs_keys, prototype):
    """
    Finds a splitting set of indices ``(lhs, rhs)`` into the flat real
    dimension such that ``lhs`` indexes into real inputs in ``lhs_keys`` and
    ``rhs`` indexes into everything else.
    """
    lhs_blocks = []
    rhs_blocks = []
    start = 0
    for key, domain in inputs.items():
        if domain.dtype == "real":
            stop = start + domain.num_elements
            (lhs_blocks if key in lhs_keys else rhs_blocks).append(slice(start, stop))
            start = stop

    # There are three cases: lhs left of rhs (cheap slices), lhs right of rhs
    # (cheap slices), and interleaved (expensive advanced indexing tensors).
    lhs_start = min(b.start for b in lhs_blocks)
    rhs_start = min(b.start for b in rhs_blocks)
    lhs_stop = max(b.stop for b in lhs_blocks)
    rhs_stop = max(b.stop for b in rhs_blocks)
    if lhs_stop <= rhs_start or rhs_stop <= lhs_start:
        # Construct cheap slices.
        lhs = slice(lhs_start, lhs_stop)
        rhs = slice(rhs_start, rhs_stop)
        return lhs, rhs

    # Construct interleaving indices.
    lhs = ops.cat([ops.new_arange(prototype, b.start, b.stop) for b in lhs_blocks])
    rhs = ops.cat([ops.new_arange(prototype, b.start, b.stop) for b in rhs_blocks])
    return lhs, rhs


def _find_intervals(intervals, end):
    """
    Finds a complete set of intervals partitioning [0, end), given a partial
    set of non-overlapping intervals.
    """
    cuts = list(sorted({0, end}.union(*intervals)))
    return list(zip(cuts[:-1], cuts[1:]))


def _parse_slices(index, value):
    if not isinstance(index, tuple):
        index = (index,)
    if index[0] is Ellipsis:
        index = index[1:]
    start_stops = []
    for pos, i in reversed(list(enumerate(index))):
        if isinstance(i, slice):
            start_stops.append((i.start, i.stop))
        elif isinstance(i, int):
            start_stops.append((i, i + 1))
            value = ops.unsqueeze(value, pos - len(index))
        else:
            raise ValueError("invalid index: {}".format(i))
    start_stops.reverse()
    return start_stops, value


[docs]class BlockVector(object):
    """
    Jit-compatible helper to build blockwise vectors.
    Syntax is similar to :func:`torch.zeros` ::

        x = BlockVector((100, 20))
        x[..., 0:4] = x1
        x[..., 6:10] = x2
        x = x.as_tensor()
        assert x.shape == (100, 20)
    """

    def __init__(self, shape):
        self.shape = shape
        self.parts = {}

    def __setitem__(self, index, value):
        (i,), value = _parse_slices(index, value)
        self.parts[i] = value

[docs]    def as_tensor(self):
        # TODO optimize this to use backend-specific block setters:
        # .__setitem__ for numpy and torch; .at(...).set(...) for jax.

        # Fill gaps with zeros.
        prototype = next(iter(self.parts.values()))
        for i in _find_intervals(self.parts.keys(), self.shape[-1]):
            if i not in self.parts:
                self.parts[i] = ops.new_zeros(
                    prototype, self.shape[:-1] + (i[1] - i[0],)
                )

        # Concatenate parts.
        parts = [v for k, v in sorted(self.parts.items())]
        result = ops.cat(parts, -1)
        if not get_tracing_state():
            assert result.shape == self.shape
        return result




[docs]class BlockMatrix(object):
    """
    Jit-compatible helper to build blockwise matrices.
    Syntax is similar to :func:`torch.zeros` ::

        x = BlockMatrix((100, 20, 20))
        x[..., 0:4, 0:4] = x11
        x[..., 0:4, 6:10] = x12
        x[..., 6:10, 0:4] = x12.transpose(-1, -2)
        x[..., 6:10, 6:10] = x22
        x = x.as_tensor()
        assert x.shape == (100, 20, 20)
    """

    def __init__(self, shape):
        self.shape = shape
        self.parts = defaultdict(dict)

    def __setitem__(self, index, value):
        (i, j), value = _parse_slices(index, value)
        self.parts[i][j] = value

[docs]    def as_tensor(self):
        # TODO optimize this to use backend-specific block setters:
        # .__setitem__ for numpy and torch; .at(...).set(...) for jax.

        # Fill gaps with zeros.
        arbitrary_row = next(iter(self.parts.values()))
        prototype = next(iter(arbitrary_row.values()))
        js = set().union(*(part.keys() for part in self.parts.values()))
        rows = _find_intervals(self.parts.keys(), self.shape[-2])
        cols = _find_intervals(js, self.shape[-1])
        for i in rows:
            for j in cols:
                if j not in self.parts[i]:
                    shape = self.shape[:-2] + (i[1] - i[0], j[1] - j[0])
                    self.parts[i][j] = ops.new_zeros(prototype, shape)

        # Concatenate parts.
        columns = {
            i: ops.cat([v for j, v in sorted(part.items())], -1)
            for i, part in self.parts.items()
        }
        result = ops.cat([v for i, v in sorted(columns.items())], -2)
        if not get_tracing_state():
            assert result.shape == self.shape
        return result




[docs]def align_gaussian(new_inputs, old, expand=False):
    """
    Align data of a Gaussian distribution to a new ``inputs`` shape.
    """
    assert isinstance(new_inputs, OrderedDict)
    assert isinstance(old, Gaussian)
    white_vec = old.white_vec
    prec_sqrt = old.prec_sqrt

    # Align int inputs.
    # Since these are are managed as in Tensor, we can defer to align_tensor().
    new_ints = OrderedDict((k, d) for k, d in new_inputs.items() if d.dtype != "real")
    old_ints = OrderedDict((k, d) for k, d in old.inputs.items() if d.dtype != "real")
    if new_ints != old_ints:
        white_vec = align_tensor(new_ints, Tensor(white_vec, old_ints), expand=expand)
        prec_sqrt = align_tensor(new_ints, Tensor(prec_sqrt, old_ints), expand=expand)

    # Align real inputs, which are all concatenated in the rightmost dims.
    new_offsets, new_dim = _compute_offsets(new_inputs)
    old_offsets, old_dim = _compute_offsets(old.inputs)
    assert prec_sqrt.shape[-2:-1] == (old_dim,)
    if new_offsets != old_offsets:
        old_prec_sqrt = ops.transpose(prec_sqrt, -1, -2)
        prec_sqrt = BlockVector(old_prec_sqrt.shape[:-1] + (new_dim,))
        for k, new_offset in new_offsets.items():
            if k not in old_offsets:
                continue
            offset = old_offsets[k]
            num_elements = old.inputs[k].num_elements
            old_slice = slice(offset, offset + num_elements)
            new_slice = slice(new_offset, new_offset + num_elements)
            prec_sqrt[..., new_slice] = old_prec_sqrt[..., old_slice]
        prec_sqrt = prec_sqrt.as_tensor()
        prec_sqrt = ops.transpose(prec_sqrt, -1, -2)

    return white_vec, prec_sqrt



class GaussianMeta(FunsorMeta):
    """
    Wrapper to convert from external to internal compressed representation.

    This may return either a Gaussian or a Gaussian + Tensor, where the Tensor
    represents byproducts of compression.
    """

    def __call__(
        cls,
        white_vec=None,
        prec_sqrt=None,
        inputs=None,
        *,
        mean=None,
        info_vec=None,
        precision=None,
        scale_tril=None,
        covariance=None,
    ):
        # Convert inputs.
        assert inputs is not None
        if isinstance(inputs, OrderedDict):
            inputs = tuple(inputs.items())
        assert isinstance(inputs, tuple)

        # Convert scale parameter to prec_sqrt.
        if prec_sqrt is None and white_vec is not None:
            raise ValueError("Cannot specify white_vec without prec_sqrt")
        if prec_sqrt is not None:
            is_tril = False
        elif precision is not None:
            prec_sqrt = ops.cholesky(precision)
            is_tril = True
        elif covariance is not None:
            prec_sqrt = _inverse_cholesky(covariance)
            is_tril = True
        elif scale_tril is not None:
            prec_sqrt = ops.transpose(ops.triangular_inv(scale_tril), -1, -2)
            is_tril = False
        else:
            raise ValueError(
                "At least one of prec_sqrt, precision, scale_tril, or covariance "
                "must be specified"
            )

        # Convert location parameter to white_vec.
        if white_vec is not None:
            pass
        elif mean is not None:
            white_vec = _vm(mean, prec_sqrt)
        elif info_vec is not None:
            if not is_tril:
                prec_sqrt = ops.cholesky(_mmt(prec_sqrt))  # triangularize
                is_tril = True
            white_vec = ops.triangular_solve(info_vec[..., None], prec_sqrt)[..., 0]
        else:
            raise ValueError(
                "At least one of white_vec, mean, or info_vec must be specified"
            )

        # Compress wide representations.
        shift = None
        dim, rank = prec_sqrt.shape[-2:]
        if rank > dim * cls.compression_threshold:
            white_vec, prec_sqrt, shift = _compress_rank(white_vec, prec_sqrt)

        # Create a Gaussian.
        result = super().__call__(white_vec, prec_sqrt, inputs)

        # Add compression byproducts.
        if shift is not None:
            int_inputs = OrderedDict((k, v) for k, v in inputs if v.dtype != "real")
            result += Tensor(shift, int_inputs)

        return result


[docs]class Gaussian(Funsor, metaclass=GaussianMeta):
    r"""
    Funsor representing a batched Gaussian log-density function.

    Gaussians are the internal representation for joint and conditional
    multivariate normal distributions and multivariate normal likelihoods.
    Mathematically, a Gaussian represents the quadratic log density function::

        f(x) = -0.5 * || x @ prec_sqrt - white_vec ||^2
             = -0.5 * < x @ prec_sqrt - white_vec | x @ prec_sqrt - white_vec >
             = -0.5 * < x | prec_sqrt @ prec_sqrt.T | x>
               + < x | prec_sqrt | white_vec > - 0.5 ||white_vec||^2

    Internally Gaussians use a square root information filter (SRIF)
    representation consisting of a square root of the precision matrix
    ``prec_sqrt`` and a vector in the whitened space ``white_vec``. This
    representation allows space-efficient construction of Gaussians with
    incomplete information, i.e. with zero eigenvalues in the precision matrix.
    These incomplete log densities arise when making low-dimensional
    observations of higher-dimensional hidden state. Sampling and
    marginalization are supported only for full-rank Gaussians or full-rank
    subsets of Gaussians. See the :meth:`rank` and :meth:`is_full_rank`
    properties.

    .. note:: :class:`Gaussian` s are not normalized probability distributions,
        rather they are canonicalized to evaluate to zero log density at their
        maximum: ``f(prec_sqrt \ white_vec) = 0``. Not only are Gaussians
        non-normalized, but they may be rank deficient and non-normalizable, in
        which case sampling and marginalization are supported only un full-rank
        subsets of variables.

    :param torch.Tensor white_vec: An batched white noise vector, where
        ``white_vec = prec_sqrt.T @ mean``. Alternatively you can specify one
        of the kwargs ``mean`` or ``info_vec``, which will be converted to
        ``white_vec``.
    :param torch.Tensor prec_sqrt: A batched square root of the positive
        semidefinite precision matrix. This need not be square, and typically
        has shape ``prec_sqrt.shape == white_vec.shape[:-1] + (dim, rank)``,
        where ``dim`` is the total flattened size of real inputs and
        ``rank = white_vec.shape[-1]``.  Alternatively you can specify one of
        the kwargs ``precision``, ``covariance``, or ``scale_tril``, which will
        be converted to ``prec_sqrt``.
    :param OrderedDict inputs: Mapping from name to
        :class:`~funsor.domains.Domain` .
    """

    compression_threshold = 2

    def __init__(self, white_vec, prec_sqrt, inputs):
        assert ops.is_numeric_array(white_vec) and ops.is_numeric_array(prec_sqrt)
        assert isinstance(inputs, tuple)
        inputs = OrderedDict(inputs)

        # Compute total dimension of all real inputs.
        dim = sum(d.num_elements for d in inputs.values() if d.dtype == "real")
        if not get_tracing_state():
            assert dim
            assert len(prec_sqrt.shape) >= 2 and prec_sqrt.shape[-2] == dim
            rank = prec_sqrt.shape[-1]
            assert len(white_vec.shape) >= 1 and white_vec.shape[-1] == rank
            # This should be true but weirdly fails in pytest tests that use
            # set_compression_threshold(large_value).
            # assert rank <= dim * self.compression_threshold

        # Compute total shape of all Bint inputs.
        batch_shape = tuple(
            d.dtype for d in inputs.values() if isinstance(d.dtype, int)
        )
        if not get_tracing_state():
            assert prec_sqrt.shape[:-2] == batch_shape
            assert white_vec.shape[:-1] == batch_shape

        output = Real
        fresh = frozenset(inputs.keys())
        bound = {}
        super().__init__(inputs, output, fresh, bound)
        self.white_vec = white_vec
        self.prec_sqrt = prec_sqrt
        self.batch_shape = batch_shape
        self.event_shape = (dim,)

[docs]    @classmethod
    @contextmanager
    def set_compression_threshold(cls, threshold: float):
        """
        Context manager to set rank compression threshold.

        To save space Gaussians compress wide ``prec_sqrt`` matrices down to
        square. However compression uses a QR decomposition which can be
        expensive and which has unstable gradients when the resulting precision
        matrix is rank deficient. To balance space and time costs and numerical
        stability, compression is trigger only on ``prec_sqrt`` matrices whose
        width to height ratio is greater than ``threshold``.

        :param float threshold: Defaults to 2. To optimize for space and
            deterministic computations, set ``threshold = 1``. To optimize for
            fewest QR decompositions and numerical stability, set ``threshold =
            math.inf``.
        """
        assert isinstance(threshold, (int, float))
        assert threshold >= 1
        old = cls.compression_threshold
        try:
            cls.compression_threshold = threshold
            yield
        finally:
            cls.compression_threshold = old


    def __repr__(self):
        return "Gaussian(..., ({}))".format(
            " ".join("({}, {}),".format(*kv) for kv in self.inputs.items())
        )

    @property
    def rank(self):
        return self.prec_sqrt.shape[-1]

    @property
    def is_full_rank(self):
        dim, rank = self.prec_sqrt.shape[-2:]
        return rank >= dim

    # TODO Consider weak-memoizing these so they persist through alpha conversion.
    # https://github.com/pyro-ppl/pyro/blob/ac3c588/pyro/distributions/coalescent.py#L412
    @lazy_property
    def _precision(self):
        return self.prec_sqrt @ ops.transpose(self.prec_sqrt, -1, -2)

    @lazy_property
    def _precision_chol(self):
        # Note self.prec_sqrt may be neither lower triangular nor square.
        assert self.is_full_rank
        return ops.cholesky(self._precision)

    @lazy_property
    def _covariance(self):
        return ops.cholesky_inverse(self._precision_chol)

    @lazy_property
    def _scale_tril(self):
        return _inverse_cholesky(self._precision)

    @lazy_property
    def _mean(self):
        return ops.cholesky_solve(self._info_vec[..., None], self._precision_chol)[
            ..., 0
        ]

    @lazy_property
    def _info_vec(self):
        return _mv(self.prec_sqrt, self.white_vec)

    @lazy_property
    def _log_normalizer(self):
        dim = self.prec_sqrt.shape[-2]
        log_det_term = _log_det_tri(self._precision_chol)
        result = 0.5 * dim * math.log(2 * math.pi) - log_det_term
        if self.rank == dim:
            return result
        # Shift, as in logic in _compress_rank().
        old_norm2 = _norm2(self.white_vec)
        white_vec = ops.triangular_solve(
            self._info_vec[..., None], self._precision_chol
        )[..., 0]
        new_norm2 = _norm2(white_vec)
        shift = 0.5 * (new_norm2 - old_norm2)
        return result + shift

[docs]    @lazy_property
    def log_normalizer(self):
        inputs = OrderedDict(
            (k, v) for k, v in self.inputs.items() if v.dtype != "real"
        )
        return Tensor(self._log_normalizer, inputs)


[docs]    def align(self, names):
        assert isinstance(names, tuple)
        assert all(name in self.inputs for name in names)
        if not names or names == tuple(self.inputs):
            return self

        inputs = OrderedDict((name, self.inputs[name]) for name in names)
        inputs.update(self.inputs)
        white_vec, prec_sqrt = align_gaussian(inputs, self)
        return Gaussian(white_vec, prec_sqrt, inputs)


[docs]    def eager_subs(self, subs):
        assert isinstance(subs, tuple)
        prototype = Tensor(self.white_vec)
        subs = tuple(
            (k, v if isinstance(v, (Variable, Slice)) else prototype.materialize(v))
            for k, v in subs
            if k in self.inputs
        )
        if not subs:
            return self

        # Constants and Affine funsors are eagerly substituted;
        # everything else is lazily substituted.
        lazy_subs = tuple(
            (k, v)
            for k, v in subs
            if not isinstance(v, (Number, Tensor, Variable, Slice))
            and not (is_affine(v) and affine_inputs(v))
        )
        var_subs = tuple((k, v) for k, v in subs if isinstance(v, Variable))
        int_subs = tuple(
            (k, v)
            for k, v in subs
            if isinstance(v, (Number, Tensor, Slice))
            if v.dtype != "real"
        )
        real_subs = tuple(
            (k, v)
            for k, v in subs
            if isinstance(v, (Number, Tensor))
            if v.dtype == "real"
        )
        affine_subs = tuple(
            (k, v)
            for k, v in subs
            if is_affine(v) and affine_inputs(v) and not isinstance(v, Variable)
        )
        if var_subs:
            return self._eager_subs_var(
                var_subs, int_subs + real_subs + affine_subs + lazy_subs
            )
        if int_subs:
            return self._eager_subs_int(int_subs, real_subs + affine_subs + lazy_subs)
        if real_subs:
            return self._eager_subs_real(real_subs, affine_subs + lazy_subs)
        if affine_subs:
            return self._eager_subs_affine(affine_subs, lazy_subs)
        return reflect.interpret(Subs, self, lazy_subs)


    def _eager_subs_var(self, subs, remaining_subs):
        # Perform variable substitution, i.e. renaming of inputs.
        rename = {k: v.name for k, v in subs}
        inputs = OrderedDict((rename.get(k, k), d) for k, d in self.inputs.items())
        if len(inputs) != len(self.inputs):
            raise ValueError("Variable substitution name conflict")
        var_result = Gaussian(self.white_vec, self.prec_sqrt, inputs)
        return Subs(var_result, remaining_subs) if remaining_subs else var_result

    def _eager_subs_int(self, subs, remaining_subs):
        # Perform integer substitution, i.e. slicing into a batch.
        int_inputs = OrderedDict(
            (k, d) for k, d in self.inputs.items() if d.dtype != "real"
        )
        real_inputs = OrderedDict(
            (k, d) for k, d in self.inputs.items() if d.dtype == "real"
        )
        tensors = [self.white_vec, self.prec_sqrt]
        funsors = [Subs(Tensor(x, int_inputs), subs) for x in tensors]
        inputs = funsors[0].inputs.copy()
        inputs.update(real_inputs)
        int_result = Gaussian(funsors[0].data, funsors[1].data, inputs)
        return Subs(int_result, remaining_subs) if remaining_subs else int_result

    def _eager_subs_real(self, subs, remaining_subs):
        # Broadcast all component tensors.
        subs = OrderedDict(subs)
        int_inputs = OrderedDict(
            (k, d) for k, d in self.inputs.items() if d.dtype != "real"
        )
        tensors = [
            Tensor(self.white_vec, int_inputs),
            Tensor(self.prec_sqrt, int_inputs),
        ]
        tensors.extend(subs.values())
        int_inputs, tensors = align_tensors(*tensors)
        batch_dim = len(tensors[0].shape) - 1
        batch_shape = broadcast_shape(*(x.shape[:batch_dim] for x in tensors))
        (white_vec, prec_sqrt), values = tensors[:2], tensors[2:]
        offsets, event_size = _compute_offsets(self.inputs)
        slices = [
            (k, slice(offset, offset + self.inputs[k].num_elements))
            for k, offset in offsets.items()
        ]

        # Expand all substituted values.
        values = OrderedDict(zip(subs, values))
        for k, value in values.items():
            value = value.reshape(value.shape[:batch_dim] + (-1,))
            if not get_tracing_state():
                assert value.shape[-1] == self.inputs[k].num_elements
            values[k] = ops.expand(value, batch_shape + value.shape[-1:])

        # Try to perform a complete substitution of all real variables,
        # resulting in a Tensor.
        if all(k in subs for k, d in self.inputs.items() if d.dtype == "real"):
            # Form the concatenated value.
            value = BlockVector(batch_shape + (event_size,))
            for k, i in slices:
                if k in values:
                    value[..., i] = values[k]
            value = value.as_tensor()

            # Evaluate the non-normalized log density.
            result = -0.5 * _norm2(_vm(value, prec_sqrt) - white_vec)
            result = Tensor(result, int_inputs)
            assert result.output == Real
            return Subs(result, remaining_subs) if remaining_subs else result

        # Perform a partial substution of a subset of real variables, resulting
        # in a Joint. We split real inputs into two sets: a for the preserved
        # and b for the substituted.
        #   G([xa xb]; w, [ Pa ]) = -0.5 || xa Pa + xb Pb - w||2
        #                 [ Pb ]
        #                         = G(xa; w - xb Pb, Pa)
        # where  wa := w - xb Pb  is the new white_vec.
        b = frozenset(k for k, v in subs.items())
        a = frozenset(
            k for k, d in self.inputs.items() if d.dtype == "real" and k not in b
        )
        prec_sqrt_a = ops.cat([prec_sqrt[..., i, :] for k, i in slices if k in a], -2)
        prec_sqrt_b = ops.cat([prec_sqrt[..., i, :] for k, i in slices if k in b], -2)
        value_b = ops.cat([values[k] for k, i in slices if k in b], -1)
        white_vec_a = white_vec - _vm(value_b, prec_sqrt_b)
        prec_sqrt_a = ops.expand(prec_sqrt_a, white_vec_a.shape[:-1] + (-1, -1))
        inputs = int_inputs.copy()
        for k, d in self.inputs.items():
            if k not in subs:
                inputs[k] = d
        result = Gaussian(white_vec_a, prec_sqrt_a, inputs)
        return Subs(result, remaining_subs) if remaining_subs else result

    def _eager_subs_affine(self, subs, remaining_subs):
        # Extract an affine representation.
        affine = OrderedDict()
        for k, v in subs:
            const, coeffs = extract_affine(v)
            if isinstance(const, Tensor) and all(
                isinstance(coeff, Tensor) for coeff, _ in coeffs.values()
            ):
                affine[k] = const, coeffs
            else:
                remaining_subs += ((k, v),)
        if not affine:
            return reflect.interpret(Subs, self, remaining_subs)

        # Align integer dimensions.
        old_int_inputs = OrderedDict(
            (k, v) for k, v in self.inputs.items() if v.dtype != "real"
        )
        tensors = [
            Tensor(self.white_vec, old_int_inputs),
            Tensor(self.prec_sqrt, old_int_inputs),
        ]
        for const, coeffs in affine.values():
            tensors.append(const)
            tensors.extend(coeff for coeff, _ in coeffs.values())
        new_int_inputs, tensors = align_tensors(*tensors, expand=True)
        tensors = (Tensor(x, new_int_inputs) for x in tensors)
        white_vec = next(tensors).data
        prec_sqrt = next(tensors).data
        for old_k, (const, coeffs) in affine.items():
            const = next(tensors)
            for new_k, (coeff, eqn) in coeffs.items():
                coeff = next(tensors)
                coeffs[new_k] = coeff, eqn
            affine[old_k] = const, coeffs
        batch_shape = white_vec.shape[:-1]

        # Align real dimensions.
        old_real_inputs = OrderedDict(
            (k, v) for k, v in self.inputs.items() if v.dtype == "real"
        )
        new_real_inputs = old_real_inputs.copy()
        for old_k, (const, coeffs) in affine.items():
            del new_real_inputs[old_k]
            for new_k, (coeff, eqn) in coeffs.items():
                new_shape = coeff.shape[: len(eqn.split("->")[0].split(",")[1])]
                new_real_inputs[new_k] = Reals[new_shape]
        old_offsets, old_dim = _compute_offsets(old_real_inputs)
        new_offsets, new_dim = _compute_offsets(new_real_inputs)
        new_inputs = new_int_inputs.copy()
        new_inputs.update(new_real_inputs)

        # Construct a blockwise affine representation of the substitution.
        subs_vector = BlockVector(batch_shape + (old_dim,))
        subs_matrix = BlockMatrix(batch_shape + (new_dim, old_dim))
        for old_k, old_offset in old_offsets.items():
            old_size = old_real_inputs[old_k].num_elements
            old_slice = slice(old_offset, old_offset + old_size)
            if old_k in new_real_inputs:
                new_offset = new_offsets[old_k]
                new_slice = slice(new_offset, new_offset + old_size)
                subs_matrix[..., new_slice, old_slice] = ops.new_eye(
                    self.white_vec, batch_shape + (old_size,)
                )
                continue
            const, coeffs = affine[old_k]
            old_shape = old_real_inputs[old_k].shape
            assert const.data.shape == batch_shape + old_shape
            subs_vector[..., old_slice] = const.data.reshape(batch_shape + (old_size,))
            for new_k, new_offset in new_offsets.items():
                if new_k in coeffs:
                    coeff, eqn = coeffs[new_k]
                    new_size = new_real_inputs[new_k].num_elements
                    new_slice = slice(new_offset, new_offset + new_size)
                    assert coeff.shape == new_real_inputs[new_k].shape + old_shape
                    subs_matrix[..., new_slice, old_slice] = coeff.data.reshape(
                        batch_shape + (new_size, old_size)
                    )
        subs_vector = subs_vector.as_tensor()
        subs_matrix = subs_matrix.as_tensor()

        # Construct the new Gaussian. Suppose the old Gaussian funsor g has density
        #   G(x;w,P) = -1/2 || x P - w ||^2
        # Now define a new Gaussian by substituting x = A y + b:
        #   G(y;w',P') = G(y A + b; w, P)
        #              = -1/2 || (y A + b) P - w ||^2
        #              = -1/2 || y A P - w + b P ||^2
        #              =: -1/2 || y P' - w' ||^2
        #              = G(y; w - b P, A P)
        # where  P' = A P  and  w' = w - b P  parametrize the new Gaussian.
        white_vec = white_vec - _vm(subs_vector, prec_sqrt)
        prec_sqrt = subs_matrix @ prec_sqrt
        result = Gaussian(white_vec, prec_sqrt, new_inputs)
        return Subs(result, remaining_subs) if remaining_subs else result

[docs]    def eager_reduce(self, op, reduced_vars):
        assert reduced_vars.issubset(self.inputs)
        if op is ops.logaddexp:
            # Marginalize out real variables, but keep mixtures lazy.
            assert all(v in self.inputs for v in reduced_vars)
            real_vars = frozenset(
                k for k, d in self.inputs.items() if d.dtype == "real"
            )
            reduced_reals = reduced_vars & real_vars
            reduced_ints = reduced_vars - real_vars
            if not reduced_reals:
                return None  # defer to default implementation
            if reduced_reals == real_vars:
                return self.log_normalizer.reduce(ops.logaddexp, reduced_ints)

            inputs = OrderedDict(
                (k, d) for k, d in self.inputs.items() if k not in reduced_reals
            )
            int_inputs = OrderedDict(
                (k, v) for k, v in inputs.items() if v.dtype != "real"
            )

            # Let x = [xa xb] where xb will be marginalized out and will xa
            # remain. Following the formula in _compress_rank, we can rewrite
            # the joint Gaussian as a Gaussian in xb plus a term C that does
            # not depend on xb:
            #
            #   log integral exp G([xa xb]; w, [ Pa ]) dxb
            #                                  [ Pb ]
            #     =: G(xb; wb, Qb).log_normalizer + C
            #
            # In normalizable models, rank >= dim(xb), so we can choose Qb to
            # be the Cholesky square root, making it easy to compute a
            # determinant and solve for wb.
            #
            #    Qb = chol(Pb Pb')
            #   wb' = Qb \ Pb (w - xa Pa)'
            #
            # Next we match moments of C to a Gaussian in xa:
            #
            #   C = 1/2 (wb wb' - w w')  # from _compress_rank
            #     = 1/2 (xa Pa - w) Pb' inv(Qb Qb') Pb (xa Pa - w)'
            #     - 1/2 (xa Pa - w) (xa Pa - w)'
            #     =: G(xa; wa, Qa)
            #
            # whence  Qa = Pa S  and  wa = w S, where S is a square root of the
            # rank-by-rank projection matrix (S = S S' by idempotence):
            #
            #   S S' = I - Pb' inv(Pb Pb') Pb = I - (Qb\Pb)' (Qb\Pb) = S
            #
            # Note if rank == dim(xb), then the projection matrix is zero,
            # and the Gaussian G(xa; wa, Qa) is zero can be dropped.
            b, a = _split_real_inputs(self.inputs, reduced_vars, self.white_vec)
            prec_sqrt_a = self.prec_sqrt[..., a, :]
            prec_sqrt_b = self.prec_sqrt[..., b, :]
            dim_b = prec_sqrt_b.shape[-2]
            if self.rank < dim_b:
                raise ValueError(
                    f"Too little information to marginalize over {set(reduced_vars)}. "
                    "Consider adding a prior."
                )
            precision_chol_b = ops.cholesky(_mmt(prec_sqrt_b))  # assume full rank
            result = self._marginalize_after_split(
                inputs, int_inputs, prec_sqrt_b, prec_sqrt_a, precision_chol_b
            )
            return result.reduce(ops.logaddexp, reduced_ints)

        elif op is ops.add:
            # Fuse Gaussians along a plate. Compare to eager_add_gaussian_gaussian().
            inputs = OrderedDict()
            old_ints = OrderedDict()
            new_ints = OrderedDict()
            kept_perm = []
            reduced_perm = []
            for i, (k, v) in enumerate(self.inputs.items()):
                if k not in reduced_vars:
                    inputs[k] = v
                if v.dtype == "real":
                    if v in reduced_vars:
                        raise ValueError(
                            f"Cannot sum along a real dimension: {repr(v)}"
                        )
                else:
                    old_ints[k] = v
                    if k in reduced_vars:
                        reduced_perm.append(i)
                    else:
                        kept_perm.append(i)
                        new_ints[k] = v
            n = len(kept_perm) + len(reduced_perm)

            # The square root information filter fuses via transpose and reshape.
            perm = kept_perm + reduced_perm + [n]
            white_vec = ops.permute(self.white_vec, perm)
            white_vec = white_vec.reshape(white_vec.shape[: len(kept_perm)] + (-1,))
            perm = kept_perm + [n] + reduced_perm + [n + 1]
            prec_sqrt = ops.permute(self.prec_sqrt, perm)
            prec_sqrt = prec_sqrt.reshape(prec_sqrt.shape[: len(kept_perm) + 1] + (-1,))
            assert prec_sqrt.shape[:-2] == white_vec.shape[:-1]
            assert prec_sqrt.shape[-1] == white_vec.shape[-1]

            return Gaussian(white_vec, prec_sqrt, inputs)

        return None  # defer to default implementation


    def _sample(self, sampled_vars, sample_inputs, rng_key):
        sampled_vars = sampled_vars.intersection(self.inputs)
        if not sampled_vars:
            return self
        if any(self.inputs[k].dtype != "real" for k in sampled_vars):
            raise ValueError(
                "Sampling from non-normalized Gaussian mixtures is intentionally "
                "not implemented. You probably want to normalize. To work around, "
                "add a zero Tensor/Array with given inputs."
            )

        # Partition inputs into sample_inputs + int_inputs + real_inputs.
        sample_inputs = OrderedDict(
            (k, d) for k, d in sample_inputs.items() if k not in self.inputs
        )
        int_inputs = OrderedDict()
        sampled_real_inputs = OrderedDict()
        remaining_real_inputs = OrderedDict()
        for k, d in self.inputs.items():
            if d.dtype != "real":
                int_inputs[k] = d
            elif k in sampled_vars:
                sampled_real_inputs[k] = d
            else:
                remaining_real_inputs[k] = d
        if self.rank < sum(d.num_elements for d in sampled_real_inputs.values()):
            raise ValueError(
                f"Too little information to sample over {set(sampled_vars)}. "
                "Consider adding a prior."
            )

        if not remaining_real_inputs:  # Sample all variables.
            # Triangularize via _compress_rank().
            white_vec, prec_sqrt, _ = _compress_rank(
                self.white_vec, self.prec_sqrt, assume_full_rank=True
            )

            # Jointly sample.
            # This section may involve either Funsors or backend arrays.
            dim = prec_sqrt.shape[-1]
            white_noise = _sample_white_noise(
                sample_inputs, int_inputs, dim, self.white_vec, rng_key
            )
            if isinstance(white_noise, Funsor):
                white_vec = Tensor(white_vec, int_inputs)
                prec_sqrt = Tensor(prec_sqrt, int_inputs)
            sample = ops.triangular_solve(
                (white_noise + white_vec)[..., None], prec_sqrt, transpose=True
            )[..., 0]

            # Compute the remaining Tensor.
            remaining = self.log_normalizer

        else:  # Sample only a subset of real variables.
            # Split into sampled variables a and remaining variables b.
            a, b = _split_real_inputs(self.inputs, sampled_vars, self.white_vec)
            prec_sqrt_a = self.prec_sqrt[..., a, :]
            prec_sqrt_b = self.prec_sqrt[..., b, :]
            dim_a = prec_sqrt_a.shape[-2]

            # Compute white_vec of a lazily conditioned on b's variables.
            # This requires Funsors rather than backend arrays.
            flat = ops.cat(
                [
                    Variable(k, d).reshape((d.num_elements,))
                    for k, d in remaining_real_inputs.items()
                ]
            )
            white_vec_a = (
                Tensor(self.white_vec, int_inputs)
                - (flat[None] @ Tensor(prec_sqrt_b, int_inputs))[0]
            )

            # Triangularize.
            precision_chol_a = Tensor(ops.cholesky(_mmt(prec_sqrt_a)), int_inputs)
            white_vec_a = ops.triangular_solve(
                Tensor(prec_sqrt_a, int_inputs) @ white_vec_a[..., None],
                precision_chol_a,
            )[..., 0]

            # Jointly sample.
            white_noise = _sample_white_noise(
                sample_inputs, int_inputs, dim_a, self.white_vec, rng_key
            )
            if not isinstance(white_noise, Funsor):
                inputs = sample_inputs.copy()
                inputs.update(int_inputs)
                white_noise = Tensor(white_noise, inputs)
            sample = ops.triangular_solve(
                (white_noise + white_vec_a)[..., None], precision_chol_a, transpose=True
            )[..., 0]

            # Compute the remaining Gaussian, equivalent to
            # self.reduce(ops.logaddexp, sampled_vars), but avoiding duplicate work.
            inputs = int_inputs.copy()
            inputs.update(remaining_real_inputs)
            remaining = self._marginalize_after_split(
                inputs, int_inputs, prec_sqrt_a, prec_sqrt_b, precision_chol_a.data
            )

        # Extract shaped components of the flat concatenated sample.
        results = [remaining]
        offsets, _ = _compute_offsets(sampled_real_inputs)
        for key, domain in sampled_real_inputs.items():
            point = sample[..., offsets[key] : offsets[key] + domain.num_elements]
            point = point.reshape(point.shape[:-1] + domain.shape)
            if not isinstance(point, Funsor):  # I.e. when eagerly sampling.
                inputs = sample_inputs.copy()
                inputs.update(int_inputs)
                point = Tensor(point, inputs)
            assert point.output == domain
            results.append(Delta(key, point))

        return reduce(ops.add, results)

    def _marginalize_after_split(
        self, inputs, int_inputs, prec_sqrt_a, prec_sqrt_b, precision_chol_a
    ):
        """
        Helper used in partial reduction and partial sampling.
        This marginalizes over a and returns a shifted Gaussian over b.
        """
        dim_a = prec_sqrt_a.shape[-2]
        dim_b = prec_sqrt_b.shape[-2]
        result = Tensor(
            dim_a * math.log(2 * math.pi) / 2 - _log_det_tri(precision_chol_a),
            int_inputs,
        )
        if self.rank > dim_a:
            proj_a = _mtm(ops.triangular_solve(prec_sqrt_a, precision_chol_a))
            prec_sqrt = prec_sqrt_b - prec_sqrt_b @ proj_a
            white_vec = self.white_vec - _vm(self.white_vec, proj_a)
            result += Gaussian(white_vec, prec_sqrt, inputs)
        else:  # The Gaussian over xa is zero.
            # TODO switch from an empty Gaussian to a Constant once this works:
            # from .constant import Constant
            # const_inputs = OrderedDict(
            #     (k, v) for k, v in inputs.items() if k not in result.inputs
            # )
            # result = Constant(const_inputs, result)
            batch_shape = self.white_vec.shape[:-1]
            white_vec = ops.new_zeros(self.white_vec, batch_shape + (0,))
            prec_sqrt = ops.new_zeros(self.white_vec, batch_shape + (dim_b, 0))
            result += Gaussian(white_vec, prec_sqrt, inputs)
        return result



def _sample_white_noise(sample_inputs, int_inputs, dim, prototype, rng_key):
    if [v.dtype for v in sample_inputs.values()] == ["real"]:
        # Lazily compute a sample as a function of white noise.
        k, d = next(iter(sample_inputs.items()))
        return Variable(k, d)[tuple(int_inputs)]

    # Eagerly draw noise.
    shape = tuple(d.size for d in sample_inputs.values() if d.dtype != "real")
    shape += tuple(d.size for d in int_inputs.values())
    shape += (dim,)
    assert ops.is_numeric_array(prototype)
    return ops.randn(prototype, shape, rng_key)


@compress_gaussians.register(Gaussian, object, object, tuple)
def _compress_gaussians(white_vec, prec_sqrt, inputs):
    dim, rank = prec_sqrt.shape[-2:]
    if rank <= dim:
        return None
    white_vec, prec_sqrt, shift = _compress_rank(white_vec, prec_sqrt)
    int_inputs = OrderedDict((k, v) for k, v in inputs if v.dtype != "real")
    return Gaussian(white_vec, prec_sqrt, inputs) + Tensor(shift, int_inputs)


@eager.register(Binary, AddOp, Gaussian, Gaussian)
def eager_add_gaussian_gaussian(op, lhs, rhs):
    # Fuse two Gaussians by adding their log-densities pointwise.
    # This is similar to a Kalman filter update, but also keeps track of
    # the marginal likelihood which accumulates into a Tensor.

    # Align data.
    inputs = lhs.inputs.copy()
    inputs.update(rhs.inputs)
    lhs_white_vec, lhs_prec_sqrt = align_gaussian(inputs, lhs, expand=True)
    rhs_white_vec, rhs_prec_sqrt = align_gaussian(inputs, rhs, expand=True)

    # Fuse aligned Gaussians via concatenation.
    white_vec = ops.cat([lhs_white_vec, rhs_white_vec], -1)
    prec_sqrt = ops.cat([lhs_prec_sqrt, rhs_prec_sqrt], -1)
    return Gaussian(white_vec, prec_sqrt, inputs)


@eager.register(Binary, SubOp, Gaussian, Gaussian)
def eager_sub(op, lhs, rhs):
    return lhs + (-rhs)


__all__ = [
    "BlockMatrix",
    "BlockVector",
    "Gaussian",
    "align_gaussian",
]
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  Source code for funsor.integrate

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

from collections import OrderedDict
from functools import reduce
from typing import Tuple, Union

import funsor.ops as ops
from funsor.cnf import Contraction, GaussianMixture
from funsor.constant import Constant
from funsor.delta import Delta
from funsor.gaussian import Gaussian, _norm2, _vm, align_gaussian
from funsor.interpretations import eager, normalize
from funsor.tensor import Tensor
from funsor.terms import (
    Funsor,
    FunsorMeta,
    Number,
    Subs,
    Unary,
    Variable,
    _convert_reduced_vars,
    substitute,
    to_funsor,
)


class IntegrateMeta(FunsorMeta):
    """
    Wrapper to convert reduced_vars arg to a frozenset of str.
    """

    def __call__(cls, log_measure, integrand, reduced_vars):
        inputs = log_measure.inputs.copy()
        inputs.update(integrand.inputs)
        reduced_vars = _convert_reduced_vars(reduced_vars, inputs)
        return super().__call__(log_measure, integrand, reduced_vars)


[docs]class Integrate(Funsor, metaclass=IntegrateMeta):
    """
    Funsor representing an integral wrt a log density funsor.

    :param Funsor log_measure: A log density funsor treated as a measure.
    :param Funsor integrand: An integrand funsor.
    :param reduced_vars: An input name or set of names to reduce.
    :type reduced_vars: str, Variable, or set or frozenset thereof.
    """

    def __init__(self, log_measure, integrand, reduced_vars):
        assert isinstance(log_measure, Funsor)
        assert isinstance(integrand, Funsor)
        assert isinstance(reduced_vars, frozenset)
        assert all(isinstance(v, Variable) for v in reduced_vars)
        reduced_names = frozenset(v.name for v in reduced_vars)
        inputs = OrderedDict(
            (k, d)
            for term in (log_measure, integrand)
            for (k, d) in term.inputs.items()
            if k not in reduced_names
        )
        output = integrand.output
        fresh = frozenset()
        bound = {v.name: v.output for v in reduced_vars}
        super(Integrate, self).__init__(inputs, output, fresh, bound)
        self.log_measure = log_measure
        self.integrand = integrand
        self.reduced_vars = reduced_vars

    def _alpha_convert(self, alpha_subs):
        assert set(self.bound).issuperset(alpha_subs)
        reduced_vars = frozenset(
            Variable(alpha_subs.get(v.name, v.name), v.output)
            for v in self.reduced_vars
        )
        alpha_subs = {
            k: to_funsor(
                v, self.integrand.inputs.get(k, self.log_measure.inputs.get(k))
            )
            for k, v in alpha_subs.items()
        }
        log_measure = substitute(self.log_measure, alpha_subs)
        integrand = substitute(self.integrand, alpha_subs)
        return log_measure, integrand, reduced_vars



@normalize.register(Integrate, Funsor, Funsor, frozenset)
def normalize_integrate(log_measure, integrand, reduced_vars):
    return Contraction(ops.add, ops.mul, reduced_vars, log_measure.exp(), integrand)


@normalize.register(
    Integrate,
    Contraction[Union[ops.NullOp, ops.LogaddexpOp], ops.AddOp, frozenset, tuple],
    Funsor,
    frozenset,
)
def normalize_integrate_contraction(log_measure, integrand, reduced_vars):
    reduced_names = frozenset(v.name for v in reduced_vars)
    delta_terms = [
        t
        for t in log_measure.terms
        if isinstance(t, Delta)
        and t.fresh.intersection(reduced_names, integrand.inputs)
    ]
    for delta in delta_terms:
        delta_fresh = frozenset(Variable(k, delta.inputs[k]) for k in delta.fresh)
        args = delta, integrand, delta_fresh
        integrand = eager.dispatch(Integrate, *args)(*args)
    return normalize_integrate(log_measure, integrand, reduced_vars)


EagerConstant = Constant[
    Tuple,
    Union[
        Variable,
        Delta,
        Gaussian,
        Unary[ops.NegOp, Gaussian],
        Number,
        Tensor,
        GaussianMixture,
    ],
]


@eager.register(
    Contraction,
    ops.AddOp,
    ops.MulOp,
    frozenset,
    Unary[ops.ExpOp, Union[GaussianMixture, Delta, Gaussian, Number, Tensor]],
    (
        Variable,
        Delta,
        Gaussian,
        Unary[ops.NegOp, Gaussian],
        Number,
        Tensor,
        GaussianMixture,
        EagerConstant,
    ),
)
def eager_contraction_binary_to_integrate(red_op, bin_op, reduced_vars, lhs, rhs):
    reduced_names = frozenset(v.name for v in reduced_vars)
    if not (reduced_names.issubset(lhs.inputs) and reduced_names.issubset(rhs.inputs)):
        args = red_op, bin_op, reduced_vars, (lhs, rhs)
        result = eager.dispatch(Contraction, *args)(*args)
        if result is not None:
            return result

    args = lhs.log(), rhs, reduced_vars
    result = eager.dispatch(Integrate, *args)(*args)
    if result is not None:
        return result

    return None


@eager.register(Integrate, GaussianMixture, Funsor, frozenset)
def eager_integrate_gaussianmixture(log_measure, integrand, reduced_vars):
    real_vars = frozenset(v for v in reduced_vars if v.dtype == "real")
    if reduced_vars <= real_vars:
        discrete, gaussian = log_measure.terms
        return discrete.exp() * Integrate(gaussian, integrand, reduced_vars)
    return None


########################################
# Delta patterns
########################################


@eager.register(Integrate, Delta, Funsor, frozenset)
def eager_integrate(delta, integrand, reduced_vars):
    delta_fresh = frozenset(Variable(k, delta.inputs[k]) for k in delta.fresh)
    if reduced_vars.isdisjoint(delta_fresh):
        return None
    reduced_names = frozenset(v.name for v in reduced_vars)
    subs = tuple(
        (name, point)
        for name, (point, log_density) in delta.terms
        if name in reduced_names
    )
    new_integrand = Subs(integrand, subs)
    new_log_measure = Subs(delta, subs)
    result = Integrate(new_log_measure, new_integrand, reduced_vars - delta_fresh)
    return result


########################################
# Gaussian patterns
########################################


@eager.register(Integrate, Gaussian, Variable, frozenset)
def eager_integrate_gaussian_variable(log_measure, integrand, reduced_vars):
    real_input_vars = frozenset(v for v in log_measure.input_vars if v.dtype == "real")
    real_vars = reduced_vars & real_input_vars
    if real_vars == frozenset([integrand]):
        if real_vars != real_input_vars:
            return None  # TODO implement this
        loc = log_measure._mean
        data = loc * ops.unsqueeze(ops.exp(log_measure._log_normalizer), -1)
        data = data.reshape(loc.shape[:-1] + integrand.output.shape)
        inputs = OrderedDict(
            (k, d) for k, d in log_measure.inputs.items() if d.dtype != "real"
        )
        result = Tensor(data, inputs)
        return result.reduce(ops.add, reduced_vars - real_vars)
    return None  # defer to default implementation


@eager.register(Integrate, Gaussian, Gaussian, frozenset)
def eager_integrate_gaussian_gaussian(log_measure, integrand, reduced_vars):
    assert log_measure.is_full_rank
    reduced_names = frozenset(v.name for v in reduced_vars)
    real_vars = frozenset(v.name for v in reduced_vars if v.dtype == "real")
    if real_vars:

        lhs_reals = frozenset(
            k for k, d in log_measure.inputs.items() if d.dtype == "real"
        )
        rhs_reals = frozenset(
            k for k, d in integrand.inputs.items() if d.dtype == "real"
        )
        if lhs_reals == real_vars and rhs_reals <= real_vars:
            inputs = OrderedDict(
                (k, d) for t in (log_measure, integrand) for k, d in t.inputs.items()
            )
            lhs_white_vec, lhs_prec_sqrt = align_gaussian(inputs, log_measure)
            rhs_white_vec, rhs_prec_sqrt = align_gaussian(inputs, integrand)
            lhs = Gaussian(
                white_vec=lhs_white_vec, prec_sqrt=lhs_prec_sqrt, inputs=inputs
            )

            # Compute the expectation of a non-normalized quadratic form.
            # See "The Matrix Cookbook" (November 15, 2012) ss. 8.2.2 eq. 380.
            # http://www.math.uwaterloo.ca/~hwolkowi/matrixcookbook.pdf
            # If x ~ N(mean,cov) then
            #   E[(x-m)' A (x-m)] = (m-mean)'A(m-mean) + Tr(A cov)     # eq. 380
            # To perform this computation in rhs's internal space, we first transform
            # lhs to rhs's whitened space
            mean = _vm(lhs._mean, rhs_prec_sqrt)
            norm = ops.exp(lhs._log_normalizer)
            # Then in rhs's whitened space, A = I so Tr(A cov) = Tr(cov).
            vmv_term = _norm2(rhs_white_vec - mean)
            trace_term = (
                (ops.triangular_solve(rhs_prec_sqrt, lhs._precision_chol) ** 2)
                .sum(-1)
                .sum(-1)
            )
            data = (-0.5) * norm * (vmv_term + trace_term)

            inputs = OrderedDict(
                (k, d) for k, d in inputs.items() if k not in reduced_names
            )
            result = Tensor(data, inputs)
            return result.reduce(ops.add, reduced_names - real_vars)

        raise NotImplementedError("TODO implement partial integration")

    return None  # defer to default implementation


@eager.register(Integrate, Gaussian, Unary[ops.NegOp, Gaussian], frozenset)
def eager_integrate_neg_gaussian(log_measure, integrand, reduced_vars):
    return -Integrate(log_measure, integrand.arg, reduced_vars)


@eager.register(
    Integrate,
    Gaussian,
    Contraction[
        ops.NullOp,
        ops.AddOp,
        frozenset,
        Tuple[Union[Gaussian, Unary[ops.NegOp, Gaussian]], ...],
    ],
    frozenset,
)
def eager_distribute_integrate(log_measure, integrand, reduced_vars):
    return reduce(
        ops.add,
        [
            -Integrate(log_measure, term.arg, reduced_vars)
            if isinstance(term, Unary)
            else Integrate(log_measure, term, reduced_vars)
            for term in integrand.terms
        ],
    )


__all__ = [
    "Integrate",
]
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  Source code for funsor.interpretations

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

from abc import ABC, abstractmethod
from collections.abc import Hashable
from contextlib import ContextDecorator, contextmanager
from timeit import default_timer

from . import instrument
from .interpreter import get_interpretation, pop_interpretation, push_interpretation
from .registry import KeyedRegistry
from .util import get_backend


[docs]class Interpretation(ContextDecorator, ABC):
    """
    Abstract base class for Funsor interpretations.

    Instances may be used as context managers or decorators.

    :param str name: A name used for printing and debugging (required).
    """

    def __init__(self, name):
        self.__name__ = name
        super().__init__()

    def __repr__(self):
        return self.__name__

    is_total = False

    def __enter__(self):
        # TODO consider requiring totality:
        # assert self.is_total
        new = self
        if not self.is_total:
            new = PrioritizedInterpretation(new, get_interpretation())
        push_interpretation(new)
        return self

    def __exit__(self, *args):
        pop_interpretation()

    @property
    def subinterpretations(self):
        return (self,)

    @abstractmethod
    def interpret(self, cls, *args):
        raise NotImplementedError

    @staticmethod
    def make_hash_key(cls, *args):
        backend = get_backend()
        if backend == "jax":
            # JAX DeviceArray has .__hash__ method but raise the unhashable error there.
            from jax.interpreters.xla import DeviceArray

            return tuple(
                id(arg)
                if isinstance(arg, DeviceArray) or not isinstance(arg, Hashable)
                else arg
                for arg in args
            )
        if backend == "torch":
            # Avoid "ImportError: sys.meta_path is None" on shutdown.
            from torch import Tensor

            return tuple(
                id(arg)
                if isinstance(arg, Tensor) or not isinstance(arg, Hashable)
                else arg
                for arg in args
            )
        return tuple(id(arg) if not isinstance(arg, Hashable) else arg for arg in args)



[docs]class CallableInterpretation(Interpretation):
    """
    A simple callable interpretation.

    Example usage::

        @CallableInterpretation
        def my_interpretation(cls, *args):
            return ...

    :param callable interpret: A function implementing interpretation.
    """

    def __init__(self, interpret):
        assert callable(interpret)
        super().__init__(interpret.__name__)
        self.interpret = interpret

[docs]    def set_callable(self, interpret):
        """
        Resets the callable ``.interpret`` attribute.
        """
        assert callable(interpret)
        self.interpret = interpret
        return self


    def interpret(self, cls, *args):
        raise ValueError("interpret has not been defined")



[docs]class DispatchedInterpretation(Interpretation):
    """
    An interpretation based on pattern matching.

    Example usage::

        my_interpretation = DispatchedInterpretation("my_interpretation")

        # Register a funsor pattern and rule.
        @my_interpretation.register(...)
        def my_impl(cls, *args):
            ...

        # Use the new interpretation.
        with my_interpretation:
            ...
    """

    def __init__(self, name="dispatched"):
        super().__init__(name)
        self.registry = registry = KeyedRegistry(default=lambda *args: None)

        if instrument.DEBUG or instrument.PROFILE:
            self.register = lambda *args: lambda fn: registry.register(*args)(
                instrument.debug_logged(fn)
            )
        else:
            self.register = registry.register

        if instrument.PROFILE:
            COUNTERS = instrument.COUNTERS

            def profiled_dispatch(*args):
                name = self.__name__ + ".dispatch"
                start = default_timer()
                result = registry.dispatch(*args)
                COUNTERS["time"][name] += default_timer() - start
                COUNTERS["call"][name] += 1
                COUNTERS["interpretation"][self.__name__] += 1
                return result

            self.dispatch = profiled_dispatch
        else:
            self.dispatch = registry.dispatch

    def interpret(self, cls, *args):
        return self.dispatch(cls, *args)(*args)



class PrioritizedInterpretation(Interpretation):
    r"""
    A prioritized sequence of subinterpretations.

    To interpret ``cls(*args)``, each subinterpretation is tried until one returns
    a value other than None.

    :param \*subinterpretations: A sequence of :class:`Interpretation` s.
    """

    def __init__(self, *subinterpretations):
        subinterpretations = tuple(
            ss for s in subinterpretations for ss in s.subinterpretations
        )
        assert subinterpretations
        assert len(subinterpretations) < 10, "suspicious interpretation overflow"
        assert not any(s.is_total for s in subinterpretations[:-1])
        super().__init__("/".join(s.__name__ for s in subinterpretations))
        self._subinterpretations = subinterpretations

    @property
    def subinterpretations(self):
        return self._subinterpretations

    @property
    def is_total(self):
        return any(s.is_total for s in self._subinterpretations)

    @property
    def register(self):
        return self._subinterpretations[0].register

    @property
    def dispatch(self):
        return self._subinterpretations[0].dispatch

    def interpret(self, cls, *args):
        for s in self._subinterpretations:
            result = s.interpret(cls, *args)
            if result is not None:
                return result


class StatefulInterpretationMeta(type(ABC)):
    def __init__(cls, name, bases, dct):
        super().__init__(name, bases, dct)
        cls.registry = KeyedRegistry(default=lambda *args: None)

        if instrument.PROFILE:
            COUNTERS = instrument.COUNTERS

            def profiled_dispatch(*args):
                name = cls.__name__ + ".dispatch"
                start = default_timer()
                result = cls.registry.dispatch(*args)
                COUNTERS["time"][name] += default_timer() - start
                COUNTERS["call"][name] += 1
                COUNTERS["interpretation"][cls.__name__] += 1
                return result

            cls.dispatch = staticmethod(profiled_dispatch)
        else:
            cls.dispatch = staticmethod(cls.registry.dispatch)


[docs]class StatefulInterpretation(Interpretation, metaclass=StatefulInterpretationMeta):
    """
    Base class for interpretations with instance-dependent state or parameters.

    Example usage::

        class MyInterpretation(StatefulInterpretation):

            def __init__(self, my_param):
                self.my_param = my_param

        @MyInterpretation.register(...)
        def my_impl(interpretation_state, cls, *args):
            my_param = interpretation_state.my_param
            ...

        with MyInterpretation(my_param=0.1):
            ...
    """

    def __init__(self, name="stateful"):
        super().__init__(name)

    def interpret(self, cls, *args):
        return self.dispatch(cls, *args)(self, *args)

    if instrument.DEBUG:

        @classmethod
        def register(cls, *args):
            return lambda fn: cls.registry.register(*args)(instrument.debug_logged(fn))

    else:

        @classmethod
        def register(cls, *args):
            return cls.registry.register(*args)



[docs]class Memoize(Interpretation):
    """
    Exploits cons-hashing to do implicit common subexpression elimination.

    :param Interpretation base_interpretation: The interpretation to memoize.
    :param dict cache: An optional temporary cache where results will be
        memoized.
    """

    def __init__(self, base_interpretation, cache=None):
        super().__init__(f"Memoize({base_interpretation.__name__})")
        self.base_interpretation = base_interpretation
        if cache is None:
            cache = {}
        else:
            assert isinstance(cache, dict)
        self.cache = cache

    @property
    def is_total(self):
        return self.base_interpretation.is_total

    def interpret(self, cls, *args):
        key = self.make_hash_key(cls, *args)
        value = self.cache.get(key)
        if value is None:
            self.cache[key] = value = self.base_interpretation.interpret(cls, *args)
        return value



[docs]@contextmanager
def memoize(cache=None):
    """
    Context manager wrapping :class:`Memoize` and yielding the ``cache`` dict.
    """
    base_interpretation = get_interpretation()
    with Memoize(base_interpretation, cache) as interp:
        yield interp.cache



################################################################################
# Concrete interpretations.


@CallableInterpretation
def reflect(cls, *args):
    raise ValueError("Should be overwritten in terms.py")


reflect.is_total = True

normalize_base = DispatchedInterpretation("normalize")
normalize = PrioritizedInterpretation(normalize_base, reflect)
"""
Normalize modulo associativity and commutativity, but do not evaluate any
numerical operations.
"""

lazy_base = DispatchedInterpretation("lazy")
lazy = PrioritizedInterpretation(lazy_base, reflect)
"""
Performs substitutions eagerly, but construct lazy funsors for everything else.
"""

eager_base = DispatchedInterpretation("eager")
eager = PrioritizedInterpretation(eager_base, normalize_base, reflect)
"""
Eager exact naive interpretation wherever possible.
"""

die = DispatchedInterpretation("die")
eager_or_die = PrioritizedInterpretation(eager_base, die, reflect)

sequential_base = DispatchedInterpretation("sequential")
# XXX does this work with sphinx/help()?
sequential = PrioritizedInterpretation(
    sequential_base, eager_base, normalize_base, reflect
)
"""
Eagerly execute ops with known implementations; additonally execute
vectorized ops sequentially if no known vectorized implementation exists.
"""

moment_matching_base = DispatchedInterpretation("moment_matching")
moment_matching = PrioritizedInterpretation(
    moment_matching_base, eager_base, normalize_base, reflect
)
"""
A moment matching interpretation of :class:`Reduce` expressions. This falls
back to :class:`eager` in other cases.
"""

push_interpretation(reflect)  # Set for optional type checking.
push_interpretation(eager)  # Use eager interpretation by default.

compress_gaussians_base = DispatchedInterpretation("compress_gaussians")
compress_gaussians = PrioritizedInterpretation(
    compress_gaussians_base, eager_base, normalize_base, reflect
)


__all__ = [
    "CallableInterpretation",
    "DispatchedInterpretation",
    "Interpretation",
    "Memoize",
    "StatefulInterpretation",
    "compress_gaussians",
    "die",
    "eager",
    "lazy",
    "memoize",
    "moment_matching",
    "normalize",
    "reflect",
    "sequential",
]
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  Source code for funsor.interpreter

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

import functools
import os
import re
import types
import warnings
from collections import OrderedDict, defaultdict, deque
from functools import singledispatch

import numpy as np

from funsor.domains import ArrayType
from funsor.ops import Op, is_numeric_array
from funsor.util import is_nn_module

from . import instrument

_ROOT = os.path.dirname(os.path.dirname(os.path.abspath(__file__)))
_USE_TCO = int(os.environ.get("FUNSOR_USE_TCO", 0))
_TYPECHECK = int(os.environ.get("FUNSOR_TYPECHECK", 0))
_STACK = []  # To be populated later in funsor.terms
_GENSYM_COUNTER = 0


[docs]class PatternMissingError(NotImplementedError):
    def __str__(self):
        return f"{super().__str__()}\nThis is most likely due to a missing pattern."



def get_interpretation():
    return _STACK[-1]


[docs]def push_interpretation(new):
    assert callable(new)
    _STACK.append(new)



[docs]def pop_interpretation():
    return _STACK.pop()



class Interpreter:
    @property
    def __call__(self):
        return _STACK[-1].interpret


if instrument.DEBUG:

    def _classname(cls):
        return getattr(cls, "classname", cls.__name__)

    def interpret(cls, *args):
        indent = instrument.get_indent()
        if instrument.DEBUG > 1:
            typenames = [_classname(cls)] + [_classname(type(arg)) for arg in args]
        else:
            typenames = [cls.__name__] + [type(arg).__name__ for arg in args]
        print(indent + " ".join(typenames))

        instrument.STACK_SIZE += 1
        try:
            result = _STACK[-1].interpret(cls, *args)
        finally:
            instrument.STACK_SIZE -= 1

        if instrument.DEBUG > 1:
            result_str = re.sub("\n", "\n          " + indent, str(result))
        else:
            result_str = type(result).__name__
        print(indent + "-> " + result_str)
        return result

elif _TYPECHECK:

    def interpret(cls, *args):
        reflect = _STACK[0]
        interpretation = _STACK[-1]
        if interpretation is not reflect:
            reflect.interpret(cls, *args)  # for checking only
        return interpretation.interpret(cls, *args)

else:
    interpret = Interpreter()


[docs]def interpretation(new):
    warnings.warn(
        "'with interpretation(x)' should be replaced by 'with x'", DeprecationWarning
    )
    return new



_ground_types = (
    str,
    int,
    float,
    type,
    functools.partial,
    types.FunctionType,
    types.BuiltinFunctionType,
    ArrayType,
    Op,
    np.generic,
    np.ndarray,
    np.ufunc,
)


@singledispatch
def children(x):
    if is_atom(x):
        return ()
    raise ValueError(type(x))


# has to be registered in terms.py
def children_funsor(x):
    return x._ast_values


@children.register(tuple)
@children.register(frozenset)
def _children_tuple(x):
    return x


@children.register(dict)
@children.register(OrderedDict)
def _children_tuple(x):
    return x.values()


def is_atom(x):
    if isinstance(x, (tuple, frozenset)):
        return all(is_atom(c) for c in x)
    return isinstance(x, _ground_types) or is_numeric_array(x) or is_nn_module(x)


def gensym(x=None):
    global _GENSYM_COUNTER
    _GENSYM_COUNTER += 1
    sym = _GENSYM_COUNTER
    if x is not None:
        if isinstance(x, str):
            return x + "_" + str(sym)
        return id(x)
    return "V" + str(sym)


def anf(x, stop=is_atom):
    stack = deque([x])
    child_to_parents = defaultdict(list)
    children_counts = defaultdict(int)
    leaves = deque()
    while stack:
        h = stack.popleft()
        for c in children(h):
            if stop(c):
                continue
            if c not in child_to_parents:
                stack.append(c)
            child_to_parents[c].append(h)
            children_counts[h] += 1
        if children_counts[h] == 0:
            leaves.append(h)

    env = OrderedDict(((x, x),))
    while leaves:
        h = leaves.popleft()
        for parent in child_to_parents[h]:
            children_counts[parent] -= 1
            if children_counts[parent] == 0:
                leaves.append(parent)
        env[h] = h

    env.move_to_end(x)
    return env


def stack_reinterpret(x):
    r"""
    Overloaded reinterpretation of a deferred expression.
    This interpreter does not use the Python stack and
    therefore works with arbitrarily large expressions.

    This handles a limited class of expressions, raising
    ``ValueError`` in unhandled cases.

    :param x: An input, typically involving deferred
        :class:`~funsor.terms.Funsor` s.
    :type x: A funsor or data structure holding funsors.
    :return: A reinterpreted version of the input.
    :raises: ValueError
    """
    if is_atom(x):
        return x

    interpret = _STACK[-1].interpret
    env = anf(x)
    for key, value in env.items():
        if isinstance(value, (tuple, frozenset)):  # TODO absorb this into interpret
            env[key] = type(value)(c if is_atom(c) else env[c] for c in children(value))
        else:
            env[key] = interpret(
                type(value), *(c if is_atom(c) else env[c] for c in children(value))
            )
    return env[x]


@instrument.debug_logged
def recursion_reinterpret(x):
    r"""
    Overloaded reinterpretation of a deferred expression.
    This interpreter uses the Python stack and is subject to the recursion limit.

    This handles a limited class of expressions, raising
    ``ValueError`` in unhandled cases.

    :param x: An input, typically involving deferred
        :class:`~funsor.terms.Funsor` s.
    :type x: A funsor or data structure holding funsors.
    :return: A reinterpreted version of the input.
    :raises: ValueError
    """
    if is_atom(x):
        return x
    elif isinstance(x, (tuple, frozenset)):
        return type(x)(map(recursion_reinterpret, children(x)))
    else:
        return _STACK[-1].interpret(type(x), *map(recursion_reinterpret, children(x)))


[docs]def reinterpret(x):
    r"""
    Overloaded reinterpretation of a deferred expression.

    This handles a limited class of expressions, raising
    ``ValueError`` in unhandled cases.

    :param x: An input, typically involving deferred
        :class:`~funsor.terms.Funsor` s.
    :type x: A funsor or data structure holding funsors.
    :return: A reinterpreted version of the input.
    :raises: ValueError
    """
    if _USE_TCO:
        return stack_reinterpret(x)
    else:
        return recursion_reinterpret(x)



__all__ = [
    "PatternMissingError",
    "interpret",
    "interpretation",
    "pop_interpretation",
    "push_interpretation",
    "reinterpret",
]
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  Source code for funsor.joint

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

import math
from collections import OrderedDict
from functools import reduce
from typing import Tuple, Union

from multipledispatch import dispatch

import funsor.ops as ops
from funsor.cnf import Contraction, GaussianMixture
from funsor.delta import Delta
from funsor.domains import Bint
from funsor.gaussian import Gaussian, align_gaussian
from funsor.interpretations import eager, moment_matching, normalize
from funsor.ops import AssociativeOp
from funsor.tensor import Tensor, align_tensor
from funsor.terms import Funsor, Independent, Number, Reduce, Unary
from funsor.typing import Variadic


@dispatch(str, str, Variadic[(Gaussian, GaussianMixture)])
def eager_cat_homogeneous(name, part_name, *parts):
    assert parts
    output = parts[0].output
    inputs = OrderedDict([(part_name, None)])
    for part in parts:
        assert part.output == output
        assert part_name in part.inputs
        inputs.update(part.inputs)

    int_inputs = OrderedDict((k, v) for k, v in inputs.items() if v.dtype != "real")
    real_inputs = OrderedDict((k, v) for k, v in inputs.items() if v.dtype == "real")
    inputs = int_inputs.copy()
    inputs.update(real_inputs)
    discretes = []
    white_vecs = []
    prec_sqrts = []
    for part in parts:
        inputs[part_name] = part.inputs[part_name]
        int_inputs[part_name] = inputs[part_name]
        shape = tuple(d.size for d in int_inputs.values())
        if isinstance(part, Gaussian):
            discrete = None
            gaussian = part
        elif issubclass(
            type(part), GaussianMixture
        ):  # TODO figure out why isinstance isn't working
            discrete, gaussian = part.terms[0], part.terms[1]
            discrete = ops.expand(align_tensor(int_inputs, discrete), shape)
        else:
            raise NotImplementedError("TODO")
        discretes.append(discrete)
        white_vec, prec_sqrt = align_gaussian(inputs, gaussian)
        white_vecs.append(ops.expand(white_vec, shape + (-1,)))
        prec_sqrts.append(ops.expand(prec_sqrt, shape + (-1, -1)))
    if part_name != name:
        del inputs[part_name]
        del int_inputs[part_name]

    # Pad to ensure ranks agree.
    max_rank = max(w.shape[-1] for w in white_vecs)
    for i, (white_vec, prec_sqrt) in enumerate(zip(white_vecs, prec_sqrts)):
        pad = max_rank - white_vec.shape[-1]
        if pad:
            zero = ops.new_zeros(white_vec, ())
            white_vecs[i] = ops.cat(
                [white_vec, ops.expand(zero, white_vec.shape[:-1] + (pad,))], -1
            )
            prec_sqrts[i] = ops.cat(
                [prec_sqrt, ops.expand(zero, prec_sqrt.shape[:-1] + (pad,))], -1
            )

    dim = 0
    white_vec = ops.cat(white_vecs, dim)
    prec_sqrt = ops.cat(prec_sqrts, dim)
    inputs[name] = Bint[white_vec.shape[dim]]
    int_inputs[name] = inputs[name]
    result = Gaussian(white_vec, prec_sqrt, inputs)
    if any(d is not None for d in discretes):
        for i, d in enumerate(discretes):
            if d is None:
                discretes[i] = ops.new_zeros(white_vecs[i], white_vecs[i].shape[:-1])
        discrete = ops.cat(discretes, dim)
        result = result + Tensor(discrete, int_inputs)
    return result


#################################
# patterns for moment-matching
#################################


[docs]@moment_matching.register(
    Contraction, AssociativeOp, AssociativeOp, frozenset, Variadic[object]
)
def moment_matching_contract_default(*args):
    return None



[docs]@moment_matching.register(
    Contraction, ops.LogaddexpOp, ops.AddOp, frozenset, (Number, Tensor), Gaussian
)
def moment_matching_contract_joint(red_op, bin_op, reduced_vars, discrete, gaussian):
    approx_vars = frozenset(
        v for v in reduced_vars & gaussian.input_vars if v.dtype != "real"
    )
    if not approx_vars:
        return None

    exact_vars = reduced_vars - approx_vars
    if exact_vars:
        exact = Contraction(red_op, bin_op, exact_vars, discrete, gaussian)
        return exact.reduce(red_op, approx_vars)

    discrete += gaussian.log_normalizer
    new_discrete = discrete.reduce(ops.logaddexp, approx_vars & discrete.input_vars)
    num_elements = reduce(
        ops.mul, [v.output.num_elements for v in approx_vars - discrete.input_vars], 1
    )
    if num_elements != 1:
        new_discrete -= math.log(num_elements)

    int_inputs = OrderedDict(
        (k, d) for k, d in gaussian.inputs.items() if d.dtype != "real"
    )
    probs = (discrete - new_discrete.clamp_finite()).exp()

    old_loc = Tensor(gaussian._mean, int_inputs)
    new_loc = (probs * old_loc).reduce(ops.add, approx_vars)
    old_cov = Tensor(gaussian._covariance, int_inputs)
    diff = old_loc - new_loc
    outers = Tensor(diff.data[..., None] * diff.data[..., None, :], diff.inputs)
    new_cov = (
        (probs * old_cov).reduce(ops.add, approx_vars)
        + (probs * outers).reduce(ops.add, approx_vars)
    ).data

    # Numerically stabilize by adding bogus precision to empty components.
    total = probs.reduce(ops.add, approx_vars)
    mask = ops.unsqueeze(ops.unsqueeze((total.data == 0), -1), -1)
    new_cov = new_cov + mask * ops.new_eye(new_cov, new_cov.shape[-1:])

    new_inputs = new_loc.inputs.copy()
    new_inputs.update((k, d) for k, d in gaussian.inputs.items() if d.dtype == "real")
    new_gaussian = Gaussian(mean=new_loc.data, covariance=new_cov, inputs=new_inputs)
    new_discrete -= new_gaussian.log_normalizer

    return new_discrete + new_gaussian



####################################################
# Patterns for normalizing
####################################################


[docs]@eager.register(Reduce, ops.AddOp, Unary[ops.ExpOp, Funsor], frozenset)
def eager_reduce_exp(op, arg, reduced_vars):
    # x.exp().reduce(ops.add) == x.reduce(ops.logaddexp).exp()
    log_result = arg.arg.reduce(ops.logaddexp, reduced_vars)
    if log_result is not normalize.interpret(
        Reduce, ops.logaddexp, arg.arg, reduced_vars
    ):
        return log_result.exp()
    return None



[docs]@eager.register(
    Independent,
    (
        Contraction[
            ops.NullOp,
            ops.AddOp,
            frozenset,
            Tuple[Delta, Union[Number, Tensor], Gaussian],
        ],
        Contraction[
            ops.NullOp,
            ops.AddOp,
            frozenset,
            Tuple[Delta, Union[Number, Tensor, Gaussian]],
        ],
    ),
    str,
    str,
    str,
)
def eager_independent_joint(joint, reals_var, bint_var, diag_var):
    if diag_var not in joint.terms[0].fresh:
        return None

    delta = Independent(joint.terms[0], reals_var, bint_var, diag_var)
    new_terms = (delta,) + tuple(t.reduce(ops.add, bint_var) for t in joint.terms[1:])
    return reduce(joint.bin_op, new_terms)
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  Source code for funsor.minipyro

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

"""
Mini Pyro
---------

This file contains a minimal implementation of the Pyro Probabilistic
Programming Language. The API (method signatures, etc.) match that of
the full implementation as closely as possible. This file is independent
of the rest of Pyro, with the exception of the :mod:`pyro.distributions`
module.

An accompanying example that makes use of this implementation can be
found at examples/minipyro.py.
"""
import functools
import warnings
import weakref
from collections import OrderedDict, namedtuple

import torch
from pyro.distributions import validation_enabled
from pyro.optim.clipped_adam import ClippedAdam as _ClippedAdam

import funsor


# Funsor repreresents distributions in a fundamentally different way from
# torch.Distributions and Pyro: funsor distributions are densities whereas
# torch Distributions are samplers. This class is a compatibility wrapper
# between the two. It is used only internally in the sample() function.
[docs]class Distribution(object):
    def __init__(self, funsor_dist, sample_inputs=None):
        assert isinstance(funsor_dist, funsor.Funsor)
        assert not sample_inputs or all(
            isinstance(inp.dtype, int) for inp in sample_inputs.values()
        )
        self.funsor_dist = funsor_dist
        self.output = self.funsor_dist.inputs["value"]
        self.sample_inputs = sample_inputs

[docs]    def log_prob(self, value):
        result = self.funsor_dist(value=value)
        if self.sample_inputs:
            result = result + funsor.tensor.Tensor(
                torch.zeros(*(size.dtype for size in self.sample_inputs.values())),
                self.sample_inputs,
            )
        return result


    # Draw a sample.
    def __call__(self):
        with funsor.interpretations.eager:
            dist = self.funsor_dist(value="value")
            delta = dist.sample(frozenset(["value"]), sample_inputs=self.sample_inputs)
        if isinstance(delta, funsor.cnf.Contraction):
            assert len(delta.terms) == 2
            assert any(isinstance(t, funsor.delta.Delta) for t in delta.terms)
            delta = [t for t in delta.terms if isinstance(t, funsor.delta.Delta)][0]
        assert isinstance(delta, funsor.delta.Delta)
        return delta.terms[0][1][0]

    # Similar to torch.distributions.Distribution.expand().
[docs]    def expand_inputs(self, name, size):
        if name in self.funsor_dist.inputs:
            assert self.funsor_dist.inputs[name] == funsor.Bint[int(size)]
            return self
        inputs = OrderedDict([(name, funsor.Bint[int(size)])])
        if self.sample_inputs:
            inputs.update(self.sample_inputs)
        return Distribution(self.funsor_dist, sample_inputs=inputs)




# Pyro keeps track of two kinds of global state:
# i)  The effect handler stack, which enables non-standard interpretations of
#     Pyro primitives like sample();
#     See http://docs.pyro.ai/en/0.3.1/poutine.html
# ii) Trainable parameters in the Pyro ParamStore;
#     See http://docs.pyro.ai/en/0.3.1/parameters.html

PYRO_STACK = []
PARAM_STORE = {}  # maps name -> (unconstrained_value, constraint)


[docs]def get_param_store():
    return PARAM_STORE



# The base effect handler class (called Messenger here for consistency with Pyro).
[docs]class Messenger(object):
    def __init__(self, fn=None):
        self.fn = fn

    # Effect handlers push themselves onto the PYRO_STACK.
    # Handlers earlier in the PYRO_STACK are applied first.
    def __enter__(self):
        PYRO_STACK.append(self)

    def __exit__(self, *args, **kwargs):
        assert PYRO_STACK[-1] is self
        PYRO_STACK.pop()

[docs]    def process_message(self, msg):
        pass


[docs]    def postprocess_message(self, msg):
        pass


    def __call__(self, *args, **kwargs):
        with self:
            return self.fn(*args, **kwargs)



# A first useful example of an effect handler.
# trace records the inputs and outputs of any primitive site it encloses,
# and returns a dictionary containing that data to the user.
[docs]class trace(Messenger):
    def __enter__(self):
        super(trace, self).__enter__()
        self.trace = OrderedDict()
        return self.trace

    # trace illustrates why we need postprocess_message in addition to process_message:
    # We only want to record a value after all other effects have been applied
[docs]    def postprocess_message(self, msg):
        assert (
            msg["type"] != "sample" or msg["name"] not in self.trace
        ), "sample sites must have unique names"
        self.trace[msg["name"]] = msg.copy()


[docs]    def get_trace(self, *args, **kwargs):
        self(*args, **kwargs)
        return self.trace




# A second example of an effect handler for setting the value at a sample site.
# This illustrates why effect handlers are a useful PPL implementation technique:
# We can compose trace and replay to replace values but preserve distributions,
# allowing us to compute the joint probability density of samples under a model.
# See the definition of elbo(...) below for an example of this pattern.
[docs]class replay(Messenger):
    def __init__(self, fn, guide_trace):
        self.guide_trace = guide_trace
        super(replay, self).__init__(fn)

[docs]    def process_message(self, msg):
        if msg["name"] in self.guide_trace:
            msg["value"] = self.guide_trace[msg["name"]]["value"]




# block allows the selective application of effect handlers to different parts of a model.
# Sites hidden by block will only have the handlers below block on the PYRO_STACK applied,
# allowing inference or other effectful computations to be nested inside models.
[docs]class block(Messenger):
    def __init__(self, fn=None, hide_fn=lambda msg: True):
        self.hide_fn = hide_fn
        super(block, self).__init__(fn)

[docs]    def process_message(self, msg):
        if self.hide_fn(msg):
            msg["stop"] = True




# seed is used to fix the RNG state when calling a model.
[docs]class seed(Messenger):
    def __init__(self, fn=None, rng_seed=None):
        self.rng_seed = rng_seed
        super(seed, self).__init__(fn)

    def __enter__(self):
        self.old_rng_state = torch.get_rng_state()
        torch.manual_seed(self.rng_seed)

    def __exit__(self, type, value, traceback):
        torch.set_rng_state(self.old_rng_state)



# Conditional independence is recorded as a plate context at each site.
CondIndepStackFrame = namedtuple("CondIndepStackFrame", ["name", "size", "dim"])


# This implementation of vectorized PlateMessenger broadcasts and
# records a cond_indep_stack which is later used to convert
# torch.Tensors to funsor.tensor.Tensors.
[docs]class PlateMessenger(Messenger):
    def __init__(self, fn, name, size, dim):
        assert dim < 0
        self.frame = CondIndepStackFrame(name, size, dim)
        super(PlateMessenger, self).__init__(fn)

[docs]    def process_message(self, msg):
        if msg["type"] in ("sample", "param"):
            assert self.frame.dim not in msg["cond_indep_stack"]
            msg["cond_indep_stack"][self.frame.dim] = self.frame
        if msg["type"] == "sample":
            msg["fn"] = msg["fn"].expand_inputs(self.frame.name, self.frame.size)




# This converts raw tensor.Tensors to funsor.Funsors with .inputs and .output
# based on information in msg["cond_indep_stack"] and msg["fn"].
[docs]def tensor_to_funsor(value, cond_indep_stack, output):
    assert isinstance(value, torch.Tensor)
    event_shape = output.shape
    batch_shape = value.shape[: value.dim() - len(event_shape)]
    if torch._C._get_tracing_state():
        with funsor.tensor.ignore_jit_warnings():
            batch_shape = tuple(map(int, batch_shape))
    inputs = OrderedDict()
    data = value
    for dim, size in enumerate(batch_shape):
        if size == 1:
            data = data.squeeze(dim - value.dim())
        else:
            frame = cond_indep_stack[dim - len(batch_shape)]
            assert size == frame.size, (size, frame)
            inputs[frame.name] = funsor.Bint[int(size)]
    value = funsor.tensor.Tensor(data, inputs, output.dtype)
    assert value.output == output
    return value



# The log_joint messenger is the main way of recording log probabilities.
# This is roughly the Funsor equivalent to pyro.poutine.trace.
[docs]class log_joint(Messenger):
    def __enter__(self):
        super(log_joint, self).__enter__()
        self.log_factors = OrderedDict()  # maps site name to log_prob factor
        self.plates = set()
        return self

[docs]    def process_message(self, msg):
        if msg["type"] == "sample":
            if msg["value"] is None:
                # Create a delayed sample.
                msg["value"] = funsor.Variable(msg["name"], msg["fn"].output)


[docs]    def postprocess_message(self, msg):
        if msg["type"] == "sample":
            assert (
                msg["name"] not in self.log_factors
            ), "all sites must have unique names"
            log_prob = msg["fn"].log_prob(msg["value"])
            self.log_factors[msg["name"]] = log_prob
            self.plates.update(f.name for f in msg["cond_indep_stack"].values())




# apply_stack is called by pyro.sample and pyro.param.
# It is responsible for applying each Messenger to each effectful operation.
[docs]def apply_stack(msg):
    for pointer, handler in enumerate(reversed(PYRO_STACK)):
        handler.process_message(msg)
        # When a Messenger sets the "stop" field of a message,
        # it prevents any Messengers above it on the stack from being applied.
        if msg.get("stop"):
            break
    if msg["value"] is None:
        msg["value"] = msg["fn"](*msg["args"])
    if isinstance(msg["value"], torch.Tensor):
        msg["value"] = tensor_to_funsor(
            msg["value"], msg["cond_indep_stack"], msg["output"]
        )

    # A Messenger that sets msg["stop"] == True also prevents application
    # of postprocess_message by Messengers above it on the stack
    # via the pointer variable from the process_message loop
    for handler in PYRO_STACK[-pointer - 1 :]:
        handler.postprocess_message(msg)
    return msg



# sample is an effectful version of Distribution.sample(...)
# When any effect handlers are active, it constructs an initial message and calls apply_stack.
[docs]def sample(name, fn, obs=None, infer=None):
    # Wrap the funsor distribution in a Pyro-compatible way.
    fn = Distribution(fn)

    # if there are no active Messengers, we just draw a sample and return it as expected:
    if not PYRO_STACK:
        return fn()

    # Otherwise, we initialize a message...
    initial_msg = {
        "type": "sample",
        "name": name,
        "fn": fn,
        "args": (),
        "value": obs,
        "cond_indep_stack": {},  # maps dim to CondIndepStackFrame
        "output": fn.output,
        "infer": {} if infer is None else infer,
    }

    # ...and use apply_stack to send it to the Messengers
    msg = apply_stack(initial_msg)
    assert isinstance(msg["value"], funsor.Funsor)
    return msg["value"]



# param is an effectful version of PARAM_STORE.setdefault that also handles constraints.
# When any effect handlers are active, it constructs an initial message and calls apply_stack.
[docs]def param(
    name,
    init_value=None,
    constraint=torch.distributions.constraints.real,
    event_dim=None,
):
    cond_indep_stack = {}
    output = None
    if init_value is not None:
        if event_dim is None:
            event_dim = init_value.dim()
        output = funsor.Reals[init_value.shape[init_value.dim() - event_dim :]]

    def fn(init_value, constraint):
        if name in PARAM_STORE:
            unconstrained_value, constraint = PARAM_STORE[name]
        else:
            # Initialize with a constrained value.
            assert init_value is not None
            with torch.no_grad():
                constrained_value = init_value.detach()
                unconstrained_value = torch.distributions.transform_to(constraint).inv(
                    constrained_value
                )
            unconstrained_value.requires_grad_()
            unconstrained_value._funsor_metadata = (cond_indep_stack, output)
            PARAM_STORE[name] = unconstrained_value, constraint

        # Transform from unconstrained space to constrained space.
        constrained_value = torch.distributions.transform_to(constraint)(
            unconstrained_value
        )
        constrained_value.unconstrained = weakref.ref(unconstrained_value)
        return tensor_to_funsor(
            constrained_value, *unconstrained_value._funsor_metadata
        )

    # if there are no active Messengers, we just draw a sample and return it as expected:
    if not PYRO_STACK:
        return fn(init_value, constraint)

    # Otherwise, we initialize a message...
    initial_msg = {
        "type": "param",
        "name": name,
        "fn": fn,
        "args": (init_value, constraint),
        "value": None,
        "cond_indep_stack": cond_indep_stack,  # maps dim to CondIndepStackFrame
        "output": output,
    }

    # ...and use apply_stack to send it to the Messengers
    msg = apply_stack(initial_msg)
    assert isinstance(msg["value"], funsor.Funsor)
    return msg["value"]



# boilerplate to match the syntax of actual pyro.plate:
[docs]def plate(name, size, dim):
    return PlateMessenger(fn=None, name=name, size=size, dim=dim)



# This is a thin wrapper around the `torch.optim.Optimizer` class that
# dynamically generates optimizers for dynamically generated parameters.
# See http://docs.pyro.ai/en/0.3.1/optimization.html
[docs]class PyroOptim(object):
    def __init__(self, optim_args):
        self.optim_args = optim_args
        # Each parameter will get its own optimizer, which we keep track
        # of using this dictionary keyed on parameters.
        self.optim_objs = {}

    def __call__(self, params):
        for param in params:
            # If we've seen this parameter before, use the previously
            # constructed optimizer.
            if param in self.optim_objs:
                optim = self.optim_objs[param]
            # If we've never seen this parameter before, construct
            # an Adam optimizer and keep track of it.
            else:
                optim = self.TorchOptimizer([param], **self.optim_args)
                self.optim_objs[param] = optim
            # Take a gradient step for the parameter param.
            optim.step()



# We wrap some commonly used PyTorch optimizers.
[docs]class Adam(PyroOptim):
    TorchOptimizer = torch.optim.Adam



[docs]class ClippedAdam(PyroOptim):
    TorchOptimizer = _ClippedAdam



# This is a unified interface for stochastic variational inference in Pyro.
# The actual construction of the loss is taken care of by `loss`.
# See http://docs.pyro.ai/en/0.3.1/inference_algos.html
[docs]class SVI(object):
    def __init__(self, model, guide, optim, loss):
        self.model = model
        self.guide = guide
        self.optim = optim
        self.loss = loss

    # This method handles running the model and guide, constructing the loss
    # function, and taking a gradient step.
[docs]    def step(self, *args, **kwargs):
        # This wraps both the call to `model` and `guide` in a `trace` so that
        # we can record all the parameters that are encountered. Note that
        # further tracing occurs inside of `loss`.
        with trace() as param_capture:
            # We use block here to allow tracing to record parameters only.
            with block(hide_fn=lambda msg: msg["type"] != "param"):
                loss = self.loss(self.model, self.guide, *args, **kwargs)
        # Differentiate the loss.
        funsor.to_data(loss).backward()
        # Grab all the parameters from the trace.
        params = [site["value"].data.unconstrained() for site in param_capture.values()]
        # Take a step w.r.t. each parameter in params.
        self.optim(params)
        # Zero out the gradients so that they don't accumulate.
        for p in params:
            p.grad = torch.zeros_like(p.grad)
        return loss.item()




# TODO(eb8680) Replace this with funsor.Expectation.
[docs]def Expectation(log_probs, costs, sum_vars, prod_vars):
    result = 0
    for cost in costs:
        log_prob = funsor.sum_product.sum_product(
            sum_op=funsor.ops.logaddexp,
            prod_op=funsor.ops.add,
            factors=log_probs,
            plates=prod_vars,
            eliminate=(prod_vars | sum_vars) - frozenset(cost.inputs),
        )
        term = funsor.Integrate(log_prob, cost, sum_vars & frozenset(cost.inputs))
        term = term.reduce(funsor.ops.add, prod_vars & frozenset(cost.inputs))
        result += term
    return result



# This is a basic implementation of the Evidence Lower Bound, which is the
# fundamental objective in Variational Inference.
# See http://pyro.ai/examples/svi_part_i.html for details.
# This implementation uses a Dice estimator similar to TraceEnum_ELBO.
[docs]def elbo(model, guide, *args, **kwargs):
    with log_joint() as guide_log_joint:
        guide(*args, **kwargs)
    with log_joint() as model_log_joint:
        model(*args, **kwargs)

    # contract out auxiliary variables in the guide
    guide_log_probs = list(guide_log_joint.log_factors.values())
    guide_aux_vars = (
        frozenset().union(*(f.inputs for f in guide_log_probs))
        - frozenset(guide_log_joint.plates)
        - frozenset(model_log_joint.log_factors)
    )
    if guide_aux_vars:
        guide_log_probs = funsor.sum_product.partial_sum_product(
            funsor.ops.logaddexp,
            funsor.ops.add,
            guide_log_probs,
            plates=frozenset(guide_log_joint.plates),
            eliminate=guide_aux_vars,
        )

    # contract out auxiliary variables in the model
    model_log_probs = list(model_log_joint.log_factors.values())
    model_aux_vars = (
        frozenset().union(*(f.inputs for f in model_log_probs))
        - frozenset(model_log_joint.plates)
        - frozenset(guide_log_joint.log_factors)
    )
    if model_aux_vars:
        model_log_probs = funsor.sum_product.partial_sum_product(
            funsor.ops.logaddexp,
            funsor.ops.add,
            model_log_probs,
            plates=frozenset(model_log_joint.plates),
            eliminate=model_aux_vars,
        )

    # compute remaining plates and sum_dims
    plates = frozenset().union(
        *(model_log_joint.plates.intersection(f.inputs) for f in model_log_probs)
    )
    plates = plates | frozenset().union(
        *(guide_log_joint.plates.intersection(f.inputs) for f in guide_log_probs)
    )
    sum_vars = frozenset().union(
        model_log_joint.log_factors, guide_log_joint.log_factors
    ) - frozenset(model_aux_vars | guide_aux_vars)

    # Accumulate costs from model and guide and log_probs from guide.
    # Cf. pyro.infer.traceenum_elbo._compute_dice_elbo()
    # https://github.com/pyro-ppl/pyro/blob/0.3.0/pyro/infer/traceenum_elbo.py#L119
    costs = []
    log_probs = []
    for p in model_log_probs:
        costs.append(p)
    for q in guide_log_probs:
        costs.append(-q)
        log_probs.append(q)

    # Compute expected cost.
    # Cf. pyro.infer.util.Dice.compute_expectation()
    # https://github.com/pyro-ppl/pyro/blob/0.3.0/pyro/infer/util.py#L212
    elbo = Expectation(
        tuple(log_probs), tuple(costs), sum_vars=sum_vars, prod_vars=plates
    )

    loss = -elbo
    assert not loss.inputs
    return loss



# Base class for elbo implementations.
[docs]class ELBO(object):
    def __init__(self, **kwargs):
        self.options = kwargs

    def __call__(self, model, guide, *args, **kwargs):
        return elbo(model, guide, *args, **kwargs)



# This is a wrapper for compatibility with full Pyro.
[docs]class Trace_ELBO(ELBO):
    def __call__(self, model, guide, *args, **kwargs):
        with funsor.montecarlo.MonteCarlo():
            return elbo(model, guide, *args, **kwargs)



[docs]class TraceMeanField_ELBO(ELBO):
    # TODO Use exact KLs where possible.
    pass



[docs]class TraceEnum_ELBO(ELBO):
    # TODO allow mixing of sampling and exact integration
    def __call__(self, model, guide, *args, **kwargs):
        if self.options.get("optimize", None):
            with funsor.optimizer.optimize:
                elbo_expr = elbo(model, guide, *args, **kwargs)
            return funsor.reinterpret(elbo_expr)
        return elbo(model, guide, *args, **kwargs)



# This is a PyTorch jit wrapper that (1) delays tracing until the first
# invocation, and (2) registers pyro.param() statements with torch.jit.trace.
# This version does not support variable number of args or non-tensor kwargs.
[docs]class Jit(object):
    def __init__(self, fn, **kwargs):
        self.fn = fn
        self.ignore_jit_warnings = kwargs.get("ignore_jit_warnings", False)
        self._compiled = None
        self._param_trace = None

    def __call__(self, *args):
        # On first call, initialize params and save their names.
        if self._param_trace is None:
            with block(), trace() as tr, block(hide_fn=lambda m: m["type"] != "param"):
                self.fn(*args)
            self._param_trace = tr

        # Augment args with reads from the global param store.
        unconstrained_params = tuple(
            param(name).data.unconstrained() for name in self._param_trace
        )
        params_and_args = unconstrained_params + args

        # On first call, create a compiled elbo.
        if self._compiled is None:

            def compiled(*params_and_args):
                unconstrained_params = params_and_args[: len(self._param_trace)]
                args = params_and_args[len(self._param_trace) :]
                for name, unconstrained_param in zip(
                    self._param_trace, unconstrained_params
                ):
                    constrained_param = param(name)  # assume param has been initialized
                    assert constrained_param.data.unconstrained() is unconstrained_param
                    self._param_trace[name]["value"] = constrained_param
                result = replay(self.fn, guide_trace=self._param_trace)(*args)
                assert not result.inputs
                assert result.output == funsor.Real
                return funsor.to_data(result)

            with validation_enabled(False), warnings.catch_warnings():
                if self.ignore_jit_warnings:
                    warnings.filterwarnings("ignore", category=torch.jit.TracerWarning)
                self._compiled = torch.jit.trace(
                    compiled, params_and_args, check_trace=False
                )

        data = self._compiled(*params_and_args)
        return funsor.tensor.Tensor(data)



# This is a jit wrapper for ELBO implementations.
[docs]class Jit_ELBO(ELBO):
    def __init__(self, elbo, **kwargs):
        super(Jit_ELBO, self).__init__(**kwargs)
        self._elbo = elbo(**kwargs)
        self._compiled = {}  # maps (model,guide) -> Jit instances

    def __call__(self, model, guide, *args):
        if (model, guide) not in self._compiled:
            elbo = functools.partial(self._elbo, model, guide)
            self._compiled[model, guide] = Jit(elbo, **self.options)
        return self._compiled[model, guide](*args)



[docs]def JitTrace_ELBO(**kwargs):
    return Jit_ELBO(Trace_ELBO, **kwargs)



[docs]def JitTraceMeanField_ELBO(**kwargs):
    return Jit_ELBO(TraceMeanField_ELBO, **kwargs)



[docs]def JitTraceEnum_ELBO(**kwargs):
    return Jit_ELBO(TraceEnum_ELBO, **kwargs)
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  Source code for funsor.montecarlo

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

import functools
from collections import OrderedDict

from funsor.cnf import Contraction
from funsor.delta import Delta
from funsor.gaussian import Gaussian
from funsor.integrate import Integrate
from funsor.interpretations import StatefulInterpretation
from funsor.tensor import Tensor
from funsor.terms import Approximate, Funsor, Number, Subs, Unary
from funsor.util import get_backend

from . import ops


[docs]class MonteCarlo(StatefulInterpretation):
    """
    A Monte Carlo interpretation of :class:`~funsor.integrate.Integrate`
    expressions. This falls back to the previous interpreter in other cases.

    :param rng_key:
    """

    def __init__(self, *, rng_key=None, **sample_inputs):
        super().__init__("monte_carlo")
        self.rng_key = rng_key
        self.sample_inputs = OrderedDict(sample_inputs)



@MonteCarlo.register(Integrate, Funsor, Funsor, frozenset)
def monte_carlo_integrate(state, log_measure, integrand, reduced_vars):
    sample_options = {}
    if state.rng_key is not None and get_backend() == "jax":
        import jax

        sample_options["rng_key"], state.rng_key = jax.random.split(state.rng_key)

    sample = log_measure.sample(reduced_vars, state.sample_inputs, **sample_options)
    if sample is log_measure:
        return None  # cannot progress

    return Integrate(sample, integrand, reduced_vars)


@MonteCarlo.register(Approximate, ops.LogaddexpOp, Funsor, Funsor, frozenset)
def monte_carlo_approximate(state, op, model, guide, approx_vars):
    sample_options = {}
    if state.rng_key is not None and get_backend() == "jax":
        import jax

        sample_options["rng_key"], state.rng_key = jax.random.split(state.rng_key)

    sample = guide.sample(approx_vars, state.sample_inputs, **sample_options)
    if sample is guide:
        return model  # cannot progress
    result = sample + model - guide

    return result


@functools.singledispatch
def extract_samples(discrete_density):
    """
    Extract sample values out of a funsor Delta, possibly scaled by Tensors.
    This is useful for extracting sample tensors from a Monte Carlo
    computation.
    """
    raise ValueError(
        f"Could not extract support from {type(discrete_density).__name__}"
    )


@extract_samples.register(Delta)
def _extract_samples_delta(discrete_density):
    return {name: point for name, (point, log_density) in discrete_density.terms}


@extract_samples.register(Contraction)
def _extract_samples_contraction(discrete_density):
    assert not discrete_density.reduced_vars
    result = {}
    for term in discrete_density.terms:
        result.update(extract_samples(term))
    return result


@extract_samples.register(Subs)
@extract_samples.register(Number)
@extract_samples.register(Tensor)
@extract_samples.register(Gaussian)
@extract_samples.register(Unary)
def _extract_samples_scale(discrete_density):
    return {}


__all__ = [
    "MonteCarlo",
]
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  Source code for funsor.ops

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

from . import array, builtin, op, program, tracer
from .array import *
from .builtin import *
from .op import *
from .program import *
from .tracer import *
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  Source code for funsor.optimizer

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

import collections

from opt_einsum.paths import greedy

import funsor.interpreter as interpreter
from funsor.cnf import Contraction
from funsor.interpretations import (
    DispatchedInterpretation,
    PrioritizedInterpretation,
    eager,
    lazy,
    normalize_base,
)
from funsor.interpreter import get_interpretation
from funsor.ops import DISTRIBUTIVE_OPS, AssociativeOp
from funsor.terms import Funsor
from funsor.typing import Variadic

from . import ops

unfold_base = DispatchedInterpretation()
unfold = PrioritizedInterpretation(unfold_base, normalize_base, lazy)


[docs]@unfold.register(Contraction, AssociativeOp, AssociativeOp, frozenset, tuple)
def unfold_contraction_generic_tuple(red_op, bin_op, reduced_vars, terms):

    for i, v in enumerate(terms):

        if not isinstance(v, Contraction):
            continue

        if v.red_op is ops.null and (v.bin_op, bin_op) in DISTRIBUTIVE_OPS:
            # a * e * (b + c + d) -> (a * e * b) + (a * e * c) + (a * e * d)
            new_terms = tuple(
                Contraction(
                    v.red_op,
                    bin_op,
                    v.reduced_vars,
                    *(terms[:i] + (vt,) + terms[i + 1 :])
                )
                for vt in v.terms
            )
            return Contraction(red_op, v.bin_op, reduced_vars, *new_terms)

        if red_op in (v.red_op, ops.null) and (v.red_op, bin_op) in DISTRIBUTIVE_OPS:
            new_terms = (
                terms[:i]
                + (Contraction(v.red_op, v.bin_op, frozenset(), *v.terms),)
                + terms[i + 1 :]
            )
            return Contraction(v.red_op, bin_op, v.reduced_vars, *new_terms).reduce(
                red_op, reduced_vars
            )

        if v.red_op in (red_op, ops.null) and bin_op in (v.bin_op, ops.null):
            red_op = v.red_op if red_op is ops.null else red_op
            bin_op = v.bin_op if bin_op is ops.null else bin_op
            new_terms = terms[:i] + v.terms + terms[i + 1 :]
            return Contraction(
                red_op, bin_op, reduced_vars | v.reduced_vars, *new_terms
            )

    return None



[docs]@unfold.register(Contraction, AssociativeOp, AssociativeOp, frozenset, Variadic[Funsor])
def unfold_contraction_variadic(r, b, v, *ts):
    return unfold.interpret(Contraction, r, b, v, tuple(ts))



optimize_base = DispatchedInterpretation()
optimize = PrioritizedInterpretation(optimize_base, eager)


# TODO set a better value for this
REAL_SIZE = 3  # the "size" of a real-valued dimension passed to the path optimizer


[docs]@optimize.register(
    Contraction, AssociativeOp, AssociativeOp, frozenset, Variadic[Funsor]
)
def optimize_contraction_variadic(r, b, v, *ts):
    return optimize.interpret(Contraction, r, b, v, tuple(ts))



[docs]@optimize.register(Contraction, AssociativeOp, AssociativeOp, frozenset, Funsor, Funsor)
@optimize.register(Contraction, AssociativeOp, AssociativeOp, frozenset, Funsor)
def eager_contract_base(red_op, bin_op, reduced_vars, *terms):
    return None



[docs]@optimize.register(Contraction, AssociativeOp, AssociativeOp, frozenset, tuple)
def optimize_contract_finitary_funsor(red_op, bin_op, reduced_vars, terms):
    if red_op is ops.null or bin_op is ops.null:
        return None
    if (red_op, bin_op) not in DISTRIBUTIVE_OPS:
        return None

    # build opt_einsum optimizer IR
    inputs = [term.input_vars for term in terms]
    size_dict = {
        k: ((REAL_SIZE * v.num_elements) if v.dtype == "real" else v.dtype)
        for term in terms
        for k, v in term.inputs.items()
    }
    outputs = frozenset().union(*inputs) - reduced_vars

    # optimize path with greedy opt_einsum optimizer
    # TODO switch to new 'auto' strategy
    input_names = [frozenset(term.inputs) for term in terms]
    output_names = frozenset(v.name for v in outputs)
    path = greedy(input_names, output_names, size_dict)

    # first prepare a reduce_dim counter to avoid early reduction
    reduce_dim_counter = collections.Counter()
    for input in inputs:
        reduce_dim_counter.update({d: 1 for d in input})

    operands = list(terms)
    for (a, b) in path:
        b, a = tuple(sorted((a, b), reverse=True))
        tb = operands.pop(b)
        ta = operands.pop(a)

        # don't reduce a dimension too early - keep a collections.Counter
        # and only reduce when the dimension is removed from all lhs terms in path
        reduce_dim_counter.subtract({d: 1 for d in reduced_vars & ta.input_vars})
        reduce_dim_counter.subtract({d: 1 for d in reduced_vars & tb.input_vars})

        # reduce variables that don't appear in other terms
        both_vars = ta.input_vars | tb.input_vars
        path_end_reduced_vars = frozenset(
            d for d in reduced_vars & both_vars if reduce_dim_counter[d] == 0
        )

        # count new appearance of variables that aren't reduced
        reduce_dim_counter.update(
            {d: 1 for d in reduced_vars & (both_vars - path_end_reduced_vars)}
        )

        path_end = Contraction(
            red_op if path_end_reduced_vars else ops.null,
            bin_op,
            path_end_reduced_vars,
            ta,
            tb,
        )
        operands.append(path_end)

    # reduce any remaining dims, if necessary
    final_reduced_vars = (
        frozenset(d for (d, count) in reduce_dim_counter.items() if count > 0)
        & reduced_vars
    )
    if final_reduced_vars:
        path_end = path_end.reduce(red_op, final_reduced_vars)
    return path_end



[docs]def apply_optimizer(x):
    with unfold:
        expr = interpreter.reinterpret(x)

    with PrioritizedInterpretation(optimize_base, get_interpretation()):
        return interpreter.reinterpret(expr)
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  Source code for funsor.precondition

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

from collections import OrderedDict

from . import ops
from .cnf import Contraction, GaussianMixture
from .domains import Reals
from .gaussian import Gaussian
from .interpretations import StatefulInterpretation
from .terms import Approximate, Funsor, Subs, Variable


[docs]class Precondition(StatefulInterpretation):
    """
    Preconditioning interpretation for adjoint computations.

    This interpretation is intended to be used once, followed by a call to
    :meth:`combine_subs` as follows::

        # Lazily build a factor graph.
        with reflect:
            log_joint = Gaussian(...) + ... + Gaussian(...)
            log_Z = log_joint.reduce(ops.logaddexp)

        # Run a backward sampling under the precondition interpretation.
        with Precondition() as p:
            marginals = adjoint(
                ops.logaddexp, ops.add, log_Z, batch_vars=p.sample_vars
            )
        combine_subs = p.combine_subs()

        # Extract samples from Delta distributions.
        samples = {
            k: v(**combine_subs)
            for name, delta in marginals.items()
            for k, v in funsor.montecarlo.extract_samples(delta).items()
        }

    See :func:`~funsor.recipes.forward_filter_backward_precondition` for
    complete usage.

    :param str aux_name: Name of the auxiliary variable containing white noise.
    """

    def __init__(self, aux_name="aux"):
        super().__init__("precondition")
        self.aux_name = aux_name
        self.sample_inputs = OrderedDict()
        self.sample_vars = set()

[docs]    def combine_subs(self):
        """
        Method to create a combining substitution after preconditioning is
        complete. The returned substitution replaces per-factor auxiliary
        variables with slices into a single combined auxiliary variable.

        :returns: A substitution indexing each factor-wise auxiliary variable
            into a single global auxiliary variable.
        :rtype: dict
        """
        total_size = sum(v.num_elements for v in self.sample_inputs.values())
        aux = Variable(self.aux_name, Reals[total_size])
        subs = {}
        start = 0
        for k, v in self.sample_inputs.items():
            stop = start + v.num_elements
            subs[k] = aux[start:stop].reshape(v.shape)
            start = stop
        return subs




@Precondition.register(Approximate, ops.LogaddexpOp, Funsor, Funsor, frozenset)
def precondition_approximate_todo(state, op, model, guide, approx_vars):
    if approx_vars.isdisjoint(guide.input_vars):
        return
    raise NotImplementedError("TODO handle:\n" + guide.pretty(100, 0))


@Precondition.register(
    Approximate,
    ops.LogaddexpOp,
    Funsor,
    Contraction[ops.NullOp, ops.AddOp, frozenset, tuple],
    frozenset,
)
def precondition_approximate_contraction(state, op, model, guide, approx_vars):
    # Eagerly winnow approx_vars.
    approx_vars = approx_vars.intersection(guide.input_vars)
    if not approx_vars:
        return model

    terms = [
        term for term in guide.terms if not approx_vars.isdisjoint(term.input_vars)
    ]
    if len(terms) == 1:
        guide = terms[0]
        return Approximate(ops.logaddexp, model, guide, approx_vars)
    raise NotImplementedError("TODO")


@Precondition.register(Approximate, ops.LogaddexpOp, Funsor, GaussianMixture, frozenset)
def precondition_approximate_gaussian_mixture(state, op, model, guide, approx_vars):
    tensor, gaussian = guide.terms
    return precondition_approximate_gaussian(state, op, model, gaussian, approx_vars)


@Precondition.register(Approximate, ops.LogaddexpOp, Funsor, Gaussian, frozenset)
@Precondition.register(
    Approximate, ops.LogaddexpOp, Funsor, Subs[Gaussian, tuple], frozenset
)
def precondition_approximate_gaussian(state, op, model, guide, approx_vars):
    # Eagerly winnow approx_vars.
    approx_vars = approx_vars.intersection(guide.input_vars)
    if not approx_vars:
        return model

    # Determine how much white noise is needed to generate a sample.
    batch_shape = []
    event_numel = 0
    for k, d in guide.inputs.items():
        if d.dtype == "real":
            if Variable(k, d) in approx_vars:
                event_numel += d.num_elements
        else:
            batch_shape += (d.size,)
    shape = tuple(batch_shape) + (event_numel,)
    name = f"{state.aux_name}_{len(state.sample_inputs)}"
    state.sample_inputs[name] = Reals[shape]
    state.sample_vars.add(Variable(name, Reals[shape]))

    # Precondition this factor.
    sample = guide.sample(approx_vars, OrderedDict([(name, Reals[shape])]))
    assert sample is not guide, "no progress"
    result = sample + model - guide
    return result


__all__ = [
    "Precondition",
]
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  Source code for funsor.recipes

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

"""
Recipes using Funsor
--------------------
This module provides a number of high-level algorithms using Funsor.

"""

from typing import Dict, FrozenSet

import funsor  # Let's use fully qualified names in this file.


[docs]def forward_filter_backward_rsample(
    factors: Dict[str, funsor.Funsor],
    eliminate: FrozenSet[str],
    plates: FrozenSet[str],
    sample_inputs: Dict[str, funsor.domains.Domain] = {},
    rng_key=None,
):
    """
    A forward-filter backward-batched-reparametrized-sample algorithm for use
    in variational inference. The motivating use case is performing Gaussian
    tensor variable elimination over structured variational posteriors.

    :param dict factors: A dictionary mapping sample site name to a Funsor
        factor created at that sample site.
    :param frozenset: A set of names of latent variables to marginalize and
        plates to aggregate.
    :param plates: A set of names of plates to aggregate.
    :param dict sample_inputs: An optional dict of enclosing sample indices
        over which samples will be drawn in batch.
    :param rng_key: A random number key for the JAX backend.
    :returns: A pair ``samples:Dict[str, Tensor], log_prob: Tensor`` of samples
        and log density evaluated at each of those samples. If ``sample_inputs``
        is nonempty, both outputs will be batched.
    :rtype: tuple
    """
    assert isinstance(factors, dict)
    assert all(isinstance(k, str) for k in factors)
    assert all(isinstance(v, funsor.Funsor) for v in factors.values())
    assert isinstance(eliminate, frozenset)
    assert all(isinstance(v, str) for v in eliminate)
    assert isinstance(plates, frozenset)
    assert all(isinstance(v, str) for v in plates)
    assert isinstance(sample_inputs, dict)
    assert all(isinstance(k, str) for k in sample_inputs)
    assert all(isinstance(v, funsor.domains.Domain) for v in sample_inputs.values())

    # Perform tensor variable elimination.
    with funsor.interpretations.reflect:
        log_Z = funsor.sum_product.sum_product(
            funsor.ops.logaddexp,
            funsor.ops.add,
            list(factors.values()),
            eliminate,
            plates,
        )
        log_Z = funsor.optimizer.apply_optimizer(log_Z)
    batch_vars = frozenset(funsor.Variable(k, v) for k, v in sample_inputs.items())
    with funsor.montecarlo.MonteCarlo(**sample_inputs, rng_key=rng_key):
        log_Z, marginals = funsor.adjoint.forward_backward(
            funsor.ops.logaddexp, funsor.ops.add, log_Z, batch_vars=batch_vars
        )

    # Extract sample tensors.
    samples = {}
    for name, factor in factors.items():
        if name in eliminate:
            samples.update(funsor.montecarlo.extract_samples(marginals[factor]))
    assert frozenset(samples) == eliminate - plates

    # Compute log density at each sample.
    log_prob = -log_Z
    for f in factors.values():
        term = f(**samples)
        plates = eliminate.intersection(term.inputs)
        term = term.reduce(funsor.ops.add, plates)
        log_prob += term
    assert set(log_prob.inputs) == set(sample_inputs)

    return samples, log_prob



[docs]def forward_filter_backward_precondition(
    factors: Dict[str, funsor.Funsor],
    eliminate: FrozenSet[str],
    plates: FrozenSet[str],
    aux_name: str = "aux",
):
    """
    A forward-filter backward-precondition algorithm for use in variational
    inference or preconditioning in Hamiltonian Monte Carlo. The motivating use
    case is performing Gaussian tensor variable elimination over structured
    variational posteriors, and optionally using the learned posterior to
    determine momentum in HMC.

    :param dict factors: A dictionary mapping sample site name to a Funsor
        factor created at that sample site.
    :param frozenset: A set of names of latent variables to marginalize and
        plates to aggregate.
    :param plates: A set of names of plates to aggregate.
    :param str aux_name: Name of the auxiliary variable containing white noise.
    :returns: A pair ``samples:Dict[str, Tensor], log_prob: Tensor`` of samples
        and log density evaluated at each of those samples. Both outputs depend
        on a vector named by ``aux_name``, e.g. ``aux: Reals[d]`` where ``d``
        is the total number of elements in eliminated variables.
    :rtype: tuple
    """
    assert isinstance(factors, dict)
    assert all(isinstance(k, str) for k in factors)
    assert all(isinstance(v, funsor.Funsor) for v in factors.values())
    assert isinstance(eliminate, frozenset)
    assert all(isinstance(v, str) for v in eliminate)
    assert isinstance(plates, frozenset)
    assert all(isinstance(v, str) for v in plates)
    assert isinstance(aux_name, str)
    assert not any(aux_name in f.inputs for f in factors.values())

    # Perform tensor variable elimination.
    with funsor.interpretations.reflect:
        log_Z = funsor.sum_product.sum_product(
            funsor.ops.logaddexp,
            funsor.ops.add,
            list(factors.values()),
            eliminate,
            plates,
        )
        log_Z = funsor.optimizer.apply_optimizer(log_Z)
    with funsor.precondition.Precondition(aux_name=aux_name) as precondition:
        log_Z, marginals = funsor.adjoint.forward_backward(
            funsor.ops.logaddexp,
            funsor.ops.add,
            log_Z,
            batch_vars=precondition.sample_vars,
        )

    # Extract sample tensors.
    samples = {}
    for name, factor in factors.items():
        if name in eliminate:
            samples.update(funsor.montecarlo.extract_samples(marginals[factor]))
    assert frozenset(samples) == eliminate - plates

    # Combine into a single auxiliary variable.
    subs = precondition.combine_subs()
    samples = {k: v(**subs) for k, v in samples.items()}

    # Compute log density at each sample, lazily dependent on aux_name.
    log_prob = -log_Z
    for f in factors.values():
        term = f(**samples)
        plates = eliminate.intersection(term.inputs)
        term = term.reduce(funsor.ops.add, plates)
        log_prob += term
    assert set(log_prob.inputs) == {aux_name}

    return samples, log_prob
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  Source code for funsor.registry

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

from collections import defaultdict

from multipledispatch.dispatcher import Dispatcher, expand_tuples

from funsor.typing import Variadic, deep_type, get_origin, get_type_hints, typing_wrap


class PartialDispatcher(Dispatcher):
    """
    Wrapper to avoid appearance in stack traces.
    """

    def __init__(self, default=None, name="PartialDispatcher"):
        self.default = default if default is None else PartialDefault(default)
        super().__init__(name)
        if default is not None:
            self.add(([object],), self.default)

    def add(self, signature, func):

        # Handle annotations
        if not signature:
            annotations = get_type_hints(func)
            annotations.pop("return", None)
            if annotations:
                signature = tuple(annotations.values())

        # Handle some union types by expanding at registration time
        if any(isinstance(typ, tuple) for typ in signature):
            for typs in expand_tuples(signature):
                self.add(typs, func)
            return

        # Handle variadic types
        signature = (
            Variadic[tuple(tp)] if isinstance(tp, list) else tp for tp in signature
        )

        signature = tuple(map(typing_wrap, signature))
        super().add(signature, func)

    def partial_call(self, *args):
        """
        Likde :meth:`__call__` but avoids calling ``func()``.
        """
        types = tuple(map(typing_wrap, map(deep_type, args)))
        try:
            func = self._cache[types]
        except KeyError:
            func = self.dispatch(*types)
            if func is None:
                raise NotImplementedError(
                    "Could not find signature for %s: <%s>"
                    % (self.name, ", ".join(cls.__name__ for cls in types))
                )
            self._cache[types] = func
        return func

    def __call__(self, *args):
        return self.partial_call(*args)(*args)


class PartialDefault:
    def __init__(self, default):
        self.default = default

    @property
    def __call__(self):
        return self.default

    def partial_call(self, *args):
        return self.default


class KeyedRegistry(object):
    def __init__(self, default=None):
        # TODO make registry a WeakKeyDictionary
        self.default = default if default is None else PartialDefault(default)
        self.registry = defaultdict(lambda: PartialDispatcher(default=default))

    def register(self, key, *types):
        register = self.registry[get_origin(key)].register

        # This decorator supports stacking multiple decorators, which is not
        # supported by multipledipatch (which returns a Dispatch object rather
        # than the original function).
        def decorator(fn):
            register(*types)(fn)
            return fn

        return decorator

    def __contains__(self, key):
        return get_origin(key) in self.registry

    def __getitem__(self, key):
        key = get_origin(key)
        if self.default is None:
            return self.registry[key]
        return self.registry.get(key, self.default)

    def __call__(self, key, *args):
        return self[key](*args)

    def dispatch(self, key, *args):
        return self[key].partial_call(*args)


__all__ = [
    "KeyedRegistry",
]
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  Source code for funsor.sum_product

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

import re
from collections import OrderedDict, defaultdict
from functools import reduce
from math import gcd

import funsor
import funsor.ops as ops
from funsor.cnf import Contraction
from funsor.domains import Bint
from funsor.ops import UNITS, AssociativeOp
from funsor.terms import (
    Cat,
    Funsor,
    FunsorMeta,
    Number,
    Slice,
    Stack,
    Subs,
    Variable,
    eager,
    substitute,
    to_funsor,
)
from funsor.util import quote


def _partition(terms, sum_vars):
    # Construct a bipartite graph between terms and the vars
    neighbors = OrderedDict([(t, []) for t in terms])
    for term in terms:
        for dim in term.inputs.keys():
            if dim in sum_vars:
                neighbors[term].append(dim)
                neighbors.setdefault(dim, []).append(term)

    # Partition the bipartite graph into connected components for contraction.
    components = []
    while neighbors:
        v, pending = neighbors.popitem()
        component = OrderedDict([(v, None)])  # used as an OrderedSet
        for v in pending:
            component[v] = None
        while pending:
            v = pending.pop()
            for v in neighbors.pop(v):
                if v not in component:
                    component[v] = None
                    pending.append(v)

        # Split this connected component into tensors and dims.
        component_terms = tuple(v for v in component if isinstance(v, Funsor))
        if component_terms:
            component_dims = frozenset(
                v for v in component if not isinstance(v, Funsor)
            )
            components.append((component_terms, component_dims))
    return components


def _unroll_plate(factors, var_to_ordinal, sum_vars, plate, step):
    # size of the plate
    size = next(iter(f.inputs[plate].size for f in factors if plate in f.inputs))
    # history of the plate
    history = 1 if step else 0

    # replicated variables
    plate_vars = set()
    for var, ordinal in var_to_ordinal.items():
        if plate in ordinal:
            plate_vars.add(var)

    # make sure that all vars in the plate are being unrolled
    assert plate_vars.issubset(sum_vars)

    # unroll variables
    for var in plate_vars:
        sum_vars -= frozenset({var})
        if var in step.keys():
            new_var = frozenset(
                {"{}_{}".format(var.split("_")[0], i) for i in range(size)}
            )
        elif var in step.values():
            new_var = frozenset(
                {"{}_{}".format(var.split("_")[0], i + history) for i in range(size)}
            )
        else:
            new_var = frozenset({"{}_{}".format(var, i + history) for i in range(size)})
        sum_vars |= new_var
        ordinal = var_to_ordinal.pop(var)
        new_ordinal = ordinal.difference({plate})
        var_to_ordinal.update({v: new_ordinal for v in new_var})

    # unroll factors
    unrolled_factors = []
    for factor in factors:
        if plate in factor.inputs:
            f_vars = plate_vars.intersection(factor.inputs)
            prev_to_var = {key: key.split("_")[0] for key in step.keys()}
            curr_to_var = {value: value.split("_")[0] for value in step.values()}
            nonmarkov_vars = f_vars - set(step.keys()) - set(step.values())
            unrolled_factors.extend(
                [
                    factor(
                        **{plate: i},
                        **{
                            var: "{}_{}".format(var, i + history)
                            for var in nonmarkov_vars
                        },
                        **{
                            curr: "{}_{}".format(var, i + history)
                            for curr, var in curr_to_var.items()
                        },
                        **{
                            prev: "{}_{}".format(var, i)
                            for prev, var in prev_to_var.items()
                        }
                    )
                    for i in range(size)
                ]
            )
        else:
            unrolled_factors.append(factor)

    return unrolled_factors, var_to_ordinal, sum_vars


[docs]def partial_unroll(factors, eliminate=frozenset(), plate_to_step=dict()):
    """
    Performs partial unrolling of plated factor graphs to standard factor graphs.
    Only plates with history={0, 1} are supported.

    For plates (history=0) unrolling operation appends ``_{i}`` suffix
    to variable names for index ``i`` in the plate (e.g., "x"->"x_0" for i=0).
    For markov dimensions (history=1) unrolling operation renames the suffixes
    ``var_prev`` to ``var_{i}`` and ``var_curr`` to ``var_{i+1}`` for index ``i``
    (e.g., "x_prev"->"x_0" and "x_curr"->"x_1" for i=0).
    Markov vars are assumed to have names that follow ``var_suffix`` formatting
    and specifically ``var_0`` for the initial factor (e.g.,
    ``("x_0", "x_prev", "x_curr")`` for history=1).

    :param factors: A collection of funsors.
    :type factors: tuple or list
    :param frozenset eliminate: A set of free variables to unroll,
        including both sum variables and product variable.
    :param dict plate_to_step: A dict mapping markov dimensions to
        ``step`` collections that contain ordered sequences of Markov variable names
        (e.g., ``{"time": frozenset({("x_0", "x_prev", "x_curr")})}``).
        Plates are passed with an empty ``step``.
    :return: a list of partially unrolled Funsors,
        a frozenset of partially unrolled variable names,
        and a frozenset of remaining plates.
    """
    assert isinstance(factors, (tuple, list))
    assert all(isinstance(f, Funsor) for f in factors)
    assert isinstance(eliminate, frozenset)
    assert isinstance(plate_to_step, dict)
    assert all(
        len(set(var.split("_")[0] for var in chain)) == 1 and chain[0].endswith("_0")
        for step in plate_to_step.values()
        if step
        for chain in step
    )
    # process plate_to_step
    plate_to_step = plate_to_step.copy()
    for key, step in plate_to_step.items():
        # make a dict step e.g. {"x_prev": "x_curr"}; specific to history = 1
        plate_to_step[key] = {s[1]: s[2] for s in step}

    plates = frozenset(plate_to_step.keys())
    sum_vars = eliminate - plates
    unrolled_plates = {k: v for (k, v) in plate_to_step.items() if k in eliminate}
    remaining_plates = {k: v for (k, v) in plate_to_step.items() if k not in eliminate}

    var_to_ordinal = {}
    for f in factors:
        ordinal = plates.intersection(f.inputs)
        for var in set(f.inputs) - plates:
            var_to_ordinal[var] = var_to_ordinal.get(var, ordinal) & ordinal

    # first unroll plates with history=1 and highest ordinal
    # then unroll plates with history=0
    plate_to_order = {}
    for plate, step in unrolled_plates.items():
        if step:
            plate_to_order[plate] = max(len(var_to_ordinal[s]) for s in step)
        else:
            plate_to_order[plate] = 0

    # unroll one plate at a time
    for plate in sorted(
        unrolled_plates.keys(), key=lambda p: plate_to_order[p], reverse=True
    ):
        step = unrolled_plates[plate]
        factors, var_to_ordinal, sum_vars = _unroll_plate(
            factors, var_to_ordinal, sum_vars, plate, step
        )

    return factors, sum_vars, remaining_plates



[docs]def partial_sum_product(
    sum_op, prod_op, factors, eliminate=frozenset(), plates=frozenset()
):
    """
    Performs partial sum-product contraction of a collection of factors.

    :return: a list of partially contracted Funsors.
    :rtype: list
    """
    assert callable(sum_op)
    assert callable(prod_op)
    assert isinstance(factors, (tuple, list))
    assert all(isinstance(f, Funsor) for f in factors)
    assert isinstance(eliminate, frozenset)
    assert isinstance(plates, frozenset)
    sum_vars = eliminate - plates

    var_to_ordinal = {}
    ordinal_to_factors = defaultdict(list)
    for f in factors:
        ordinal = plates.intersection(f.inputs)
        ordinal_to_factors[ordinal].append(f)
        for var in sum_vars.intersection(f.inputs):
            var_to_ordinal[var] = var_to_ordinal.get(var, ordinal) & ordinal

    ordinal_to_vars = defaultdict(set)
    for var, ordinal in var_to_ordinal.items():
        ordinal_to_vars[ordinal].add(var)

    results = []
    while ordinal_to_factors:
        leaf = max(ordinal_to_factors, key=len)
        leaf_factors = ordinal_to_factors.pop(leaf)
        leaf_reduce_vars = ordinal_to_vars[leaf]
        for (group_factors, group_vars) in _partition(leaf_factors, leaf_reduce_vars):
            f = reduce(prod_op, group_factors).reduce(sum_op, group_vars)
            remaining_sum_vars = sum_vars.intersection(f.inputs)
            if not remaining_sum_vars:
                results.append(f.reduce(prod_op, leaf & eliminate))
            else:
                new_plates = frozenset().union(
                    *(var_to_ordinal[v] for v in remaining_sum_vars)
                )
                if new_plates == leaf:
                    raise ValueError("intractable!")
                f = f.reduce(prod_op, leaf - new_plates)
                ordinal_to_factors[new_plates].append(f)

    return results



[docs]def dynamic_partial_sum_product(
    sum_op, prod_op, factors, eliminate=frozenset(), plate_to_step=dict()
):
    """
    Generalization of the tensor variable elimination algorithm of
    :func:`funsor.sum_product.partial_sum_product` to handle higer-order markov
    dimensions in addition to plate dimensions. Markov dimensions in transition
    factors are eliminated efficiently using the parallel-scan algorithm in
    :func:`funsor.sum_product.sarkka_bilmes_product`. The resulting factors are then
    combined with the initial factors and final states are eliminated. Therefore,
    when Markov dimension is eliminated ``factors`` has to contain
    initial factors and transition factors.

    :param ~funsor.ops.AssociativeOp sum_op: A semiring sum operation.
    :param ~funsor.ops.AssociativeOp prod_op: A semiring product operation.
    :param factors: A collection of funsors.
    :type factors: tuple or list
    :param frozenset eliminate: A set of free variables to eliminate,
        including both sum variables and product variable.
    :param dict plate_to_step: A dict mapping markov dimensions to
        ``step`` collections that contain ordered sequences of Markov variable names
        (e.g., ``{"time": frozenset({("x_0", "x_prev", "x_curr")})}``).
        Plates are passed with an empty ``step``.
    :return: a list of partially contracted Funsors.
    :rtype: list
    """
    assert callable(sum_op)
    assert callable(prod_op)
    assert isinstance(factors, (tuple, list))
    assert all(isinstance(f, Funsor) for f in factors)
    assert isinstance(eliminate, frozenset)
    assert isinstance(plate_to_step, dict)
    # process plate_to_step
    plate_to_step = plate_to_step.copy()
    prev_to_init = {}
    markov_to_sarkka = {}
    markov_sum_vars = set()
    for key, step in plate_to_step.items():
        for chain in step:
            # map old markov step names to sarkka_bilmes format step names
            # Case 1
            # x_slice(0, 5, None) -> _PREV__PREV_x_slice(2, 7, None)
            # x_slice(1, 6, None) -> _PREV_x_slice(2, 7, None)
            # x_slice(2, 7, None) -> x_slice(2, 7, None)
            # Case 2
            # x_prev - > _PREV_x_curr
            # x_curr -> x_curr
            history = len(chain) // 2
            base_name = chain[-1]
            for t, name in enumerate(reversed(chain[history:-1])):
                markov_to_sarkka[name] = _shift_name(base_name, t + 1)
            markov_sum_vars.add(base_name)
            markov_sum_vars.update(markov_to_sarkka)

            # map prev to init; works for any history > 0
            init, prev = chain[: len(chain) // 2], chain[len(chain) // 2 : -1]
            prev = tuple(markov_to_sarkka[name] for name in prev)
            prev_to_init.update(zip(prev, init))
    markov_sum_vars = frozenset(markov_sum_vars)

    plates = frozenset(plate_to_step.keys())
    sum_vars = eliminate - plates
    prod_vars = eliminate.intersection(plates)
    markov_prod_vars = frozenset(
        k for k, v in plate_to_step.items() if v and k in eliminate
    )
    markov_sum_to_prod = defaultdict(set)
    for markov_prod in markov_prod_vars:
        for chain in plate_to_step[markov_prod]:
            for name in chain[len(chain) // 2 :]:
                markov_sum_to_prod[name].add(markov_prod)

    var_to_ordinal = {}
    ordinal_to_factors = defaultdict(list)
    for f in factors:
        ordinal = plates.intersection(f.inputs)
        ordinal_to_factors[ordinal].append(f)
        for var in sum_vars.intersection(f.inputs):
            var_to_ordinal[var] = var_to_ordinal.get(var, ordinal) & ordinal

    ordinal_to_vars = defaultdict(set)
    for var, ordinal in var_to_ordinal.items():
        ordinal_to_vars[ordinal].add(var)

    results = []
    while ordinal_to_factors:
        leaf = max(ordinal_to_factors, key=len)
        leaf_factors = ordinal_to_factors.pop(leaf)
        leaf_reduce_vars = ordinal_to_vars[leaf]
        for (group_factors, group_vars) in _partition(
            leaf_factors, leaf_reduce_vars | markov_prod_vars
        ):
            # eliminate non markov vars
            nonmarkov_vars = group_vars - markov_sum_vars - markov_prod_vars
            f = reduce(prod_op, group_factors).reduce(sum_op, nonmarkov_vars)
            # eliminate markov vars
            markov_vars = group_vars.intersection(markov_sum_vars)
            if markov_vars:
                markov_prod_var = [markov_sum_to_prod[var] for var in markov_vars]
                assert all(p == markov_prod_var[0] for p in markov_prod_var)
                if len(markov_prod_var[0]) != 1:
                    raise ValueError("intractable!")
                time = next(iter(markov_prod_var[0]))
                for v in sum_vars.intersection(f.inputs):
                    if time in var_to_ordinal[v] and var_to_ordinal[v] < leaf:
                        raise ValueError("intractable!")
                time_var = Variable(time, f.inputs[time])
                # markov_to_sarkka renames variables in MarkovProduct format
                # to sarkka_bilmes_product format
                base_names = markov_vars.intersection(
                    _shift_name(name, -_get_shift(name))
                    for name in markov_to_sarkka.values()
                )
                f = f(**markov_to_sarkka)
                global_vars = frozenset(
                    set(f.inputs)
                    - {time_var.name}
                    - set(markov_to_sarkka.values())
                    - base_names
                )
                with funsor.terms.eager:
                    f = funsor.optimizer.apply_optimizer(f)
                    f = sarkka_bilmes_product(sum_op, prod_op, f, time_var, global_vars)
                f = f.reduce(sum_op, base_names)
                f = f(**prev_to_init)

            remaining_sum_vars = sum_vars.intersection(f.inputs)

            if not remaining_sum_vars:
                results.append(f.reduce(prod_op, leaf & prod_vars - markov_prod_vars))
            else:
                new_plates = frozenset().union(
                    *(var_to_ordinal[v] for v in remaining_sum_vars)
                )
                if new_plates == leaf:
                    raise ValueError("intractable!")
                f = f.reduce(prod_op, leaf - new_plates - markov_prod_vars)
                ordinal_to_factors[new_plates].append(f)

    return results



[docs]def modified_partial_sum_product(
    sum_op, prod_op, factors, eliminate=frozenset(), plate_to_step=dict()
):
    """
    Generalization of the tensor variable elimination algorithm of
    :func:`funsor.sum_product.partial_sum_product` to handle markov dimensions
    in addition to plate dimensions. Markov dimensions in transition factors
    are eliminated efficiently using the parallel-scan algorithm in
    :func:`funsor.sum_product.sequential_sum_product`. The resulting factors are then
    combined with the initial factors and final states are eliminated. Therefore,
    when Markov dimension is eliminated ``factors`` has to contain a pairs of
    initial factors and transition factors.

    :param ~funsor.ops.AssociativeOp sum_op: A semiring sum operation.
    :param ~funsor.ops.AssociativeOp prod_op: A semiring product operation.
    :param factors: A collection of funsors.
    :type factors: tuple or list
    :param frozenset eliminate: A set of free variables to eliminate,
        including both sum variables and product variable.
    :param dict plate_to_step: A dict mapping markov dimensions to
        ``step`` collections that contain ordered sequences of Markov variable names
        (e.g., ``{"time": frozenset({("x_0", "x_prev", "x_curr")})}``).
        Plates are passed with an empty ``step``.
    :return: a list of partially contracted Funsors.
    :rtype: list
    """
    assert callable(sum_op)
    assert callable(prod_op)
    assert isinstance(factors, (tuple, list))
    assert all(isinstance(f, Funsor) for f in factors)
    assert isinstance(eliminate, frozenset)
    assert isinstance(plate_to_step, dict)
    # process plate_to_step
    plate_to_step = plate_to_step.copy()
    prev_to_init = {}
    for key, step in plate_to_step.items():
        # map prev to init; works for any history > 0
        for chain in step:
            init, prev = chain[: len(chain) // 2], chain[len(chain) // 2 : -1]
            prev_to_init.update(zip(prev, init))
        # convert step to dict type required for MarkovProduct
        plate_to_step[key] = {chain[1]: chain[2] for chain in step}

    plates = frozenset(plate_to_step.keys())
    sum_vars = eliminate - plates
    prod_vars = eliminate.intersection(plates)
    markov_sum_vars = frozenset()
    for step in plate_to_step.values():
        markov_sum_vars |= frozenset(step.keys()) | frozenset(step.values())
    markov_sum_vars &= sum_vars
    markov_prod_vars = frozenset(
        k for k, v in plate_to_step.items() if v and k in eliminate
    )
    markov_sum_to_prod = defaultdict(set)
    for markov_prod in markov_prod_vars:
        for k, v in plate_to_step[markov_prod].items():
            markov_sum_to_prod[k].add(markov_prod)
            markov_sum_to_prod[v].add(markov_prod)

    var_to_ordinal = {}
    ordinal_to_factors = defaultdict(list)
    for f in factors:
        ordinal = plates.intersection(f.inputs)
        ordinal_to_factors[ordinal].append(f)
        for var in sum_vars.intersection(f.inputs):
            var_to_ordinal[var] = var_to_ordinal.get(var, ordinal) & ordinal

    ordinal_to_vars = defaultdict(set)
    for var, ordinal in var_to_ordinal.items():
        ordinal_to_vars[ordinal].add(var)

    results = []
    while ordinal_to_factors:
        leaf = max(ordinal_to_factors, key=len)
        leaf_factors = ordinal_to_factors.pop(leaf)
        leaf_reduce_vars = ordinal_to_vars[leaf]
        for (group_factors, group_vars) in _partition(
            leaf_factors, leaf_reduce_vars | markov_prod_vars
        ):
            # eliminate non markov vars
            nonmarkov_vars = group_vars - markov_sum_vars - markov_prod_vars
            f = reduce(prod_op, group_factors).reduce(sum_op, nonmarkov_vars)
            # eliminate markov vars
            markov_vars = group_vars.intersection(markov_sum_vars)
            if markov_vars:
                markov_prod_var = [markov_sum_to_prod[var] for var in markov_vars]
                assert all(p == markov_prod_var[0] for p in markov_prod_var)
                if len(markov_prod_var[0]) != 1:
                    raise ValueError("intractable!")
                time = next(iter(markov_prod_var[0]))
                for v in sum_vars.intersection(f.inputs):
                    if time in var_to_ordinal[v] and var_to_ordinal[v] < leaf:
                        raise ValueError("intractable!")
                time_var = Variable(time, f.inputs[time])
                group_step = {
                    k: v for (k, v) in plate_to_step[time].items() if v in markov_vars
                }
                f = MarkovProduct(sum_op, prod_op, f, time_var, group_step)
                f = f.reduce(sum_op, frozenset(group_step.values()))
                f = f(**prev_to_init)

            remaining_sum_vars = sum_vars.intersection(f.inputs)

            if not remaining_sum_vars:
                results.append(f.reduce(prod_op, leaf & prod_vars - markov_prod_vars))
            else:
                new_plates = frozenset().union(
                    *(var_to_ordinal[v] for v in remaining_sum_vars)
                )
                if new_plates == leaf:
                    raise ValueError("intractable!")
                f = f.reduce(prod_op, leaf - new_plates - markov_prod_vars)
                ordinal_to_factors[new_plates].append(f)

    return results



[docs]def sum_product(sum_op, prod_op, factors, eliminate=frozenset(), plates=frozenset()):
    """
    Performs sum-product contraction of a collection of factors.

    :return: a single contracted Funsor.
    :rtype: :class:`~funsor.terms.Funsor`
    """
    factors = partial_sum_product(sum_op, prod_op, factors, eliminate, plates)
    return reduce(prod_op, factors, Number(UNITS[prod_op]))



[docs]def naive_sequential_sum_product(sum_op, prod_op, trans, time, step):
    assert isinstance(sum_op, AssociativeOp)
    assert isinstance(prod_op, AssociativeOp)
    assert isinstance(trans, Funsor)
    assert isinstance(time, Variable)
    assert isinstance(step, dict)
    assert all(isinstance(k, str) for k in step.keys())
    assert all(isinstance(v, str) for v in step.values())
    if time.name in trans.inputs:
        assert time.output == trans.inputs[time.name]

    step = OrderedDict(sorted(step.items()))
    drop = tuple("_drop_{}".format(i) for i in range(len(step)))
    prev_to_drop = dict(zip(step.keys(), drop))
    curr_to_drop = dict(zip(step.values(), drop))
    drop = frozenset(drop)

    time, duration = time.name, time.output.size
    factors = [trans(**{time: t}) for t in range(duration)]
    while len(factors) > 1:
        y = factors.pop()(**prev_to_drop)
        x = factors.pop()(**curr_to_drop)
        xy = prod_op(x, y).reduce(sum_op, drop)
        factors.append(xy)
    return factors[0]



[docs]def sequential_sum_product(sum_op, prod_op, trans, time, step):
    """
    For a funsor ``trans`` with dimensions ``time``, ``prev`` and ``curr``,
    computes a recursion equivalent to::

        tail_time = 1 + arange("time", trans.inputs["time"].size - 1)
        tail = sequential_sum_product(sum_op, prod_op,
                                      trans(time=tail_time),
                                      time, {"prev": "curr"})
        return prod_op(trans(time=0)(curr="drop"), tail(prev="drop")) \
           .reduce(sum_op, "drop")

    but does so efficiently in parallel in O(log(time)).

    :param ~funsor.ops.AssociativeOp sum_op: A semiring sum operation.
    :param ~funsor.ops.AssociativeOp prod_op: A semiring product operation.
    :param ~funsor.terms.Funsor trans: A transition funsor.
    :param Variable time: The time input dimension.
    :param dict step: A dict mapping previous variables to current variables.
        This can contain multiple pairs of prev->curr variable names.
    """
    assert isinstance(sum_op, AssociativeOp)
    assert isinstance(prod_op, AssociativeOp)
    assert isinstance(trans, Funsor)
    assert isinstance(time, Variable)
    assert isinstance(step, dict)
    assert all(isinstance(k, str) for k in step.keys())
    assert all(isinstance(v, str) for v in step.values())
    if time.name in trans.inputs:
        assert time.output == trans.inputs[time.name]

    step = OrderedDict(sorted(step.items()))
    drop = tuple("_drop_{}".format(i) for i in range(len(step)))
    prev_to_drop = dict(zip(step.keys(), drop))
    curr_to_drop = dict(zip(step.values(), drop))
    drop = frozenset(Variable(v, trans.inputs[k]) for k, v in curr_to_drop.items())

    time, duration = time.name, time.output.size
    while duration > 1:
        even_duration = duration // 2 * 2
        x = trans(**{time: Slice(time, 0, even_duration, 2, duration)}, **curr_to_drop)
        y = trans(**{time: Slice(time, 1, even_duration, 2, duration)}, **prev_to_drop)
        contracted = Contraction(sum_op, prod_op, drop, x, y)

        if duration > even_duration:
            extra = trans(**{time: Slice(time, duration - 1, duration)})
            contracted = Cat(time, (contracted, extra))
        trans = contracted
        duration = (duration + 1) // 2
    return trans(**{time: 0})



[docs]def mixed_sequential_sum_product(sum_op, prod_op, trans, time, step, num_segments=None):
    """
    For a funsor ``trans`` with dimensions ``time``, ``prev`` and ``curr``,
    computes a recursion equivalent to::

        tail_time = 1 + arange("time", trans.inputs["time"].size - 1)
        tail = sequential_sum_product(sum_op, prod_op,
                                      trans(time=tail_time),
                                      time, {"prev": "curr"})
        return prod_op(trans(time=0)(curr="drop"), tail(prev="drop")) \
           .reduce(sum_op, "drop")

    by mixing parallel and serial scan algorithms over ``num_segments`` segments.

    :param ~funsor.ops.AssociativeOp sum_op: A semiring sum operation.
    :param ~funsor.ops.AssociativeOp prod_op: A semiring product operation.
    :param ~funsor.terms.Funsor trans: A transition funsor.
    :param Variable time: The time input dimension.
    :param dict step: A dict mapping previous variables to current variables.
        This can contain multiple pairs of prev->curr variable names.
    :param int num_segments: number of segments for the first stage
    """
    time_var, time, duration = time, time.name, time.output.size
    num_segments = duration if num_segments is None else num_segments
    assert num_segments > 0 and duration > 0

    # handle unevenly sized segments by chopping off the final segment and calling mixed_sequential_sum_product again
    if duration % num_segments and duration - duration % num_segments > 0:
        remainder = trans(
            **{
                time: Slice(
                    time, duration - duration % num_segments, duration, 1, duration
                )
            }
        )
        initial = trans(
            **{time: Slice(time, 0, duration - duration % num_segments, 1, duration)}
        )
        initial_eliminated = mixed_sequential_sum_product(
            sum_op,
            prod_op,
            initial,
            Variable(time, Bint[duration - duration % num_segments]),
            step,
            num_segments=num_segments,
        )
        final = Cat(time, (Stack(time, (initial_eliminated,)), remainder))
        final_eliminated = naive_sequential_sum_product(
            sum_op,
            prod_op,
            final,
            Variable(time, Bint[1 + duration % num_segments]),
            step,
        )
        return final_eliminated

    # handle degenerate cases that reduce to a single stage
    if num_segments == 1:
        return naive_sequential_sum_product(sum_op, prod_op, trans, time_var, step)
    if num_segments >= duration:
        return sequential_sum_product(sum_op, prod_op, trans, time_var, step)

    # break trans into num_segments segments of equal length
    segment_length = duration // num_segments
    segments = [
        trans(
            **{
                time: Slice(
                    time, i * segment_length, (i + 1) * segment_length, 1, duration
                )
            }
        )
        for i in range(num_segments)
    ]

    first_stage_result = naive_sequential_sum_product(
        sum_op,
        prod_op,
        Stack(time + "__SEGMENTED", tuple(segments)),
        Variable(time, Bint[segment_length]),
        step,
    )

    second_stage_result = sequential_sum_product(
        sum_op,
        prod_op,
        first_stage_result,
        Variable(time + "__SEGMENTED", Bint[num_segments]),
        step,
    )

    return second_stage_result



def _get_shift(name):
    """helper function used internally in sarkka_bilmes_product"""
    return len(re.search(r"^(_PREV_)*", name).group(0)) // 6


def _shift_name(name, t):
    """helper function used internally in sarkka_bilmes_product"""
    if t >= 0:
        return t * "_PREV_" + name
    return name.replace("_PREV_" * -t, "", 1)


def _shift_funsor(f, t, global_vars):
    """helper function used internally in sarkka_bilmes_product"""
    if t == 0:
        return f
    return f(
        **{name: _shift_name(name, t) for name in f.inputs if name not in global_vars}
    )


[docs]def naive_sarkka_bilmes_product(
    sum_op, prod_op, trans, time_var, global_vars=frozenset()
):

    assert isinstance(global_vars, frozenset)

    time = time_var.name
    global_vars |= {time}

    lags = {_get_shift(name) for name in trans.inputs if name != time}
    lags.discard(0)
    if not lags:
        return naive_sequential_sum_product(sum_op, prod_op, trans, time_var, {})

    original_names = frozenset(
        name
        for name in trans.inputs
        if name not in global_vars and not name.startswith("_PREV_")
    )

    duration = trans.inputs[time].size

    result = trans(**{time: duration - 1})
    for t in range(duration - 2, -1, -1):
        result = prod_op(
            _shift_funsor(trans(**{time: t}), duration - t - 1, global_vars), result
        )
        sum_vars = frozenset(
            _shift_name(name, duration - t - 1) for name in original_names
        )
        result = result.reduce(sum_op, sum_vars)

    result = result(
        **{name: _shift_name(name, -duration + 1) for name in result.inputs}
    )
    return result



[docs]def sarkka_bilmes_product(
    sum_op, prod_op, trans, time_var, global_vars=frozenset(), num_periods=1
):

    assert isinstance(global_vars, frozenset)

    time = time_var.name
    global_vars |= {time}

    lags = {_get_shift(name) for name in trans.inputs if name != time}
    lags.discard(0)
    if not lags:
        return sequential_sum_product(sum_op, prod_op, trans, time_var, {})

    period = int(reduce(lambda a, b: a * b // gcd(a, b), list(lags)))
    original_names = frozenset(
        name
        for name in trans.inputs
        if name not in global_vars and not name.startswith("_PREV_")
    )
    renamed_factors = []
    duration = trans.inputs[time].size
    if duration % period != 0:
        remaining_duration = duration % period
        truncated_duration = duration - remaining_duration
        if truncated_duration == 0:
            result = trans(**{time: remaining_duration - 1})
            remaining_duration -= 1
        else:
            # chop off the rightmost set of complete chunks from trans,
            # then recursively call sarkka_bilmes_product on truncated factor
            result = sarkka_bilmes_product(
                sum_op,
                prod_op,
                trans(**{time: Slice(time, remaining_duration, duration, 1, duration)}),
                Variable(time, Bint[truncated_duration]),
                global_vars - {time},
                num_periods,
            )

        # sequentially combine remaining pieces with result
        for t in reversed(range(remaining_duration)):
            result = prod_op(
                _shift_funsor(trans(**{time: t}), remaining_duration - t, global_vars),
                result,
            )
            sum_vars = frozenset(
                _shift_name(name, remaining_duration - t) for name in original_names
            )
            result = result.reduce(sum_op, sum_vars)

        result = result(
            **{name: _shift_name(name, -remaining_duration) for name in result.inputs}
        )
        return result

    for t in range(period):
        slice_t = Slice(time, t, duration - period + t + 1, period, duration)
        factor = _shift_funsor(trans, period - t - 1, global_vars)
        factor = factor(**{time: slice_t})
        renamed_factors.append(factor)

    block_trans = reduce(prod_op, renamed_factors)
    block_step = {
        _shift_name(name, period): name
        for name in block_trans.inputs
        if name not in global_vars and _get_shift(name) < period
    }
    block_time_var = Variable(time_var.name, Bint[duration // period])
    final_chunk = mixed_sequential_sum_product(
        sum_op,
        prod_op,
        block_trans,
        block_time_var,
        block_step,
        num_segments=max(1, duration // (period * num_periods)),
    )
    final_sum_vars = frozenset(
        _shift_name(name, t) for name in original_names for t in range(1, period)
    )
    result = final_chunk.reduce(sum_op, final_sum_vars)
    result = result(**{name: _shift_name(name, -period + 1) for name in result.inputs})
    return result



[docs]class MarkovProductMeta(FunsorMeta):
    """
    Wrapper to convert ``step`` to a tuple and fill in default ``step_names``.
    """

    def __call__(cls, sum_op, prod_op, trans, time, step, step_names=None):
        if isinstance(time, str):
            assert time in trans.inputs, "please pass Variable(time, ...)"
            time = Variable(time, trans.inputs[time])
        if isinstance(step, dict):
            step = frozenset(step.items())
        if step_names is None:
            step_names = frozenset((k, k) for pair in step for k in pair)
        if isinstance(step_names, dict):
            step_names = frozenset(step_names.items())
        return super().__call__(sum_op, prod_op, trans, time, step, step_names)



[docs]class MarkovProduct(Funsor, metaclass=MarkovProductMeta):
    """
    Lazy representation of :func:`sequential_sum_product` .

    :param AssociativeOp sum_op: A marginalization op.
    :param AssociativeOp prod_op: A Bayesian fusion op.
    :param Funsor trans: A sequence of transition factors,
        usually varying along the ``time`` input.
    :param time: A time dimension.
    :type time: str or Variable
    :param dict step: A str-to-str mapping of "previous" inputs of ``trans``
        to "current" inputs of ``trans``.
    :param dict step_names: Optional, for internal use by alpha conversion.
    """

    def __init__(self, sum_op, prod_op, trans, time, step, step_names):
        assert isinstance(sum_op, AssociativeOp)
        assert isinstance(prod_op, AssociativeOp)
        assert isinstance(trans, Funsor)
        assert isinstance(time, Variable)
        assert isinstance(step, frozenset)
        assert isinstance(step_names, frozenset)
        step = dict(step)
        step_names = dict(step_names)
        assert all(isinstance(k, str) for k in step_names.keys())
        assert all(isinstance(v, str) for v in step_names.values())
        assert set(step_names) == set(step).union(step.values())
        inputs = OrderedDict(
            (step_names.get(k, k), v) for k, v in trans.inputs.items() if k != time.name
        )
        output = trans.output
        fresh = frozenset(step_names.values())
        bound = {k: trans.inputs[k] for k in step_names}
        bound[time.name] = time.output
        super().__init__(inputs, output, fresh, bound)
        self.sum_op = sum_op
        self.prod_op = prod_op
        self.trans = trans
        self.time = time
        self.step = step
        self.step_names = step_names

    def _alpha_convert(self, alpha_subs):
        assert set(alpha_subs).issubset(self.bound)
        time = Variable(
            alpha_subs.get(self.time.name, self.time.name), self.time.output
        )
        step = frozenset(
            (alpha_subs.get(k, k), alpha_subs.get(v, v)) for k, v in self.step.items()
        )
        step_names = frozenset(
            (alpha_subs.get(k, k), v) for k, v in self.step_names.items()
        )
        alpha_subs = {
            k: to_funsor(v, self.trans.inputs[k])
            for k, v in alpha_subs.items()
            if k in self.trans.inputs
        }
        trans = substitute(self.trans, alpha_subs)
        return self.sum_op, self.prod_op, trans, time, step, step_names

[docs]    def eager_subs(self, subs):
        assert isinstance(subs, tuple)
        # Eagerly rename variables.
        rename = {k: v.name for k, v in subs if isinstance(v, Variable)}
        if not rename:
            return None
        step_names = frozenset(
            (k, rename.get(v, v)) for k, v in self.step_names.items()
        )
        result = MarkovProduct(
            self.sum_op, self.prod_op, self.trans, self.time, self.step, step_names
        )
        lazy = tuple((k, v) for k, v in subs if not isinstance(v, Variable))
        if lazy:
            result = Subs(result, lazy)
        return result




@quote.register(MarkovProduct)
def _(arg, indent, out):
    line = "{}({}, {},".format(type(arg).__name__, repr(arg.sum_op), repr(arg.prod_op))
    out.append((indent, line))
    for value in arg._ast_values[2:]:
        quote.inplace(value, indent + 1, out)
        i, line = out[-1]
        out[-1] = i, line + ","
    i, line = out[-1]
    out[-1] = i, line[:-1] + ")"


[docs]@eager.register(
    MarkovProduct, AssociativeOp, AssociativeOp, Funsor, Variable, frozenset, frozenset
)
def eager_markov_product(sum_op, prod_op, trans, time, step, step_names):
    if step:
        result = sequential_sum_product(sum_op, prod_op, trans, time, dict(step))
    elif time.name in trans.inputs:
        result = trans.reduce(prod_op, time.name)
    elif prod_op is ops.add:
        result = trans * time.size
    elif prod_op is ops.mul:
        result = trans ** time.size
    else:
        raise NotImplementedError("https://github.com/pyro-ppl/funsor/issues/233")

    return Subs(result, step_names)
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  Source code for funsor.tensor

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

import functools
import itertools
import typing
import warnings
from collections import Counter, OrderedDict
from contextlib import contextmanager
from functools import reduce

import numpy as np
import opt_einsum
from multipledispatch import dispatch

import funsor

from . import ops
from .delta import Delta
from .domains import Array, ArrayType, Bint, Product, Real, Reals, find_domain
from .ops import BinaryOp, FinitaryOp, GetitemOp, MatmulOp, Op, ReshapeOp
from .terms import (
    Binary,
    Finitary,
    Funsor,
    FunsorMeta,
    Lambda,
    Number,
    Scatter,
    Slice,
    Tuple,
    Unary,
    Variable,
    eager,
    substitute,
    to_data,
    to_funsor,
)
from .typing import Variadic
from .util import (
    as_callable,
    get_backend,
    get_tracing_state,
    getargspec,
    is_nn_module,
    quote,
)


def get_default_prototype():
    backend = get_backend()
    if backend == "torch":
        import torch

        return torch.tensor([])
    else:
        return np.array([])


def numeric_array(x, dtype=None, device=None):
    backend = get_backend()
    if backend == "torch":
        import torch

        return torch.tensor(x, dtype=dtype, device=device)
    else:
        return np.array(x, dtype=dtype)


def dummy_numeric_array(domain):
    value = 0.1 if domain.dtype == "real" else 1
    return ops.expand(numeric_array(value), domain.shape) if domain.shape else value


def _nameof(fn):
    return getattr(fn, "__name__", type(fn).__name__)


[docs]@contextmanager
def ignore_jit_warnings():
    if get_backend() != "torch":
        yield
        return

    import torch

    if not torch._C._get_tracing_state():
        yield
        return

    with warnings.catch_warnings():
        warnings.filterwarnings("ignore", category=torch.jit.TracerWarning)
        warnings.filterwarnings("ignore", "Iterating over a tensor")
        yield



class TensorMeta(FunsorMeta):
    """
    Wrapper to fill in default args and convert between OrderedDict and tuple.
    """

    def __call__(cls, data, inputs=None, dtype="real"):
        if inputs is None:
            inputs = tuple()
        elif isinstance(inputs, dict):
            inputs = tuple(inputs.items())
        # XXX: memoize tests fail for np.generic because those scalar values are hashable?
        # it seems that there is no harm with the conversion generic -> ndarray here
        if isinstance(data, np.generic):
            data = data.__array__()

        return super(TensorMeta, cls).__call__(data, inputs, dtype)


[docs]class Tensor(Funsor, metaclass=TensorMeta):
    """
    Funsor backed by a PyTorch Tensor or a NumPy ndarray.

    This follows the :mod:`torch.distributions` convention of arranging
    named "batch" dimensions on the left and remaining "event" dimensions
    on the right. The output shape is determined by all remaining dims.
    For example::

        data = torch.zeros(5,4,3,2)
        x = Tensor(data, {"i": Bint[5], "j": Bint[4]})
        assert x.output == Reals[3, 2]

    Operators like ``matmul`` and ``.sum()`` operate only on the output shape,
    and will not change the named inputs.

    :param numeric_array data: A PyTorch tensor or NumPy ndarray.
    :param dict inputs: An optional mapping from input name (str) to
        datatype (``funsor.domains.Domain``). Defaults to empty.
    :param dtype: optional output datatype. Defaults to "real".
    :type dtype: int or the string "real".
    """

    def __init__(self, data, inputs=None, dtype="real"):
        assert ops.is_numeric_array(data)
        assert isinstance(inputs, tuple)
        if not get_tracing_state():
            assert len(inputs) <= len(data.shape)
            for (k, d), size in zip(inputs, data.shape):
                assert d.dtype == size
        inputs = OrderedDict(inputs)
        output = Array[dtype, data.shape[len(inputs) :]]
        fresh = frozenset(inputs.keys())
        bound = {}
        super(Tensor, self).__init__(inputs, output, fresh, bound)
        self.data = data

    @ignore_jit_warnings()
    def __repr__(self):
        data = repr(self.data).replace("\n", "\n       ")
        inputs = dict.__repr__(self.inputs)
        if self.dtype != "real":
            return "Tensor({}, {}, {})".format(data, inputs, repr(self.dtype))
        elif self.inputs:
            return "Tensor({}, {})".format(data, inputs)
        else:
            return "Tensor({})".format(data)

    @ignore_jit_warnings()
    def __str__(self):
        data = str(self.data).replace("\n", "\n       ")
        inputs = dict.__repr__(self.inputs)
        if self.dtype != "real":
            return "Tensor({}, {}, {})".format(data, inputs, repr(self.dtype))
        elif self.inputs:
            return "Tensor({}, {})".format(data, inputs)
        else:
            return data

    def __int__(self):
        return int(self.data)

    def __float__(self):
        return float(self.data)

    def __bool__(self):
        return bool(self.data)

[docs]    def item(self):
        return self.data.item()


[docs]    def clamp_finite(self):
        finfo = ops.finfo(self.data)
        data = ops.clamp(self.data, finfo.min, finfo.max)
        return Tensor(data, self.inputs, self.dtype)


    @property
    def requires_grad(self):
        # NB: numpy does not have attribute requires_grad
        return getattr(self.data, "requires_grad", None)

[docs]    def align(self, names):
        assert isinstance(names, tuple)
        assert all(name in self.inputs for name in names)
        if not names or names == tuple(self.inputs):
            return self

        inputs = OrderedDict((name, self.inputs[name]) for name in names)
        inputs.update(self.inputs)
        old_dims = tuple(self.inputs)
        new_dims = tuple(inputs)
        permutation = tuple(old_dims.index(d) for d in new_dims)
        permutation = permutation + tuple(
            range(len(permutation), len(permutation) + len(self.output.shape))
        )
        data = ops.permute(self.data, permutation)
        return Tensor(data, inputs, self.dtype)


[docs]    def eager_subs(self, subs):
        assert isinstance(subs, tuple)
        subs = OrderedDict(
            (k, to_funsor(v, self.inputs[k])) for k, v in subs if k in self.inputs
        )
        if not subs:
            return self

        # Handle diagonal variable substitution
        var_counts = Counter(v for v in subs.values() if isinstance(v, Variable))
        subs = OrderedDict(
            (k, self.materialize(v) if var_counts[v] > 1 else v)
            for k, v in subs.items()
        )

        # Handle renaming to enable cons hashing, and
        # handle slicing to avoid copying data.
        if any(isinstance(v, (Variable, Slice)) for v in subs.values()):
            slices = None
            inputs = OrderedDict()
            for i, (k, d) in enumerate(self.inputs.items()):
                if k in subs:
                    v = subs[k]
                    if isinstance(v, Variable):
                        del subs[k]
                        k = v.name
                    elif isinstance(v, Slice):
                        del subs[k]
                        k = v.name
                        d = v.inputs[v.name]
                        if slices is None:
                            slices = [slice(None)] * len(self.data.shape)
                        slices[i] = v.slice
                inputs[k] = d
            data = self.data[tuple(slices)] if slices else self.data
            result = Tensor(data, inputs, self.dtype)
            return result.eager_subs(tuple(subs.items()))

        # materialize after checking for renaming case
        subs = OrderedDict((k, self.materialize(v)) for k, v in subs.items())

        # Compute result shapes.
        inputs = OrderedDict()
        for k, domain in self.inputs.items():
            if k in subs:
                inputs.update(subs[k].inputs)
            else:
                inputs[k] = domain

        # Construct a dict with each input's positional dim,
        # counting from the right so as to support broadcasting.
        total_size = len(inputs) + len(
            self.output.shape
        )  # Assumes only scalar indices.
        new_dims = {}
        for k, domain in inputs.items():
            assert not domain.shape
            new_dims[k] = len(new_dims) - total_size

        # Use advanced indexing to construct a simultaneous substitution.
        index = []
        for k, domain in self.inputs.items():
            if k in subs:
                v = subs.get(k)
                if isinstance(v, Number):
                    index.append(int(v.data))
                else:
                    # Permute and expand v.data to end up at new_dims.
                    assert isinstance(v, Tensor)
                    v = v.align(tuple(k2 for k2 in inputs if k2 in v.inputs))
                    assert isinstance(v, Tensor)
                    v_shape = [1] * total_size
                    for k2, size in zip(v.inputs, v.data.shape):
                        v_shape[new_dims[k2]] = size
                    index.append(v.data.reshape(tuple(v_shape)))
            else:
                # Construct a [:] slice for this preserved input.
                offset_from_right = -1 - new_dims[k]
                index.append(
                    ops.new_arange(self.data, domain.dtype).reshape(
                        (-1,) + (1,) * offset_from_right
                    )
                )

        # Construct a [:] slice for the output.
        for i, size in enumerate(self.output.shape):
            offset_from_right = len(self.output.shape) - i - 1
            index.append(
                ops.new_arange(self.data, size).reshape(
                    (-1,) + (1,) * offset_from_right
                )
            )

        data = self.data[tuple(index)]
        return Tensor(data, inputs, self.dtype)


[docs]    def eager_unary(self, op):
        dtype = find_domain(op, self.output).dtype
        return Tensor(op(self.data), self.inputs, dtype)


[docs]    def eager_reduce(self, op, reduced_vars):
        if op in REDUCE_OP_TO_NUMERIC:
            numeric_op = REDUCE_OP_TO_NUMERIC[op]
            assert isinstance(reduced_vars, frozenset)
            self_vars = frozenset(self.inputs)
            reduced_vars = reduced_vars & self_vars
            if not reduced_vars:
                return self
            reduced_dims = tuple(
                d for d, var in enumerate(self.inputs) if var in reduced_vars
            )
            dtype = find_domain(op, self.output).dtype
            inputs = OrderedDict(
                (k, v) for k, v in self.inputs.items() if k not in reduced_vars
            )
            data = numeric_op(self.data, reduced_dims)
            return Tensor(data, inputs, dtype)
        return super(Tensor, self).eager_reduce(op, reduced_vars)


    def _sample(self, sampled_vars, sample_inputs, rng_key):
        assert self.output == Real
        sampled_vars = sampled_vars.intersection(self.inputs)
        if not sampled_vars:
            return self

        # Partition inputs into sample_inputs + batch_inputs + event_inputs.
        sample_inputs = OrderedDict(
            (k, d) for k, d in sample_inputs.items() if k not in self.inputs
        )
        sample_shape = tuple(int(d.dtype) for d in sample_inputs.values())
        batch_inputs = OrderedDict(
            (k, d) for k, d in self.inputs.items() if k not in sampled_vars
        )
        event_inputs = OrderedDict(
            (k, d) for k, d in self.inputs.items() if k in sampled_vars
        )
        be_inputs = batch_inputs.copy()
        be_inputs.update(event_inputs)
        sb_inputs = sample_inputs.copy()
        sb_inputs.update(batch_inputs)

        # Sample all variables in a single Categorical call.
        logits = align_tensor(be_inputs, self)
        batch_shape = logits.shape[: len(batch_inputs)]
        flat_logits = logits.reshape(batch_shape + (-1,))
        sample_shape = tuple(d.dtype for d in sample_inputs.values())

        backend = get_backend()
        if backend != "numpy":
            from importlib import import_module

            dist = import_module(
                funsor.distribution.BACKEND_TO_DISTRIBUTIONS_BACKEND[backend]
            )
            sample_args = (
                (sample_shape,) if rng_key is None else (rng_key, sample_shape)
            )
            flat_sample = dist.CategoricalLogits.dist_class(logits=flat_logits).sample(
                *sample_args
            )
        else:  # default numpy backend
            assert backend == "numpy"
            shape = sample_shape + flat_logits.shape[:-1]
            logit_max = np.amax(flat_logits, -1, keepdims=True)
            probs = np.exp(flat_logits - logit_max)
            probs = probs / np.sum(probs, -1, keepdims=True)
            s = np.cumsum(probs, -1)
            r = np.random.rand(*shape)
            flat_sample = np.sum(s < np.expand_dims(r, -1), axis=-1)

        assert flat_sample.shape == sample_shape + batch_shape
        results = []
        mod_sample = flat_sample
        for name, domain in reversed(list(event_inputs.items())):
            size = domain.dtype
            point = Tensor(mod_sample % size, sb_inputs, size)
            mod_sample = mod_sample // size
            results.append(Delta(name, point))

        # Account for the log normalizer factor.
        # Derivation: Let f be a nonnormalized distribution (a funsor), and
        #   consider operations in linear space (source code is in log space).
        #   Let x0 ~ f/|f| be a monte carlo sample from a normalized f/|f|.
        #                              f(x0) / |f|      # dice numerator
        #   Let g = delta(x=x0) |f| -----------------
        #                           detach(f(x0)/|f|)   # dice denominator
        #                       |detach(f)| f(x0)
        #         = delta(x=x0) -----------------  be a dice approximation of f.
        #                         detach(f(x0))
        #   Then g is an unbiased estimator of f in value and all derivatives.
        #   In the special case f = detach(f), we can simplify to
        #       g = delta(x=x0) |f|.
        if (backend == "torch" and flat_logits.requires_grad) or backend == "jax":
            # Apply a dice factor to preserve differentiability.
            index = [
                ops.new_arange(self.data, n).reshape(
                    (n,) + (1,) * (len(flat_logits.shape) - i - 2)
                )
                for i, n in enumerate(flat_logits.shape[:-1])
            ]
            index.append(flat_sample)
            log_prob = flat_logits[tuple(index)]
            assert log_prob.shape == flat_sample.shape
            results.append(
                Tensor(
                    ops.logsumexp(ops.detach(flat_logits), -1)
                    + (log_prob - ops.detach(log_prob)),
                    sb_inputs,
                )
            )
        else:
            # This is the special case f = detach(f).
            results.append(Tensor(ops.logsumexp(flat_logits, -1), batch_inputs))

        return reduce(ops.add, results)

[docs]    def new_arange(self, name, *args, **kwargs):
        """
        Helper to create a named :func:`torch.arange` or :func:`np.arange` funsor.
        In some cases this can be replaced by a symbolic
        :class:`~funsor.terms.Slice` .

        :param str name: A variable name.
        :param int start:
        :param int stop:
        :param int step: Three args following :py:class:`slice` semantics.
        :param int dtype: An optional bounded integer type of this slice.
        :rtype: Tensor
        """
        start = 0
        step = 1
        dtype = None
        if len(args) == 1:
            stop = args[0]
            dtype = kwargs.pop("dtype", stop)
        elif len(args) == 2:
            start, stop = args
            dtype = kwargs.pop("dtype", stop)
        elif len(args) == 3:
            start, stop, step = args
            dtype = kwargs.pop("dtype", stop)
        elif len(args) == 4:
            start, stop, step, dtype = args
        else:
            raise ValueError
        if step <= 0:
            raise ValueError
        stop = min(dtype, max(start, stop))
        data = ops.new_arange(self.data, start, stop, step)
        inputs = OrderedDict([(name, Bint[len(data)])])
        return Tensor(data, inputs, dtype=dtype)


[docs]    def materialize(self, x):
        """
        Attempt to convert a Funsor to a :class:`~funsor.terms.Number` or
        :class:`Tensor` by substituting :func:`arange` s into its free variables.

        :arg Funsor x: A funsor.
        :rtype: Funsor
        """
        assert isinstance(x, Funsor)
        if isinstance(x, (Number, Tensor)):
            return x
        subs = []
        for name, domain in x.inputs.items():
            if isinstance(domain.dtype, int):
                subs.append((name, self.new_arange(name, domain.dtype)))
        subs = tuple(subs)
        return substitute(x, subs)




@to_funsor.register(np.ndarray)
@to_funsor.register(np.generic)
def tensor_to_funsor(x, output=None, dim_to_name=None):
    if not dim_to_name:
        output = output if output is not None else Reals[x.shape]
        result = Tensor(x, dtype=output.dtype)
        if result.output != output:
            raise ValueError(
                "Invalid shape: expected {}, actual {}".format(
                    output.shape, result.output.shape
                )
            )
        return result
    else:
        assert all(
            isinstance(k, int) and k < 0 and isinstance(v, str)
            for k, v in dim_to_name.items()
        )

        if output is None:
            # Assume the leftmost dim_to_name key refers to the leftmost dim of x
            # when there is ambiguity about event shape
            batch_ndims = min(-min(dim_to_name.keys()), len(x.shape))
            output = Reals[x.shape[batch_ndims:]]

        # logic very similar to pyro.ops.packed.pack
        # this should not touch memory, only reshape
        # pack the tensor according to the dim => name mapping in inputs
        packed_inputs = OrderedDict()
        for dim, size in zip(range(len(x.shape) - len(output.shape)), x.shape):
            name = dim_to_name.get(dim + len(output.shape) - len(x.shape), None)
            if name is not None and size != 1:
                packed_inputs[name] = Bint[size]
        shape = tuple(d.size for d in packed_inputs.values()) + output.shape
        if x.shape != shape:
            x = x.reshape(shape)
        return Tensor(x, packed_inputs, dtype=output.dtype)


[docs]def align_tensor(new_inputs, x, expand=False):
    r"""
    Permute and add dims to a tensor to match desired ``new_inputs``.

    :param OrderedDict new_inputs: A target set of inputs.
    :param funsor.terms.Funsor x: A :class:`Tensor` or
        :class:`~funsor.terms.Number` .
    :param bool expand: If False (default), set result size to 1 for any input
        of ``x`` not in ``new_inputs``; if True expand to ``new_inputs`` size.
    :return: a number or :class:`torch.Tensor` or :class:`np.ndarray` that can be broadcast to other
        tensors with inputs ``new_inputs``.
    :rtype: int or float or torch.Tensor or np.ndarray
    """
    assert isinstance(new_inputs, OrderedDict)
    assert isinstance(x, (Number, Tensor))
    assert all(isinstance(d.dtype, int) for d in x.inputs.values())

    data = x.data
    if isinstance(x, Number):
        return data

    old_inputs = x.inputs
    if old_inputs == new_inputs:
        return data

    # Permute squashed input dims.
    x_keys = tuple(old_inputs)
    data = ops.permute(
        data,
        tuple(x_keys.index(k) for k in new_inputs if k in old_inputs)
        + tuple(range(len(old_inputs), len(data.shape))),
    )

    # Unsquash multivariate input dims by filling in ones.
    data = data.reshape(
        tuple(old_inputs[k].dtype if k in old_inputs else 1 for k in new_inputs)
        + x.output.shape
    )

    # Optionally expand new dims.
    if expand:
        data = ops.expand(
            data, tuple(d.dtype for d in new_inputs.values()) + x.output.shape
        )
    return data



[docs]def align_tensors(*args, **kwargs):
    r"""
    Permute multiple tensors before applying a broadcasted op.

    This is mainly useful for implementing eager funsor operations.

    :param funsor.terms.Funsor \*args: Multiple :class:`Tensor` s and
        :class:`~funsor.terms.Number` s.
    :param bool expand: Whether to expand input tensors. Defaults to False.
    :return: a pair ``(inputs, tensors)`` where tensors are all
        :class:`torch.Tensor` s or :class:`np.ndarray` s
        that can be broadcast together to a single data
        with given ``inputs``.
    :rtype: tuple
    """
    expand = kwargs.pop("expand", False)
    assert not kwargs
    inputs = OrderedDict()
    for x in args:
        inputs.update(x.inputs)
    tensors = [align_tensor(inputs, x, expand=expand) for x in args]
    return inputs, tensors



@to_data.register(Tensor)
def tensor_to_data(x, name_to_dim=None):
    if not name_to_dim or not x.inputs:
        if x.inputs:
            raise ValueError(
                "cannot convert Tensor to data due to lazy inputs: {}".format(
                    set(x.inputs)
                )
            )
        return x.data
    else:
        assert all(
            isinstance(k, str) and isinstance(v, int) and v < 0
            for k, v in name_to_dim.items()
        )
        # logic very similar to pyro.ops.packed.unpack
        # first collapse input domains into single dimensions
        data = x.data.reshape(
            tuple(d.dtype for d in x.inputs.values()) + x.output.shape
        )
        # permute packed dimensions to correct order
        unsorted_dims = [name_to_dim[name] for name in x.inputs]
        dims = sorted(unsorted_dims)
        permutation = [unsorted_dims.index(dim) for dim in dims] + list(
            range(len(dims), len(dims) + len(x.output.shape))
        )
        data = ops.permute(data, permutation)
        # expand
        batch_shape = [1] * -min(dims)
        for dim, size in zip(dims, data.shape):
            batch_shape[dim] = size
        return data.reshape(tuple(batch_shape) + x.output.shape)


@eager.register(Scatter, Op, tuple, Number, frozenset)
def eager_scatter_number(op, subs, source, reduced_vars):
    # case: injective renaming
    if all(isinstance(v, Variable) for k, v in subs):
        if len({v.name for k, v in subs}) == len(subs):
            return source

    source = Tensor(numeric_array(source.data), dtype=source.dtype)
    return eager_scatter_tensor(op, subs, source, reduced_vars)


@eager.register(Scatter, Op, tuple, Tensor, frozenset)
def eager_scatter_tensor(op, subs, source, reduced_vars):
    if not all(isinstance(v, (Variable, Number, Slice, Tensor)) for k, v in subs):
        return None

    # Compute shapes.
    reduced_names = frozenset(v.name for v in reduced_vars)
    destin_inputs = OrderedDict()
    tensor_inputs = OrderedDict()
    for key, value in subs:
        for k, d in value.inputs.items():
            # These are "batch" inputs and should be left of subs keys.
            if k not in reduced_names:
                destin_inputs[k] = d
            tensor_inputs[k] = d
    for k, d in source.inputs.items():
        # These are "batch" inputs and should be left of subs keys.
        if k not in reduced_names:
            destin_inputs[k] = d
        tensor_inputs[k] = d
    for key, value in subs:
        # These are "event" inputs and should be right of "batch" inputs.
        destin_inputs[key] = value.output

    # Construct aligned backend tensors.
    tensors = []
    for k, d in tensor_inputs.items():
        if k not in reduced_names:
            tensors.append(Variable(k, d))  # effectively a slice
    for key, value in subs:
        tensors.append(value)
    tensors = [source.materialize(x) for x in tensors]
    tensors.append(source)
    tensors = [align_tensor(tensor_inputs, x, expand=True) for x in tensors]
    indices = tuple(tensors[:-1])
    source_data = tensors[-1]

    # Construct a destination backend tensor.
    output = source.output
    shape = tuple(d.size for d in destin_inputs.values()) + output.shape
    destin = ops.new_full(source.data, shape, ops.UNITS[op])

    # TODO Add a check for injectivity and dispatch to scatter_add etc.
    data = ops.scatter(destin, indices, source_data)
    return Tensor(data, destin_inputs, output.dtype)


@eager.register(Binary, BinaryOp, Tensor, Number)
def eager_binary_tensor_number(op, lhs, rhs):
    dtype = find_domain(op, lhs.output, rhs.output).dtype
    data = op(lhs.data, rhs.data)
    return Tensor(data, lhs.inputs, dtype)


@eager.register(Binary, BinaryOp, Number, Tensor)
def eager_binary_number_tensor(op, lhs, rhs):
    dtype = find_domain(op, lhs.output, rhs.output).dtype
    data = op(lhs.data, rhs.data)
    return Tensor(data, rhs.inputs, dtype)


@eager.register(Binary, BinaryOp, Tensor, Tensor)
def eager_binary_tensor_tensor(op, lhs, rhs):
    # Compute inputs and outputs.
    dtype = find_domain(op, lhs.output, rhs.output).dtype
    if lhs.inputs == rhs.inputs:
        inputs = lhs.inputs
        lhs_data, rhs_data = lhs.data, rhs.data
    else:
        inputs, (lhs_data, rhs_data) = align_tensors(lhs, rhs)

    # Reshape to support broadcasting of output shape.
    if inputs:
        lhs_dim = len(lhs.shape)
        rhs_dim = len(rhs.shape)
        if lhs_dim < rhs_dim:
            cut = len(lhs_data.shape) - lhs_dim
            shape = lhs_data.shape
            shape = shape[:cut] + (1,) * (rhs_dim - lhs_dim) + shape[cut:]
            lhs_data = lhs_data.reshape(shape)
        elif rhs_dim < lhs_dim:
            cut = len(rhs_data.shape) - rhs_dim
            shape = rhs_data.shape
            shape = shape[:cut] + (1,) * (lhs_dim - rhs_dim) + shape[cut:]
            rhs_data = rhs_data.reshape(shape)

    data = op(lhs_data, rhs_data)
    return Tensor(data, inputs, dtype)


@eager.register(Binary, MatmulOp, Tensor, Tensor)
def eager_binary_tensor_tensor(op, lhs, rhs):
    # Compute inputs and outputs.
    dtype = find_domain(op, lhs.output, rhs.output).dtype
    if lhs.inputs == rhs.inputs:
        inputs = lhs.inputs
        lhs_data, rhs_data = lhs.data, rhs.data
    else:
        inputs, (lhs_data, rhs_data) = align_tensors(lhs, rhs)
    if len(lhs.shape) == 1:
        lhs_data = ops.unsqueeze(lhs_data, -2)
    if len(rhs.shape) == 1:
        rhs_data = ops.unsqueeze(rhs_data, -1)

    # Reshape to support broadcasting of output shape.
    if inputs:
        lhs_dim = max(2, len(lhs.shape))
        rhs_dim = max(2, len(rhs.shape))
        if lhs_dim < rhs_dim:
            cut = len(lhs_data.shape) - lhs_dim
            shape = lhs_data.shape
            shape = shape[:cut] + (1,) * (rhs_dim - lhs_dim) + shape[cut:]
            lhs_data = lhs_data.reshape(shape)
        elif rhs_dim < lhs_dim:
            cut = len(rhs_data.shape) - rhs_dim
            shape = rhs_data.shape
            shape = shape[:cut] + (1,) * (lhs_dim - rhs_dim) + shape[cut:]
            rhs_data = rhs_data.reshape(shape)

    data = op(lhs_data, rhs_data)
    if len(lhs.shape) == 1:
        data = data.squeeze(-2)
    if len(rhs.shape) == 1:
        data = data.squeeze(-1)
    return Tensor(data, inputs, dtype)


@eager.register(Unary, ReshapeOp, Tensor)
def eager_reshape_tensor(op, arg):
    shape = op.defaults["shape"]
    if arg.shape == shape:
        return arg
    batch_shape = arg.data.shape[: len(arg.data.shape) - len(arg.shape)]
    data = arg.data.reshape(batch_shape + shape)
    return Tensor(data, arg.inputs, arg.dtype)


@eager.register(Unary, ops.ReductionOp, Tensor)
def eager_reduction_tensor(op, arg):
    dtype = find_domain(op, arg.output).dtype

    if not arg.output.shape:
        return Tensor(op(ops.unsqueeze(arg.data, -1), -1), arg.inputs, dtype)

    if not arg.inputs:
        return Tensor(op(arg.data), arg.inputs, dtype)

    # Work around batch inputs.
    axis = op.defaults.get("axis", None)
    keepdims = op.defaults.get("keepdims", False)
    ndims = len(arg.output.shape)
    if axis is None:
        axis = tuple(range(-ndims, 0))
    elif isinstance(axis, int):
        axis = axis % ndims - ndims
    else:
        axis = tuple(d % ndims - ndims for d in axis)
    data = op(arg.data, axis=axis, keepdims=keepdims)
    return Tensor(data, arg.inputs, dtype)


@eager.register(Binary, GetitemOp, Tensor, Number)
def eager_getitem_tensor_number(op, lhs, rhs):
    offset = op.defaults["offset"]
    index = [slice(None)] * (len(lhs.inputs) + offset)
    index.append(rhs.data)
    index = tuple(index)
    data = lhs.data[index]
    return Tensor(data, lhs.inputs, lhs.dtype)


@eager.register(Binary, GetitemOp, Tensor, Variable)
def eager_getitem_tensor_variable(op, lhs, rhs):
    offset = op.defaults["offset"]
    assert offset < len(lhs.output.shape)
    assert rhs.output == Bint[lhs.output.shape[offset]]
    assert rhs.name not in lhs.inputs

    # Convert a positional event dimension to a named batch dimension.
    inputs = lhs.inputs.copy()
    inputs[rhs.name] = rhs.output
    data = lhs.data
    target_dim = len(lhs.inputs)
    source_dim = target_dim + offset
    if target_dim != source_dim:
        perm = list(range(len(data.shape)))
        del perm[source_dim]
        perm.insert(target_dim, source_dim)
        data = ops.permute(data, perm)
    return Tensor(data, inputs, lhs.dtype)


@eager.register(Binary, GetitemOp, Tensor, Tensor)
def eager_getitem_tensor_tensor(op, lhs, rhs):
    offset = op.defaults["offset"]
    assert offset < len(lhs.output.shape)
    assert rhs.output == Bint[lhs.output.shape[offset]]

    # Compute inputs and outputs.
    if lhs.inputs == rhs.inputs:
        inputs, lhs_data, rhs_data = lhs.inputs, lhs.data, rhs.data
    else:
        inputs, (lhs_data, rhs_data) = align_tensors(lhs, rhs)
    if len(lhs.output.shape) > 1:
        rhs_data = rhs_data.reshape(rhs_data.shape + (1,) * (len(lhs.output.shape) - 1))

    # Perform advanced indexing.
    lhs_data_dim = len(lhs_data.shape)
    target_dim = lhs_data_dim - len(lhs.output.shape) + offset
    index = [None] * lhs_data_dim
    for i in range(target_dim):
        index[i] = ops.new_arange(lhs_data, lhs_data.shape[i]).reshape(
            (-1,) + (1,) * (lhs_data_dim - i - 2)
        )
    index[target_dim] = rhs_data
    for i in range(1 + target_dim, lhs_data_dim):
        index[i] = ops.new_arange(lhs_data, lhs_data.shape[i]).reshape(
            (-1,) + (1,) * (lhs_data_dim - i - 1)
        )
    data = lhs_data[tuple(index)]
    return Tensor(data, inputs, lhs.dtype)


@eager.register(Unary, ops.GetsliceOp, Tensor)
def eager_getslice_tensor(op, x):
    index = op.defaults["index"]
    if not isinstance(index, tuple):
        index = (index,)
    index = (slice(None),) * len(x.inputs) + index
    data = x.data[index]
    return Tensor(data, x.inputs, x.dtype)


@eager.register(
    Finitary, ops.StackOp, typing.Tuple[typing.Union[(Number, Tensor)], ...]
)
def eager_finitary_stack(op, parts):
    dim = op.defaults["dim"]
    if dim >= 0:
        event_dim = max(len(part.output.shape) for part in parts)
        dim = dim - event_dim - 1
    assert dim < 0
    inputs, raw_parts = align_tensors(*parts)
    raw_result = ops.stack(raw_parts, dim)
    return Tensor(raw_result, inputs, parts[0].dtype)


@eager.register(Finitary, ops.CatOp, typing.Tuple[Tensor, ...])
def eager_finitary_cat(op, parts):
    dim = op.defaults["axis"]
    if dim >= 0:
        event_dims = {len(part.output.shape) for part in parts}
        assert len(event_dims) == 1, "undefined"
        dim = dim - next(iter(event_dims))
    assert dim < 0
    inputs, raw_parts = align_tensors(*parts, expand=True)
    raw_result = ops.cat(raw_parts, dim)
    return Tensor(raw_result, inputs, parts[0].dtype)


@eager.register(Finitary, FinitaryOp, typing.Tuple[typing.Union[(Number, Tensor)], ...])
def eager_finitary_generic_tensors(op, args):
    inputs, raw_args = align_tensors(*args)
    raw_result = op(raw_args)
    return Tensor(raw_result, inputs, args[0].dtype)


@eager.register(Lambda, Variable, Tensor)
def eager_lambda(var, expr):
    inputs = expr.inputs.copy()
    if var.name in inputs:
        inputs.pop(var.name)
        inputs[var.name] = var.output
        data = align_tensor(inputs, expr)
        inputs.pop(var.name)
    else:
        data = expr.data
        shape = data.shape
        dim = len(shape) - len(expr.output.shape)
        data = data.reshape(shape[:dim] + (1,) + shape[dim:])
        data = ops.expand(data, shape[:dim] + (var.dtype,) + shape[dim:])
    return Tensor(data, inputs, expr.dtype)


@dispatch(str, Variadic[Tensor])
def eager_stack_homogeneous(name, *parts):
    assert parts
    output = parts[0].output
    part_inputs = OrderedDict()
    for part in parts:
        assert part.output == output
        assert name not in part.inputs
        part_inputs.update(part.inputs)

    shape = tuple(d.size for d in part_inputs.values()) + output.shape
    data = ops.stack(
        [ops.expand(align_tensor(part_inputs, part), shape) for part in parts]
    )
    inputs = OrderedDict([(name, Bint[len(parts)])])
    inputs.update(part_inputs)
    return Tensor(data, inputs, dtype=output.dtype)


@dispatch(str, str, Variadic[Tensor])
def eager_cat_homogeneous(name, part_name, *parts):
    assert parts
    output = parts[0].output
    inputs = OrderedDict([(part_name, None)])
    for part in parts:
        assert part.output == output
        assert part_name in part.inputs
        inputs.update(part.inputs)

    tensors = []
    for part in parts:
        inputs[part_name] = part.inputs[part_name]
        shape = tuple(d.size for d in inputs.values()) + output.shape
        tensors.append(ops.expand(align_tensor(inputs, part), shape))
    del inputs[part_name]

    dim = 0
    tensor = ops.cat(tensors, dim)
    inputs = OrderedDict([(name, Bint[tensor.shape[dim]])] + list(inputs.items()))
    return Tensor(tensor, inputs, dtype=output.dtype)


# TODO Move this to terms.py; it is no longer Tensor-specific.
[docs]class Function(Funsor):
    r"""
    Funsor wrapped by a native PyTorch or NumPy function.

    Functions are assumed to support broadcasting and can be eagerly evaluated
    on funsors with free variables of int type (i.e. batch dimensions).

    :class:`Function` s are usually created via the :func:`function` decorator.

    :param callable fn: A native PyTorch or NumPy function to wrap.
    :param type output: An output domain.
    :param Funsor args: Funsor arguments.
    """

    def __init__(self, fn, output, args):
        assert callable(fn)
        assert not isinstance(fn, Function)
        assert isinstance(args, tuple)
        inputs = OrderedDict()
        for arg in args:
            assert isinstance(arg, Funsor)
            inputs.update(arg.inputs)
        super(Function, self).__init__(inputs, output)
        self.fn = fn
        self.args = args

    def __repr__(self):
        return "{}({}, {}, {})".format(
            type(self).__name__, _nameof(self.fn), repr(self.output), repr(self.args)
        )

    def __str__(self):
        return "{}({}, {}, {})".format(
            type(self).__name__, _nameof(self.fn), str(self.output), str(self.args)
        )



@quote.register(Function)
def _(arg, indent, out):
    out.append((indent, "Function({},".format(_nameof(arg.fn))))
    quote.inplace(arg.output, indent + 1, out)
    i, line = out[-1]
    out[-1] = i, line + ","
    quote.inplace(arg.args, indent + 1, out)
    i, line = out[-1]
    out[-1] = i, line + ")"


@eager.register(Function, object, ArrayType, tuple)
def eager_function(fn, output, args):
    if not all(isinstance(arg, (Number, Tensor)) for arg in args):
        return None  # defer to default implementation
    inputs, tensors = align_tensors(*args)
    data = fn(*tensors)
    result = Tensor(data, inputs, dtype=output.dtype)
    assert result.output == output
    return result


def _select(fn, i, *args):
    result = fn(*args)
    assert isinstance(result, tuple)
    return result[i]


def _nested_function(fn, args, output):
    if isinstance(output, ArrayType):
        return Function(fn, output, args)
    elif output.__origin__ in (tuple, Product, typing.Tuple):
        result = []
        for i, output_i in enumerate(output.__args__):
            fn_i = functools.partial(_select, fn, i)
            fn_i.__name__ = "{}_{}".format(_nameof(fn), i)
            result.append(_nested_function(fn_i, args, output_i))
        return Tuple(tuple(result))
    raise ValueError("Invalid output: {}".format(output))


class _Memoized(object):
    def __init__(self, fn):
        self.fn = fn
        self._cache = None

    def __call__(self, *args):
        if self._cache is not None:
            old_args, old_result = self._cache
            if all(x is y for x, y in zip(args, old_args)):
                return old_result
        result = self.fn(*args)
        self._cache = args, result
        return result

    @property
    def __name__(self):
        return _nameof(self.fn)

    @property
    def __annotations__(self):
        return self.fn.__annotations__


def _function(inputs, output, fn):
    if is_nn_module(fn):
        names = getargspec(fn.forward)[0][1:]
    else:
        names = getargspec(fn)[0]
    if isinstance(inputs, dict):
        args = tuple(Variable(name, inputs[name]) for name in names if name in inputs)
    else:
        args = tuple(Variable(name, domain) for (name, domain) in zip(names, inputs))
    assert len(args) == len(inputs)
    if not isinstance(output, ArrayType):
        assert output.__origin__ in (tuple, Product, typing.Tuple)
        # Memoize multiple-output functions so that invocations can be shared among
        # all outputs. This is not foolproof, but does work in simple situations.
        fn = _Memoized(fn)
    return _nested_function(fn, args, output)


def _tuple_to_Tuple(tp):
    if isinstance(tp, tuple):
        warnings.warn(
            "tuple types like (Real, Reals[2]) are deprecated, "
            "use Tuple[Real, Reals[2]] instead",
            DeprecationWarning,
        )
        tp = tuple(map(_tuple_to_Tuple, tp))
        return typing.Tuple[tp]
    return tp


[docs]def function(*signature):
    r"""
    Decorator to wrap a PyTorch/NumPy function, using either type hints or
    explicit type annotations.

    Example::

        # Using type hints:
        @funsor.tensor.function
        def matmul(x: Reals[3, 4], y: Reals[4, 5]) -> Reals[3, 5]:
            return torch.matmul(x, y)

        # Using explicit type annotations:
        @funsor.tensor.function(Reals[3, 4], Reals[4, 5], Reals[3, 5])
        def matmul(x, y):
            return torch.matmul(x, y)

        @funsor.tensor.function(Reals[10], Reals[10, 10], Reals[10], Real)
        def mvn_log_prob(loc, scale_tril, x):
            d = torch.distributions.MultivariateNormal(loc, scale_tril)
            return d.log_prob(x)

    To support functions that output nested tuples of tensors, specify a nested
    :py:class:`~typing.Tuple` of output types, for example::

        @funsor.tensor.function
        def max_and_argmax(x: Reals[8]) -> Tuple[Real, Bint[8]]:
            return torch.max(x, dim=-1)

    :param \*signature: A sequence if input domains followed by a final output
        domain or nested tuple of output domains.
    """
    assert signature
    if len(signature) == 1:
        fn = signature[0]
        if callable(fn) and not isinstance(fn, ArrayType):
            # Usage: @function
            inputs = typing.get_type_hints(as_callable(fn))
            output = inputs.pop("return")
            assert all(isinstance(d, ArrayType) for d in inputs.values())
            assert isinstance(output, (ArrayType, tuple)) or output.__origin__ in (
                tuple,
                Product,
                typing.Tuple,
            )
            return _function(inputs, output, fn)
    # Usage @function(input1, ..., inputN, output)
    inputs, output = signature[:-1], signature[-1]
    output = _tuple_to_Tuple(output)
    assert all(isinstance(d, ArrayType) for d in inputs)
    assert isinstance(output, (ArrayType, tuple)) or output.__origin__ in (
        tuple,
        Product,
        typing.Tuple,
    )
    return functools.partial(_function, inputs, output)



[docs]def Einsum(equation, *operands):
    """
    Wrapper around :func:`torch.einsum` or :func:`np.einsum` to operate on real-valued Funsors.

    Note this operates only on the ``output`` tensor. To perform sum-product
    contractions on named dimensions, instead use ``+`` and
    :class:`~funsor.terms.Reduce`.

    :param str equation: An :func:`torch.einsum` or :func:`np.einsum` equation.
    :param tuple operands: A tuple of input funsors.
    """
    return ops.einsum(operands, equation)



@eager.register(Finitary, ops.EinsumOp, typing.Tuple[Tensor, ...])
def eager_einsum(op, operands):
    # Make new symbols for inputs of operands.
    equation = op.defaults["equation"]
    inputs = OrderedDict()
    for x in operands:
        inputs.update(x.inputs)
    symbols = set(equation)
    get_symbol = iter(map(opt_einsum.get_symbol, itertools.count()))
    new_symbols = {}
    for k in inputs:
        symbol = next(get_symbol)
        while symbol in symbols:
            symbol = next(get_symbol)
        symbols.add(symbol)
        new_symbols[k] = symbol

    # Manually broadcast using einsum symbols.
    assert "." not in equation
    ins, out = equation.split("->")
    ins = ins.split(",")
    ins = [
        "".join(new_symbols[k] for k in x.inputs) + x_out
        for x, x_out in zip(operands, ins)
    ]
    out = "".join(new_symbols[k] for k in inputs) + out
    equation = ",".join(ins) + "->" + out

    data = ops.einsum([x.data for x in operands], equation)
    return Tensor(data, inputs)


[docs]def tensordot(x, y, dims):
    """
    Wrapper around :func:`torch.tensordot` or :func:`np.tensordot`
    to operate on real-valued Funsors.

    Note this operates only on the ``output`` tensor. To perform sum-product
    contractions on named dimensions, instead use ``+`` and
    :class:`~funsor.terms.Reduce`.

    Arguments should satisfy::

        len(x.shape) >= dims
        len(y.shape) >= dims
        dims == 0 or x.shape[-dims:] == y.shape[:dims]

    :param Funsor x: A left hand argument.
    :param Funsor y: A y hand argument.
    :param int dims: The number of dimension of overlap of output shape.
    :rtype: Funsor
    """
    assert dims >= 0
    assert len(x.shape) >= dims
    assert len(y.shape) >= dims
    assert dims == 0 or x.shape[-dims:] == y.shape[:dims]
    x_start, x_end = 0, len(x.output.shape)
    y_start = x_end - dims
    y_end = y_start + len(y.output.shape)
    symbols = "abcdefghijklmnopqrstuvwxyz"
    equation = "{},{}->{}".format(
        symbols[x_start:x_end],
        symbols[y_start:y_end],
        symbols[x_start:y_start] + symbols[x_end:y_end],
    )
    return Einsum(equation, x, y)



REDUCE_OP_TO_NUMERIC = {
    ops.add: ops.sum,
    ops.mul: ops.prod,
    ops.and_: ops.all,
    ops.or_: ops.any,
    ops.logaddexp: ops.logsumexp,
    ops.sample: ops.logsumexp,
    ops.min: ops.amin,
    ops.max: ops.amax,
}


__all__ = [
    "Einsum",
    "Function",
    "REDUCE_OP_TO_NUMERIC",
    "Tensor",
    "align_tensor",
    "align_tensors",
    "function",
    "ignore_jit_warnings",
    "tensordot",
]
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  Source code for funsor.terms

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

import functools
import itertools
import numbers
import typing
import warnings
from collections import OrderedDict, namedtuple
from functools import reduce, singledispatch
from weakref import WeakValueDictionary

from multipledispatch import dispatch

import funsor.interpreter as interpreter
import funsor.ops as ops
from funsor.domains import (
    Array,
    Bint,
    BintType,
    Domain,
    Product,
    ProductDomain,
    Real,
    find_domain,
)
from funsor.interpretations import (
    Interpretation,
    die,
    eager,
    lazy,
    moment_matching,
    reflect,
    sequential,
)
from funsor.interpreter import PatternMissingError, interpret
from funsor.ops import AssociativeOp, GetitemOp, Op
from funsor.ops.builtin import normalize_ellipsis, parse_ellipsis, parse_slice
from funsor.syntax import INFIX_OPERATORS, PREFIX_OPERATORS
from funsor.typing import GenericTypeMeta, Variadic, deep_type, get_args, get_origin
from funsor.util import getargspec, lazy_property, pretty, quote, register_pprint

from . import instrument, interpreter, ops

_PREFIX = {k: v for v, k, _ in PREFIX_OPERATORS}
_INFIX = {k: v for v, k, _ in INFIX_OPERATORS}


# FIXME this can lead to linear nesting of interpretations
# when used in combination with alpha_convert and optimize.
# See failing example at https://github.com/pyro-ppl/funsor/pull/414
class SubstituteInterpretation(Interpretation):
    def __init__(self, subs, base_interpretation):
        super().__init__("subs")
        self.subs = subs
        self.base_interpretation = base_interpretation
        assert isinstance(subs, tuple)
        assert all(isinstance(v, Funsor) for k, v in subs)

    @property
    def is_total(self):
        return self.base_interpretation.is_total

    def interpret(self, cls, *args):
        with self.base_interpretation:
            expr = cls(*args)
            fresh_subs = tuple((k, v) for k, v in self.subs if k in expr.fresh)
            if fresh_subs:
                expr = instrument.debug_logged(expr.eager_subs)(fresh_subs)
            if instrument.PROFILE:
                instrument.COUNTERS["interpretation"]["substitute"] += 1
            return expr


def substitute(expr, subs):
    if isinstance(subs, (dict, OrderedDict)):
        subs = tuple(subs.items())
    support = frozenset(k for k, v in subs)

    def stop(x):
        if interpreter.is_atom(x):
            return True
        if isinstance(x, Funsor) and support.isdisjoint(x.inputs):
            return True
        return False

    if stop(expr):
        return expr

    env = interpreter.anf(expr, stop)

    with SubstituteInterpretation(subs, interpreter.get_interpretation()):
        for key, value in env.items():
            args = tuple(
                c if interpreter.is_atom(c) else env.get(c, c)
                for c in interpreter.children(value)
            )
            if isinstance(value, (tuple, frozenset)):  # TODO absorb this into interpret
                env[key] = type(value)(args)
            else:
                env[key] = type(value)(*args)
    return env[expr]


def _alpha_mangle(expr):
    """
    Rename bound variables in expr to avoid conflict with any free variables.

    FIXME this does not avoid conflict with other bound variables.
    """
    alpha_subs = {
        name: interpreter.gensym(name + "__BOUND")
        for name in expr.bound
        if "__BOUND" not in name
    }
    if not alpha_subs:
        return expr

    ast_values = instrument.debug_logged(expr._alpha_convert)(alpha_subs)
    return reflect.interpret(type(expr), *ast_values)


@reflect.set_callable
def reflect(cls, *args, **kwargs):
    """
    Construct a funsor, populate ``._ast_values``, and cons hash.
    This is the only interpretation allowed to construct funsors.
    """
    if len(args) > len(cls._ast_fields):
        # handle varargs
        new_args = tuple(args[: len(cls._ast_fields) - 1]) + (
            args[len(cls._ast_fields) - 1 - len(args) :],
        )
        assert len(new_args) == len(cls._ast_fields)
        _, args = args, new_args

    cache_key = reflect.make_hash_key(cls, *args)
    if cache_key in cls._cons_cache:
        return cls._cons_cache[cache_key]

    arg_types = tuple(map(deep_type, args))
    cls_specific = get_origin(cls)[arg_types]
    result = super(FunsorMeta, cls_specific).__call__(*args)
    result._ast_values = args

    if instrument.PROFILE:
        size, depth, width = _get_ast_stats(result)
        instrument.COUNTERS["ast_size"][size] += 1
        instrument.COUNTERS["ast_depth"][depth] += 1
        classname = get_origin(cls).__name__
        instrument.COUNTERS["funsor"][classname] += 1
        instrument.COUNTERS[classname][width] += 1

    # alpha-convert eagerly upon binding any variable
    result = _alpha_mangle(result)

    cls._cons_cache[cache_key] = result
    return result


class FunsorMeta(GenericTypeMeta):
    """
    Metaclass for Funsors to perform four independent tasks:

    1.  Fill in default kwargs and convert kwargs to args before deferring to a
        nonstandard interpretation. This allows derived metaclasses to fill in
        defaults and do type conversion, thereby simplifying logic of
        interpretations.
    2.  Ensure each Funsor class has an attribute ``._ast_fields`` describing
        its input args and each Funsor instance has an attribute
        ``._ast_values`` with values corresponding to its input args. This
        allows the instance to be reflectively reconstructed under a different
        interpretation, and is used by :func:`funsor.interpreter.reinterpret`.
    3.  Cons-hash construction, so that repeatedly calling the constructor
        with identical args will produce the same object. This enables cheap
        syntactic equality testing using the ``is`` operator, which is
        important both for hashing (e.g. for memoizing funsor functions)
        and for unit testing, since ``.__eq__()`` is overloaded with
        elementwise semantics. Cons hashing differs from memoization in that
        it incurs no memory overhead beyond the cons hash dict.
    4.  Support subtyping with parameters for pattern matching, e.g. Number[int, int].
    """

    def __init__(cls, name, bases, dct):
        super().__init__(name, bases, dct)
        register_pprint(cls)
        if not cls.__args__:
            cls._ast_fields = getargspec(cls.__init__)[0][1:]
            cls._cons_cache = WeakValueDictionary()

    def __getitem__(cls, arg_types):
        if not isinstance(arg_types, tuple):
            arg_types = (arg_types,)
        assert len(arg_types) == len(
            cls._ast_fields
        ), "Must provide exactly one type per subexpression"
        return super().__getitem__(arg_types)

    def __call__(cls, *args, **kwargs):
        if cls.__args__:
            cls = cls.__origin__

        # Convert kwargs to args.
        if kwargs:
            args = list(args)
            for name in cls._ast_fields[len(args) :]:
                args.append(kwargs.pop(name))
            assert not kwargs, kwargs
            args = tuple(args)

        return interpret(cls, *args)

    @lazy_property
    def classname(cls):
        return repr(cls)


def _convert_reduced_vars(reduced_vars, inputs):
    """
    Helper to convert the reduced_vars arg of ``.reduce()`` and friends.

    :param reduced_vars:
    :type reduced_vars: str, Variable, or set or frozenset thereof.
    :returns: A frozenset of reduced variables.
    :rtype: frozenset of :class:`Variable`
    """
    # Avoid copying if arg is of correct type.
    if isinstance(reduced_vars, frozenset):
        if all(isinstance(var, Variable) for var in reduced_vars):
            return reduced_vars

    if isinstance(reduced_vars, (str, Variable)):
        reduced_vars = {reduced_vars}
    assert isinstance(reduced_vars, (frozenset, set))
    assert all(isinstance(var, (str, Variable)) for var in reduced_vars)
    return frozenset(
        Variable(var, inputs[var]) if isinstance(var, str) else var
        for var in reduced_vars
    )


[docs]class Funsor(object, metaclass=FunsorMeta):
    """
    Abstract base class for immutable functional tensors.

    Concrete derived classes must implement ``__init__()`` methods taking
    hashable ``*args`` and no optional ``**kwargs`` so as to support cons
    hashing.

    Derived classes with ``.fresh`` variables must implement an
    :meth:`eager_subs` method. Derived classes with ``.bound`` variables must
    implement an :meth:`_alpha_convert` method.

    :param OrderedDict inputs: A mapping from input name to domain.
        This can be viewed as a typed context or a mapping from
        free variables to domains.
    :param Domain output: An output domain.
    """

    def __init__(self, inputs, output, fresh=None, bound=None):
        fresh = frozenset() if fresh is None else fresh
        bound = {} if bound is None else bound
        assert isinstance(inputs, OrderedDict)
        for name, input_ in inputs.items():
            assert isinstance(name, str)
            assert isinstance(input_, Domain)
        assert isinstance(output, Domain)
        assert getattr(output, "is_concrete", True)
        assert isinstance(fresh, frozenset)
        assert isinstance(bound, dict)
        super(Funsor, self).__init__()
        self.inputs = inputs
        self.output = output
        self.fresh = fresh
        self.bound = bound

    @property
    def dtype(self):
        return self.output.dtype

    @property
    def shape(self):
        return self.output.shape

[docs]    @lazy_property
    def input_vars(self):
        return frozenset(Variable(k, v) for k, v in self.inputs.items())


    def __copy__(self):
        return self

    def __reduce__(self):
        return type(self).__origin__, self._ast_values

    def __hash__(self):
        return id(self)

    @lazy_property
    def __annotations__(self):
        type_hints = dict(self.inputs)
        type_hints["return"] = self.output
        return type_hints

    def __repr__(self):
        try:
            ast_values = self._ast_values
        except AttributeError:
            # E.g. when printing errors during __init__, before ._ast_values is set.
            return f"{type(self).__name__}(...)"
        return "{}({})".format(type(self).__name__, ", ".join(map(repr, ast_values)))

    def __str__(self):
        return "{}({})".format(
            type(self).__name__, ", ".join(map(str, self._ast_values))
        )

[docs]    def quote(self):
        return quote(self)


[docs]    def pretty(self, *args, **kwargs):
        return pretty(self, *args, **kwargs)


    def __contains__(self, item):
        raise TypeError

    def _alpha_convert(self, alpha_subs):
        """
        Rename bound variables while preserving all free variables.
        """
        # Substitute all funsor values.
        # Subclasses must handle string conversion.
        assert set(alpha_subs).issubset(self.bound)
        return tuple(substitute(v, alpha_subs) for v in self._ast_values)

    def __call__(self, *args, **kwargs):
        """
        Partially evaluates this funsor by substituting dimensions.
        """
        # Eagerly restrict to this funsor's inputs.
        subs = OrderedDict(zip(self.inputs, args))
        for k in self.inputs:
            if k in kwargs:
                subs[k] = kwargs[k]
        return Subs(self, tuple(subs.items()))

    def __bool__(self):
        if self.inputs or self.output.shape:
            raise ValueError(
                "bool value of Funsor with more than one value is ambiguous"
            )
        raise NotImplementedError

    def __nonzero__(self):
        return self.__bool__()

    def __len__(self):
        if not self.output.shape:
            raise ValueError("Funsor with empty shape has no len()")
        return self.output.shape[0]

    def __iter__(self):
        for i in range(len(self)):
            yield self[i]

[docs]    def item(self):
        if self.inputs or self.output.shape:
            raise ValueError(
                "only one element Funsors can be converted to Python scalars"
            )
        raise NotImplementedError


    @property
    def requires_grad(self):
        return False

[docs]    def reduce(self, op, reduced_vars=None):
        """
        Reduce along all or a subset of inputs.

        :param op: A reduction operation.
        :type op: ~funsor.ops.AssociativeOp or ~funsor.ops.ReductionOp
        :param reduced_vars: An optional input name or set of names to reduce.
            If unspecified, all inputs will be reduced.
        :type reduced_vars: str, Variable, or set or frozenset thereof.
        """
        assert isinstance(op, (AssociativeOp, ops.ReductionOp))

        # Eagerly convert reduced_vars to appropriate things.
        if reduced_vars is None:
            # Empty reduced_vars means "reduce over everything".
            reduced_vars = frozenset(Variable(k, v) for k, v in self.inputs.items())
        else:
            reduced_vars = _convert_reduced_vars(reduced_vars, self.inputs)
        assert isinstance(reduced_vars, frozenset), reduced_vars

        # Attempt to convert ReductionOp to AssociativeOp.
        if isinstance(op, ops.ReductionOp):
            if isinstance(op, ops.MeanOp):
                reduced_vars &= self.input_vars
                if not reduced_vars:
                    return self
                scale = 1 / reduce(ops.mul, [v.output.size for v in reduced_vars], 1)
                return self.reduce(ops.add, reduced_vars) * scale
            if isinstance(op, ops.VarOp):
                diff = self - self.reduce(ops.mean, reduced_vars)
                return (diff * diff).reduce(ops.mean, reduced_vars)
            if isinstance(op, ops.StdOp):
                return self.reduce(ops.var, reduced_vars).sqrt()
            raise NotImplementedError(f"Unsupported reduction op: {op}")
        assert isinstance(op, AssociativeOp)

        if not reduced_vars:
            return self
        return Reduce(op, self, reduced_vars)


[docs]    def approximate(self, op, guide, approx_vars=None):
        """
        Approximate wrt and all or a subset of inputs.

        :param AssociativeOp op: A reduction operation.
        :param Funsor guide: A guide funsor (e.g. a proposal distribution).
        :param approx_vars: An optional input name or set of names to reduce.
            If unspecified, all inputs will be reduced.
        :type approx_vars: str, Variable, or set or frozenset thereof.
        """
        assert isinstance(op, AssociativeOp)
        assert self.output == Real
        assert guide.output == self.output
        # Eagerly convert approx_vars to appropriate things.
        inputs = self.inputs.copy()
        inputs.update(guide.inputs)
        input_vars = self.input_vars | guide.input_vars
        if approx_vars is None:
            # Empty approx_vars means "approximate everything".
            approx_vars = input_vars
        else:
            approx_vars = _convert_reduced_vars(approx_vars, inputs)
            approx_vars &= input_vars  # Drop unrelated vars.
        if not approx_vars:
            return self  # exact
        return Approximate(op, self, guide, approx_vars)


[docs]    def sample(self, sampled_vars, sample_inputs=None, rng_key=None):
        """
        Create a Monte Carlo approximation to this funsor by replacing
        functions of ``sampled_vars`` with :class:`~funsor.delta.Delta` s.

        The result is a :class:`Funsor` with the same ``.inputs`` and
        ``.output`` as the original funsor (plus ``sample_inputs`` if
        provided), so that self can be replaced by the sample in expectation
        computations::

            y = x.sample(sampled_vars)
            assert y.inputs == x.inputs
            assert y.output == x.output
            exact = (x.exp() * integrand).reduce(ops.add)
            approx = (y.exp() * integrand).reduce(ops.add)

        If ``sample_inputs`` is provided, this creates a batch of samples.

        :param sampled_vars: A set of input variables to sample.
        :type sampled_vars: str, Variable, or set or frozenset thereof.
        :param OrderedDict sample_inputs: An optional mapping from variable
            name to :class:`~funsor.domains.Domain` over which samples will
            be batched.
        :param rng_key: a PRNG state to be used by JAX backend to generate
            random samples
        :type rng_key: None or JAX's random.PRNGKey
        """
        assert self.output == Real
        sampled_vars = _convert_reduced_vars(sampled_vars, self.inputs)
        sampled_vars = frozenset(v.name for v in sampled_vars)
        assert isinstance(sampled_vars, frozenset)
        if sample_inputs is None:
            sample_inputs = OrderedDict()
        assert isinstance(sample_inputs, OrderedDict)
        if sampled_vars.isdisjoint(self.inputs):
            return self

        result = instrument.debug_logged(self._sample)(
            sampled_vars, sample_inputs, rng_key
        )
        return result


    def _sample(self, sampled_vars, sample_inputs, rng_key):
        """
        Internal method to draw samples.
        This should be overridden by subclasses.
        """
        assert self.output == Real
        assert isinstance(sampled_vars, frozenset)
        assert isinstance(sample_inputs, OrderedDict)
        if sampled_vars.isdisjoint(self.inputs):
            return self
        raise ValueError("Cannot sample from a {}".format(type(self).__name__))

[docs]    def align(self, names):
        """
        Align this funsor to match given ``names``.
        This is mainly useful in preparation for extracting ``.data``
        of a :class:`funsor.tensor.Tensor`.

        :param tuple names: A tuple of strings representing all names
            but in a new order.
        :return: A permuted funsor equivalent to self.
        :rtype: Funsor
        """
        assert isinstance(names, tuple)
        if not names or names == tuple(self.inputs):
            return self
        return Align(self, names)


[docs]    def eager_subs(self, subs):
        """
        Internal substitution function. This relies on the user-facing
        :meth:`__call__` method to coerce non-Funsors to Funsors. Once all
        inputs are Funsors, :meth:`eager_subs` implementations can recurse to
        call :class:`Subs`.
        """
        return None  # defer to default implementation


[docs]    def eager_unary(self, op):
        return None  # defer to default implementation


[docs]    def eager_reduce(self, op, reduced_vars):
        assert reduced_vars.issubset(self.inputs)
        if not reduced_vars:
            return self

        return None  # defer to default implementation


[docs]    def sequential_reduce(self, op, reduced_vars):
        assert reduced_vars.issubset(self.inputs)
        if not reduced_vars:
            return self

        # Try to sum out integer scalars. This is mainly useful for testing,
        # since reduction is more efficiently implemented by Tensor.
        eager_vars = []
        lazy_vars = []
        for k in reduced_vars:
            if isinstance(self.inputs[k].dtype, int) and not self.inputs[k].shape:
                eager_vars.append(k)
            else:
                lazy_vars.append(k)
        if eager_vars:
            result = None
            for values in itertools.product(*(self.inputs[k] for k in eager_vars)):
                subs = dict(zip(eager_vars, values))
                result = self(**subs) if result is None else op(result, self(**subs))
            if lazy_vars:
                result = Reduce(op, result, frozenset(lazy_vars))
            return result

        return None  # defer to default implementation


[docs]    def moment_matching_reduce(self, op, reduced_vars):
        assert reduced_vars.issubset(self.inputs)
        if not reduced_vars:
            return self

        return None  # defer to default implementation


    # The following methods conform to a standard array/tensor interface.

    def __invert__(self):
        return Unary(ops.invert, self)

    def __pos__(self):
        return Unary(ops.pos, self)

    def __neg__(self):
        return Unary(ops.neg, self)

[docs]    def abs(self):
        return Unary(ops.abs, self)


[docs]    def atanh(self):
        return Unary(ops.atanh, self)


[docs]    def sqrt(self):
        return Unary(ops.sqrt, self)


[docs]    def exp(self):
        return Unary(ops.exp, self)


[docs]    def log(self):
        return Unary(ops.log, self)


[docs]    def log1p(self):
        return Unary(ops.log1p, self)


[docs]    def sigmoid(self):
        return Unary(ops.sigmoid, self)


[docs]    def tanh(self):
        return Unary(ops.tanh, self)


[docs]    def reshape(self, shape):
        return Unary(ops.ReshapeOp(shape), self)


    # The following reductions are treated as Unary ops because they
    # reduce over output shape while preserving all inputs.
    # To reduce over inputs, instead call .reduce(op, reduced_vars).

[docs]    def all(self, axis=None, keepdims=False):
        return Unary(ops.AllOp(axis, keepdims), self)


[docs]    def any(self, axis=None, keepdims=False):
        return Unary(ops.AnyOp(axis, keepdims), self)


[docs]    def argmax(self, axis=None, keepdims=False):
        return Unary(ops.ArgmaxOp(axis, keepdims), self)


[docs]    def argmin(self, axis=None, keepdims=False):
        return Unary(ops.ArgminOp(axis, keepdims), self)


[docs]    def max(self, axis=None, keepdims=False):
        return Unary(ops.AmaxOp(axis, keepdims), self)


[docs]    def min(self, axis=None, keepdims=False):
        return Unary(ops.AminOp(axis, keepdims), self)


[docs]    def sum(self, axis=None, keepdims=False):
        return Unary(ops.SumOp(axis, keepdims), self)


[docs]    def prod(self, axis=None, keepdims=False):
        return Unary(ops.ProdOp(axis, keepdims), self)


[docs]    def logsumexp(self, axis=None, keepdims=False):
        return Unary(ops.LogsumexpOp(axis, keepdims), self)


[docs]    def mean(self, axis=None, keepdims=False):
        return Unary(ops.MeanOp(axis, keepdims), self)


[docs]    def std(self, axis=None, ddof=0, keepdims=False):
        return Unary(ops.StdOp(axis, ddof, keepdims), self)


[docs]    def var(self, axis=None, ddof=0, keepdims=False):
        return Unary(ops.VarOp(axis, ddof, keepdims), self)


    def __add__(self, other):
        return Binary(ops.add, self, to_funsor(other))

    def __radd__(self, other):
        return Binary(ops.add, self, to_funsor(other))

    def __sub__(self, other):
        return Binary(ops.sub, self, to_funsor(other))

    def __rsub__(self, other):
        return Binary(ops.sub, to_funsor(other), self)

    def __mul__(self, other):
        return Binary(ops.mul, self, to_funsor(other))

    def __rmul__(self, other):
        return Binary(ops.mul, self, to_funsor(other))

    def __truediv__(self, other):
        return Binary(ops.truediv, self, to_funsor(other))

    def __rtruediv__(self, other):
        return Binary(ops.truediv, to_funsor(other), self)

    def __floordiv__(self, other):
        return Binary(ops.floordiv, self, to_funsor(other))

    def __rfloordiv__(self, other):
        return Binary(ops.floordiv, to_funsor(other), self)

    def __matmul__(self, other):
        return Binary(ops.matmul, self, to_funsor(other))

    def __rmatmul__(self, other):
        return Binary(ops.matmul, to_funsor(other), self)

    def __mod__(self, other):
        return Binary(ops.mod, self, to_funsor(other))

    def __rmod__(self, other):
        return Binary(ops.mod, to_funsor(other), self)

    def __lshift__(self, other):
        return Binary(ops.lshift, self, to_funsor(other))

    def __rlshift__(self, other):
        return Binary(ops.lshift, to_funsor(other), self)

    def __rshift__(self, other):
        return Binary(ops.rshift, self, to_funsor(other))

    def __rrshift__(self, other):
        return Binary(ops.rshift, to_funsor(other), self)

    def __pow__(self, other):
        return Binary(ops.pow, self, to_funsor(other))

    def __rpow__(self, other):
        return Binary(ops.pow, to_funsor(other), self)

    def __and__(self, other):
        return Binary(ops.and_, self, to_funsor(other))

    def __rand__(self, other):
        return Binary(ops.and_, self, to_funsor(other))

    def __or__(self, other):
        return Binary(ops.or_, self, to_funsor(other))

    def __ror__(self, other):
        return Binary(ops.or_, self, to_funsor(other))

    def __xor__(self, other):
        return Binary(ops.xor, self, to_funsor(other))

    def __eq__(self, other):
        return Binary(ops.eq, self, to_funsor(other))

    def __ne__(self, other):
        return Binary(ops.ne, self, to_funsor(other))

    def __lt__(self, other):
        return Binary(ops.lt, self, to_funsor(other))

    def __le__(self, other):
        return Binary(ops.le, self, to_funsor(other))

    def __gt__(self, other):
        return Binary(ops.gt, self, to_funsor(other))

    def __ge__(self, other):
        return Binary(ops.ge, self, to_funsor(other))

    def __getitem__(self, other):
        """
        Helper to desugar into either ops.getitem (for advanced indexing
        involving Funsors as indices) or ops.getslice (for simple indexing
        involving only integers, slices, None, and Ellipsis).
        """
        if type(other) is not tuple:
            if isinstance(other, ops.getslice.supported_types):
                return ops.getslice(self, other)
            other = to_funsor(other, Bint[self.output.shape[0]])
            return Binary(ops.getitem, self, other)

        # Handle complex slicing operations involving no funsors.
        if all(isinstance(part, ops.getslice.supported_types) for part in other):
            return ops.getslice(self, other)

        # Handle Ellipsis slicing.
        if any(part is Ellipsis for part in other):
            left, right = parse_ellipsis(other)
            missing = len(self.output.shape) - len(left) - len(right)
            assert missing >= 0
            middle = [slice(None)] * missing
            other = tuple(left + middle + right)

        # Handle each slice separately.
        result = self
        offset = 0
        for part in other:
            if part is None:
                raise NotImplementedError("TODO")
            if isinstance(part, slice):
                if part != slice(None):
                    raise NotImplementedError("TODO support nontrivial slicing")
                offset += 1
            else:
                part = to_funsor(part, Bint[result.output.shape[offset]])
                result = Binary(GetitemOp(offset), result, part)
        return result



@quote.register(Funsor)
def _(arg, indent, out):
    name = type(arg).__name__
    if type(arg).__module__ in [
        "funsor.torch.distributions",
        "funsor.jax.distributions",
    ]:
        name = "dist." + name
    out.append((indent, name + "("))
    for value in arg._ast_values[:-1]:
        quote.inplace(value, indent + 1, out)
        i, line = out[-1]
        out[-1] = i, line + ","
    for value in arg._ast_values[-1:]:
        quote.inplace(value, indent + 1, out)
        i, line = out[-1]
        out[-1] = i, line + ")"


interpreter.children.register(Funsor)(interpreter.children_funsor)


[docs]@singledispatch
def to_funsor(x, output=None, dim_to_name=None, **kwargs):
    """
    Convert to a :class:`Funsor` .
    Only :class:`Funsor` s and scalars are accepted.

    :param x: An object.
    :param funsor.domains.Domain output: An optional output hint.
    :param OrderedDict dim_to_name: An optional mapping from negative batch dimensions to name strings.
    :return: A Funsor equivalent to ``x``.
    :rtype: Funsor
    :raises: ValueError
    """
    raise ValueError("Cannot convert to Funsor: {}".format(repr(x)))



@to_funsor.register(Funsor)
def funsor_to_funsor(x, output=None, dim_to_name=None):
    if output is not None and x.output != output:
        raise ValueError("Output mismatch: {} vs {}".format(x.output, output))
    if dim_to_name is not None:
        bint_names = {
            name for name, domain in x.inputs.items() if domain.dtype != "real"
        }
        if not bint_names.issubset(dim_to_name.values()):
            raise ValueError("Inputs mismatch: {} vs {}".format(x.inputs, dim_to_name))
    return x


[docs]@singledispatch
def to_data(x, name_to_dim=None, **kwargs):
    """
    Extract a python object from a :class:`Funsor`.

    Raises a ``ValueError`` if free variables remain or if the funsor is lazy.

    :param x: An object, possibly a :class:`Funsor`.
    :param OrderedDict name_to_dim: An optional inputs hint.
    :return: A non-funsor equivalent to ``x``.
    :raises: ValueError if any free variables remain.
    :raises: PatternMissingError if funsor is not fully evaluated.
    """
    return x



@to_data.register(Funsor)
def _to_data_funsor(x, name_to_dim=None):
    if name_to_dim is None and x.inputs:
        raise ValueError(
            "cannot convert {} to data due to lazy inputs: {}".format(
                type(x), set(x.inputs)
            )
        )
    raise PatternMissingError("cannot convert to a non-Funsor: {}".format(repr(x)))


[docs]class Variable(Funsor):
    """
    Funsor representing a single free variable.

    :param str name: A variable name.
    :param funsor.domains.Domain output: A domain.
    """

    def __init__(self, name, output):
        inputs = OrderedDict([(name, output)])
        fresh = frozenset({name})
        super(Variable, self).__init__(inputs, output, fresh)
        self.name = name

    def __repr__(self):
        return "Variable({}, {})".format(repr(self.name), repr(self.output))

    def __str__(self):
        return self.name

[docs]    def eager_subs(self, subs):
        assert len(subs) == 1 and subs[0][0] == self.name
        return subs[0][1]




@to_funsor.register(str)
def name_to_funsor(name, output=None):
    if output is None:
        raise ValueError("Missing output: {}".format(name))
    return Variable(name, output)


class SubsMeta(FunsorMeta):
    """
    Wrapper to call :func:`to_funsor` and check types.
    """

    def __call__(cls, arg, subs):
        subs = tuple(
            (k, to_funsor(v, arg.inputs[k])) for k, v in subs if k in arg.inputs
        )
        return super().__call__(arg, subs)


[docs]class Subs(Funsor, metaclass=SubsMeta):
    """
    Lazy substitution of the form ``x(u=y, v=z)``.

    :param Funsor arg: A funsor being substituted into.
    :param tuple subs: A tuple of ``(name, value)`` pairs, where ``name`` is a
        string and ``value`` can be coerced to a :class:`Funsor` via
        :func:`to_funsor`.
    """

    def __init__(self, arg, subs):
        assert isinstance(arg, Funsor)
        assert isinstance(subs, tuple)
        for key, value in subs:
            assert isinstance(key, str)
            assert key in arg.inputs
            assert isinstance(value, Funsor)
        inputs = arg.inputs.copy()
        for key, value in subs:
            del inputs[key]
        for key, value in subs:
            inputs.update(value.inputs)
        fresh = frozenset()
        bound = {key: value.output for key, value in subs}
        super(Subs, self).__init__(inputs, arg.output, fresh, bound)
        self.arg = arg
        self.subs = OrderedDict(subs)

    def __repr__(self):
        return "{}({})".format(
            repr(self.arg), ", ".join(f"{k}={repr(v)}" for k, v in self.subs.items())
        )

    def __str__(self):
        return "{}({})".format(
            str(self.arg), ", ".join(f"{k}={str(v)}" for k, v in self.subs.items())
        )

    def _alpha_convert(self, alpha_subs):
        assert set(alpha_subs).issubset(self.bound)
        alpha_subs = {
            k: to_funsor(v, self.subs[k].output) for k, v in alpha_subs.items()
        }
        arg, subs = self._ast_values
        arg = substitute(arg, alpha_subs)
        subs = tuple((str(alpha_subs.get(k, k)), v) for k, v in subs)
        return arg, subs

    def _sample(self, sampled_vars, sample_inputs, rng_key=None):
        if any(k in sample_inputs for k, v in self.subs.items()):
            raise NotImplementedError("TODO alpha-convert")
        subs_sampled_vars = set()
        for name in sampled_vars:
            if name in self.arg.inputs:
                if any(name in v.inputs for k, v in self.subs.items()):
                    raise ValueError("Cannot sample")
                subs_sampled_vars.add(name)
            else:
                for k, v in self.subs.items():
                    if name in v.inputs:
                        subs_sampled_vars.add(k)
        subs_sampled_vars = frozenset(subs_sampled_vars)
        arg = self.arg._sample(subs_sampled_vars, sample_inputs, rng_key)
        return Subs(arg, tuple(self.subs.items()))



@lazy.register(Subs, Funsor, object)
@eager.register(Subs, Funsor, object)
def eager_subs_funsor(arg, subs):
    assert isinstance(subs, tuple)
    if not any(k in arg.inputs for k, v in subs):
        return arg
    return substitute(arg, subs)


@lazy.register(Subs, Subs, object)
@eager.register(Subs, Subs, object)
def eager_subs_subs(arg, subs):
    assert isinstance(subs, tuple)
    subs = tuple((k, v) for k, v in subs if k in arg.inputs)
    if not subs:
        return arg

    # Fuse substitutions.
    fused_subs = tuple((k, Subs(v, subs)) for k, v in arg.subs.items())
    fused_subs += subs
    return Subs(arg.arg, fused_subs)


@die.register(Subs, Funsor, tuple)
def die_subs(arg, subs):
    expr = reflect.interpret(Subs, arg, subs)
    raise NotImplementedError(f"Missing pattern for {repr(expr)}")


[docs]class Unary(Funsor):
    """
    Lazy unary operation.

    :param ~funsor.ops.Op op: A unary operator.
    :param Funsor arg: An argument.
    """

    def __init__(self, op, arg):
        assert callable(op)
        assert isinstance(arg, Funsor)
        output = find_domain(op, arg.output)
        super(Unary, self).__init__(arg.inputs, output)
        self.op = op
        self.arg = arg

    def __repr__(self):
        if self.op in _PREFIX:
            return "({}{})".format(_PREFIX[self.op], repr(self.arg))
        return super().__repr__()

    def __str__(self):
        if self.op in _PREFIX:
            return "({}{})".format(_PREFIX[self.op], str(self.arg))
        return super().__str__()



@eager.register(Unary, Op, Funsor)
def eager_unary(op, arg):
    return instrument.debug_logged(arg.eager_unary)(op)


@eager.register(Unary, AssociativeOp, Funsor)
def eager_unary(op, arg):
    if not arg.output.shape:
        return arg
    return instrument.debug_logged(arg.eager_unary)(op)


@die.register(Unary, Op, Funsor)
def die_unary(op, arg):
    expr = reflect.interpret(Unary, op, arg)
    raise NotImplementedError(f"Missing pattern for {repr(expr)}")


[docs]class Binary(Funsor):
    """
    Lazy binary operation.

    :param ~funsor.ops.Op op: A binary operator.
    :param Funsor lhs: A left hand side argument.
    :param Funsor rhs: A right hand side argument.
    """

    def __init__(self, op, lhs, rhs):
        assert callable(op)
        assert isinstance(lhs, Funsor)
        assert isinstance(rhs, Funsor)
        inputs = lhs.inputs.copy()
        inputs.update(rhs.inputs)
        output = find_domain(op, lhs.output, rhs.output)
        super(Binary, self).__init__(inputs, output)
        self.op = op
        self.lhs = lhs
        self.rhs = rhs

    def __repr__(self):
        if self.op in _INFIX:
            return "({} {} {})".format(repr(self.lhs), _INFIX[self.op], repr(self.rhs))
        return super().__repr__()

    def __str__(self):
        if self.op in _INFIX:
            return "({} {} {})".format(str(self.lhs), _INFIX[self.op], str(self.rhs))
        return super().__str__()



@die.register(Binary, Op, Funsor, Funsor)
def die_binary(op, lhs, rhs):
    expr = reflect.interpret(Binary, op, lhs, rhs)
    raise NotImplementedError(f"Missing pattern for {repr(expr)}")


[docs]class Reduce(Funsor):
    """
    Lazy reduction over multiple variables.

    The user-facing interface is the :meth:`Funsor.reduce` method.

    :param op: An associative operator.
    :type op: ~funsor.ops.AssociativeOp
    :param funsor arg: An argument to be reduced.
    :param frozenset reduced_vars: A set of variables over which to reduce.
    """

    def __init__(self, op, arg, reduced_vars):
        assert isinstance(op, AssociativeOp)
        assert isinstance(arg, Funsor)
        assert isinstance(reduced_vars, frozenset)
        assert all(isinstance(v, Variable) for v in reduced_vars)
        reduced_names = frozenset(v.name for v in reduced_vars)
        inputs = OrderedDict(
            (k, v) for k, v in arg.inputs.items() if k not in reduced_names
        )
        output = arg.output
        fresh = frozenset()
        bound = {var.name: var.output for var in reduced_vars}
        super(Reduce, self).__init__(inputs, output, fresh, bound)
        self.op = op
        self.arg = arg
        self.reduced_vars = reduced_vars

    def __repr__(self):
        assert self.reduced_vars
        if self.reduced_vars == self.arg.input_vars:
            return f"{repr(self.arg)}.reduce({self.op.__name__})"
        rvars = [
            f'"{v.name}"' if v in self.arg.input_vars else repr(v)
            for v in self.reduced_vars
        ]
        return "{}.reduce({}, {{{}}})".format(
            repr(self.arg), self.op.__name__, ", ".join(rvars)
        )

    def __str__(self):
        assert self.reduced_vars
        if self.reduced_vars == self.arg.input_vars:
            return f"{str(self.arg)}.reduce({self.op.__name__})"
        rvars = [
            f'"{v.name}"' if v in self.arg.input_vars else repr(v)
            for v in self.reduced_vars
        ]
        return "{}.reduce({}, {{{}}})".format(
            str(self.arg), self.op.__name__, ", ".join(rvars)
        )

    def _alpha_convert(self, alpha_subs):
        alpha_subs = {
            k: to_funsor(v, self.arg.inputs[k]) for k, v in alpha_subs.items()
        }
        op, arg, reduced_vars = super()._alpha_convert(alpha_subs)
        reduced_vars = frozenset(alpha_subs.get(var.name, var) for var in reduced_vars)
        return op, arg, reduced_vars



def _reduce_unrelated_vars(op, arg, reduced_vars):
    factor_vars = reduced_vars - arg.input_vars
    if factor_vars:
        reduced_vars = reduced_vars & arg.input_vars
        multiplicity = reduce(
            ops.mul,
            [
                v.output.size ** v.output.num_elements
                for v in factor_vars
                if v.dtype != "real"
            ],
        )
        for add_op, mul_op in ops.DISTRIBUTIVE_OPS:
            if add_op is op:
                arg = mul_op(arg, multiplicity).reduce(op, reduced_vars)
                return arg, None
        raise NotImplementedError(f"Cannot reduce {op}")
    return arg, frozenset(v.name for v in reduced_vars)


@lazy.register(Reduce, AssociativeOp, Funsor, frozenset)
def lazy_reduce(op, arg, reduced_vars):
    new_arg, new_reduced_vars = _reduce_unrelated_vars(op, arg, reduced_vars)
    if new_reduced_vars is None:
        return new_arg
    if new_arg is arg:
        return None
    return new_arg.reduce(op, new_reduced_vars)


@eager.register(Reduce, AssociativeOp, Funsor, frozenset)
def eager_reduce(op, arg, reduced_vars):
    arg, reduced_vars = _reduce_unrelated_vars(op, arg, reduced_vars)
    if reduced_vars is None:
        return arg
    return instrument.debug_logged(arg.eager_reduce)(op, reduced_vars)


@sequential.register(Reduce, AssociativeOp, Funsor, frozenset)
def sequential_reduce(op, arg, reduced_vars):
    arg, reduced_vars = _reduce_unrelated_vars(op, arg, reduced_vars)
    if reduced_vars is None:
        return arg
    return instrument.debug_logged(arg.sequential_reduce)(op, reduced_vars)


@moment_matching.register(Reduce, AssociativeOp, Funsor, frozenset)
def moment_matching_reduce(op, arg, reduced_vars):
    arg, reduced_vars = _reduce_unrelated_vars(op, arg, reduced_vars)
    if reduced_vars is None:
        return arg
    return instrument.debug_logged(arg.moment_matching_reduce)(op, reduced_vars)


@die.register(Reduce, Op, Funsor, frozenset)
def die_reduce(op, arg, reduced_vars):
    expr = reflect.interpret(Reduce, op, arg, reduced_vars)
    raise NotImplementedError(f"Missing pattern for {repr(expr)}")


[docs]class Scatter(Funsor):
    """
    Transpose of structurally linear :class:`Subs`, followed by
    :class:`Reduce`.

    For injective scatter operations this should satisfy the equation::

        if destin = Scatter(op, subs, source, frozenset())
        then source = Subs(destin, subs)

    The ``reduced_vars`` is merely for computational efficiency, and could
    always be split out into a separate ``.reduce()``.  For example in the
    following equation, the left hand side uses much less memory than the
    right hand side::

        Scatter(op, subs, source, reduced_vars) ==
          Scatter(op, subs, source, frozenset()).reduce(op, reduced_vars)

    .. warning:: This is currently implemented only for injective scatter
        operations. In particular, this does not allow accumulation behavior
        like scatter-add.

    .. note:: ``Scatter(ops.add, ...)`` is the funsor analog of
        ``numpy.add.at()`` or :func:`torch.index_put` or
        :func:`jax.lax.scatter_add`. For injective substitutions,
        ``Scatter(ops.add, ...)`` is roughly equivalent to the tensor
        operation::

            result = zeros(...)  # since zero is the additive unit
            result[subs] = source

    :param AssociativeOp op: An op. The unit of this op will be used as
        default value.
    :param tuple subs: A substitution.
    :param Funsor source: A source for data to be scattered from.
    :param frozenset reduced_vars: A set of variables over which to reduce.
    """

    def __init__(self, op, subs, source, reduced_vars):
        assert isinstance(op, AssociativeOp)
        assert isinstance(subs, tuple)
        assert len(subs) == len(set(key for key, value in subs))
        assert isinstance(source, Funsor)
        assert isinstance(reduced_vars, frozenset)
        assert all(isinstance(v, Variable) for v in reduced_vars)
        reduced_names = frozenset(v.name for v in reduced_vars)

        # First compute inputs of the pure-scatter op with no reduction.
        inputs = OrderedDict()
        for key, value in subs:
            assert isinstance(key, str)
            assert isinstance(value, Funsor)
            assert key not in source.inputs
            assert key not in reduced_names
            for k, d in value.inputs.items():
                # These are "batch" inputs and should be left of subs keys.
                d2 = inputs.setdefault(k, d)
                assert d2 == d
        for k, d in source.inputs.items():
            # These are "batch" inputs and should be left of subs keys.
            d2 = inputs.setdefault(k, d)
            assert d2 == d
        for key, value in subs:
            assert key not in inputs
            # These are "event" inputs and should be right of "batch" inputs.
            inputs[key] = value.output

        # Then narrow these down to the fused scatter-reduce op.
        inputs = OrderedDict(
            (k, d) for k, d in inputs.items() if k not in reduced_names
        )
        fresh = frozenset(key for key, value in subs)
        bound = {v.name: v.output for v in reduced_vars}
        super().__init__(inputs, source.output, fresh, bound)
        self.op = op
        self.subs = subs
        self.source = source
        self.reduced_vars = reduced_vars

    def _alpha_convert(self, alpha_subs):
        alpha_subs = {k: to_funsor(v, self.bound[k]) for k, v in alpha_subs.items()}
        op, subs, source, reduced_vars = super()._alpha_convert(alpha_subs)
        reduced_vars = frozenset(alpha_subs.get(var.name, var) for var in reduced_vars)
        return op, subs, source, reduced_vars

[docs]    def eager_subs(self, subs):
        subs = OrderedDict(subs)
        new_subs = []
        for name, sub in self.subs:
            if name in subs and isinstance(subs[name], Variable):
                new_subs.append((subs[name].name, sub))
            else:
                new_subs.append((name, sub))
        return Scatter(self.op, tuple(new_subs), self.source, self.reduced_vars)




[docs]class Approximate(Funsor):
    """
    Interpretation-specific approximation wrt a set of variables.

    The default eager interpretation should be exact.
    The user-facing interface is the :meth:`Funsor.approximate` method.

    :param op: An associative operator.
    :type op: ~funsor.ops.AssociativeOp
    :param Funsor model: An exact funsor depending on ``approx_vars``.
    :param Funsor guide: A proposal funsor guiding optional approximation.
    :param frozenset approx_vars: A set of variables over which to approximate.
    """

    def __init__(self, op, model, guide, approx_vars):
        assert isinstance(op, AssociativeOp)
        assert isinstance(model, Funsor)
        assert isinstance(guide, Funsor)
        assert model.output is guide.output
        assert isinstance(approx_vars, frozenset), approx_vars
        inputs = model.inputs.copy()
        inputs.update(guide.inputs)
        output = model.output
        fresh = frozenset(v.name for v in approx_vars)
        bound = {v.name: v.output for v in approx_vars}
        super().__init__(inputs, output, fresh, bound)
        self.op = op
        self.model = model
        self.guide = guide
        self.approx_vars = approx_vars

    def _alpha_convert(self, alpha_subs):
        alpha_subs = {k: to_funsor(v, self.bound[k]) for k, v in alpha_subs.items()}
        op, model, guide, approx_vars = super()._alpha_convert(alpha_subs)
        approx_vars = frozenset(alpha_subs.get(var.name, var) for var in approx_vars)
        return op, model, guide, approx_vars



@eager.register(Approximate, AssociativeOp, Funsor, Funsor, frozenset)
def eager_approximate(op, model, guide, approx_vars):
    return model  # exact


class NumberMeta(FunsorMeta):
    """
    Wrapper to fill in default ``dtype``.
    """

    def __call__(cls, data, dtype=None):
        if dtype is None:
            dtype = "real"
        return super(NumberMeta, cls).__call__(data, dtype)


[docs]class Number(Funsor, metaclass=NumberMeta):
    """
    Funsor backed by a Python number.

    :param numbers.Number data: A python number.
    :param dtype: A nonnegative integer or the string "real".
    """

    def __init__(self, data, dtype=None):
        assert isinstance(data, numbers.Number)
        if isinstance(dtype, int):
            data = type(dtype)(data)
            if dtype != 2:  # booleans have bitwise interpretation
                assert 0 <= data and data < dtype
        else:
            assert isinstance(dtype, str) and dtype == "real"
            data = float(data)
        inputs = OrderedDict()
        output = Array[dtype, ()]
        super(Number, self).__init__(inputs, output)
        self.data = data

    def __repr__(self):
        if self.dtype == "real":
            return f"Number({str(self.data)})"
        else:
            return f"Number({str(self.data)}, {self.dtype})"

    def __str__(self):
        return str(self.data)

    def __int__(self):
        return int(self.data)

    def __float__(self):
        return float(self.data)

    def __bool__(self):
        return bool(self.data)

[docs]    def item(self):
        return self.data


[docs]    def eager_unary(self, op):
        dtype = find_domain(op, self.output).dtype
        return Number(op(self.data), dtype)




@to_funsor.register(numbers.Number)
def number_to_funsor(x, output=None, dim_to_name=None):
    if output is None:
        return Number(x)
    if output.shape:
        raise ValueError("Cannot create Number with shape {}".format(output.shape))
    return Number(x, output.dtype)


@to_data.register(Number)
def _to_data_number(x, name_to_dim=None):
    return x.data


@eager.register(Binary, Op, Number, Number)
def eager_binary_number_number(op, lhs, rhs):
    data = op(lhs.data, rhs.data)
    output = find_domain(op, lhs.output, rhs.output)
    dtype = output.dtype
    return Number(data, dtype)


class SliceMeta(FunsorMeta):
    """
    Wrapper to fill in ``start``, ``stop``, ``step``, ``dtype`` following
    Python conventions.
    """

    def __call__(cls, name, *args, **kwargs):
        start = 0
        step = 1
        dtype = None
        if len(args) == 1:
            stop = args[0]
            dtype = kwargs.pop("dtype", stop)
        elif len(args) == 2:
            start, stop = args
            dtype = kwargs.pop("dtype", stop)
        elif len(args) == 3:
            start, stop, step = args
            dtype = kwargs.pop("dtype", stop)
        elif len(args) == 4:
            start, stop, step, dtype = args
        else:
            raise ValueError
        if step <= 0:
            raise ValueError
        stop = min(dtype, max(start, stop))
        return super().__call__(name, start, stop, step, dtype)


[docs]class Slice(Funsor, metaclass=SliceMeta):
    """
    Symbolic representation of a Python :py:class:`slice` object.

    :param str name: A name for the new slice dimension.
    :param int start:
    :param int stop:
    :param int step: Three args following :py:class:`slice` semantics.
    :param int dtype: An optional bounded integer type of this slice.
    """

    def __init__(self, name, start, stop, step, dtype):
        assert isinstance(name, str)
        assert isinstance(start, int) and start >= 0
        assert isinstance(stop, int) and stop >= start
        assert isinstance(step, int) and step > 0
        assert isinstance(dtype, int)
        size = max(0, (stop + step - 1 - start) // step)
        inputs = OrderedDict([(name, Bint[size])])
        output = Bint[dtype]
        fresh = frozenset({name})
        super().__init__(inputs, output, fresh)
        self.name = name
        self.slice = slice(start, stop, step)

[docs]    def eager_subs(self, subs):
        assert len(subs) == 1 and subs[0][0] == self.name
        index = subs[0][1]

        if isinstance(index, Variable):
            name = index.name
            return Slice(
                name, self.slice.start, self.slice.stop, self.slice.step, self.dtype
            )
        elif isinstance(index, Number):
            data = self.slice.start + self.slice.step * index.data
            return Number(data, self.output.dtype)
        elif type(index).__name__ == "Tensor":  # avoid importing funsor.tensor.Tensor
            data = self.slice.start + self.slice.step * index.data
            return type(index)(data, index.inputs, self.output.dtype)
        elif isinstance(index, Slice):
            name = index.name
            start = self.slice.start + self.slice.step * index.slice.start
            step = self.slice.step * index.slice.step
            return Slice(name, start, self.slice.stop, step, self.dtype)
        else:
            raise NotImplementedError(
                "TODO support substitution of {} into Slice".format(type(index))
            )




@to_funsor.register(slice)
def slice_to_funsor(s, output=None, dim_to_name=None):
    if not isinstance(output, BintType):
        raise ValueError("Incompatible slice output: {output}")
    start, stop, step = parse_slice(s, output.size)
    i = Variable("slice", output)
    return Lambda(i, Slice("slice", start, stop, step, output.size))


class Align(Funsor):
    """
    Lazy call to ``.align(...)``.

    :param Funsor arg: A funsor to align.
    :param tuple names: A tuple of input names whose order to follow.
    """

    def __init__(self, arg, names):
        assert isinstance(arg, Funsor)
        assert isinstance(names, tuple)
        assert all(isinstance(name, str) for name in names)
        assert all(name in arg.inputs for name in names)
        inputs = OrderedDict((name, arg.inputs[name]) for name in names)
        inputs.update(arg.inputs)
        output = arg.output
        fresh = frozenset()  # TODO get this right
        bound = {}
        super(Align, self).__init__(inputs, output, fresh, bound)
        self.arg = arg

    def align(self, names):
        return self.arg.align(names)

    def eager_unary(self, op):
        return Unary(op, self.arg)

    def eager_reduce(self, op, reduced_vars):
        return self.arg.reduce(op, reduced_vars)


@eager.register(Align, Funsor, tuple)
def eager_align(arg, names):
    if not frozenset(names) == frozenset(arg.inputs.keys()):
        # assume there's been a substitution and this align is no longer valid
        return arg
    return None


@eager.register(Binary, Op, Align, Funsor)
def eager_binary_align_funsor(op, lhs, rhs):
    return Binary(op, lhs.arg, rhs)


@eager.register(Binary, Op, Funsor, Align)
def eager_binary_funsor_align(op, lhs, rhs):
    return Binary(op, lhs, rhs.arg)


@eager.register(Binary, Op, Align, Align)
def eager_binary_align_align(op, lhs, rhs):
    return Binary(op, lhs.arg, rhs.arg)


class Finitary(Funsor):
    def __init__(self, op, args):
        assert isinstance(op, ops.Op)
        assert isinstance(args, tuple)
        assert all(isinstance(v, Funsor) for v in args)
        inputs = OrderedDict()
        for arg in args:
            inputs.update(arg.inputs)
        output = find_domain(op, tuple(arg.output for arg in args))
        super().__init__(inputs, output)
        self.op = op
        self.args = args


[docs]class Stack(Funsor):
    """
    Stack of funsors along a new input dimension.

    :param str name: The name of the new input variable along which to stack.
    :param tuple parts: A tuple of Funsors of homogenous output domain.
    """

    def __init__(self, name, parts):
        assert isinstance(name, str)
        assert isinstance(parts, tuple)
        assert parts
        assert not any(name in x.inputs for x in parts)
        assert len(set(x.output for x in parts)) == 1
        output = parts[0].output
        domain = Bint[len(parts)]
        inputs = OrderedDict([(name, domain)])
        for x in parts:
            inputs.update(x.inputs)
        fresh = frozenset({name})
        super().__init__(inputs, output, fresh)
        self.name = name
        self.parts = parts

[docs]    def eager_subs(self, subs):
        assert isinstance(subs, tuple) and len(subs) == 1 and subs[0][0] == self.name
        index = subs[0][1]

        # Try to eagerly select an index.
        if index.output == Bint[len(self.parts)]:
            if isinstance(index, Number):
                # Select a single part.
                return self.parts[index.data]
            elif isinstance(index, Variable):
                # Rename the stacking dimension.
                parts = self.parts
                return Stack(index.name, parts)
            elif isinstance(index, Slice):
                parts = self.parts[index.slice]
                return Stack(index.name, parts)
            else:
                raise NotImplementedError("TODO support advanced indexing in Stack")
        else:
            raise NotImplementedError("TODO support slicing in Stack")


[docs]    def eager_reduce(self, op, reduced_vars):
        parts = self.parts
        if self.name in reduced_vars:
            reduced_vars -= frozenset([self.name])
            if reduced_vars:
                parts = tuple(x.reduce(op, reduced_vars) for x in parts)
            return reduce(op, parts)
        parts = tuple(x.reduce(op, reduced_vars) for x in parts)
        return Stack(self.name, parts)




@eager.register(Stack, str, tuple)
def eager_stack(name, parts):
    return eager_stack_homogeneous(name, *parts)


@dispatch(str, Variadic[Funsor])
def eager_stack_homogeneous(name, *parts):
    return None  # defer to default implementation


class CatMeta(FunsorMeta):
    """
    Wrapper to fill in default value for ``part_name``.
    """

    def __call__(cls, name, parts, part_name=None):
        if part_name is None:
            part_name = name
        return super().__call__(name, parts, part_name)


[docs]class Cat(Funsor, metaclass=CatMeta):
    """
    Concatenate funsors along an existing input dimension.

    :param str name: The name of the input variable along which to concatenate.
    :param tuple parts: A tuple of Funsors of homogenous output domain.
    """

    def __init__(self, name, parts, part_name=None):
        assert isinstance(name, str)
        assert isinstance(parts, tuple)
        assert isinstance(part_name, str)
        assert parts
        for part in parts:
            assert part_name in part.inputs, (part_name, part.inputs)
        if part_name != name:
            assert not any(name in x.inputs for x in parts)
        assert len(set(x.output for x in parts)) == 1
        output = parts[0].output
        inputs = OrderedDict()
        for x in parts:
            inputs.update(x.inputs)
        del inputs[part_name]
        inputs[name] = Bint[sum(x.inputs[part_name].size for x in parts)]
        fresh = frozenset({name})
        bound = {part_name: x.inputs[part_name]}
        super().__init__(inputs, output, fresh, bound)
        self.name = name
        self.parts = parts
        self.part_name = part_name

    def _alpha_convert(self, alpha_subs):
        assert len(alpha_subs) == 1
        part_name = alpha_subs[self.part_name]
        parts = tuple(
            substitute(
                p, {self.part_name: to_funsor(part_name, p.inputs[self.part_name])}
            )
            for p in self.parts
        )
        return self.name, parts, part_name

[docs]    def eager_subs(self, subs):
        assert len(subs) == 1 and subs[0][0] == self.name
        value = subs[0][1]

        if isinstance(value, Variable):
            return Cat(value.name, self.parts, self.part_name)
        elif isinstance(value, Number):
            n = value.data
            for part in self.parts:
                size = part.inputs[self.part_name].size
                if n < size:
                    return part(**{self.part_name: n})
                n -= size
            assert False
        elif isinstance(value, Slice):
            start, stop, step = value.slice.start, value.slice.stop, value.slice.step
            new_parts = []
            pos = 0
            for part in self.parts:
                psize = part.inputs[self.part_name].size
                if step > 1:
                    pstart = ((pos - start) // step) * step - (pos - start)
                    pstart = pstart + step if pstart < 0 else pstart
                else:
                    pstart = max(start - pos, 0)
                pstop = min(pos + psize, stop) - pos

                if not (pstart >= pstop or pos >= stop or pos + psize <= start):
                    pslice = Slice(self.part_name, pstart, pstop, step, psize)
                    part = part(**{self.part_name: pslice})
                    new_parts.append(part)

                pos += psize

            return Cat(self.name, tuple(new_parts), self.part_name)
        else:
            raise NotImplementedError(
                "TODO implement Cat.eager_subs for {}".format(type(value))
            )




@eager.register(Cat, str, tuple, str)
def eager_cat(name, parts, part_name):
    if len(parts) == 1:
        return parts[0](**{part_name: name})
    return eager_cat_homogeneous(name, part_name, *parts)


@dispatch(str, str, Variadic[Funsor])
def eager_cat_homogeneous(name, part_name, *parts):
    return None  # defer to default implementation


[docs]class Lambda(Funsor):
    """
    Lazy inverse to ``ops.getitem``.

    This is useful to simulate higher-order functions of integers
    by representing those functions as arrays.

    :param Variable var: A variable to bind.
    :param funsor expr: A funsor.
    """

    def __init__(self, var, expr):
        assert isinstance(var, Variable)
        assert isinstance(var.dtype, int)
        assert isinstance(expr, Funsor)
        inputs = expr.inputs.copy()
        inputs.pop(var.name, None)
        shape = (var.dtype,) + expr.output.shape
        output = Array[expr.dtype, shape]
        fresh = frozenset()
        bound = {var.name: var.output}
        super(Lambda, self).__init__(inputs, output, fresh, bound)
        self.var = var
        self.expr = expr

    def _alpha_convert(self, alpha_subs):
        alpha_subs = {
            k: to_funsor(v, self.var.inputs[k]) for k, v in alpha_subs.items()
        }
        return super()._alpha_convert(alpha_subs)



@eager.register(Binary, GetitemOp, Lambda, (Funsor, Align))
def eager_getitem_lambda(op, lhs, rhs):
    offset = op.defaults["offset"]
    if offset == 0:
        return Subs(lhs.expr, ((lhs.var.name, rhs),))
    expr = GetitemOp(offset - 1)(lhs.expr, rhs)
    return Lambda(lhs.var, expr)


@eager.register(Unary, ops.GetsliceOp, Lambda)
def eager_getslice_lambda(op, x):
    index = normalize_ellipsis(op.defaults["index"], len(x.shape))
    head, tail = index[0], index[1:]
    expr = x.expr
    if head != slice(None):
        expr = expr(**{x.var.name: head})
    if tail:
        expr = ops.getslice(expr, tail)
    if x.var.name in expr.inputs:  # dim is preserved, e.g. x[1:]
        return Lambda(x.var, expr)
    else:  # dim is eliminated, e.g. x[0]
        return expr


[docs]class Independent(Funsor):
    """
    Creates an independent diagonal distribution.

    This is equivalent to substitution followed by reduction::

        f = ...  # a batched distribution
        assert f.inputs['x_i'] == Reals[4, 5]
        assert f.inputs['i'] == Bint[3]

        g = Independent(f, 'x', 'i', 'x_i')
        assert g.inputs['x'] == Reals[3, 4, 5]
        assert 'x_i' not in g.inputs
        assert 'i' not in g.inputs

        x = Variable('x', Reals[3, 4, 5])
        g == f(x_i=x['i']).reduce(ops.add, 'i')

    :param Funsor fn: A funsor.
    :param str reals_var: The name of a real-tensor input.
    :param str bint_var: The name of a new batch input of ``fn``.
    :param diag_var: The name of a smaller-shape real input of ``fn``.
    """

    def __init__(self, fn, reals_var, bint_var, diag_var):
        assert isinstance(fn, Funsor)
        assert isinstance(reals_var, str)
        assert isinstance(bint_var, str)
        assert bint_var in fn.inputs, (bint_var, fn.inputs)
        assert isinstance(fn.inputs[bint_var].dtype, int)
        assert isinstance(diag_var, str)
        assert diag_var in fn.inputs
        inputs = fn.inputs.copy()
        diag_input = inputs.pop(diag_var)
        shape = (inputs.pop(bint_var).dtype,) + diag_input.shape
        assert reals_var not in inputs
        inputs[reals_var] = Array[diag_input.dtype, shape]
        fresh = frozenset({reals_var})
        bound = {bint_var: fn.inputs[bint_var], diag_var: fn.inputs[diag_var]}
        super(Independent, self).__init__(inputs, fn.output, fresh, bound)
        self.fn = fn
        self.reals_var = reals_var
        self.bint_var = bint_var
        self.diag_var = diag_var

    def _alpha_convert(self, alpha_subs):
        alpha_subs = {k: to_funsor(v, self.fn.inputs[k]) for k, v in alpha_subs.items()}
        fn, reals_var, bint_var, diag_var = super()._alpha_convert(alpha_subs)
        bint_var = str(alpha_subs.get(bint_var, bint_var))
        diag_var = str(alpha_subs.get(diag_var, diag_var))
        return fn, reals_var, bint_var, diag_var

    def _sample(self, sampled_vars, sample_inputs, rng_key=None):
        if self.bint_var in sampled_vars or self.bint_var in sample_inputs:
            raise NotImplementedError("TODO alpha-convert")
        sampled_vars = frozenset(
            self.diag_var if v == self.reals_var else v for v in sampled_vars
        )
        fn = self.fn._sample(sampled_vars, sample_inputs, rng_key)
        return Independent(fn, self.reals_var, self.bint_var, self.diag_var)

[docs]    def eager_subs(self, subs):
        assert len(subs) == 1 and subs[0][0] == self.reals_var
        value = subs[0][1]

        # Handle simple renaming to preserve Independent.
        if isinstance(value, Variable):
            return Independent(self.fn, value.name, self.bint_var, self.diag_var)

        # Otherwise convert to a Reduce.
        result = Subs(self.fn, ((self.diag_var, value[self.bint_var]),))
        result = result.reduce(ops.add, self.bint_var)
        return result


[docs]    def mean(self):
        raise NotImplementedError("mean() not yet implemented for Independent")


[docs]    def variance(self):
        raise NotImplementedError("variance() not yet implemented for Independent")


[docs]    def entropy(self):
        raise NotImplementedError("entropy() not yet implemented for Independent")




@eager.register(Independent, Funsor, str, str, str)
def eager_independent_trivial(fn, reals_var, bint_var, diag_var):
    # compare to Independent.eager_subs
    if diag_var not in fn.inputs:
        return fn.reduce(ops.add, bint_var)
    return None


class Tuple(Funsor):
    """
    Funsor term representing tuples of other terms of possibly heterogeneous type.
    """

    def __init__(self, args):
        assert isinstance(args, tuple)
        assert all(isinstance(arg, Funsor) for arg in args)
        inputs = OrderedDict()
        for arg in args:
            inputs.update(arg.inputs)
        output = Product[tuple(arg.output for arg in args)]
        super().__init__(inputs, output)
        self.args = args

    def __iter__(self):
        for i in range(len(self.args)):
            yield self[i]


@to_funsor.register(tuple)
def tuple_to_funsor(args, output=None, dim_to_name=None):
    if not isinstance(output, ProductDomain):
        raise NotImplementedError("TODO")
    outputs = get_args(output)
    assert len(outputs) == len(args)
    funsor_args = tuple(
        to_funsor(arg, output=arg_output, dim_to_name=dim_to_name)
        for arg, arg_output in zip(args, outputs)
    )
    return Tuple(funsor_args)


@lazy.register(Binary, GetitemOp, Tuple, Number)
@eager.register(Binary, GetitemOp, Tuple, Number)
def eager_getitem_tuple(op, lhs, rhs):
    return op(lhs.args, rhs.data)


@lazy.register(Unary, ops.GetsliceOp, Tuple)
@eager.register(Unary, ops.GetsliceOp, Tuple)
def eager_getslice_tuple(op, x):
    index = op.defaults["index"]
    if isinstance(index, tuple):
        assert len(index) == 1
        index = index[0]
    if isinstance(index, int):
        return op(x.args)
    elif isinstance(index, slice):
        return Tuple(op(x.args))
    else:
        raise ValueError(index)


def _symbolic(inputs, output, fn):
    args, vargs, kwargs, defaults = getargspec(fn)
    assert not vargs
    assert not kwargs
    names = tuple(args)
    if isinstance(inputs, dict):
        args = tuple(Variable(name, inputs[name]) for name in names if name in inputs)
    else:
        args = tuple(Variable(name, domain) for (name, domain) in zip(names, inputs))
    assert len(args) == len(inputs)
    return to_funsor(fn(*args), output).align(names)


def symbolic(*signature):
    r"""
    Decorator to construct a symbolic :class:`Funsor` with one free
    :class:`Variable` per function arg. This can be used either with explicit
    types or with type hints::

        # Using type hints:
        @symbolic
        def xpyi(x: Real, y: Reals[3], i: Bint[3]):
            return x + y[i]

        # Using explicit type annotations:
        @symbolic(Real, Reals[3], Bint[3])
        def xpyi(x: Real, y: Reals[3], i: Bint[3]):
            return x + y[i]

    :param \*signature: A sequence if input domains.
    """
    if len(signature) == 1:
        fn = signature[0]
        if callable(fn) and not isinstance(fn, Domain):
            # Usage: @symbolic
            inputs = typing.get_type_hints(fn)
            output = inputs.pop("return", None)
            return _symbolic(inputs, output, fn)
    # Usage: @symbolic(Real, Reals[3], Bint[3])
    output = None
    # FIXME: what is inputs?
    return functools.partial(_symbolic, inputs, output)


# DEPRECATED
[docs]def of_shape(*shape):
    warnings.warn("@of_shape is deprecated, use @symbolic instead", DeprecationWarning)
    return symbolic(*shape)



AstStats = namedtuple("AstStats", ("size", "depth", "width"))


# Profiling helpers
@singledispatch
def _count_funsors(x):
    return 0


@_count_funsors.register(Funsor)
def _(x):
    return 1


@_count_funsors.register(tuple)
def _(x):
    return sum(map(_count_funsors, x))


@singledispatch
def _get_ast_stats(x):
    return AstStats(1, 1, 0)


@_get_ast_stats.register(Funsor)
def _(x):
    result = getattr(x, "_ast_stats", None)
    if result is None:
        size, depth, _ = _get_ast_stats(x._ast_values)
        width = _count_funsors(x._ast_values)
        result = x._ast_stats = AstStats(size + 1, depth + 1, width)
    return result


@_get_ast_stats.register(tuple)
def _(x):
    parts = list(map(_get_ast_stats, x))
    size = sum(p.size for p in parts)
    depth = max([0] + [p.depth for p in parts])
    return AstStats(size, depth, 0)


################################################################################
# Register Ops
################################################################################


@quote.register(Variable)
@quote.register(Number)
@quote.register(Slice)
def quote_inplace_oneline(arg, indent, out):
    out.append((indent, repr(arg)))


@quote.register(Unary)
@quote.register(Binary)
@quote.register(Reduce)
@quote.register(Stack)
@quote.register(Cat)
@quote.register(Lambda)
def quote_inplace_first_arg_on_first_line(arg, indent, out):
    line = "{}({},".format(type(arg).__name__, repr(arg._ast_values[0]))
    out.append((indent, line))
    for value in arg._ast_values[1:-1]:
        quote.inplace(value, indent + 1, out)
        i, line = out[-1]
        out[-1] = i, line + ","
    for value in arg._ast_values[-1:]:
        quote.inplace(value, indent + 1, out)
        i, line = out[-1]
        out[-1] = i, line + ")"


@ops.UnaryOp.subclass_register(Funsor)
def unary_funsor(cls, arg, *args, **kwargs):
    op = cls(*args, **kwargs)
    return Unary(op, arg)


@ops.BinaryOp.subclass_register(Funsor, Funsor)
def binary_funsor_funsor(cls, lhs, rhs, *args, **kwargs):
    op = cls(*args, **kwargs)
    return Binary(op, lhs, rhs)


@ops.BinaryOp.subclass_register(object, Funsor)
def binary_object_funsor(cls, lhs, rhs, *args, **kwargs):
    op = cls(*args, **kwargs)
    lhs = to_funsor(lhs)
    return Binary(op, lhs, rhs)


@ops.BinaryOp.subclass_register(Funsor, object)
def binary_funsor_object(cls, lhs, rhs, *args, **kwargs):
    op = cls(*args, **kwargs)
    rhs = to_funsor(rhs)
    return Binary(op, lhs, rhs)


@ops.TernaryOp.subclass_register(Funsor, Funsor, Funsor)
@ops.TernaryOp.subclass_register(Funsor, Funsor, object)
@ops.TernaryOp.subclass_register(Funsor, object, object)
@ops.TernaryOp.subclass_register(object, Funsor, object)
@ops.TernaryOp.subclass_register(object, object, Funsor)
def ternary_funsor_object(cls, x, y, z, *args, **kwargs):
    op = cls(*args, **kwargs)
    x = to_funsor(x)
    y = to_funsor(y)
    z = to_funsor(z)
    return Finitary(op, (x, y, z))


# FIXME allow some non-funsors
@ops.FinitaryOp.subclass_register(typing.Tuple[Funsor, ...])
def finitary_funsor(cls, arg, *args, **kwargs):
    op = cls(*args, **kwargs)
    return Finitary(op, arg)


__all__ = [
    "Approximate",
    "Binary",
    "Cat",
    "Funsor",
    "Independent",
    "Lambda",
    "Number",
    "Reduce",
    "Scatter",
    "Stack",
    "Slice",
    "Subs",
    "Unary",
    "Variable",
    "of_shape",
    "to_data",
    "to_funsor",
]
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  Source code for funsor.testing

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

import contextlib
import importlib
import itertools
import numbers
import operator
from collections import OrderedDict, namedtuple
from functools import reduce

import numpy as np
import opt_einsum
from multipledispatch import dispatch
from multipledispatch.variadic import Variadic

import funsor.ops as ops
from funsor.cnf import Contraction
from funsor.delta import Delta
from funsor.domains import Bint, Domain, Real
from funsor.gaussian import Gaussian
from funsor.tensor import Tensor
from funsor.terms import Funsor, Number
from funsor.util import get_backend


[docs]@contextlib.contextmanager
def xfail_if_not_implemented(msg="Not implemented", *, match=None):
    try:
        yield
    except NotImplementedError as e:
        if match is not None and match not in str(e):
            raise e from None
        import pytest

        pytest.xfail(reason="{}:\n{}".format(msg, e))



[docs]@contextlib.contextmanager
def xfail_if_not_found(msg="Not implemented"):
    try:
        yield
    except AttributeError as e:
        import pytest

        pytest.xfail(reason="{}:\n{}".format(msg, e))



[docs]def requires_backend(*backends, reason=None):
    import pytest

    if reason is None:
        reason = "Test requires backend {}".format(" or ".join(backends))
    return pytest.mark.skipif(get_backend() not in backends, reason=reason)



[docs]def excludes_backend(*backends, reason=None):
    import pytest

    if reason is None:
        reason = "Test excludes backend {}".format(" and ".join(backends))
    return pytest.mark.skipif(get_backend() in backends, reason=reason)



[docs]class ActualExpected(namedtuple("LazyComparison", ["actual", "expected"])):
    """
    Lazy string formatter for test assertions.
    """

    def __repr__(self):
        return "\n".join(["Expected:", str(self.expected), "Actual:", str(self.actual)])



[docs]def id_from_inputs(inputs):
    if isinstance(inputs, (dict, OrderedDict)):
        inputs = inputs.items()
    if not inputs:
        return "()"
    return ",".join(k + "".join(map(str, d.shape)) for k, d in inputs)



@dispatch(object, object, Variadic[float])
def allclose(a, b, rtol=1e-05, atol=1e-08):
    if type(a) != type(b):
        return False
    return ops.abs(a - b) < rtol + atol * ops.abs(b)


dispatch(np.ndarray, np.ndarray, Variadic[float])(np.allclose)


@dispatch(Tensor, Tensor, Variadic[float])
def allclose(a, b, rtol=1e-05, atol=1e-08):
    if a.inputs != b.inputs or a.output != b.output:
        return False
    return allclose(a.data, b.data, rtol=rtol, atol=atol)


[docs]def is_array(x):
    if isinstance(x, Funsor):
        return False
    if get_backend() == "torch":
        return False
    return ops.is_numeric_array(x)



[docs]def assert_close(actual, expected, atol=1e-6, rtol=1e-6):
    msg = ActualExpected(actual, expected)
    if is_array(actual):
        assert is_array(expected), msg
    elif isinstance(actual, Tensor) and is_array(actual.data):
        assert isinstance(expected, Tensor) and is_array(expected.data), msg
    elif (
        isinstance(actual, Contraction)
        and isinstance(actual.terms[0], Tensor)
        and is_array(actual.terms[0].data)
    ):
        assert isinstance(expected, Contraction) and is_array(
            expected.terms[0].data
        ), msg
    elif isinstance(actual, Contraction) and isinstance(actual.terms[0], Delta):
        assert isinstance(expected, Contraction) and isinstance(
            expected.terms[0], Delta
        ), msg
    elif isinstance(actual, Gaussian):
        assert isinstance(expected, Gaussian)
    else:
        assert type(actual) == type(expected), msg

    if isinstance(actual, Funsor):
        assert isinstance(expected, Funsor), msg
        assert actual.inputs == expected.inputs, (actual.inputs, expected.inputs)
        assert actual.output == expected.output, (actual.output, expected.output)

    if isinstance(actual, (Number, Tensor)):
        assert_close(actual.data, expected.data, atol=atol, rtol=rtol)
    elif isinstance(actual, Delta):
        assert frozenset(n for n, p in actual.terms) == frozenset(
            n for n, p in expected.terms
        )
        actual = actual.align(tuple(n for n, p in expected.terms))
        for (actual_name, (actual_point, actual_log_density)), (
            expected_name,
            (expected_point, expected_log_density),
        ) in zip(actual.terms, expected.terms):
            assert actual_name == expected_name
            assert_close(actual_point, expected_point, atol=atol, rtol=rtol)
            assert_close(actual_log_density, expected_log_density, atol=atol, rtol=rtol)
    elif isinstance(actual, Gaussian):
        # Note white_vec and prec_sqrt are expected to agree only up to an
        # orthogonal factor, but precision and info_vec should agree exactly.
        assert_close(actual._info_vec, expected._info_vec, atol=atol, rtol=rtol)
        assert_close(actual._precision, expected._precision, atol=atol, rtol=rtol)
    elif isinstance(actual, Contraction):
        assert actual.red_op == expected.red_op
        assert actual.bin_op == expected.bin_op
        assert actual.reduced_vars == expected.reduced_vars
        assert len(actual.terms) == len(expected.terms)
        for ta, te in zip(actual.terms, expected.terms):
            assert_close(ta, te, atol, rtol)
    elif type(actual).__name__ == "Tensor":
        assert get_backend() == "torch"
        import torch

        assert actual.dtype == expected.dtype, msg
        assert actual.shape == expected.shape, msg
        if actual.dtype in (torch.long, torch.uint8, torch.bool):
            assert (actual == expected).all(), msg
        else:
            eq = actual == expected
            if eq.all():
                return
            if eq.any():
                actual = actual[~eq]
                expected = expected[~eq]
            diff = (actual.detach() - expected.detach()).abs()
            if rtol is not None:
                assert (diff / (atol + expected.detach().abs())).max() < rtol, msg
            elif atol is not None:
                assert diff.max() < atol, msg
    elif is_array(actual):
        if get_backend() == "jax":
            import jax

            assert jax.numpy.result_type(actual.dtype) == jax.numpy.result_type(
                expected.dtype
            ), msg
        else:
            assert actual.dtype == expected.dtype, msg

        assert actual.shape == expected.shape, msg
        if actual.dtype in (np.int32, np.int64, np.uint8, bool):
            assert (actual == expected).all(), msg
        else:
            actual, expected = np.asarray(actual), np.asarray(expected)
            eq = actual == expected
            if eq.all():
                return
            if eq.any():
                actual = actual[~eq]
                expected = expected[~eq]
            diff = abs(actual - expected)
            if rtol is not None:
                assert (diff / (atol + abs(expected))).max() < rtol, msg
            elif atol is not None:
                assert diff.max() < atol, msg
    elif isinstance(actual, numbers.Number):
        diff = abs(actual - expected)
        if rtol is not None:
            assert diff < (atol + abs(expected)) * rtol, msg
        elif atol is not None:
            assert diff < atol, msg
    elif isinstance(actual, dict):
        assert isinstance(expected, dict)
        assert set(actual) == set(expected)
        for k, actual_v in actual.items():
            assert_close(actual_v, expected[k], atol=atol, rtol=rtol)
    elif isinstance(actual, tuple):
        assert isinstance(expected, tuple)
        assert len(actual) == len(expected)
        for actual_v, expected_v in zip(actual, expected):
            assert_close(actual_v, expected_v, atol=atol, rtol=rtol)
    else:
        raise ValueError("cannot compare objects of type {}".format(type(actual)))



[docs]def check_funsor(x, inputs, output, data=None):
    """
    Check dims and shape modulo reordering.
    """
    assert isinstance(x, Funsor)
    assert dict(x.inputs) == dict(inputs)
    if output is not None:
        assert x.output == output
    if data is not None:
        if x.inputs == inputs:
            x_data = x.data
        else:
            x_data = x.align(tuple(inputs)).data
        if inputs or output.shape:
            assert (x_data == data).all()
        else:
            assert x_data == data



[docs]def xfail_param(*args, **kwargs):
    import pytest

    return pytest.param(*args, marks=[pytest.mark.xfail(**kwargs)])



[docs]def make_einsum_example(equation, fill=None, sizes=(2, 3)):
    symbols = sorted(set(equation) - set(",->"))
    sizes = {dim: size for dim, size in zip(symbols, itertools.cycle(sizes))}
    inputs, outputs = equation.split("->")
    inputs = inputs.split(",")
    outputs = outputs.split(",")
    operands = []
    for dims in inputs:
        shape = tuple(sizes[dim] for dim in dims)
        x = randn(shape)
        operand = x if fill is None else (x - x + fill)
        # no need to use pyro_dims for numpy backend
        if not isinstance(operand, np.ndarray):
            operand._pyro_dims = dims
        operands.append(operand)
    funsor_operands = [
        Tensor(operand, OrderedDict([(d, Bint[sizes[d]]) for d in inp]))
        for inp, operand in zip(inputs, operands)
    ]

    assert equation == ",".join(
        ["".join(operand.inputs.keys()) for operand in funsor_operands]
    ) + "->" + ",".join(outputs)
    return inputs, outputs, sizes, operands, funsor_operands



[docs]def assert_equiv(x, y):
    """
    Check that two funsors are equivalent up to permutation of inputs.
    """
    check_funsor(x, y.inputs, y.output, y.data)



[docs]def rand(*args):
    if isinstance(args[0], tuple):
        assert len(args) == 1
        shape = args[0]
    else:
        shape = args

    backend = get_backend()
    if backend == "torch":
        import torch

        return torch.rand(shape)
    else:
        # work around numpy random returns float object instead of np.ndarray object when shape == ()
        return np.array(np.random.rand(*shape))



[docs]def randint(low, high, size):
    backend = get_backend()
    if backend == "torch":
        import torch

        return torch.randint(low, high, size=size)
    else:
        return np.random.randint(low, high, size=size)



[docs]def randn(*args):
    if isinstance(args[0], tuple):
        assert len(args) == 1
        shape = args[0]
    else:
        shape = args

    backend = get_backend()
    if backend == "torch":
        import torch

        return torch.randn(shape)
    else:
        # work around numpy random returns float object instead of np.ndarray object when shape == ()
        return np.array(np.random.randn(*shape))



[docs]def random_scale_tril(*args):
    if isinstance(args[0], tuple):
        assert len(args) == 1
        shape = args[0]
    else:
        shape = args

    from funsor.distribution import BACKEND_TO_DISTRIBUTIONS_BACKEND

    backend_dist = importlib.import_module(
        BACKEND_TO_DISTRIBUTIONS_BACKEND[get_backend()]
    ).dist

    if get_backend() == "torch":
        data = randn(shape)
        return backend_dist.transforms.transform_to(
            backend_dist.constraints.lower_cholesky
        )(data)
    else:
        data = randn(shape[:-2] + (shape[-1] * (shape[-1] + 1) // 2,))
        return backend_dist.biject_to(backend_dist.constraints.lower_cholesky)(data)



[docs]def zeros(*args):
    if isinstance(args[0], tuple):
        assert len(args) == 1
        shape = args[0]
    else:
        shape = args

    backend = get_backend()
    if backend == "torch":
        import torch

        return torch.zeros(shape)
    else:
        return np.zeros(shape)



[docs]def ones(*args):
    if isinstance(args[0], tuple):
        assert len(args) == 1
        shape = args[0]
    else:
        shape = args

    backend = get_backend()
    if backend == "torch":
        import torch

        return torch.ones(shape)
    else:
        return np.ones(shape)



[docs]def empty(*args):
    if isinstance(args[0], tuple):
        assert len(args) == 1
        shape = args[0]
    else:
        shape = args

    backend = get_backend()
    if backend == "torch":
        import torch

        return torch.empty(shape)
    else:
        return np.empty(shape)



[docs]def random_tensor(inputs, output=Real):
    """
    Creates a random :class:`funsor.tensor.Tensor` with given inputs and output.
    """
    backend = get_backend()
    assert isinstance(inputs, OrderedDict)
    assert isinstance(output, Domain)
    shape = tuple(d.dtype for d in inputs.values()) + output.shape
    if output.dtype == "real":
        data = randn(shape)
    else:
        num_elements = reduce(operator.mul, shape, 1)
        if backend == "torch":
            import torch

            data = torch.multinomial(
                torch.ones(output.dtype), num_elements, replacement=True
            )
        else:
            data = np.random.choice(output.dtype, num_elements, replace=True)
        data = data.reshape(shape)
    return Tensor(data, inputs, output.dtype)



[docs]def random_gaussian(inputs):
    """
    Creates a random :class:`funsor.gaussian.Gaussian` with given inputs.
    """
    assert isinstance(inputs, OrderedDict)
    batch_shape = tuple(d.dtype for d in inputs.values() if d.dtype != "real")
    event_shape = (sum(d.num_elements for d in inputs.values() if d.dtype == "real"),)
    prec_sqrt = randn(batch_shape + event_shape + event_shape)
    precision = ops.matmul(prec_sqrt, ops.transpose(prec_sqrt, -1, -2))
    precision = precision + 0.5 * ops.new_eye(precision, event_shape[:1])
    prec_sqrt = ops.cholesky(precision)
    loc = randn(batch_shape + event_shape)
    white_vec = ops.matmul(prec_sqrt, ops.unsqueeze(loc, -1)).squeeze(-1)
    return Gaussian(white_vec=white_vec, prec_sqrt=prec_sqrt, inputs=inputs)



[docs]def random_mvn(batch_shape, dim, diag=False):
    """
    Generate a random :class:`torch.distributions.MultivariateNormal` with given shape.
    """
    backend = get_backend()
    rank = dim + dim
    loc = randn(batch_shape + (dim,))
    cov = randn(batch_shape + (dim, rank))
    cov = cov @ ops.transpose(cov, -1, -2)
    if diag:
        cov = cov * ops.new_eye(cov, (dim,))
    if backend == "torch":
        import pyro

        return pyro.distributions.MultivariateNormal(loc, cov)
    elif backend == "jax":
        import numpyro

        return numpyro.distributions.MultivariateNormal(loc, cov)



[docs]def make_plated_hmm_einsum(num_steps, num_obs_plates=1, num_hidden_plates=0):

    assert num_obs_plates >= num_hidden_plates
    t0 = num_obs_plates + 1

    obs_plates = "".join(opt_einsum.get_symbol(i) for i in range(num_obs_plates))
    hidden_plates = "".join(opt_einsum.get_symbol(i) for i in range(num_hidden_plates))

    inputs = [str(opt_einsum.get_symbol(t0))]
    for t in range(t0, num_steps + t0):
        inputs.append(
            str(opt_einsum.get_symbol(t))
            + str(opt_einsum.get_symbol(t + 1))
            + hidden_plates
        )
        inputs.append(str(opt_einsum.get_symbol(t + 1)) + obs_plates)
    equation = ",".join(inputs) + "->"
    return (equation, "".join(sorted(tuple(set(obs_plates + hidden_plates)))))



[docs]def make_chain_einsum(num_steps):
    inputs = [str(opt_einsum.get_symbol(0))]
    for t in range(num_steps):
        inputs.append(str(opt_einsum.get_symbol(t)) + str(opt_einsum.get_symbol(t + 1)))
    equation = ",".join(inputs) + "->"
    return equation



[docs]def make_hmm_einsum(num_steps):
    inputs = [str(opt_einsum.get_symbol(0))]
    for t in range(num_steps):
        inputs.append(str(opt_einsum.get_symbol(t)) + str(opt_einsum.get_symbol(t + 1)))
        inputs.append(str(opt_einsum.get_symbol(t + 1)))
    equation = ",".join(inputs) + "->"
    return equation



[docs]def iter_subsets(iterable, *, min_size=None, max_size=None):
    if min_size is None:
        min_size = 0
    if max_size is None:
        max_size = len(iterable)
    for size in range(min_size, max_size + 1):
        yield from itertools.combinations(iterable, size)



[docs]class DesugarGetitem:
    """
    Helper to desugar ``.__getitem__()`` syntax.

    Example::

        >>> desugar_getitem[1:3, ..., None]
        (slice(1, 3), Ellipsis, None)
    """

    def __getitem__(self, index):
        return index



desugar_getitem = DesugarGetitem()
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  Source code for funsor.typing

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

import functools
import sys
import typing
import weakref

import typing_extensions
from multipledispatch.variadic import Variadic as _OrigVariadic
from multipledispatch.variadic import isvariadic

#################################
# Runtime type-checking helpers
#################################


[docs]@functools.singledispatch
def deep_type(obj):
    """
    An enhanced version of :func:`type` that reconstructs structured :mod:`typing`` types
    for a limited set of immutable data structures, notably ``tuple`` and ``frozenset``.
    Mostly intended for internal use in Funsor interpretation pattern-matching.

    Example::

        assert deep_type((1, ("a",))) is typing.Tuple[int, typing.Tuple[str]]
        assert deep_type(frozenset(["a"])) is typing.FrozenSet[str]
    """
    # compare to pytypes.deep_type(obj)
    return type(obj)



@deep_type.register(tuple)
def _deep_type_tuple(obj):
    return typing.Tuple[tuple(map(deep_type, obj))] if obj else typing.Tuple


@deep_type.register(frozenset)
def _deep_type_frozenset(obj):
    if not obj:
        return typing.FrozenSet
    tp = deep_type(next(iter(obj)))
    for x in obj:
        if not deep_isinstance(x, tp):
            tp = get_origin(tp)
        if not deep_isinstance(x, tp):
            raise NotImplementedError(
                f"TODO handle inhomogeneous frozensets: {str(obj)}"
            )
    return typing.FrozenSet[tp]


_subclasscheck_registry = {}


[docs]def register_subclasscheck(cls):
    """
    Decorator for registering a custom ``__subclasscheck__`` method for ``cls``
    which is only ever invoked in :func:`deep_issubclass`.

    This is primarily intended for working with the :mod:`typing` library at runtime.
    Prefer overriding ``__subclasscheck__`` in the usual way with a metaclass
    where possible.
    """

    def _fn(fn):
        _subclasscheck_registry[cls] = fn
        return fn

    return _fn



@register_subclasscheck(typing.Any)
def _subclasscheck_any(cls, subcls):
    return True


@register_subclasscheck(typing.Union)
def _subclasscheck_union(cls, subcls):
    """A basic ``__subclasscheck__`` method for :class:`~typing.Union`."""
    return any(deep_issubclass(subcls, arg) for arg in get_args(cls))


@register_subclasscheck(frozenset)
@register_subclasscheck(typing.FrozenSet)
def _subclasscheck_frozenset(cls, subcls):
    """A basic ``__subclasscheck__`` method for :class:`~typing.FrozenSet`."""

    if not issubclass(get_origin(subcls), frozenset):
        return False

    cls_args, subcls_args = get_args(cls), get_args(subcls)

    if not cls_args:
        return True

    if not subcls_args:
        return cls_args[0] is typing.Any

    return len(subcls_args) == len(cls_args) == 1 and all(
        deep_issubclass(a, b) for a, b in zip(subcls_args, cls_args)
    )


@register_subclasscheck(tuple)
@register_subclasscheck(typing.Tuple)
def _subclasscheck_tuple(cls, subcls):
    """A basic ``__subclasscheck__`` method for :class:`~typing.Tuple`."""

    if not issubclass(get_origin(subcls), get_origin(cls)):
        return False

    cls_args, subcls_args = get_args(cls), get_args(subcls)

    if not cls_args:  # cls is base Tuple
        return True

    if not subcls_args:
        return cls_args[0] is typing.Any

    if cls_args[-1] is Ellipsis:  # cls variadic
        if subcls_args[-1] is Ellipsis:  # both variadic
            return deep_issubclass(subcls_args[0], cls_args[0])
        return all(deep_issubclass(a, cls_args[0]) for a in subcls_args)

    if subcls_args[-1] is Ellipsis:  # only subcls variadic
        # issubclass(Tuple[A, ...], Tuple[X, Y]) == False
        return False

    # neither variadic
    return len(cls_args) == len(subcls_args) and all(
        deep_issubclass(a, b) for a, b in zip(subcls_args, cls_args)
    )


[docs]@functools.lru_cache(maxsize=None)
def deep_issubclass(subcls, cls):
    """
    Enhanced version of :func:`issubclass` that can handle structured types,
    including Funsor terms, :class:`~typing.Tuple`, and :class:`~typing.FrozenSet`.

    Does not support more advanced :mod:`typing` features such as
    :class:`~typing.TypeVar`, arbitrary :class:`~typing.Generic` subtypes,
    forward references, or mutable collection types like :class:`~typing.List`.
    Will attempt to fall back to :func:`issubclass` when it encounters a type in
    ``subcls`` or ``cls`` that it does not understand.

    Usage::

        class A: pass
        class B(A): pass

        assert deep_issubclass(typing.Tuple[int, B], typing.Tuple[int, A])
        assert not deep_issubclass(typing.Tuple[int, A], typing.Tuple[int, B])

        assert deep_issubclass(typing.Tuple[A, A], typing.Tuple[A, ...])
        assert not deep_issubclass(typing.Tuple[B], typing.Tuple[A, ...])

    :param subcls: A class that may be a subclass of ``cls``.
    :param cls: A class that may be a parent class of ``subcls``.
    """
    # compare to pytypes.is_subtype(subcls, cls)

    # handle unpacking
    if isinstance(subcls, _RuntimeSubclassCheckMeta):
        try:
            return deep_issubclass(subcls.__args__[0], cls)
        except TypeError as e:
            if e.args[0] == "issubclass() arg 1 must be a class":
                return deep_issubclass(get_origin(subcls.__args__[0]), cls)
            raise

    if get_origin(subcls) is typing.Union:
        return all(deep_issubclass(arg, cls) for arg in get_args(subcls))

    if subcls is typing.Any:
        return cls is typing.Any

    try:
        return _subclasscheck_registry[get_origin(cls)](cls, subcls)
    except KeyError:
        return issubclass(subcls, cls)



[docs]def deep_isinstance(obj, cls):
    """
    Enhanced version of :func:`isinstance` that can handle basic structured :mod:`typing` types,
    including Funsor terms and other :class:`~funsor.typing.GenericTypeMeta` instances,
    :class:`~typing.Union`, :class:`~typing.Tuple`, and :class:`~typing.FrozenSet`.

    Does not support :class:`~typing.TypeVar`, arbitrary :class:`~typing.Generic`,
    forward references, or mutable generic collection types like :class:`~typing.List`.
    Will attempt to fall back to :func:`isinstance` when it encounters
    an unsupported type in ``obj`` or ``cls``.

    Usage::

        x = (1, ("a", "b"))
        assert deep_isinstance(x, typing.Tuple[int, tuple])
        assert deep_isinstance(x, typing.Tuple[typing.Any, typing.Tuple[str, ...]])

    :param obj: An object that may be an instance of ``cls``.
    :param cls: A class that may be a parent class of ``obj``.
    """

    # compare to pytypes.is_of_type(obj, cls)
    try:
        return deep_issubclass(deep_type(obj), cls)
    except TypeError:
        return isinstance(obj, cls)



def _type_to_typing(tp):
    if tp is object:
        tp = typing.Any
    return tp


##############################################
# Funsor-compatible typing introspection API
##############################################


[docs]def get_args(tp):
    if isinstance(tp, (GenericTypeMeta, type)) or sys.version_info[:2] < (3, 7):
        result = getattr(tp, "__args__", None)
    else:
        result = typing_extensions.get_args(tp)
    return () if result is None else result



[docs]def get_origin(tp):
    if isinstance(tp, GenericTypeMeta) or sys.version_info[:2] < (3, 7):
        result = getattr(tp, "__origin__", None)
    else:
        result = typing_extensions.get_origin(tp)
    return tp if result is None else result



reuse_upstream_documentation = False  # upstream docs are not sphinx compatible
if reuse_upstream_documentation and sys.version_info[:2] >= (3, 7):
    get_args = functools.wraps(typing_extensions.get_args)(get_args)
    get_origin = functools.wraps(typing_extensions.get_origin)(get_origin)


@functools.wraps(typing.get_type_hints)
def get_type_hints(obj, globalns=None, localns=None, **kwargs):
    return typing.get_type_hints(obj, globalns=globalns, localns=localns, **kwargs)


######################################################################
# Metaclass for generating parametric types with Tuple-like variance
######################################################################


[docs]class GenericTypeMeta(type):
    """
    Metaclass to support subtyping with parameters for pattern matching, e.g. ``Number[int, int]``.
    """

    def __init__(cls, name, bases, dct):
        super().__init__(name, bases, dct)
        if not hasattr(cls, "__args__"):
            cls.__args__ = ()
        if cls.__args__:
            (base,) = bases
            cls.__origin__ = base
        else:
            cls._type_cache = weakref.WeakValueDictionary()

    def __getitem__(cls, arg_types):
        if not isinstance(arg_types, tuple):
            arg_types = (arg_types,)
        arg_types = tuple(map(_type_to_typing, arg_types))
        try:
            return cls._type_cache[arg_types]
        except KeyError:
            assert not get_args(cls), "cannot subscript a subscripted type {}".format(
                cls
            )
            assert not any(
                isvariadic(arg_type) for arg_type in arg_types
            ), "nested variadic types not supported"
            new_dct = cls.__dict__.copy()
            new_dct.update({"__args__": arg_types})
            # type(cls) to handle GenericTypeMeta subclasses
            result = type(cls)(cls.__name__, (cls,), new_dct)
            cls._type_cache[arg_types] = result
            return result

    def __subclasscheck__(cls, subcls):  # issubclass(subcls, cls)
        if cls is subcls:
            return True

        cls_origin = get_origin(cls)
        if not isinstance(subcls, GenericTypeMeta):
            return super(GenericTypeMeta, cls_origin).__subclasscheck__(subcls)

        if not super(GenericTypeMeta, cls_origin).__subclasscheck__(get_origin(subcls)):
            return False

        cls_args, subcls_args = get_args(cls), get_args(subcls)
        if len(cls_args) != len(subcls_args):
            return len(cls_args) == 0

        return all(
            deep_issubclass(_type_to_typing(ps), _type_to_typing(pc))
            for ps, pc in zip(subcls_args, cls_args)
        )

    def __repr__(cls):
        return get_origin(cls).__name__ + (
            ""
            if not get_args(cls)
            else "[{}]".format(", ".join(repr(t) for t in get_args(cls)))
        )



##############################################################
# Tools and overrides for typing-compatible multipledispatch
##############################################################


class _RuntimeSubclassCheckMeta(GenericTypeMeta):
    def __call__(cls, tp):
        tp = _type_to_typing(tp)
        return tp if isinstance(tp, GenericTypeMeta) or isvariadic(tp) else cls[tp]

    def __subclasscheck__(cls, subcls):
        return deep_issubclass(subcls, cls.__args__[0])


[docs]class typing_wrap(metaclass=_RuntimeSubclassCheckMeta):
    """
    Utility callable for overriding the runtime behavior of :mod:`typing` objects.
    """

    pass



class _DeepVariadicSignatureType(type):
    def __getitem__(cls, key):
        if not isinstance(key, tuple):
            key = (key,)
        return _OrigVariadic[tuple(map(typing_wrap, key))]


[docs]class Variadic(metaclass=_DeepVariadicSignatureType):
    """
    A typing-compatible drop-in replacement for :class:`~multipledispatch.variadic.Variadic`.
    """

    pass



__all__ = [
    "GenericTypeMeta",
    "Variadic",
    "deep_isinstance",
    "deep_issubclass",
    "deep_type",
    "get_args",
    "get_origin",
    "get_type_hints",
    "register_subclasscheck",
    "typing_wrap",
]
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  Source code for funsor.ops.op

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

import contextlib
import functools
import inspect
import math
import operator
import weakref
from collections import OrderedDict

from funsor.registry import PartialDispatcher
from funsor.util import methodof


def apply(function, args, kwargs={}):
    return function(*args, **kwargs)


def _get_name(fn):
    return getattr(fn, "__name__", type(fn).__name__)


def _get_signature(fn):
    try:
        return inspect.Signature.from_callable(fn)
    except ValueError as e:
        # In Python <=3.6, attempt to parse docstring of builtins.
        name = _get_name(fn)
        if any(fn is getattr(lib, name, None) for lib in (math, operator)):
            if fn.__doc__.startswith(f"{name}(x)"):
                return inspect.Signature.from_callable(lambda x: None)
            if fn.__doc__.startswith(f"{name}(a)"):
                return inspect.Signature.from_callable(lambda a: None)
            if fn.__doc__.startswith(f"{name}(obj)"):
                return inspect.Signature.from_callable(lambda obj: None)
            if fn.__doc__.startswith(f"{name}(a, b)"):
                return inspect.Signature.from_callable(lambda a, b: None)
        raise e from None


def _iter_subclasses(cls):
    yield cls
    for subcls in cls.__subclasses__():
        yield from _iter_subclasses(subcls)


def _snake_to_camel(name):
    return "".join(part.capitalize() for part in name.split("_") if part)


class WeakPartial:
    # Like ``functools.partial(fn, arg)`` but weakly referencing ``arg``.

    def __init__(self, fn, arg):
        self.fn = fn
        self.weak_arg = weakref.ref(arg)
        functools.update_wrapper(self, fn)

    def __call__(self, *args, **kwargs):
        arg = self.weak_arg()
        return self.fn(arg, *args, **kwargs)


_TRACE = None
_TRACE_FILTER_ARGS = None


@contextlib.contextmanager
def trace_ops(filter_args):
    global _TRACE, _TRACE_FILTER_ARGS
    assert _TRACE is None, "not reentrant"
    try:
        _TRACE = OrderedDict()
        _TRACE_FILTER_ARGS = filter_args
        yield _TRACE
    finally:
        _TRACE = None
        _TRACE_FILTER_ARGS = None


class OpMeta(type):
    """
    Metaclass for :class:`Op` classes.

    This weakly caches op instances. Caching strategy is to key on
    ``args[arity:],kwargs`` and to weakly retain values. Caching requires all
    non-funsor args to be hashable; for non-hashable args, implement a derived
    metaclass with custom :meth:`hash_args_kwargs` method.
    """

    def __init__(cls, *args, **kwargs):
        super().__init__(*args, **kwargs)
        cls._instance_cache = weakref.WeakValueDictionary()
        cls._subclass_registry = []

        # Register all existing patterns.
        for supercls in reversed(inspect.getmro(cls)):
            for pattern, fn in getattr(supercls, "_subclass_registry", ()):
                cls.dispatcher.add(pattern, WeakPartial(fn, cls))

    @property
    def register(cls):
        return cls.dispatcher.register

    def __call__(cls, *args, **kwargs):
        args = (None,) * cls.arity + args
        bound = cls.signature.bind_partial(*args, **kwargs)
        bound.apply_defaults()
        args = bound.args[cls.arity :]
        kwargs = bound.kwargs
        key = cls.hash_args_kwargs(args, kwargs)
        op = cls._instance_cache.get(key, None)
        if op is None:
            op = cls._instance_cache[key] = super().__call__(*args, **kwargs)
        return op

    @staticmethod
    def hash_args_kwargs(args, kwargs):
        return args, tuple(kwargs.items())


[docs]class Op(metaclass=OpMeta):
    r"""
    Abstract base class for all mathematical operations on ground terms.

    Ops take ``arity``-many leftmost positional args that may be funsors,
    followed by additional non-funsor args and kwargs. The additional args and
    kwargs must have default values.

    When wrapping new backend ops, keep in mind these restrictions, which may
    require you to wrap backend functions before making them into ops:

    - Create new ops only by decoraing a default implementation with
      ``@UnaryOp.make``, ``@BinaryOp.make``, etc.
    - Register backend-specific implementations via ``@my_op.register(type1)``,
      ``@my_op.register(type1, type2)`` etc for arity 1, 2, etc. Patterns may
      include only the first ``arity``-many types.
    - Only the first ``arity``-many arguments may be funsors. Remaining args
      and kwargs must all be ground Python data.

    :cvar int ~.arity: The number of funsor arguments this op takes. Must be
        defined by subclasses.
    :param \*args:
    :param \*\*kwargs: All extra arguments to this op, excluding the arguments
        up to ``.arity``,
    """

    arity = NotImplemented  # abstract

    def __init__(self, *args, **kwargs):
        super().__init__()
        cls = type(self)
        args = (None,) * cls.arity + args
        bound = cls.signature.bind_partial(*args, **kwargs)
        bound.apply_defaults()
        self.defaults = bound.arguments
        for key in list(self.defaults)[: cls.arity]:
            del self.defaults[key]

    @property
    def __name__(self):
        return self.name

    def __copy__(self):
        return self

    def __deepcopy__(self, memo):
        return self

    def __reduce__(self):
        return apply, (type(self), (), self.defaults)

    def __repr__(self):
        return "ops." + self.__name__

    def __str__(self):
        return self.__name__

    def __call__(self, *args, **kwargs):
        global _TRACE, _TRACE_FILTER_ARGS
        raw_args = args

        # Normalize args, kwargs.
        cls = type(self)
        bound = cls.signature.bind_partial(*args, **kwargs)
        for key, value in self.defaults.items():
            bound.arguments.setdefault(key, value)
        args = bound.args
        assert len(args) >= cls.arity
        kwargs = bound.kwargs

        # Dispatch.
        fn = cls.dispatcher.partial_call(*args[: cls.arity])
        if _TRACE is None or not _TRACE_FILTER_ARGS(raw_args):
            result = fn(*args, **kwargs)
        else:
            # Trace this op but avoid tracing internal ops.
            try:
                trace, _TRACE = _TRACE, None
                result = fn(*args, **kwargs)
                trace.setdefault(id(result), (result, self, raw_args))
            finally:
                _TRACE = trace

        return result

    def register(self, *pattern):
        if len(pattern) != self.arity:
            raise ValueError(
                f"Invalid pattern for {self}, "
                f"expected {self.arity} types but got {len(pattern)}."
            )
        return type(self).dispatcher.register(*pattern)

[docs]    @classmethod
    def subclass_register(cls, *pattern):
        def decorator(fn):
            # Register with all existing sublasses.
            for subcls in _iter_subclasses(cls):
                dispatcher = getattr(subcls, "dispatcher", None)
                if dispatcher is not None:
                    dispatcher.add(pattern, WeakPartial(fn, subcls))
            # Ensure registration with all future subclasses.
            cls._subclass_registry.append((pattern, fn))
            return fn

        return decorator


[docs]    @classmethod
    def make(cls, fn=None, *, name=None, metaclass=None, module_name="funsor.ops"):
        """
        Factory to create a new :class:`Op` subclass together with a new
        default instance of that class.

        :param callable fn: A function whose signature can be inspected.
        :returns: The new default instance.
        :rtype: Op
        """
        if not isinstance(cls.arity, int):
            raise TypeError(
                f"Can't instantiate abstract class {cls.__name__} with abstract arity"
            )

        # Support use as decorator.
        if fn is None:
            return lambda fn: cls.make(
                fn, name=name, metaclass=metaclass, module_name=module_name
            )
        assert callable(fn)

        if name is None:
            name = _get_name(fn)
        assert isinstance(name, str)

        if metaclass is None:
            metaclass = type(cls)
        assert issubclass(metaclass, OpMeta)

        classname = _snake_to_camel(name) + "Op"  # e.g. scatter_add -> ScatterAddOp
        signature = _get_signature(fn)
        op_class = metaclass(
            classname,
            (cls,),
            {
                "__doc__": fn.__doc__,
                "name": name,
                "signature": signature,
                "default": staticmethod(fn),
                "dispatcher": PartialDispatcher(fn, name),
            },
        )
        op_class.__module__ = module_name
        op = op_class()
        return op




[docs]def declare_op_types(locals_, all_, name_):
    op_types = set(
        v for v in locals_.values() if isinstance(v, type) and issubclass(v, Op)
    )
    # Adds all op types to __all__, and fix their modules.
    for typ in op_types:
        if typ.__module__ == name_:
            typ.__module__ = "funsor.ops"
        all_.append(typ.__name__)
    # Adds type(op) to locals, for each op in locals.
    for name, op in list(locals_.items()):
        if isinstance(op, Op) and type(op) not in op_types:
            locals_[type(op).__name__] = type(op)
            all_.append(type(op).__name__)
    all_.sort()



[docs]class NullaryOp(Op):
    arity = 0



[docs]class UnaryOp(Op):
    arity = 1



[docs]class BinaryOp(Op):
    arity = 2



[docs]class TernaryOp(Op):
    arity = 3



[docs]class FinitaryOp(Op):
    arity = 1  # encoded as a tuple



# Convert list to tuple for easier typing.
@FinitaryOp.subclass_register(list)
def _list_to_tuple(cls, arg, *args, **kwargs):
    arg = tuple(arg)
    op = cls(*args, **kwargs)
    return op(arg)


class ReductionOp(UnaryOp):
    """
    Reduction operations are defined in a broad sense - not only
    associative operations. This helps to unify find_domain logic.
    """

    pass


[docs]class TransformOp(UnaryOp):
[docs]    def set_inv(self, fn):
        """
        :param callable fn: A function that inputs an arg ``y`` and outputs a
            value ``x`` such that ``y=self(x)``.
        """
        assert callable(fn)
        self.inv = fn
        return fn


[docs]    def set_log_abs_det_jacobian(self, fn):
        """
        :param callable fn: A function that inputs two args ``x, y``, where
            ``y=self(x)``, and returns ``log(abs(det(dy/dx)))``.
        """
        assert callable(fn)
        self.log_abs_det_jacobian = fn
        return fn


[docs]    @staticmethod
    def inv(x):
        raise NotImplementedError


[docs]    @staticmethod
    def log_abs_det_jacobian(x, y):
        raise NotImplementedError




class WrappedOpMeta(OpMeta):
    """
    Metaclass for ops that wrap temporary backend ops.
    Caching strategy is to key on ``id(backend_op)`` and forget values asap.
    """

    def hash_args_kwargs(self, args, kwargs):
        if args:
            (fn,) = args
            if inspect.ismethod(fn):
                args = id(fn.__self__), fn.__func__  # e.g. t.log_abs_det_jacobian
            else:
                args = (id(fn),)  # e.g. t.inv
        return super().hash_args_kwargs(args, kwargs)


@TransformOp.make(metaclass=WrappedOpMeta)
def wrapped_transform(x, fn, *, validate_args=True):
    """
    Wrapper for a backend ``Transform`` object that provides ``.inv`` and
    ``.log_abs_det_jacobian``. This additionally validates shapes on the first
    :meth:`__call__`.
    """
    if not validate_args:
        return fn(x)

    try:
        # Check for shape metadata available after
        # https://github.com/pytorch/pytorch/pull/50547
        # https://github.com/pytorch/pytorch/pull/50581
        # https://github.com/pyro-ppl/pyro/pull/2739
        # https://github.com/pyro-ppl/numpyro/pull/876
        fn.domain.event_dim
        fn.codomain.event_dim
        fn.forward_shape
    except AttributeError:
        backend = fn.__module__.split(".")[0]
        raise NotImplementedError(
            f"{fn} is missing shape metadata; try upgrading backend {backend}"
        )

    if len(x.shape) < fn.domain.event_dim:
        raise ValueError(f"Too few dimensions for input, in {fn.__name_}")
    event_shape = x.shape[len(x.shape) - fn.domain.event_dim :]
    shape = fn.forward_shape(event_shape)
    if len(shape) > fn.codomain.event_dim:
        raise ValueError(
            f"Cannot treat transform {_get_name(fn)} as an Op because it is batched"
        )

    return fn(x)


WrappedTransformOp = type(wrapped_transform)


@methodof(WrappedTransformOp)
@property
def inv(self):
    fn = self.defaults["fn"]
    return WrappedTransformOp(fn=fn.inv)


@methodof(WrappedTransformOp)
@property
def log_abs_det_jacobian(self):
    fn = self.defaults["fn"]
    return LogAbsDetJacobianOp(fn=fn.log_abs_det_jacobian)


@BinaryOp.make(metaclass=WrappedOpMeta)
def log_abs_det_jacobian(x, y, fn):
    return fn(x, y)


LogAbsDetJacobianOp = type(log_abs_det_jacobian)


# Op registration tables.
DISTRIBUTIVE_OPS = set()  # (add, mul) pairs
UNITS = {}  # op -> value
BINARY_INVERSES = {}  # binary op -> inverse binary op
SAFE_BINARY_INVERSES = {}  # binary op -> numerically safe inverse binary op
UNARY_INVERSES = {}  # binary op -> inverse unary op

__all__ = [
    "BINARY_INVERSES",
    "BinaryOp",
    "DISTRIBUTIVE_OPS",
    "FinitaryOp",
    "LogAbsDetJacobianOp",
    "NullaryOp",
    "Op",
    "SAFE_BINARY_INVERSES",
    "TernaryOp",
    "TransformOp",
    "UNARY_INVERSES",
    "UNITS",
    "UnaryOp",
    "WrappedTransformOp",
    "declare_op_types",
    "log_abs_det_jacobian",
    "wrapped_transform",
]
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  Source code for funsor.ops.program

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

from funsor.util import get_backend, set_backend


[docs]class OpProgram:
    """
    Backend program for evaluating a symbolic funsor expression.

    Programs depend on the funsor library only via ``funsor.ops`` and op
    registrations; program evaluation does not involve funsor interpretation or
    rewriting. Programs can be pickled and unpickled.

    :param iterable expr: A list of built-in constants (leaves).
    :param iterable inputs: A list of string names of program inputs (leaves).
    :param iterable operations: A list of program operations defining
        non-leaf nodes in the program dag. Each operations is a tuple ``(op,
        arg_ids)`` where op is a funsor op and ``arg_ids`` is a tuple of
        positions of values, starting from zero and counting: constants,
        inputs, and operation outputs.
    """

    def __init__(self, constants, inputs, operations):
        super().__init__()
        self.constants = tuple(constants)
        self.inputs = tuple(inputs)
        self.operations = tuple(operations)
        self.backend = get_backend()

    def __call__(self, **kwargs):
        set_backend(self.backend)

        # Initialize environment with constants.
        env = list(self.constants)

        # Read inputs from kwargs.
        for name in self.inputs:
            value = kwargs.pop(name, None)
            if value is None:
                raise ValueError(f"Missing kwarg: {repr(name)}")
            env.append(value)
        if kwargs:
            raise ValueError(f"Unrecognized kwargs: {set(kwargs)}")

        # Sequentially compute ops.
        for op, arg_ids in self.operations:
            args = tuple(env[i] for i in arg_ids)
            value = op(*args)
            env.append(value)

        result = env[-1]
        return result

[docs]    def as_code(self, name="program"):
        """
        Returns Python code text defining a straight-line function equivalent
        to this program.

        :param str name: Optional name for the function, defaults to "program".
        :returns: A string defining a python function equivalent to this program.
        :rtype: str
        """
        lines = [
            "# Automatically generated by funsor.compiler.FunsorProgram.as_code().",
            "def {}({}):".format(name, ", ".join(self.inputs)),
            "    from funsor import set_backend, ops",
            f"    set_backend({repr(self.backend)})",
        ]
        start = len(lines)

        def let(body):
            i = len(lines) - start
            lines.append(f"    v{i} = {body}")

        for c in self.constants:
            let(c)
        for name in self.inputs:
            let(name)
        for op, arg_ids in self.operations:
            op = _print_op(op)
            args = ", ".join(f"v{arg_id}" for arg_id in arg_ids)
            let(f"{op}({args},)")
        lines.append(f"    return v{len(lines) - start - 1}")
        return "\n".join(lines)




def make_tuple(*args):
    return args


def _print_op(op):
    if op is make_tuple:
        return ""
    if op.defaults and op.defaults != type(op)().defaults:
        args = ", ".join(map(str, op.defaults.values()))
        return f"ops.{type(op).__name__}({args})"
    return repr(op)


__all__ = [
    "OpProgram",
]
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  Source code for funsor.ops.tracer

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

from collections import OrderedDict
from functools import singledispatch

from .array import is_numeric_array
from .op import trace_ops
from .program import OpProgram


def _debug(x):
    return f"{type(x).__module__.split('.')[0]}.{type(x).__name__}({hex(id(x))[2:]})"


[docs]def trace_function(fn, kwargs: dict, *, allow_constants=False):
    """
    Traces function to an :class:`~funsor.ops.program.OpProgram` that runs on
    backend values.

    Example::

        # Create a function involving ops.
        def fn(a, b, x):
            return ops.add(ops.matmul(a, x), b)

        # Evaluate via Funsor substitution.
        data = dict(a=randn(3, 3), b=randn(3), x=randn(3))
        expected = fn(**data)

        # Alternatively evaluate via a program.
        program = trace_function(expr, data)
        actual = program(**data)
        assert (acutal == expected).all()

    :param Funsor expr: A funsor expression to evaluate.
    :returns: An op program.
    :rtype: ~funsor.ops.program.OpProgram
    """
    # Extract kwargs.
    assert isinstance(kwargs, dict)
    assert all(is_variable(v) for v in kwargs.values())
    kwarg_ids = {id(v) for v in kwargs.values()}
    assert len(kwarg_ids) == len(kwargs), "repeated inputs"

    # Trace the function.
    with trace_ops(is_variable) as trace:
        root = fn(**kwargs)
    assert is_variable(root)

    # Extract relevant portion of trace.
    dag = OrderedDict({id(root): (root, None, None)})
    for result, op, args in reversed(trace.values()):  # backward
        if id(result) not in dag or not is_variable(result):
            continue  # not needed
        for arg in args:
            dag.setdefault(id(arg), (arg, None, None))
        dag[id(result)] = result, op, args
    anf = list(reversed(dag.values()))  # forward

    # Collect constants (leaves).
    ids = {}
    constants = []
    for result, op, args in anf:
        if op is None and id(result) not in kwarg_ids:
            ids[id(result)] = len(ids)
            constants.append(result)
            if not allow_constants and is_variable(result):
                raise ValueError(f"Found constant: {repr(result)}")

    # Collect inputs (leaves).
    inputs = []
    for name, value in kwargs.items():
        ids[id(value)] = len(ids)
        inputs.append(name)

    # Collect operations to be computed (internal nodes).
    operations = []
    for result, op, args in anf:
        if id(result) in ids:
            continue  # constant or free variable
        assert op is not None
        ids[id(result)] = len(ids)
        arg_ids = tuple(ids[id(arg)] for arg in args)
        operations.append((op, arg_ids))

    return OpProgram(constants, inputs, operations)



@singledispatch
def is_variable(x):
    """
    An object is variable if it is either backend arrays or is a nested tuple
    containing at least one backend array.
    """
    return is_numeric_array(x)


@is_variable.register(int)
def _is_variable_int(x):
    return type(x) is not int  # allow numpy types


@is_variable.register(float)
def _is_variable_float(x):
    return type(x) is not float  # allow numpy types


@is_variable.register(tuple)
def _is_variable_tuple(x):
    return any(map(is_variable, x))


__all__ = [
    "trace_function",
]
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  Source code for funsor.pyro.convert

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

"""
This module follows a convention for converting between funsors and PyTorch
distribution objects. This convention is compatible with NumPy/PyTorch-style
broadcasting. Following PyTorch distributions (and Tensorflow distributions),
we consider "event shapes" to be on the right and broadcast-compatible "batch
shapes" to be on the left.

This module also aims to be forgiving in inputs and pedantic in outputs:
methods accept either the superclass :class:`torch.distributions.Distribution`
objects or the subclass :class:`pyro.distributions.TorchDistribution` objects.
Methods return only the narrower subclass
:class:`pyro.distributions.TorchDistribution` objects.
"""

import math
from collections import OrderedDict

import torch

import funsor.ops as ops
from funsor.cnf import Contraction
from funsor.delta import Delta
from funsor.domains import Array, Bint, Real, Reals
from funsor.gaussian import Gaussian
from funsor.interpreter import gensym
from funsor.tensor import Tensor
from funsor.terms import Independent, Variable, to_data, to_funsor

# Conversion functions use fixed names for Pyro batch dims, but
# accept an event_inputs tuple for custom event dim names.
DIM_TO_NAME = tuple(map("_pyro_dim_{}".format, range(-100, 0)))
NAME_TO_DIM = dict(zip(DIM_TO_NAME, range(-100, 0)))


def default_dim_to_name(inputs_shape, event_inputs):
    dim_to_name_list = DIM_TO_NAME + event_inputs if event_inputs else DIM_TO_NAME
    return OrderedDict(
        zip(
            range(-len(inputs_shape), 0),
            dim_to_name_list[len(dim_to_name_list) - len(inputs_shape) :],
        )
    )


def default_name_to_dim(event_inputs):
    if not event_inputs:
        return NAME_TO_DIM
    dim_to_name = DIM_TO_NAME + event_inputs
    return dict(zip(dim_to_name, range(-len(dim_to_name), 0)))


[docs]def tensor_to_funsor(tensor, event_inputs=(), event_output=0, dtype="real"):
    """
    Convert a :class:`torch.Tensor` to a :class:`funsor.tensor.Tensor` .

    Note this should not touch data, but may trigger a
    :meth:`torch.Tensor.reshape` op.

    :param torch.Tensor tensor: A PyTorch tensor.
    :param tuple event_inputs: A tuple of names for rightmost tensor
        dimensions.  If ``tensor`` has these names, they will be converted to
        ``result.inputs``.
    :param int event_output: The number of tensor dimensions assigned to
        ``result.output``. These must be on the right of any ``event_input``
        dimensions.
    :return: A funsor.
    :rtype: funsor.tensor.Tensor
    """
    assert isinstance(tensor, torch.Tensor)
    assert isinstance(event_inputs, tuple)
    assert isinstance(event_output, int) and event_output >= 0
    inputs_shape = tensor.shape[: tensor.dim() - event_output]
    output = Array[dtype, tensor.shape[tensor.dim() - event_output :]]
    dim_to_name = default_dim_to_name(inputs_shape, event_inputs)
    return to_funsor(tensor, output, dim_to_name)



[docs]def funsor_to_tensor(funsor_, ndims, event_inputs=()):
    """
    Convert a :class:`funsor.tensor.Tensor` to a :class:`torch.Tensor` .

    Note this should not touch data, but may trigger a
    :meth:`torch.Tensor.reshape` op.

    :param funsor.tensor.Tensor funsor_: A funsor.
    :param int ndims: The number of result dims, ``== result.dim()``.
    :param tuple event_inputs: Names assigned to rightmost dimensions.
    :return: A PyTorch tensor.
    :rtype: torch.Tensor
    """
    assert isinstance(funsor_, Tensor)
    assert all(k.startswith("_pyro_dim_") or k in event_inputs for k in funsor_.inputs)

    tensor = to_data(funsor_, default_name_to_dim(event_inputs))

    if ndims != tensor.dim():
        tensor = tensor.reshape((1,) * (ndims - tensor.dim()) + tensor.shape)
    assert tensor.dim() == ndims
    return tensor



[docs]def dist_to_funsor(pyro_dist, event_inputs=()):
    """
    Convert a PyTorch distribution to a Funsor.

    :param torch.distribution.Distribution: A PyTorch distribution.
    :return: A funsor.
    :rtype: funsor.terms.Funsor
    """
    assert isinstance(pyro_dist, torch.distributions.Distribution)
    assert isinstance(event_inputs, tuple)
    return to_funsor(
        pyro_dist, Real, default_dim_to_name(pyro_dist.batch_shape, event_inputs)
    )



[docs]def mvn_to_funsor(pyro_dist, event_inputs=(), real_inputs=OrderedDict()):
    """
    Convert a joint :class:`torch.distributions.MultivariateNormal`
    distribution into a :class:`~funsor.terms.Funsor` with multiple real
    inputs.

    This should satisfy::

        sum(d.num_elements for d in real_inputs.values())
          == pyro_dist.event_shape[0]

    :param torch.distributions.MultivariateNormal pyro_dist: A
        multivariate normal distribution over one or more variables
        of real or vector or tensor type.
    :param tuple event_inputs: A tuple of names for rightmost dimensions.
        These will be assigned to ``result.inputs`` of type ``Bint``.
    :param OrderedDict real_inputs: A dict mapping real variable name
        to appropriately sized ``Real``. The sum of all ``.numel()``
        of all real inputs should be equal to the ``pyro_dist`` dimension.
    :return: A funsor with given ``real_inputs`` and possibly additional
        Bint inputs.
    :rtype: funsor.terms.Funsor
    """
    assert isinstance(pyro_dist, torch.distributions.MultivariateNormal)
    assert isinstance(event_inputs, tuple)
    assert isinstance(real_inputs, OrderedDict)
    dim_to_name = default_dim_to_name(pyro_dist.batch_shape, event_inputs)
    funsor_dist = to_funsor(pyro_dist, Real, dim_to_name)
    if len(real_inputs) == 0:
        return funsor_dist
    discrete, gaussian = funsor_dist(value="value").terms
    inputs = OrderedDict(
        (k, v) for k, v in gaussian.inputs.items() if v.dtype != "real"
    )
    inputs.update(real_inputs)
    return discrete + Gaussian(
        white_vec=gaussian.white_vec, prec_sqrt=gaussian.prec_sqrt, inputs=inputs
    )



[docs]def funsor_to_mvn(gaussian, ndims, event_inputs=()):
    """
    Convert a :class:`~funsor.terms.Funsor` to a
    :class:`pyro.distributions.MultivariateNormal` , dropping the normalization
    constant.

    :param gaussian: A Gaussian funsor.
    :type gaussian: funsor.gaussian.Gaussian or funsor.joint.Joint
    :param int ndims: The number of batch dimensions in the result.
    :param tuple event_inputs: A tuple of names to assign to rightmost
        dimensions.
    :return: a multivariate normal distribution.
    :rtype: pyro.distributions.MultivariateNormal
    """
    assert sum(1 for d in gaussian.inputs.values() if d.dtype == "real") == 1
    if isinstance(gaussian, Contraction):
        gaussian = [v for v in gaussian.terms if isinstance(v, Gaussian)][0]
    assert isinstance(gaussian, Gaussian)
    result = to_data(gaussian, name_to_dim=default_name_to_dim(event_inputs))
    if ndims != len(result.batch_shape):
        result = result.expand(
            (1,) * (ndims - len(result.batch_shape)) + result.batch_shape
        )
    return result



[docs]def funsor_to_cat_and_mvn(funsor_, ndims, event_inputs):
    """
    Converts a labeled gaussian mixture model to a pair of distributions.

    :param funsor.joint.Joint funsor_: A Gaussian mixture funsor.
    :param int ndims: The number of batch dimensions in the result.
    :return: A pair ``(cat, mvn)``, where ``cat`` is a
        :class:`~pyro.distributions.Categorical` distribution over mixture
        components and ``mvn`` is a
        :class:`~pyro.distributions.MultivariateNormal` with rightmost batch
        dimension ranging over mixture components.
    """
    assert isinstance(funsor_, Contraction), funsor_
    assert sum(1 for d in funsor_.inputs.values() if d.dtype == "real") == 1
    assert event_inputs, "no components name found"
    assert not any(isinstance(v, Delta) for v in funsor_.terms)
    cat, mvn = to_data(funsor_, name_to_dim=default_name_to_dim(event_inputs))
    if ndims != len(cat.batch_shape):
        cat = cat.expand((1,) * (ndims - len(cat.batch_shape)) + cat.batch_shape)
    if ndims + 1 != len(mvn.batch_shape):
        mvn = mvn.expand((1,) * (ndims + 1 - len(mvn.batch_shape)) + mvn.batch_shape)
    return cat, mvn



[docs]def matrix_and_mvn_to_funsor(
    matrix, mvn, event_dims=(), x_name="value_x", y_name="value_y"
):
    """
    Convert a noisy affine function to a Gaussian. The noisy affine function is
    defined as::

        y = x @ matrix + mvn.sample()

    The result is a non-normalized Gaussian funsor with two real inputs,
    ``x_name`` and ``y_name``, corresponding to a conditional distribution of
    real vector ``y` given real vector ``x``.

    :param torch.Tensor matrix: A matrix with rightmost shape ``(x_size, y_size)``.
    :param mvn: A multivariate normal distribution with
        ``event_shape == (y_size,)``.
    :type mvn: torch.distributions.MultivariateNormal or
        torch.distributions.Independent of torch.distributions.Normal
    :param tuple event_dims: A tuple of names for rightmost dimensions.
        These will be assigned to ``result.inputs`` of type ``Bint``.
    :param str x_name: The name of the ``x`` random variable.
    :param str y_name: The name of the ``y`` random variable.
    :return: A funsor with given ``real_inputs`` and possibly additional
        Bint inputs.
    :rtype: funsor.terms.Funsor
    """
    assert isinstance(mvn, torch.distributions.MultivariateNormal) or (
        isinstance(mvn, torch.distributions.Independent)
        and isinstance(mvn.base_dist, torch.distributions.Normal)
    )
    assert isinstance(matrix, torch.Tensor)
    x_size, y_size = matrix.shape[-2:]
    assert mvn.event_shape == (y_size,)

    # Handle diagonal normal distributions as an efficient special case.
    if isinstance(mvn, torch.distributions.Independent):
        # Create an i-batched Gaussian over x and y_i.
        log_prob = -0.5 * y_size * math.log(
            2 * math.pi
        ) - mvn.base_dist.scale.log().sum(-1)
        log_prob = tensor_to_funsor(log_prob, event_dims)

        matrix_x = ops.transpose(matrix, -1, -2)  # [...,Y,X]
        matrix_y = ops.new_full(matrix_x, matrix_x.shape[:-1] + (1,), -1.0)  # [...,Y,1]
        matrix_xy = ops.cat([matrix_x, matrix_y], -1)  # [...,Y,X+1]
        prec_sqrt = (matrix_xy / mvn.base_dist.scale[..., None])[..., None]
        white_vec = (-mvn.base_dist.loc / mvn.base_dist.scale)[..., None]

        i = Variable(gensym("i"), Bint[y_size])
        y_i = Variable(gensym(f"{y_name}_i"), Real)
        inputs = log_prob.inputs.copy()
        inputs[i.name] = i.output
        inputs[x_name] = Reals[x_size]
        inputs[y_i.name] = Real
        g_i = Gaussian(white_vec=white_vec, prec_sqrt=prec_sqrt, inputs=inputs)

        # Convert to a joint Gaussian over x and y, possibly lazily.
        # This expands the y part of the matrix from linear to square,
        # incurring asymptotic increase O((X+1)Y) ==> O((X+Y)Y).
        #
        #   [ ? ? ? ? ? | ? ]      [ ? ? ? ? ? | ? . . . ]
        #   [ ? ? ? ? ? | ? ] ===> [ ? ? ? ? ? | . ? . . ]
        #   [ ? ? ? ? ? | ? ]      [ ? ? ? ? ? | . . ? . ]
        #   [ ? ? ? ? ? | ? ]      [ ? ? ? ? ? | . . . ? ]
        g = Independent(g_i, y_name, i.name, y_i.name)
        # Equivalently, g_i(**{y_i.name: y[i]}).reduce(ops.add, i)
        return g + log_prob

    # Create a rank-y Gaussian over (x,y).
    log_prob = -0.5 * y_size * math.log(2 * math.pi) - mvn.scale_tril.diagonal(
        dim1=-1, dim2=-2
    ).log().sum(-1)
    log_prob = tensor_to_funsor(log_prob, event_dims)

    prec_sqrt_y = ops.transpose(ops.triangular_inv(mvn.scale_tril), -1, -2)
    prec_sqrt_xy = matrix @ prec_sqrt_y
    prec_sqrt_yy = (-prec_sqrt_y).expand(prec_sqrt_xy.shape[:-2] + (-1, -1))
    prec_sqrt = ops.cat([prec_sqrt_xy, prec_sqrt_yy], -2)
    white_vec = (-mvn.loc[..., None, :] @ prec_sqrt_y)[..., 0, :]
    white_vec = white_vec.expand(prec_sqrt.shape[:-2] + (-1,))

    # Note the round trip tensor_to_funsor(...).data strips leading 1's from the shape.
    white_vec = tensor_to_funsor(white_vec, event_dims, 1)
    prec_sqrt = tensor_to_funsor(prec_sqrt, event_dims, 2)
    inputs = white_vec.inputs.copy()
    inputs[x_name] = Reals[x_size]
    inputs[y_name] = Reals[y_size]
    g = Gaussian(white_vec=white_vec.data, prec_sqrt=prec_sqrt.data, inputs=inputs)
    return g + log_prob
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  Source code for funsor.pyro.distribution

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

from collections import OrderedDict

import torch
from pyro.distributions import TorchDistribution
from torch.distributions import constraints

from funsor.cnf import Contraction
from funsor.delta import Delta
from funsor.domains import Bint
from funsor.interpreter import reinterpret
from funsor.pyro.convert import DIM_TO_NAME, funsor_to_tensor, tensor_to_funsor
from funsor.terms import Funsor, to_funsor


[docs]class FunsorDistribution(TorchDistribution):
    """
    :class:`~torch.distributions.Distribution` wrapper around a
    :class:`~funsor.terms.Funsor` for use in Pyro code. This is typically used
    as a base class for specific funsor inference algorithms wrapped in a
    distribution interface.

    :param funsor.terms.Funsor funsor_dist: A funsor with an input named
        "value" that is treated as a random variable. The distribution should
        be normalized over "value".
    :param torch.Size batch_shape: The distribution's batch shape. This must
        be in the same order as the input of the ``funsor_dist``, but may
        contain extra dims of size 1.
    :param event_shape: The distribution's event shape.
    """

    arg_constraints = {}

    def __init__(
        self,
        funsor_dist,
        batch_shape=torch.Size(),
        event_shape=torch.Size(),
        dtype="real",
        validate_args=None,
    ):
        assert isinstance(funsor_dist, Funsor)
        assert isinstance(batch_shape, tuple)
        assert isinstance(event_shape, tuple)
        assert "value" in funsor_dist.inputs
        super(FunsorDistribution, self).__init__(
            batch_shape, event_shape, validate_args
        )
        self.funsor_dist = funsor_dist
        self.dtype = dtype

    @constraints.dependent_property
    def support(self):
        if self.dtype == "real":
            return constraints.real
        else:
            return constraints.integer_interval(0, self.dtype - 1)

[docs]    def log_prob(self, value):
        if self._validate_args:
            self._validate_sample(value)
        ndims = max(len(self.batch_shape), value.dim() - self.event_dim)
        value = tensor_to_funsor(value, event_output=self.event_dim, dtype=self.dtype)
        log_prob = reinterpret(self.funsor_dist(value=value))
        log_prob = funsor_to_tensor(log_prob, ndims=ndims)
        return log_prob


    def _sample_delta(self, sample_shape):
        sample_inputs = None
        if sample_shape:
            sample_inputs = OrderedDict()
            shape = sample_shape + self.batch_shape
            for dim in range(-len(shape), -len(self.batch_shape)):
                if shape[dim] > 1:
                    sample_inputs[DIM_TO_NAME[dim]] = Bint[shape[dim]]
        delta = self.funsor_dist.sample(frozenset({"value"}), sample_inputs)
        if isinstance(delta, Contraction):
            assert len([d for d in delta.terms if isinstance(d, Delta)]) == 1
            delta = delta.terms[0]
        assert isinstance(delta, Delta)
        return delta

[docs]    @torch.no_grad()
    def sample(self, sample_shape=torch.Size()):
        delta = self._sample_delta(sample_shape)
        ndims = len(sample_shape) + len(self.batch_shape) + len(self.event_shape)
        value = funsor_to_tensor(delta.terms[0][1][0], ndims=ndims)
        return value.detach()


[docs]    def rsample(self, sample_shape=torch.Size()):
        delta = self._sample_delta(sample_shape)
        assert (
            not delta.log_density.requires_grad
        ), "distribution is not fully reparametrized"
        ndims = len(sample_shape) + len(self.batch_shape) + len(self.event_shape)
        value = funsor_to_tensor(delta.terms[0][1][0], ndims=ndims)
        return value


[docs]    def expand(self, batch_shape, _instance=None):
        new = self._get_checked_instance(type(self), _instance)
        batch_shape = torch.Size(batch_shape)
        funsor_dist = self.funsor_dist + tensor_to_funsor(torch.zeros(batch_shape))
        super(type(self), new).__init__(
            funsor_dist, batch_shape, self.event_shape, self.dtype, validate_args=False
        )
        new.validate_args = self.__dict__.get("_validate_args")
        return new




[docs]@to_funsor.register(FunsorDistribution)
def funsordistribution_to_funsor(pyro_dist, output=None, dim_to_name=None):
    raise NotImplementedError("TODO implement conversion for FunsorDistribution")
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  Source code for funsor.pyro.hmm

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

from collections import OrderedDict

import torch

import funsor.ops as ops
from funsor.domains import Bint, Reals
from funsor.interpretations import eager, lazy, moment_matching
from funsor.pyro.convert import (
    dist_to_funsor,
    funsor_to_cat_and_mvn,
    funsor_to_tensor,
    matrix_and_mvn_to_funsor,
    mvn_to_funsor,
    tensor_to_funsor,
)
from funsor.pyro.distribution import FunsorDistribution
from funsor.sum_product import (
    MarkovProduct,
    naive_sequential_sum_product,
    sequential_sum_product,
)
from funsor.terms import Variable
from funsor.util import broadcast_shape


[docs]class DiscreteHMM(FunsorDistribution):
    r"""
    Hidden Markov Model with discrete latent state and arbitrary observation
    distribution. This uses [1] to parallelize over time, achieving
    O(log(time)) parallel complexity.

    The event_shape of this distribution includes time on the left::

        event_shape = (num_steps,) + observation_dist.event_shape

    This distribution supports any combination of homogeneous/heterogeneous
    time dependency of ``transition_logits`` and ``observation_dist``. However,
    because time is included in this distribution's event_shape, the
    homogeneous+homogeneous case will have a broadcastable event_shape with
    ``num_steps = 1``, allowing :meth:`log_prob` to work with arbitrary length
    data::

        # homogeneous + homogeneous case:
        event_shape = (1,) + observation_dist.event_shape

    This class should be interchangeable with
    :class:`pyro.distributions.hmm.DiscreteHMM` .

    **References:**

    [1] Simo Sarkka, Angel F. Garcia-Fernandez (2019)
        "Temporal Parallelization of Bayesian Filters and Smoothers"
        https://arxiv.org/pdf/1905.13002.pdf

    :param ~torch.Tensor initial_logits: A logits tensor for an initial
        categorical distribution over latent states. Should have rightmost size
        ``state_dim`` and be broadcastable to ``batch_shape + (state_dim,)``.
    :param ~torch.Tensor transition_logits: A logits tensor for transition
        conditional distributions between latent states. Should have rightmost
        shape ``(state_dim, state_dim)`` (old, new), and be broadcastable to
        ``batch_shape + (num_steps, state_dim, state_dim)``.
    :param ~torch.distributions.Distribution observation_dist: A conditional
        distribution of observed data conditioned on latent state. The
        ``.batch_shape`` should have rightmost size ``state_dim`` and be
        broadcastable to ``batch_shape + (num_steps, state_dim)``. The
        ``.event_shape`` may be arbitrary.
    """

    def __init__(
        self, initial_logits, transition_logits, observation_dist, validate_args=None
    ):
        assert isinstance(initial_logits, torch.Tensor)
        assert isinstance(transition_logits, torch.Tensor)
        assert isinstance(observation_dist, torch.distributions.Distribution)
        assert initial_logits.dim() >= 1
        assert transition_logits.dim() >= 2
        assert len(observation_dist.batch_shape) >= 1
        shape = broadcast_shape(
            initial_logits.shape[:-1] + (1,),
            transition_logits.shape[:-2],
            observation_dist.batch_shape[:-1],
        )
        batch_shape, time_shape = shape[:-1], shape[-1:]
        event_shape = time_shape + observation_dist.event_shape
        self._has_rsample = observation_dist.has_rsample

        # Normalize.
        initial_logits = initial_logits - initial_logits.logsumexp(-1, True)
        transition_logits = transition_logits - transition_logits.logsumexp(-1, True)

        # Convert tensors and distributions to funsors.
        init = tensor_to_funsor(initial_logits, ("state",))
        trans = tensor_to_funsor(transition_logits, ("time", "state", "state(time=1)"))
        obs = dist_to_funsor(observation_dist, ("time", "state(time=1)"))
        dtype = obs.inputs["value"].dtype

        # Construct the joint funsor.
        with lazy:
            # TODO perform math here once sequential_sum_product has been
            #   implemented as a first-class funsor.
            funsor_dist = Variable("value", obs.inputs["value"])  # a bogus value
            # Until funsor_dist is defined, we save factors for hand-computation in .log_prob().
            self._init = init
            self._trans = trans
            self._obs = obs

        super(DiscreteHMM, self).__init__(
            funsor_dist, batch_shape, event_shape, dtype, validate_args
        )

    @torch.distributions.constraints.dependent_property
    def has_rsample(self):
        return self._has_rsample

    # TODO remove this once self.funsor_dist is defined.
[docs]    def log_prob(self, value):
        if self._validate_args:
            self._validate_sample(value)
        ndims = max(len(self.batch_shape), value.dim() - self.event_dim)
        time = Variable("time", Bint[self.event_shape[0]])
        value = tensor_to_funsor(
            value, ("time",), event_output=self.event_dim - 1, dtype=self.dtype
        )

        # Compare with pyro.distributions.hmm.DiscreteHMM.log_prob().
        obs = self._obs(value=value)
        result = self._trans + obs
        result = sequential_sum_product(
            ops.logaddexp, ops.add, result, time, {"state": "state(time=1)"}
        )
        result = self._init + result.reduce(ops.logaddexp, "state(time=1)")
        result = result.reduce(ops.logaddexp, "state")

        result = funsor_to_tensor(result, ndims=ndims)
        return result


    # TODO remove this once self.funsor_dist is defined.
    def _sample_delta(self, sample_shape):
        raise NotImplementedError("TODO")

[docs]    def expand(self, batch_shape, _instance=None):
        new = self._get_checked_instance(DiscreteHMM, _instance)
        batch_shape = torch.Size(batch_shape)
        new._has_rsample = self._has_rsample
        new._init = self._init + tensor_to_funsor(torch.zeros(batch_shape))
        new._trans = self._trans
        new._obs = self._obs
        super(DiscreteHMM, new).__init__(
            self.funsor_dist,
            batch_shape,
            self.event_shape,
            self.dtype,
            validate_args=False,
        )
        new.validate_args = self.__dict__.get("_validate_args")
        return new




[docs]class GaussianHMM(FunsorDistribution):
    r"""
    Hidden Markov Model with Gaussians for initial, transition, and observation
    distributions. This adapts [1] to parallelize over time to achieve
    O(log(time)) parallel complexity, however it differs in that it tracks the
    log normalizer to ensure :meth:`log_prob` is differentiable.

    This corresponds to the generative model::

        z = initial_distribution.sample()
        x = []
        for t in range(num_steps):
            z = z @ transition_matrix + transition_dist.sample()
            x.append(z @ observation_matrix + observation_dist.sample())

    The event_shape of this distribution includes time on the left::

        event_shape = (num_steps,) + observation_dist.event_shape

    This distribution supports any combination of homogeneous/heterogeneous
    time dependency of ``transition_dist`` and ``observation_dist``. However,
    because time is included in this distribution's event_shape, the
    homogeneous+homogeneous case will have a broadcastable event_shape with
    ``num_steps = 1``, allowing :meth:`log_prob` to work with arbitrary length
    data::

        event_shape = (1, obs_dim)  # homogeneous + homogeneous case

    This class should be compatible with
    :class:`pyro.distributions.hmm.GaussianHMM` , but additionally supports
    funsor :mod:`~funsor.adjoint` algorithms.

    **References:**

    [1] Simo Sarkka, Angel F. Garcia-Fernandez (2019)
        "Temporal Parallelization of Bayesian Filters and Smoothers"
        https://arxiv.org/pdf/1905.13002.pdf

    :ivar int hidden_dim: The dimension of the hidden state.
    :ivar int obs_dim: The dimension of the observed state.
    :param ~torch.distributions.MultivariateNormal initial_dist: A distribution
        over initial states. This should have batch_shape broadcastable to
        ``self.batch_shape``.  This should have event_shape ``(hidden_dim,)``.
    :param ~torch.Tensor transition_matrix: A linear transformation of hidden
        state. This should have shape broadcastable to
        ``self.batch_shape + (num_steps, hidden_dim, hidden_dim)`` where the
        rightmost dims are ordered ``(old, new)``.
    :param ~torch.distributions.MultivariateNormal transition_dist: A process
        noise distribution. This should have batch_shape broadcastable to
        ``self.batch_shape + (num_steps,)``.  This should have event_shape
        ``(hidden_dim,)``.
    :param ~torch.Tensor transition_matrix: A linear transformation from hidden
        to observed state. This should have shape broadcastable to
        ``self.batch_shape + (num_steps, hidden_dim, obs_dim)``.
    :param observation_dist: An observation noise distribution. This should
        have batch_shape broadcastable to ``self.batch_shape + (num_steps,)``.
        This should have event_shape ``(obs_dim,)``.
    :type observation_dist: ~torch.distributions.MultivariateNormal or
        ~torch.distributions.Independent of ~torch.distributions.Normal
    """
    has_rsample = True
    arg_constraints = {}

    def __init__(
        self,
        initial_dist,
        transition_matrix,
        transition_dist,
        observation_matrix,
        observation_dist,
        validate_args=None,
    ):
        assert isinstance(initial_dist, torch.distributions.MultivariateNormal)
        assert isinstance(transition_matrix, torch.Tensor)
        assert isinstance(transition_dist, torch.distributions.MultivariateNormal)
        assert isinstance(observation_matrix, torch.Tensor)
        assert isinstance(observation_dist, torch.distributions.MultivariateNormal)
        hidden_dim, obs_dim = observation_matrix.shape[-2:]
        assert obs_dim >= hidden_dim // 2, "obs_dim must be at least half of hidden_dim"
        assert initial_dist.event_shape == (hidden_dim,)
        assert transition_matrix.shape[-2:] == (hidden_dim, hidden_dim)
        assert transition_dist.event_shape == (hidden_dim,)
        assert observation_dist.event_shape == (obs_dim,)
        shape = broadcast_shape(
            initial_dist.batch_shape + (1,),
            transition_matrix.shape[:-2],
            transition_dist.batch_shape,
            observation_matrix.shape[:-2],
            observation_dist.batch_shape,
        )
        batch_shape, time_shape = shape[:-1], shape[-1:]
        event_shape = time_shape + (obs_dim,)

        # Convert distributions to funsors.
        init = dist_to_funsor(initial_dist)(value="state")
        trans = matrix_and_mvn_to_funsor(
            transition_matrix, transition_dist, ("time",), "state", "state(time=1)"
        )
        obs = matrix_and_mvn_to_funsor(
            observation_matrix, observation_dist, ("time",), "state(time=1)", "value"
        )
        dtype = "real"

        # Construct the joint funsor.
        with lazy:
            value = Variable("value", Reals[time_shape[0], obs_dim])
            result = trans + obs(value=value["time"])
            result = MarkovProduct(
                ops.logaddexp, ops.add, result, "time", {"state": "state(time=1)"}
            )
            result = init + result.reduce(ops.logaddexp, "state(time=1)")
            funsor_dist = result.reduce(ops.logaddexp, "state")

        super(GaussianHMM, self).__init__(
            funsor_dist, batch_shape, event_shape, dtype, validate_args
        )
        self.hidden_dim = hidden_dim
        self.obs_dim = obs_dim



[docs]class GaussianMRF(FunsorDistribution):
    r"""
    Temporal Markov Random Field with Gaussian factors for initial, transition,
    and observation distributions. This adapts [1] to parallelize over time to
    achieve O(log(time)) parallel complexity, however it differs in that it
    tracks the log normalizer to ensure :meth:`log_prob` is differentiable.

    The event_shape of this distribution includes time on the left::

        event_shape = (num_steps,) + observation_dist.event_shape

    This distribution supports any combination of homogeneous/heterogeneous
    time dependency of ``transition_dist`` and ``observation_dist``. However,
    because time is included in this distribution's event_shape, the
    homogeneous+homogeneous case will have a broadcastable event_shape with
    ``num_steps = 1``, allowing :meth:`log_prob` to work with arbitrary length
    data::

        event_shape = (1, obs_dim)  # homogeneous + homogeneous case

    This class should be compatible with
    :class:`pyro.distributions.hmm.GaussianMRF` , but additionally supports
    funsor :mod:`~funsor.adjoint` algorithms.

    **References:**

    [1] Simo Sarkka, Angel F. Garcia-Fernandez (2019)
        "Temporal Parallelization of Bayesian Filters and Smoothers"
        https://arxiv.org/pdf/1905.13002.pdf

    :ivar int hidden_dim: The dimension of the hidden state.
    :ivar int obs_dim: The dimension of the observed state.
    :param ~torch.distributions.MultivariateNormal initial_dist: A distribution
        over initial states. This should have batch_shape broadcastable to
        ``self.batch_shape``.  This should have event_shape ``(hidden_dim,)``.
    :param ~torch.distributions.MultivariateNormal transition_dist: A joint
        distribution factor over a pair of successive time steps. This should
        have batch_shape broadcastable to ``self.batch_shape + (num_steps,)``.
        This should have event_shape ``(hidden_dim + hidden_dim,)`` (old+new).
    :param ~torch.distributions.MultivariateNormal observation_dist: A joint
        distribution factor over a hidden and an observed state. This should
        have batch_shape broadcastable to ``self.batch_shape + (num_steps,)``.
        This should have event_shape ``(hidden_dim + obs_dim,)``.
    """
    has_rsample = True

    def __init__(
        self, initial_dist, transition_dist, observation_dist, validate_args=None
    ):
        assert isinstance(initial_dist, torch.distributions.MultivariateNormal)
        assert isinstance(transition_dist, torch.distributions.MultivariateNormal)
        assert isinstance(observation_dist, torch.distributions.MultivariateNormal)
        hidden_dim = initial_dist.event_shape[0]
        assert transition_dist.event_shape[0] == hidden_dim + hidden_dim
        obs_dim = observation_dist.event_shape[0] - hidden_dim
        shape = broadcast_shape(
            initial_dist.batch_shape + (1,),
            transition_dist.batch_shape,
            observation_dist.batch_shape,
        )
        batch_shape, time_shape = shape[:-1], shape[-1:]
        event_shape = time_shape + (obs_dim,)

        # Convert distributions to funsors.
        init = dist_to_funsor(initial_dist)(value="state")
        trans = mvn_to_funsor(
            transition_dist,
            ("time",),
            OrderedDict(
                [("state", Reals[hidden_dim]), ("state(time=1)", Reals[hidden_dim])]
            ),
        )
        obs = mvn_to_funsor(
            observation_dist,
            ("time",),
            OrderedDict(
                [("state(time=1)", Reals[hidden_dim]), ("value", Reals[obs_dim])]
            ),
        )

        # Construct the joint funsor.
        # Compare with pyro.distributions.hmm.GaussianMRF.log_prob().
        with lazy:
            time = Variable("time", Bint[time_shape[0]])
            value = Variable("value", Reals[time_shape[0], obs_dim])
            logp_oh = trans + obs(value=value["time"])
            logp_oh = MarkovProduct(
                ops.logaddexp, ops.add, logp_oh, time, {"state": "state(time=1)"}
            )
            logp_oh += init
            logp_oh = logp_oh.reduce(
                ops.logaddexp, frozenset({"state", "state(time=1)"})
            )
            logp_h = trans + obs.reduce(ops.logaddexp, "value")
            logp_h = MarkovProduct(
                ops.logaddexp, ops.add, logp_h, time, {"state": "state(time=1)"}
            )
            logp_h += init
            logp_h = logp_h.reduce(ops.logaddexp, frozenset({"state", "state(time=1)"}))
            funsor_dist = logp_oh - logp_h

        dtype = "real"
        super(GaussianMRF, self).__init__(
            funsor_dist, batch_shape, event_shape, dtype, validate_args
        )
        self.hidden_dim = hidden_dim
        self.obs_dim = obs_dim



[docs]class SwitchingLinearHMM(FunsorDistribution):
    r"""
    Switching Linear Dynamical System represented as a Hidden Markov Model.

    This corresponds to the generative model::

        z = Categorical(logits=initial_logits).sample()
        y = initial_mvn[z].sample()
        x = []
        for t in range(num_steps):
            z = Categorical(logits=transition_logits[t, z]).sample()
            y = y @ transition_matrix[t, z] + transition_mvn[t, z].sample()
            x.append(y @ observation_matrix[t, z] + observation_mvn[t, z].sample())

    Viewed as a dynamic Bayesian network::

        z[t-1] ----> z[t] ---> z[t+1]         Discrete latent class
           |  \       |  \       |   \
           | y[t-1] ----> y[t] ----> y[t+1]   Gaussian latent state
           |   /      |   /      |   /
           V  /       V  /       V  /
        x[t-1]       x[t]      x[t+1]         Gaussian observation

    Let ``class`` be the latent class, ``state`` be the latent multivariate
    normal state, and ``value`` be the observed multivariate normal value.

    :param ~torch.Tensor initial_logits: Represents ``p(class[0])``.
    :param ~torch.distributions.MultivariateNormal initial_mvn: Represents
        ``p(state[0] | class[0])``.
    :param ~torch.Tensor transition_logits: Represents
        ``p(class[t+1] | class[t])``.
    :param ~torch.Tensor transition_matrix:
    :param ~torch.distributions.MultivariateNormal transition_mvn: Together
        with ``transition_matrix``, this represents
        ``p(state[t], state[t+1] | class[t])``.
    :param ~torch.Tensor observation_matrix:
    :param ~torch.distributions.MultivariateNormal observation_mvn: Together
        with ``observation_matrix``, this represents
        ``p(value[t+1], state[t+1] | class[t+1])``.
    :param bool exact: If True, perform exact inference at cost exponential in
        ``num_steps``. If False, use a :func:`~funsor.terms.moment_matching`
        approximation and use parallel scan algorithm to reduce parallel
        complexity to logarithmic in ``num_steps``. Defaults to False.
    """
    has_rsample = True
    arg_constraints = {}

    def __init__(
        self,
        initial_logits,
        initial_mvn,
        transition_logits,
        transition_matrix,
        transition_mvn,
        observation_matrix,
        observation_mvn,
        exact=False,
        validate_args=None,
    ):
        assert isinstance(initial_logits, torch.Tensor)
        assert isinstance(initial_mvn, torch.distributions.MultivariateNormal)
        assert isinstance(transition_logits, torch.Tensor)
        assert isinstance(transition_matrix, torch.Tensor)
        assert isinstance(transition_mvn, torch.distributions.MultivariateNormal)
        assert isinstance(observation_matrix, torch.Tensor)
        assert isinstance(observation_mvn, torch.distributions.MultivariateNormal)
        hidden_cardinality = initial_logits.size(-1)
        hidden_dim, obs_dim = observation_matrix.shape[-2:]
        assert obs_dim >= hidden_dim // 2, "obs_dim must be at least half of hidden_dim"
        assert initial_mvn.event_shape[0] == hidden_dim
        assert transition_logits.size(-1) == hidden_cardinality
        assert transition_matrix.shape[-2:] == (hidden_dim, hidden_dim)
        assert transition_mvn.event_shape[0] == hidden_dim
        assert observation_mvn.event_shape[0] == obs_dim
        init_shape = broadcast_shape(initial_logits.shape, initial_mvn.batch_shape)
        shape = broadcast_shape(
            init_shape[:-1] + (1, init_shape[-1]),
            transition_logits.shape[:-1],
            transition_matrix.shape[:-2],
            transition_mvn.batch_shape,
            observation_matrix.shape[:-2],
            observation_mvn.batch_shape,
        )
        assert shape[-1] == hidden_cardinality
        batch_shape, time_shape = shape[:-2], shape[-2:-1]
        event_shape = time_shape + (obs_dim,)

        # Normalize.
        initial_logits = initial_logits - initial_logits.logsumexp(-1, True)
        transition_logits = transition_logits - transition_logits.logsumexp(-1, True)

        # Convert tensors and distributions to funsors.
        init = tensor_to_funsor(initial_logits, ("class",)) + dist_to_funsor(
            initial_mvn, ("class",)
        )(value="state")
        trans = tensor_to_funsor(
            transition_logits, ("time", "class", "class(time=1)")
        ) + matrix_and_mvn_to_funsor(
            transition_matrix,
            transition_mvn,
            ("time", "class(time=1)"),
            "state",
            "state(time=1)",
        )
        obs = matrix_and_mvn_to_funsor(
            observation_matrix,
            observation_mvn,
            ("time", "class(time=1)"),
            "state(time=1)",
            "value",
        )
        if "class(time=1)" not in set(trans.inputs).union(obs.inputs):
            raise ValueError(
                "neither transition nor observation depend on discrete state"
            )
        dtype = "real"

        # Construct the joint funsor.
        with lazy:
            # TODO perform math here once sequential_sum_product has been
            #   implemented as a first-class funsor.
            funsor_dist = Variable("value", obs.inputs["value"])  # a bogus value
            # Until funsor_dist is defined, we save factors for hand-computation in .log_prob().
            self._init = init
            self._trans = trans
            self._obs = obs

        super(SwitchingLinearHMM, self).__init__(
            funsor_dist, batch_shape, event_shape, dtype, validate_args
        )
        self.exact = exact

    # TODO remove this once self.funsor_dist is defined.
[docs]    def log_prob(self, value):
        ndims = max(len(self.batch_shape), value.dim() - 2)
        time = Variable("time", Bint[self.event_shape[0]])
        value = tensor_to_funsor(value, ("time",), 1)

        seq_sum_prod = (
            naive_sequential_sum_product if self.exact else sequential_sum_product
        )
        with (eager if self.exact else moment_matching):
            result = self._trans + self._obs(value=value)
            result = seq_sum_prod(
                ops.logaddexp,
                ops.add,
                result,
                time,
                {"class": "class(time=1)", "state": "state(time=1)"},
            )
            result += self._init
            result = result.reduce(
                ops.logaddexp,
                frozenset(["class", "state", "class(time=1)", "state(time=1)"]),
            )

            result = funsor_to_tensor(result, ndims=ndims)
            return result


    # TODO remove this once self.funsor_dist is defined.
    def _sample_delta(self, sample_shape):
        raise NotImplementedError("TODO")

[docs]    def expand(self, batch_shape, _instance=None):
        new = self._get_checked_instance(SwitchingLinearHMM, _instance)
        batch_shape = torch.Size(batch_shape)
        new._init = self._init + tensor_to_funsor(torch.zeros(batch_shape))
        new._trans = self._trans
        new._obs = self._obs
        new.exact = self.exact
        super(SwitchingLinearHMM, new).__init__(
            self.funsor_dist,
            batch_shape,
            self.event_shape,
            self.dtype,
            validate_args=False,
        )
        new.validate_args = self.__dict__.get("_validate_args")
        return new


[docs]    def filter(self, value):
        """
        Compute posterior over final state given a sequence of observations.

        :param ~torch.Tensor value: A sequence of observations.
        :return: A posterior distribution over latent states at the final time
            step, represented as a pair ``(cat, mvn)``, where
            :class:`~pyro.distributions.Categorical` distribution over mixture
            components and ``mvn`` is a
            :class:`~pyro.distributions.MultivariateNormal` with rightmost
            batch dimension ranging over mixture components. This can then be
            used to initialize a sequential Pyro model for prediction.
        :rtype: tuple
        """
        ndims = max(len(self.batch_shape), value.dim() - 2)
        time = Variable("time", Bint[self.event_shape[0]])
        value = tensor_to_funsor(value, ("time",), 1)

        seq_sum_prod = (
            naive_sequential_sum_product if self.exact else sequential_sum_product
        )
        with (eager if self.exact else moment_matching):
            logp = self._trans + self._obs(value=value)
            logp = seq_sum_prod(
                ops.logaddexp,
                ops.add,
                logp,
                time,
                {"class": "class(time=1)", "state": "state(time=1)"},
            )
            logp += self._init
            logp = logp.reduce(ops.logaddexp, frozenset(["class", "state"]))

        cat, mvn = funsor_to_cat_and_mvn(logp, ndims, ("class(time=1)",))
        cat = cat.expand(self.batch_shape)
        mvn = mvn.expand(self.batch_shape + cat.logits.shape[-1:])
        return cat, mvn
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  Source code for funsor.torch.distributions

# Copyright Contributors to the Pyro project.
# SPDX-License-Identifier: Apache-2.0

import functools
import numbers
from typing import Tuple, Union

import pyro.distributions as dist
import pyro.distributions.testing.fakes as fakes
import torch
from pyro.distributions.torch_distribution import (
    ExpandedDistribution,
    MaskedDistribution,
)

import funsor.ops as ops
from funsor.cnf import Contraction
from funsor.constant import Constant
from funsor.distribution import (  # noqa: F401
    FUNSOR_DIST_NAMES,
    Bernoulli,
    LogNormal,
    backenddist_to_funsor,
    eager_beta,
    eager_beta_bernoulli,
    eager_binomial,
    eager_categorical_funsor,
    eager_categorical_tensor,
    eager_delta_funsor_funsor,
    eager_delta_funsor_variable,
    eager_delta_tensor,
    eager_delta_variable_variable,
    eager_dirichlet_categorical,
    eager_dirichlet_multinomial,
    eager_dirichlet_posterior,
    eager_gamma_gamma,
    eager_gamma_poisson,
    eager_multinomial,
    eager_mvn,
    eager_normal,
    eager_plate_multinomial,
    expandeddist_to_funsor,
    indepdist_to_funsor,
    make_dist,
    maskeddist_to_funsor,
    transformeddist_to_funsor,
)
from funsor.domains import Real, Reals
from funsor.interpretations import eager
from funsor.tensor import Tensor
from funsor.terms import Binary, Funsor, Reduce, Unary, Variable, to_data, to_funsor
from funsor.util import methodof

__all__ = list(x[0] for x in FUNSOR_DIST_NAMES)


################################################################################
# Distribution Wrappers
################################################################################


class _PyroWrapper_BernoulliProbs(dist.Bernoulli):
    def __init__(self, probs, validate_args=None):
        return super().__init__(probs=probs, validate_args=validate_args)

    # XXX: subclasses of Pyro distribution which defines a custom __init__ method
    # should also have `expand` implemented.
    def expand(self, batch_shape, _instance=None):
        new = self._get_checked_instance(_PyroWrapper_BernoulliProbs, _instance)
        return super().expand(batch_shape, _instance=new)


class _PyroWrapper_BernoulliLogits(dist.Bernoulli):
    def __init__(self, logits, validate_args=None):
        return super().__init__(logits=logits, validate_args=validate_args)

    def expand(self, batch_shape, _instance=None):
        new = self._get_checked_instance(_PyroWrapper_BernoulliLogits, _instance)
        return super().expand(batch_shape, _instance=new)


class _PyroWrapper_CategoricalLogits(dist.Categorical):
    def __init__(self, logits, validate_args=None):
        return super().__init__(logits=logits, validate_args=validate_args)

    def expand(self, batch_shape, _instance=None):
        new = self._get_checked_instance(_PyroWrapper_CategoricalLogits, _instance)
        return super().expand(batch_shape, _instance=new)


def _get_pyro_dist(dist_name):
    if dist_name in ["BernoulliProbs", "BernoulliLogits", "CategoricalLogits"]:
        return globals().get("_PyroWrapper_" + dist_name)
    elif dist_name.startswith("Nonreparameterized"):
        return getattr(fakes, dist_name)
    else:
        return getattr(dist, dist_name)


PYRO_DIST_NAMES = FUNSOR_DIST_NAMES + [
    ("ContinuousBernoulli", ("logits",)),
    ("FisherSnedecor", ()),
    # ("LogisticNormal", ()),  # TODO handle as transformed dist
    ("NegativeBinomial", ("total_count", "probs")),
    ("OneHotCategorical", ("probs",)),
    ("RelaxedBernoulli", ("temperature", "logits")),
    ("Weibull", ()),
]


for dist_name, param_names in PYRO_DIST_NAMES:
    locals()[dist_name] = make_dist(_get_pyro_dist(dist_name), param_names=param_names)


# Delta has to be treated specially because of its weird shape inference semantics
@methodof(Delta)  # noqa: F821
@staticmethod
def _infer_value_domain(**kwargs):
    return kwargs["v"]


@methodof(Categorical)  # noqa: F821
@methodof(CategoricalLogits)  # noqa: F821
@classmethod
def _infer_value_dtype(cls, domains):
    if "logits" in domains:
        return domains["logits"].shape[-1]
    if "probs" in domains:
        return domains["probs"].shape[-1]
    raise ValueError


# Multinomial and related dists have dependent Bint dtypes, so we just make them 'real'
# See issue: https://github.com/pyro-ppl/funsor/issues/322
@methodof(Binomial)  # noqa: F821
@methodof(Multinomial)  # noqa: F821
@methodof(DirichletMultinomial)  # noqa: F821
@classmethod
def _infer_value_dtype(cls, domains):
    return "real"


# TODO fix Delta.arg_constraints["v"] to be a
# constraints.independent[constraints.real]
@methodof(Delta)  # noqa: F821
@staticmethod
@functools.lru_cache(maxsize=5000)
def _infer_param_domain(name, raw_shape):
    if name == "v":
        return Reals[raw_shape]
    elif name == "log_density":
        return Real
    else:
        raise ValueError(name)


# TODO fix Dirichlet.arg_constraints["concentration"] to be a
# constraints.independent[constraints.positive]
@methodof(Dirichlet)  # noqa: F821
@methodof(NonreparameterizedDirichlet)  # noqa: F821
@staticmethod
@functools.lru_cache(maxsize=5000)
def _infer_param_domain(name, raw_shape):
    assert name == "concentration"
    return Reals[raw_shape[-1]]


# TODO fix DirichletMultinomial.arg_constraints["concentration"] to be a
# constraints.independent[constraints.positive]
@methodof(DirichletMultinomial)  # noqa: F821
@classmethod
@functools.lru_cache(maxsize=5000)
def _infer_param_domain(cls, name, raw_shape):
    if name == "concentration":
        return Reals[raw_shape[-1]]
    assert name == "total_count"
    return Real


# TODO fix LowRankMultivariateNormal.arg_constraints upstream
@methodof(LowRankMultivariateNormal)  # noqa: F821
@classmethod
@functools.lru_cache(maxsize=5000)
def _infer_param_domain(cls, name, raw_shape):
    if name == "loc":
        return Reals[raw_shape[-1]]
    elif name == "cov_factor":
        return Reals[raw_shape[-2:]]
    elif name == "cov_diag":
        return Reals[raw_shape[-1]]
    raise ValueError(f"{name} invalid param for {cls}")


# TODO add temperature to RelaxedBernoulli.arg_constraints upstream
@methodof(RelaxedBernoulli)  # noqa: F821
@classmethod
@functools.lru_cache(maxsize=5000)
def _infer_param_domain(cls, name, raw_shape):
    if name == "temperature":
        return Real
    return Real


###########################################################
# Converting distribution funsors to PyTorch distributions
###########################################################


@to_data.register(Multinomial)  # noqa: F821
def multinomial_to_data(funsor_dist, name_to_dim=None):
    probs = to_data(funsor_dist.probs, name_to_dim)
    total_count = to_data(funsor_dist.total_count, name_to_dim)
    if isinstance(total_count, numbers.Number) or len(total_count.shape) == 0:
        return dist.Multinomial(int(total_count), probs=probs)
    raise NotImplementedError("inhomogeneous total_count not supported")


# Convert Delta **distribution** to raw data
@to_data.register(Delta)  # noqa: F821
def deltadist_to_data(funsor_dist, name_to_dim=None):
    v = to_data(funsor_dist.v, name_to_dim=name_to_dim)
    log_density = to_data(funsor_dist.log_density, name_to_dim=name_to_dim)
    return dist.Delta(v, log_density, event_dim=len(funsor_dist.v.output.shape))


@functools.singledispatch
def op_to_torch_transform(op, name_to_dim=None):
    raise NotImplementedError("cannot convert {} to a Transform".format(op))


@op_to_torch_transform.register(ops.TransformOp)
def transform_to_torch_transform(op, name_to_dim=None):
    raise NotImplementedError("{} is not a currently supported transform".format(op))


@op_to_torch_transform.register(ops.WrappedTransformOp)
def transform_to_torch_transform(op, name_to_dim=None):
    return op.defaults["fn"]


@op_to_torch_transform.register(ops.ExpOp)
def exp_to_torch_transform(op, name_to_dim=None):
    return torch.distributions.transforms.ExpTransform()


@op_to_torch_transform.register(ops.LogOp)
def log_to_torch_transform(op, name_to_dim=None):
    return torch.distributions.transforms.ExpTransform().inv


@op_to_torch_transform.register(ops.SigmoidOp)
def sigmoid_to_torch_transform(op, name_to_dim=None):
    return torch.distributions.transforms.SigmoidTransform()


@op_to_torch_transform.register(ops.TanhOp)
def tanh_to_torch_transform(op, name_to_dim=None):
    return torch.distributions.transforms.TanhTransform()


@op_to_torch_transform.register(ops.AtanhOp)
def atanh_to_torch_transform(op, name_to_dim=None):
    return torch.distributions.transforms.TanhTransform().inv


@to_data.register(Unary[ops.TransformOp, Union[Unary, Variable]])
def transform_to_data(expr, name_to_dim=None):
    if isinstance(expr.op, ops.TransformOp):
        tfm = op_to_torch_transform(expr.op, name_to_dim=name_to_dim)
        if isinstance(expr.arg, Unary):
            tfm = torch.distributions.transforms.ComposeTransform(
                [to_data(expr.arg, name_to_dim=name_to_dim), tfm]
            )
        return tfm
    raise NotImplementedError("cannot convert to data: {}".format(expr))


###############################################
# Converting PyTorch Distributions to funsors
###############################################


@to_funsor.register(torch.distributions.Transform)
def transform_to_funsor(tfm, output=None, dim_to_name=None, real_inputs=None):
    op = ops.WrappedTransformOp(fn=tfm)
    name = next(real_inputs.keys()) if real_inputs else "value"
    return op(Variable(name, output))


@to_funsor.register(torch.distributions.transforms.ExpTransform)
def exptransform_to_funsor(tfm, output=None, dim_to_name=None, real_inputs=None):
    name = next(real_inputs.keys()) if real_inputs else "value"
    return ops.exp(Variable(name, output))


@to_funsor.register(torch.distributions.transforms.TanhTransform)
def exptransform_to_funsor(tfm, output=None, dim_to_name=None, real_inputs=None):
    name = next(real_inputs.keys()) if real_inputs else "value"
    return ops.tanh(Variable(name, output))


@to_funsor.register(torch.distributions.transforms.SigmoidTransform)
def exptransform_to_funsor(tfm, output=None, dim_to_name=None, real_inputs=None):
    name = next(real_inputs.keys()) if real_inputs else "value"
    return ops.sigmoid(Variable(name, output))


@to_funsor.register(torch.distributions.transforms._InverseTransform)
def inversetransform_to_funsor(tfm, output=None, dim_to_name=None, real_inputs=None):
    expr = to_funsor(
        tfm._inv, output=output, dim_to_name=dim_to_name, real_inputs=real_inputs
    )
    assert isinstance(expr, Unary)
    return expr.op.inv(expr.arg)


@to_funsor.register(torch.distributions.transforms.ComposeTransform)
def composetransform_to_funsor(tfm, output=None, dim_to_name=None, real_inputs=None):
    name = next(real_inputs.keys()) if real_inputs else "value"
    expr = Variable(name, output)
    for part in tfm.parts:
        expr = to_funsor(
            part, output=output, dim_to_name=dim_to_name, real_inputs=real_inputs
        )(**{name: expr})
    return expr


to_funsor.register(ExpandedDistribution)(expandeddist_to_funsor)
to_funsor.register(torch.distributions.Independent)(indepdist_to_funsor)
to_funsor.register(MaskedDistribution)(maskeddist_to_funsor)
to_funsor.register(torch.distributions.TransformedDistribution)(
    transformeddist_to_funsor
)


@to_funsor.register(torch.distributions.Bernoulli)
def bernoulli_to_funsor(pyro_dist, output=None, dim_to_name=None):
    new_pyro_dist = _PyroWrapper_BernoulliLogits(logits=pyro_dist.logits)
    return backenddist_to_funsor(
        BernoulliLogits, new_pyro_dist, output, dim_to_name
    )  # noqa: F821


@to_funsor.register(dist.Delta)  # Delta **distribution**
def deltadist_to_funsor(pyro_dist, output=None, dim_to_name=None):
    v = to_funsor(
        pyro_dist.v, output=Reals[pyro_dist.event_shape], dim_to_name=dim_to_name
    )
    log_density = to_funsor(pyro_dist.log_density, output=Real, dim_to_name=dim_to_name)
    return Delta(v, log_density)  # noqa: F821


JointDirichletMultinomial = Contraction[
    Union[ops.LogaddexpOp, ops.NullOp],
    ops.AddOp,
    frozenset,
    Tuple[Dirichlet, Multinomial],  # noqa: F821
]


eager.register(Beta, Funsor, Funsor, Funsor)(eager_beta)  # noqa: F821)
eager.register(Binomial, Funsor, Funsor, Funsor)(eager_binomial)  # noqa: F821
eager.register(Multinomial, Tensor, Tensor, Tensor)(eager_multinomial)  # noqa: F821)
eager.register(Categorical, Funsor, Tensor)(eager_categorical_funsor)  # noqa: F821)
eager.register(Categorical, Tensor, Variable)(eager_categorical_tensor)  # noqa: F821)
eager.register(Categorical, Constant[Tuple, Tensor], Variable)(
    eager_categorical_tensor
)  # noqa: F821)
eager.register(Delta, Tensor, Tensor, Tensor)(eager_delta_tensor)  # noqa: F821
eager.register(Delta, Funsor, Funsor, Variable)(
    eager_delta_funsor_variable
)  # noqa: F821
eager.register(Delta, Variable, Funsor, Variable)(
    eager_delta_funsor_variable
)  # noqa: F821
eager.register(Delta, Variable, Funsor, Funsor)(eager_delta_funsor_funsor)  # noqa: F821
eager.register(Delta, Variable, Variable, Variable)(
    eager_delta_variable_variable
)  # noqa: F821
eager.register(Normal, Funsor, Tensor, Funsor)(eager_normal)  # noqa: F821
eager.register(MultivariateNormal, Funsor, Tensor, Funsor)(eager_mvn)  # noqa: F821
eager.register(
    Contraction, ops.LogaddexpOp, ops.AddOp, frozenset, Dirichlet, BernoulliProbs
)(  # noqa: F821
    eager_beta_bernoulli
)
eager.register(
    Contraction, ops.LogaddexpOp, ops.AddOp, frozenset, Dirichlet, Categorical
)(  # noqa: F821
    eager_dirichlet_categorical
)
eager.register(
    Contraction, ops.LogaddexpOp, ops.AddOp, frozenset, Dirichlet, Multinomial
)(  # noqa: F821
    eager_dirichlet_multinomial
)
eager.register(
    Contraction, ops.LogaddexpOp, ops.AddOp, frozenset, Gamma, Gamma
)(  # noqa: F821
    eager_gamma_gamma
)
eager.register(
    Contraction, ops.LogaddexpOp, ops.AddOp, frozenset, Gamma, Poisson
)(  # noqa: F821
    eager_gamma_poisson
)
eager.register(
    Binary, ops.SubOp, JointDirichletMultinomial, DirichletMultinomial
)(  # noqa: F821
    eager_dirichlet_posterior
)
eager.register(
    Reduce, ops.AddOp, Multinomial[Tensor, Funsor, Funsor], frozenset
)(  # noqa: F821
    eager_plate_multinomial
)
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  Source code for pyro.distributions.conjugate

# Copyright (c) 2017-2019 Uber Technologies, Inc.
# SPDX-License-Identifier: Apache-2.0

import numbers

import torch
from torch.distributions.utils import broadcast_all

from pyro.ops.special import log_beta, log_binomial

from . import constraints
from .torch import Beta, Binomial, Dirichlet, Gamma, Multinomial, Poisson
from .torch_distribution import TorchDistribution
from .util import broadcast_shape


def _log_beta_1(alpha, value, is_sparse):
    if is_sparse:
        mask = value != 0
        value, alpha, mask = torch.broadcast_tensors(value, alpha, mask)
        result = torch.zeros_like(value)
        value = value[mask]
        alpha = alpha[mask]
        result[mask] = (
            torch.lgamma(1 + value) + torch.lgamma(alpha) - torch.lgamma(value + alpha)
        )
        return result
    else:
        return (
            torch.lgamma(1 + value) + torch.lgamma(alpha) - torch.lgamma(value + alpha)
        )


class BetaBinomial(TorchDistribution):
    r"""
    Compound distribution comprising of a beta-binomial pair. The probability of
    success (``probs`` for the :class:`~pyro.distributions.Binomial` distribution)
    is unknown and randomly drawn from a :class:`~pyro.distributions.Beta` distribution
    prior to a certain number of Bernoulli trials given by ``total_count``.

    :param concentration1: 1st concentration parameter (alpha) for the
        Beta distribution.
    :type concentration1: float or torch.Tensor
    :param concentration0: 2nd concentration parameter (beta) for the
        Beta distribution.
    :type concentration0: float or torch.Tensor
    :param total_count: Number of Bernoulli trials.
    :type total_count: float or torch.Tensor
    """
    arg_constraints = {
        "concentration1": constraints.positive,
        "concentration0": constraints.positive,
        "total_count": constraints.nonnegative_integer,
    }
    has_enumerate_support = True
    support = Binomial.support

    # EXPERIMENTAL If set to a positive value, the .log_prob() method will use
    # a shifted Sterling's approximation to the Beta function, reducing
    # computational cost from 9 lgamma() evaluations to 12 log() evaluations
    # plus arithmetic. Recommended values are between 0.1 and 0.01.
    approx_log_prob_tol = 0.0

    def __init__(
        self, concentration1, concentration0, total_count=1, validate_args=None
    ):
        concentration1, concentration0, total_count = broadcast_all(
            concentration1, concentration0, total_count
        )
        self._beta = Beta(concentration1, concentration0)
        self.total_count = total_count
        super().__init__(self._beta._batch_shape, validate_args=validate_args)

    @property
    def concentration1(self):
        return self._beta.concentration1

    @property
    def concentration0(self):
        return self._beta.concentration0

    def expand(self, batch_shape, _instance=None):
        new = self._get_checked_instance(BetaBinomial, _instance)
        batch_shape = torch.Size(batch_shape)
        new._beta = self._beta.expand(batch_shape)
        new.total_count = self.total_count.expand_as(new._beta.concentration0)
        super(BetaBinomial, new).__init__(batch_shape, validate_args=False)
        new._validate_args = self._validate_args
        return new

    def sample(self, sample_shape=()):
        probs = self._beta.sample(sample_shape)
        return Binomial(self.total_count, probs, validate_args=False).sample()

    def log_prob(self, value):
        if self._validate_args:
            self._validate_sample(value)

        n = self.total_count
        k = value
        a = self.concentration1
        b = self.concentration0
        tol = self.approx_log_prob_tol
        return (
            log_binomial(n, k, tol)
            + log_beta(k + a, n - k + b, tol)
            - log_beta(a, b, tol)
        )

    @property
    def mean(self):
        return self._beta.mean * self.total_count

    @property
    def variance(self):
        return (
            self._beta.variance
            * self.total_count
            * (self.concentration0 + self.concentration1 + self.total_count)
        )

    def enumerate_support(self, expand=True):
        total_count = int(self.total_count.max())
        if not self.total_count.min() == total_count:
            raise NotImplementedError(
                "Inhomogeneous total count not supported by `enumerate_support`."
            )
        values = torch.arange(
            1 + total_count,
            dtype=self.concentration1.dtype,
            device=self.concentration1.device,
        )
        values = values.view((-1,) + (1,) * len(self._batch_shape))
        if expand:
            values = values.expand((-1,) + self._batch_shape)
        return values


class DirichletMultinomial(TorchDistribution):
    r"""
    Compound distribution comprising of a dirichlet-multinomial pair. The probability of
    classes (``probs`` for the :class:`~pyro.distributions.Multinomial` distribution)
    is unknown and randomly drawn from a :class:`~pyro.distributions.Dirichlet`
    distribution prior to a certain number of Categorical trials given by
    ``total_count``.

    :param float or torch.Tensor concentration: concentration parameter (alpha) for the
        Dirichlet distribution.
    :param int or torch.Tensor total_count: number of Categorical trials.
    :param bool is_sparse: Whether to assume value is mostly zero when computing
        :meth:`log_prob`, which can speed up computation when data is sparse.
    """
    arg_constraints = {
        "concentration": constraints.independent(constraints.positive, 1),
        "total_count": constraints.nonnegative_integer,
    }
    support = Multinomial.support

    def __init__(
        self, concentration, total_count=1, is_sparse=False, validate_args=None
    ):
        batch_shape = concentration.shape[:-1]
        event_shape = concentration.shape[-1:]
        if isinstance(total_count, numbers.Number):
            total_count = concentration.new_tensor(total_count)
        else:
            batch_shape = broadcast_shape(batch_shape, total_count.shape)
            concentration = concentration.expand(batch_shape + (-1,))
            total_count = total_count.expand(batch_shape)
        self._dirichlet = Dirichlet(concentration)
        self.total_count = total_count
        self.is_sparse = is_sparse
        super().__init__(batch_shape, event_shape, validate_args=validate_args)

    @property
    def concentration(self):
        return self._dirichlet.concentration

    @staticmethod
    def infer_shapes(concentration, total_count=()):
        batch_shape = broadcast_shape(concentration[:-1], total_count)
        event_shape = concentration[-1:]
        return batch_shape, event_shape

    def expand(self, batch_shape, _instance=None):
        new = self._get_checked_instance(DirichletMultinomial, _instance)
        batch_shape = torch.Size(batch_shape)
        new._dirichlet = self._dirichlet.expand(batch_shape)
        new.total_count = self.total_count.expand(batch_shape)
        new.is_sparse = self.is_sparse
        super(DirichletMultinomial, new).__init__(
            new._dirichlet.batch_shape, new._dirichlet.event_shape, validate_args=False
        )
        new._validate_args = self._validate_args
        return new

    def sample(self, sample_shape=()):
        probs = self._dirichlet.sample(sample_shape)
        total_count = int(self.total_count.max())
        if not self.total_count.min() == total_count:
            raise NotImplementedError(
                "Inhomogeneous total count not supported by `sample`."
            )
        return Multinomial(total_count, probs).sample()

    def log_prob(self, value):
        if self._validate_args:
            self._validate_sample(value)
        alpha = self.concentration
        return _log_beta_1(alpha.sum(-1), value.sum(-1), self.is_sparse) - _log_beta_1(
            alpha, value, self.is_sparse
        ).sum(-1)

    @property
    def mean(self):
        return self._dirichlet.mean * self.total_count.unsqueeze(-1)

    @property
    def variance(self):
        n = self.total_count.unsqueeze(-1)
        alpha = self.concentration
        alpha_sum = self.concentration.sum(-1, keepdim=True)
        alpha_ratio = alpha / alpha_sum
        return n * alpha_ratio * (1 - alpha_ratio) * (n + alpha_sum) / (1 + alpha_sum)


class GammaPoisson(TorchDistribution):
    r"""
    Compound distribution comprising of a gamma-poisson pair, also referred to as
    a gamma-poisson mixture. The ``rate`` parameter for the
    :class:`~pyro.distributions.Poisson` distribution is unknown and randomly
    drawn from a :class:`~pyro.distributions.Gamma` distribution.

    .. note:: This can be treated as an alternate parametrization of the
        :class:`~pyro.distributions.NegativeBinomial` (``total_count``, ``probs``)
        distribution, with `concentration = total_count` and `rate = (1 - probs) / probs`.

    :param float or torch.Tensor concentration: shape parameter (alpha) of the Gamma
        distribution.
    :param float or torch.Tensor rate: rate parameter (beta) for the Gamma
        distribution.
    """

    arg_constraints = {
        "concentration": constraints.positive,
        "rate": constraints.positive,
    }
    support = Poisson.support

    def __init__(self, concentration, rate, validate_args=None):
        concentration, rate = broadcast_all(concentration, rate)
        self._gamma = Gamma(concentration, rate)
        super().__init__(self._gamma._batch_shape, validate_args=validate_args)

    @property
    def concentration(self):
        return self._gamma.concentration

    @property
    def rate(self):
        return self._gamma.rate

    def expand(self, batch_shape, _instance=None):
        new = self._get_checked_instance(GammaPoisson, _instance)
        batch_shape = torch.Size(batch_shape)
        new._gamma = self._gamma.expand(batch_shape)
        super(GammaPoisson, new).__init__(batch_shape, validate_args=False)
        new._validate_args = self._validate_args
        return new

    def sample(self, sample_shape=()):
        rate = self._gamma.sample(sample_shape)
        return Poisson(rate).sample()

    def log_prob(self, value):
        if self._validate_args:
            self._validate_sample(value)
        post_value = self.concentration + value
        return (
            -log_beta(self.concentration, value + 1)
            - post_value.log()
            + self.concentration * self.rate.log()
            - post_value * (1 + self.rate).log()
        )

    @property
    def mean(self):
        return self.concentration / self.rate

    @property
    def variance(self):
        return self.concentration / self.rate.pow(2) * (1 + self.rate)
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  Source code for pyro.distributions.delta

# Copyright (c) 2017-2019 Uber Technologies, Inc.
# SPDX-License-Identifier: Apache-2.0

import numbers

import torch

from pyro.distributions.torch_distribution import TorchDistribution
from pyro.distributions.util import sum_rightmost

from . import constraints


class Delta(TorchDistribution):
    """
    Degenerate discrete distribution (a single point).

    Discrete distribution that assigns probability one to the single element in
    its support. Delta distribution parameterized by a random choice should not
    be used with MCMC based inference, as doing so produces incorrect results.

    :param torch.Tensor v: The single support element.
    :param torch.Tensor log_density: An optional density for this Delta. This
        is useful to keep the class of :class:`Delta` distributions closed
        under differentiable transformation.
    :param int event_dim: Optional event dimension, defaults to zero.
    """

    has_rsample = True
    arg_constraints = {"v": constraints.dependent, "log_density": constraints.real}

    def __init__(self, v, log_density=0.0, event_dim=0, validate_args=None):
        if event_dim > v.dim():
            raise ValueError(
                "Expected event_dim <= v.dim(), actual {} vs {}".format(
                    event_dim, v.dim()
                )
            )
        batch_dim = v.dim() - event_dim
        batch_shape = v.shape[:batch_dim]
        event_shape = v.shape[batch_dim:]
        if isinstance(log_density, numbers.Number):
            log_density = torch.full(
                batch_shape, log_density, dtype=v.dtype, device=v.device
            )
        elif validate_args and log_density.shape != batch_shape:
            raise ValueError(
                "Expected log_density.shape = {}, actual {}".format(
                    log_density.shape, batch_shape
                )
            )
        self.v = v
        self.log_density = log_density
        super().__init__(batch_shape, event_shape, validate_args=validate_args)

    @constraints.dependent_property
    def support(self):
        return constraints.independent(constraints.real, self.event_dim)

    def expand(self, batch_shape, _instance=None):
        new = self._get_checked_instance(Delta, _instance)
        batch_shape = torch.Size(batch_shape)
        new.v = self.v.expand(batch_shape + self.event_shape)
        new.log_density = self.log_density.expand(batch_shape)
        super(Delta, new).__init__(batch_shape, self.event_shape, validate_args=False)
        new._validate_args = self._validate_args
        return new

    def rsample(self, sample_shape=torch.Size()):
        shape = sample_shape + self.v.shape
        return self.v.expand(shape)

    def log_prob(self, x):
        v = self.v.expand(self.shape())
        log_prob = (x == v).type(x.dtype).log()
        log_prob = sum_rightmost(log_prob, self.event_dim)
        return log_prob + self.log_density

    @property
    def mean(self):
        return self.v

    @property
    def variance(self):
        return torch.zeros_like(self.v)
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  Source code for pyro.distributions.torch

# Copyright (c) 2017-2019 Uber Technologies, Inc.
# SPDX-License-Identifier: Apache-2.0

import math

import torch

from pyro.distributions.torch_distribution import TorchDistributionMixin
from pyro.distributions.util import broadcast_shape, sum_rightmost
from pyro.ops.special import log_binomial

from . import constraints


def _clamp_by_zero(x):
    # works like clamp(x, min=0) but has grad at 0 is 0.5
    return (x.clamp(min=0) + x - x.clamp(max=0)) / 2


class Beta(torch.distributions.Beta, TorchDistributionMixin):
    def conjugate_update(self, other):
        """
        EXPERIMENTAL.
        """
        assert isinstance(other, Beta)
        concentration1 = self.concentration1 + other.concentration1 - 1
        concentration0 = self.concentration0 + other.concentration0 - 1
        updated = Beta(concentration1, concentration0)

        def _log_normalizer(d):
            x = d.concentration1
            y = d.concentration0
            return (x + y).lgamma() - x.lgamma() - y.lgamma()

        log_normalizer = (
            _log_normalizer(self) + _log_normalizer(other) - _log_normalizer(updated)
        )
        return updated, log_normalizer


class Binomial(torch.distributions.Binomial, TorchDistributionMixin):
    # EXPERIMENTAL threshold on total_count above which sampling will use a
    # clamped Poisson approximation for Binomial samples. This is useful for
    # sampling very large populations.
    approx_sample_thresh = math.inf

    # EXPERIMENTAL If set to a positive value, the .log_prob() method will use
    # a shifted Sterling's approximation to the Beta function, reducing
    # computational cost from 3 lgamma() evaluations to 4 log() evaluations
    # plus arithmetic. Recommended values are between 0.1 and 0.01.
    approx_log_prob_tol = 0.0

    def sample(self, sample_shape=torch.Size()):
        if self.approx_sample_thresh < math.inf:
            exact = self.total_count <= self.approx_sample_thresh
            if not exact.all():
                # Approximate large counts with a moment-matched clamped Poisson.
                with torch.no_grad():
                    shape = self._extended_shape(sample_shape)
                    p = self.probs
                    q = 1 - self.probs
                    mean = torch.min(p, q) * self.total_count
                    variance = p * q * self.total_count
                    shift = (mean - variance).round()
                    result = torch.poisson(variance.expand(shape))
                    result = torch.min(result + shift, self.total_count)
                    sample = torch.where(p < q, result, self.total_count - result)
                # Draw exact samples for remaining items.
                if exact.any():
                    total_count = torch.where(
                        exact, self.total_count, torch.zeros_like(self.total_count)
                    )
                    exact_sample = torch.distributions.Binomial(
                        total_count, self.probs, validate_args=False
                    ).sample(sample_shape)
                    sample = torch.where(exact, exact_sample, sample)
                return sample
        return super().sample(sample_shape)

    def log_prob(self, value):
        if self._validate_args:
            self._validate_sample(value)

        n = self.total_count
        k = value
        # k * log(p) + (n - k) * log(1 - p) = k * (log(p) - log(1 - p)) + n * log(1 - p)
        #     (case logit < 0)              = k * logit - n * log1p(e^logit)
        #     (case logit > 0)              = k * logit - n * (log(p) - log(1 - p)) + n * log(p)
        #                                   = k * logit - n * logit - n * log1p(e^-logit)
        #     (merge two cases)             = k * logit - n * max(logit, 0) - n * log1p(e^-|logit|)
        normalize_term = n * (
            _clamp_by_zero(self.logits) + self.logits.abs().neg().exp().log1p()
        )
        return (
            k * self.logits
            - normalize_term
            + log_binomial(n, k, tol=self.approx_log_prob_tol)
        )


# This overloads .log_prob() and .enumerate_support() to speed up evaluating
# log_prob on the support of this variable: we can completely avoid tensor ops
# and merely reshape the self.logits tensor. This is especially important for
# Pyro models that use enumeration.
class Categorical(torch.distributions.Categorical, TorchDistributionMixin):
    arg_constraints = {"probs": constraints.simplex, "logits": constraints.real_vector}

    def log_prob(self, value):
        if getattr(value, "_pyro_categorical_support", None) == id(self):
            # Assume value is a reshaped torch.arange(event_shape[0]).
            # In this case we can call .reshape() rather than torch.gather().
            if not torch._C._get_tracing_state():
                if self._validate_args:
                    self._validate_sample(value)
                assert value.size(0) == self.logits.size(-1)
            logits = self.logits
            if logits.dim() <= value.dim():
                logits = logits.reshape(
                    (1,) * (1 + value.dim() - logits.dim()) + logits.shape
                )
            if not torch._C._get_tracing_state():
                assert logits.size(-1 - value.dim()) == 1
            return logits.transpose(-1 - value.dim(), -1).squeeze(-1)
        return super().log_prob(value)

    def enumerate_support(self, expand=True):
        result = super().enumerate_support(expand=expand)
        if not expand:
            result._pyro_categorical_support = id(self)
        return result


class Dirichlet(torch.distributions.Dirichlet, TorchDistributionMixin):
    @staticmethod
    def infer_shapes(concentration):
        batch_shape = concentration[:-1]
        event_shape = concentration[-1:]
        return batch_shape, event_shape

    def conjugate_update(self, other):
        """
        EXPERIMENTAL.
        """
        assert isinstance(other, Dirichlet)
        concentration = self.concentration + other.concentration - 1
        updated = Dirichlet(concentration)

        def _log_normalizer(d):
            c = d.concentration
            return c.sum(-1).lgamma() - c.lgamma().sum(-1)

        log_normalizer = (
            _log_normalizer(self) + _log_normalizer(other) - _log_normalizer(updated)
        )
        return updated, log_normalizer


class Gamma(torch.distributions.Gamma, TorchDistributionMixin):
    def conjugate_update(self, other):
        """
        EXPERIMENTAL.
        """
        assert isinstance(other, Gamma)
        concentration = self.concentration + other.concentration - 1
        rate = self.rate + other.rate
        updated = Gamma(concentration, rate)

        def _log_normalizer(d):
            c = d.concentration
            return d.rate.log() * c - c.lgamma()

        log_normalizer = (
            _log_normalizer(self) + _log_normalizer(other) - _log_normalizer(updated)
        )
        return updated, log_normalizer


class Geometric(torch.distributions.Geometric, TorchDistributionMixin):
    # TODO: move upstream
    def log_prob(self, value):
        if self._validate_args:
            self._validate_sample(value)
        return (-value - 1) * torch.nn.functional.softplus(self.logits) + self.logits


class LogNormal(torch.distributions.LogNormal, TorchDistributionMixin):
    def __init__(self, loc, scale, validate_args=None):
        base_dist = Normal(loc, scale)
        # This differs from torch.distributions.LogNormal only in that base_dist is
        # a pyro.distributions.Normal rather than a torch.distributions.Normal.
        super(torch.distributions.LogNormal, self).__init__(
            base_dist,
            torch.distributions.transforms.ExpTransform(),
            validate_args=validate_args,
        )

    def expand(self, batch_shape, _instance=None):
        new = self._get_checked_instance(LogNormal, _instance)
        return super(torch.distributions.LogNormal, self).expand(
            batch_shape, _instance=new
        )


class LowRankMultivariateNormal(
    torch.distributions.LowRankMultivariateNormal, TorchDistributionMixin
):
    @staticmethod
    def infer_shapes(loc, cov_factor, cov_diag):
        event_shape = loc[-1:]
        batch_shape = broadcast_shape(loc[:-1], cov_factor[:-2], cov_diag[:-1])
        return batch_shape, event_shape


class MultivariateNormal(
    torch.distributions.MultivariateNormal, TorchDistributionMixin
):
    @staticmethod
    def infer_shapes(
        loc, covariance_matrix=None, precision_matrix=None, scale_tril=None
    ):
        batch_shape, event_shape = loc[:-1], loc[-1:]
        for matrix in [covariance_matrix, precision_matrix, scale_tril]:
            if matrix is not None:
                batch_shape = broadcast_shape(batch_shape, matrix[:-2])
        return batch_shape, event_shape


class Multinomial(torch.distributions.Multinomial, TorchDistributionMixin):
    def infer_shapes(total_count=None, probs=None, logits=None):
        tensor = probs if logits is None else logits
        batch_shape, event_shape = tensor[:-1], tensor[-1:]
        if isinstance(total_count, tuple):
            batch_shape = broadcast_shape(batch_shape, total_count)
        return batch_shape, event_shape


class Normal(torch.distributions.Normal, TorchDistributionMixin):
    pass


class OneHotCategorical(torch.distributions.OneHotCategorical, TorchDistributionMixin):
    @staticmethod
    def infer_shapes(probs=None, logits=None):
        tensor = probs if logits is None else logits
        event_shape = tensor[-1:]
        batch_shape = tensor[:-1]
        return batch_shape, event_shape


class Poisson(torch.distributions.Poisson, TorchDistributionMixin):
    def __init__(self, rate, *, is_sparse=False, validate_args=None):
        self.is_sparse = is_sparse
        super().__init__(rate, validate_args=validate_args)

    def expand(self, batch_shape, _instance=None):
        new = self._get_checked_instance(Poisson, _instance)
        new = super().expand(batch_shape, _instance=new)
        new.is_sparse = self.is_sparse
        return new

    def log_prob(self, value):
        if not self.is_sparse:
            return super().log_prob(value)
        if self._validate_args:
            self._validate_sample(value)
        rate, value, nonzero = torch.broadcast_tensors(self.rate, value, value > 0)
        sparse_rate = rate[nonzero]
        sparse_value = value[nonzero]
        return (
            torch.zeros_like(rate).masked_scatter(
                nonzero,
                (sparse_rate.log() * sparse_value) - (sparse_value + 1).lgamma(),
            )
            - rate
        )


class Independent(torch.distributions.Independent, TorchDistributionMixin):
    @staticmethod
    def infer_shapes(**kwargs):
        raise NotImplementedError

    @property
    def _validate_args(self):
        return self.base_dist._validate_args

    @_validate_args.setter
    def _validate_args(self, value):
        self.base_dist._validate_args = value

    def conjugate_update(self, other):
        """
        EXPERIMENTAL.
        """
        n = self.reintepreted_batch_ndims
        updated, log_normalizer = self.base_dist.conjugate_update(other.to_event(-n))
        updated = updated.to_event(n)
        log_normalizer = sum_rightmost(log_normalizer, n)
        return updated, log_normalizer


class Uniform(torch.distributions.Uniform, TorchDistributionMixin):
    def __init__(self, low, high, validate_args=None):
        self._unbroadcasted_low = low
        self._unbroadcasted_high = high
        super().__init__(low, high, validate_args=validate_args)

    def expand(self, batch_shape, _instance=None):
        new = self._get_checked_instance(Uniform, _instance)
        new = super().expand(batch_shape, _instance=new)
        new._unbroadcasted_low = self._unbroadcasted_low
        new._unbroadcasted_high = self._unbroadcasted_high
        return new

    @constraints.dependent_property(is_discrete=False, event_dim=0)
    def support(self):
        return constraints.interval(self._unbroadcasted_low, self._unbroadcasted_high)


# Programmatically load all distributions from PyTorch.
__all__ = []
for _name, _Dist in torch.distributions.__dict__.items():
    if not isinstance(_Dist, type):
        continue
    if not issubclass(_Dist, torch.distributions.Distribution):
        continue
    if _Dist is torch.distributions.Distribution:
        continue

    try:
        _PyroDist = locals()[_name]
    except KeyError:
        _PyroDist = type(_name, (_Dist, TorchDistributionMixin), {})
        _PyroDist.__module__ = __name__
        locals()[_name] = _PyroDist

    _PyroDist.__doc__ = """
    Wraps :class:`{}.{}` with
    :class:`~pyro.distributions.torch_distribution.TorchDistributionMixin`.
    """.format(
        _Dist.__module__, _Dist.__name__
    )

    __all__.append(_name)


# Create sphinx documentation.
__doc__ = "\n\n".join(
    [
        """
    {0}
    ----------------------------------------------------------------
    .. autoclass:: pyro.distributions.{0}
    """.format(
            _name
        )
        for _name in sorted(__all__)
    ]
)
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  Source code for pyro.distributions.testing.fakes

# Copyright (c) 2017-2019 Uber Technologies, Inc.
# SPDX-License-Identifier: Apache-2.0

from pyro.distributions.torch import Beta, Dirichlet, Gamma, Normal


class NonreparameterizedBeta(Beta):
    has_rsample = False


class NonreparameterizedDirichlet(Dirichlet):
    has_rsample = False


class NonreparameterizedGamma(Gamma):
    has_rsample = False


class NonreparameterizedNormal(Normal):
    has_rsample = False
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  Source code for pyro.optim.clipped_adam

# Copyright (c) 2017-2019 Uber Technologies, Inc.
# SPDX-License-Identifier: Apache-2.0

import math
from typing import Any, Callable, Optional, Tuple

import torch
from torch.optim.optimizer import Optimizer


class ClippedAdam(Optimizer):
    """
    :param params: iterable of parameters to optimize or dicts defining parameter groups
    :param lr: learning rate (default: 1e-3)
    :param Tuple betas: coefficients used for computing
        running averages of gradient and its square (default: (0.9, 0.999))
    :param eps: term added to the denominator to improve
        numerical stability (default: 1e-8)
    :param weight_decay: weight decay (L2 penalty) (default: 0)
    :param clip_norm: magnitude of norm to which gradients are clipped (default: 10.0)
    :param lrd: rate at which learning rate decays (default: 1.0)

    Small modification to the Adam algorithm implemented in torch.optim.Adam
    to include gradient clipping and learning rate decay.

    Reference

    `A Method for Stochastic Optimization`, Diederik P. Kingma, Jimmy Ba
    https://arxiv.org/abs/1412.6980
    """

    def __init__(
        self,
        params,
        lr: float = 1e-3,
        betas: Tuple = (0.9, 0.999),
        eps: float = 1e-8,
        weight_decay=0,
        clip_norm: float = 10.0,
        lrd: float = 1.0,
    ):
        defaults = dict(
            lr=lr,
            betas=betas,
            eps=eps,
            weight_decay=weight_decay,
            clip_norm=clip_norm,
            lrd=lrd,
        )
        super().__init__(params, defaults)

    def step(self, closure: Optional[Callable] = None) -> Optional[Any]:
        """
        :param closure: An optional closure that reevaluates the model and returns the loss.

        Performs a single optimization step.
        """
        loss = None
        if closure is not None:
            loss = closure()

        for group in self.param_groups:
            group["lr"] *= group["lrd"]

            for p in group["params"]:
                if p.grad is None:
                    continue
                grad = p.grad.data
                grad.clamp_(-group["clip_norm"], group["clip_norm"])
                state = self.state[p]

                # State initialization
                if len(state) == 0:
                    state["step"] = 0
                    # Exponential moving average of gradient values
                    state["exp_avg"] = torch.zeros_like(grad)
                    # Exponential moving average of squared gradient values
                    state["exp_avg_sq"] = torch.zeros_like(grad)

                exp_avg, exp_avg_sq = state["exp_avg"], state["exp_avg_sq"]
                beta1, beta2 = group["betas"]

                state["step"] += 1

                if group["weight_decay"] != 0:
                    grad = grad.add(p.data, alpha=group["weight_decay"])

                # Decay the first and second moment running average coefficient
                exp_avg.mul_(beta1).add_(grad, alpha=1 - beta1)
                exp_avg_sq.mul_(beta2).addcmul_(grad, grad, value=1 - beta2)

                denom = exp_avg_sq.sqrt().add_(group["eps"])

                bias_correction1 = 1 - beta1 ** state["step"]
                bias_correction2 = 1 - beta2 ** state["step"]
                step_size = group["lr"] * math.sqrt(bias_correction2) / bias_correction1

                p.data.addcdiv_(exp_avg, denom, value=-step_size)

        return loss
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  Source code for torch.distributions.constraints

r"""
The following constraints are implemented:

- ``constraints.boolean``
- ``constraints.cat``
- ``constraints.corr_cholesky``
- ``constraints.dependent``
- ``constraints.greater_than(lower_bound)``
- ``constraints.greater_than_eq(lower_bound)``
- ``constraints.independent(constraint, reinterpreted_batch_ndims)``
- ``constraints.integer_interval(lower_bound, upper_bound)``
- ``constraints.interval(lower_bound, upper_bound)``
- ``constraints.less_than(upper_bound)``
- ``constraints.lower_cholesky``
- ``constraints.lower_triangular``
- ``constraints.multinomial``
- ``constraints.nonnegative_integer``
- ``constraints.one_hot``
- ``constraints.positive_definite``
- ``constraints.positive_integer``
- ``constraints.positive``
- ``constraints.real_vector``
- ``constraints.real``
- ``constraints.simplex``
- ``constraints.stack``
- ``constraints.unit_interval``
"""

import torch

__all__ = [
    'Constraint',
    'boolean',
    'cat',
    'corr_cholesky',
    'dependent',
    'dependent_property',
    'greater_than',
    'greater_than_eq',
    'independent',
    'integer_interval',
    'interval',
    'half_open_interval',
    'is_dependent',
    'less_than',
    'lower_cholesky',
    'lower_triangular',
    'multinomial',
    'nonnegative_integer',
    'positive',
    'positive_definite',
    'positive_integer',
    'real',
    'real_vector',
    'simplex',
    'stack',
    'unit_interval',
]


class Constraint(object):
    """
    Abstract base class for constraints.

    A constraint object represents a region over which a variable is valid,
    e.g. within which a variable can be optimized.

    Attributes:
        is_discrete (bool): Whether constrained space is discrete.
            Defaults to False.
        event_dim (int): Number of rightmost dimensions that together define
            an event. The :meth:`check` method will remove this many dimensions
            when computing validity.
    """
    is_discrete = False  # Default to continuous.
    event_dim = 0  # Default to univariate.

    def check(self, value):
        """
        Returns a byte tensor of ``sample_shape + batch_shape`` indicating
        whether each event in value satisfies this constraint.
        """
        raise NotImplementedError

    def __repr__(self):
        return self.__class__.__name__[1:] + '()'


class _Dependent(Constraint):
    """
    Placeholder for variables whose support depends on other variables.
    These variables obey no simple coordinate-wise constraints.

    Args:
        is_discrete (bool): Optional value of ``.is_discrete`` in case this
            can be computed statically. If not provided, access to the
            ``.is_discrete`` attribute will raise a NotImplementedError.
        event_dim (int): Optional value of ``.event_dim`` in case this
            can be computed statically. If not provided, access to the
            ``.event_dim`` attribute will raise a NotImplementedError.
    """
    def __init__(self, *, is_discrete=NotImplemented, event_dim=NotImplemented):
        self._is_discrete = is_discrete
        self._event_dim = event_dim
        super().__init__()

    @property
    def is_discrete(self):
        if self._is_discrete is NotImplemented:
            raise NotImplementedError(".is_discrete cannot be determined statically")
        return self._is_discrete

    @property
    def event_dim(self):
        if self._event_dim is NotImplemented:
            raise NotImplementedError(".event_dim cannot be determined statically")
        return self._event_dim

    def __call__(self, *, is_discrete=NotImplemented, event_dim=NotImplemented):
        """
        Support for syntax to customize static attributes::

            constraints.dependent(is_discrete=True, event_dim=1)
        """
        if is_discrete is NotImplemented:
            is_discrete = self._is_discrete
        if event_dim is NotImplemented:
            event_dim = self._event_dim
        return _Dependent(is_discrete=is_discrete, event_dim=event_dim)

    def check(self, x):
        raise ValueError('Cannot determine validity of dependent constraint')


def is_dependent(constraint):
    return isinstance(constraint, _Dependent)


class _DependentProperty(property, _Dependent):
    """
    Decorator that extends @property to act like a `Dependent` constraint when
    called on a class and act like a property when called on an object.

    Example::

        class Uniform(Distribution):
            def __init__(self, low, high):
                self.low = low
                self.high = high
            @constraints.dependent_property(is_discrete=False, event_dim=0)
            def support(self):
                return constraints.interval(self.low, self.high)

    Args:
        fn (callable): The function to be decorated.
        is_discrete (bool): Optional value of ``.is_discrete`` in case this
            can be computed statically. If not provided, access to the
            ``.is_discrete`` attribute will raise a NotImplementedError.
        event_dim (int): Optional value of ``.event_dim`` in case this
            can be computed statically. If not provided, access to the
            ``.event_dim`` attribute will raise a NotImplementedError.
    """
    def __init__(self, fn=None, *, is_discrete=NotImplemented, event_dim=NotImplemented):
        super().__init__(fn)
        self._is_discrete = is_discrete
        self._event_dim = event_dim

    def __call__(self, fn):
        """
        Support for syntax to customize static attributes::

            @constraints.dependent_property(is_discrete=True, event_dim=1)
            def support(self):
                ...
        """
        return _DependentProperty(fn, is_discrete=self._is_discrete, event_dim=self._event_dim)


class _IndependentConstraint(Constraint):
    """
    Wraps a constraint by aggregating over ``reinterpreted_batch_ndims``-many
    dims in :meth:`check`, so that an event is valid only if all its
    independent entries are valid.
    """
    def __init__(self, base_constraint, reinterpreted_batch_ndims):
        assert isinstance(base_constraint, Constraint)
        assert isinstance(reinterpreted_batch_ndims, int)
        assert reinterpreted_batch_ndims >= 0
        self.base_constraint = base_constraint
        self.reinterpreted_batch_ndims = reinterpreted_batch_ndims
        super().__init__()

    @property
    def is_discrete(self):
        return self.base_constraint.is_discrete

    @property
    def event_dim(self):
        return self.base_constraint.event_dim + self.reinterpreted_batch_ndims

    def check(self, value):
        result = self.base_constraint.check(value)
        if result.dim() < self.reinterpreted_batch_ndims:
            expected = self.base_constraint.event_dim + self.reinterpreted_batch_ndims
            raise ValueError(f"Expected value.dim() >= {expected} but got {value.dim()}")
        result = result.reshape(result.shape[:result.dim() - self.reinterpreted_batch_ndims] + (-1,))
        result = result.all(-1)
        return result

    def __repr__(self):
        return "{}({}, {})".format(self.__class__.__name__[1:], repr(self.base_constraint),
                                   self.reinterpreted_batch_ndims)


class _Boolean(Constraint):
    """
    Constrain to the two values `{0, 1}`.
    """
    is_discrete = True

    def check(self, value):
        return (value == 0) | (value == 1)


class _OneHot(Constraint):
    """
    Constrain to one-hot vectors.
    """
    is_discrete = True
    event_dim = 1

    def check(self, value):
        is_boolean = (value == 0) | (value == 1)
        is_normalized = value.sum(-1).eq(1)
        return is_boolean.all(-1) & is_normalized


class _IntegerInterval(Constraint):
    """
    Constrain to an integer interval `[lower_bound, upper_bound]`.
    """
    is_discrete = True

    def __init__(self, lower_bound, upper_bound):
        self.lower_bound = lower_bound
        self.upper_bound = upper_bound
        super().__init__()

    def check(self, value):
        return (value % 1 == 0) & (self.lower_bound <= value) & (value <= self.upper_bound)

    def __repr__(self):
        fmt_string = self.__class__.__name__[1:]
        fmt_string += '(lower_bound={}, upper_bound={})'.format(self.lower_bound, self.upper_bound)
        return fmt_string


class _IntegerLessThan(Constraint):
    """
    Constrain to an integer interval `(-inf, upper_bound]`.
    """
    is_discrete = True

    def __init__(self, upper_bound):
        self.upper_bound = upper_bound
        super().__init__()

    def check(self, value):
        return (value % 1 == 0) & (value <= self.upper_bound)

    def __repr__(self):
        fmt_string = self.__class__.__name__[1:]
        fmt_string += '(upper_bound={})'.format(self.upper_bound)
        return fmt_string


class _IntegerGreaterThan(Constraint):
    """
    Constrain to an integer interval `[lower_bound, inf)`.
    """
    is_discrete = True

    def __init__(self, lower_bound):
        self.lower_bound = lower_bound
        super().__init__()

    def check(self, value):
        return (value % 1 == 0) & (value >= self.lower_bound)

    def __repr__(self):
        fmt_string = self.__class__.__name__[1:]
        fmt_string += '(lower_bound={})'.format(self.lower_bound)
        return fmt_string


class _Real(Constraint):
    """
    Trivially constrain to the extended real line `[-inf, inf]`.
    """
    def check(self, value):
        return value == value  # False for NANs.


class _GreaterThan(Constraint):
    """
    Constrain to a real half line `(lower_bound, inf]`.
    """
    def __init__(self, lower_bound):
        self.lower_bound = lower_bound
        super().__init__()

    def check(self, value):
        return self.lower_bound < value

    def __repr__(self):
        fmt_string = self.__class__.__name__[1:]
        fmt_string += '(lower_bound={})'.format(self.lower_bound)
        return fmt_string


class _GreaterThanEq(Constraint):
    """
    Constrain to a real half line `[lower_bound, inf)`.
    """
    def __init__(self, lower_bound):
        self.lower_bound = lower_bound
        super().__init__()

    def check(self, value):
        return self.lower_bound <= value

    def __repr__(self):
        fmt_string = self.__class__.__name__[1:]
        fmt_string += '(lower_bound={})'.format(self.lower_bound)
        return fmt_string


class _LessThan(Constraint):
    """
    Constrain to a real half line `[-inf, upper_bound)`.
    """
    def __init__(self, upper_bound):
        self.upper_bound = upper_bound
        super().__init__()

    def check(self, value):
        return value < self.upper_bound

    def __repr__(self):
        fmt_string = self.__class__.__name__[1:]
        fmt_string += '(upper_bound={})'.format(self.upper_bound)
        return fmt_string


class _Interval(Constraint):
    """
    Constrain to a real interval `[lower_bound, upper_bound]`.
    """
    def __init__(self, lower_bound, upper_bound):
        self.lower_bound = lower_bound
        self.upper_bound = upper_bound
        super().__init__()

    def check(self, value):
        return (self.lower_bound <= value) & (value <= self.upper_bound)

    def __repr__(self):
        fmt_string = self.__class__.__name__[1:]
        fmt_string += '(lower_bound={}, upper_bound={})'.format(self.lower_bound, self.upper_bound)
        return fmt_string


class _HalfOpenInterval(Constraint):
    """
    Constrain to a real interval `[lower_bound, upper_bound)`.
    """
    def __init__(self, lower_bound, upper_bound):
        self.lower_bound = lower_bound
        self.upper_bound = upper_bound
        super().__init__()

    def check(self, value):
        return (self.lower_bound <= value) & (value < self.upper_bound)

    def __repr__(self):
        fmt_string = self.__class__.__name__[1:]
        fmt_string += '(lower_bound={}, upper_bound={})'.format(self.lower_bound, self.upper_bound)
        return fmt_string


class _Simplex(Constraint):
    """
    Constrain to the unit simplex in the innermost (rightmost) dimension.
    Specifically: `x >= 0` and `x.sum(-1) == 1`.
    """
    event_dim = 1

    def check(self, value):
        return torch.all(value >= 0, dim=-1) & ((value.sum(-1) - 1).abs() < 1e-6)


class _Multinomial(Constraint):
    """
    Constrain to nonnegative integer values summing to at most an upper bound.

    Note due to limitations of the Multinomial distribution, this currently
    checks the weaker condition ``value.sum(-1) <= upper_bound``. In the future
    this may be strengthened to ``value.sum(-1) == upper_bound``.
    """
    is_discrete = True
    event_dim = 1

    def __init__(self, upper_bound):
        self.upper_bound = upper_bound

    def check(self, x):
        return (x >= 0).all(dim=-1) & (x.sum(dim=-1) <= self.upper_bound)


class _LowerTriangular(Constraint):
    """
    Constrain to lower-triangular square matrices.
    """
    event_dim = 2

    def check(self, value):
        value_tril = value.tril()
        return (value_tril == value).view(value.shape[:-2] + (-1,)).min(-1)[0]


class _LowerCholesky(Constraint):
    """
    Constrain to lower-triangular square matrices with positive diagonals.
    """
    event_dim = 2

    def check(self, value):
        value_tril = value.tril()
        lower_triangular = (value_tril == value).view(value.shape[:-2] + (-1,)).min(-1)[0]

        positive_diagonal = (value.diagonal(dim1=-2, dim2=-1) > 0).min(-1)[0]
        return lower_triangular & positive_diagonal


class _CorrCholesky(Constraint):
    """
    Constrain to lower-triangular square matrices with positive diagonals and each
    row vector being of unit length.
    """
    event_dim = 2

    def check(self, value):
        tol = torch.finfo(value.dtype).eps * value.size(-1) * 10  # 10 is an adjustable fudge factor
        row_norm = torch.linalg.norm(value.detach(), dim=-1)
        unit_row_norm = (row_norm - 1.).abs().le(tol).all(dim=-1)
        return _LowerCholesky().check(value) & unit_row_norm


class _PositiveDefinite(Constraint):
    """
    Constrain to positive-definite matrices.
    """
    event_dim = 2

    def check(self, value):
        # Assumes that the matrix or batch of matrices in value are symmetric
        # info == 0 means no error, that is, it's SPD
        return torch.linalg.cholesky_ex(value).info.eq(0).unsqueeze(0)


class _Cat(Constraint):
    """
    Constraint functor that applies a sequence of constraints
    `cseq` at the submatrices at dimension `dim`,
    each of size `lengths[dim]`, in a way compatible with :func:`torch.cat`.
    """
    def __init__(self, cseq, dim=0, lengths=None):
        assert all(isinstance(c, Constraint) for c in cseq)
        self.cseq = list(cseq)
        if lengths is None:
            lengths = [1] * len(self.cseq)
        self.lengths = list(lengths)
        assert len(self.lengths) == len(self.cseq)
        self.dim = dim
        super().__init__()

    @property
    def is_discrete(self):
        return any(c.is_discrete for c in self.cseq)

    @property
    def event_dim(self):
        return max(c.event_dim for c in self.cseq)

    def check(self, value):
        assert -value.dim() <= self.dim < value.dim()
        checks = []
        start = 0
        for constr, length in zip(self.cseq, self.lengths):
            v = value.narrow(self.dim, start, length)
            checks.append(constr.check(v))
            start = start + length  # avoid += for jit compat
        return torch.cat(checks, self.dim)


class _Stack(Constraint):
    """
    Constraint functor that applies a sequence of constraints
    `cseq` at the submatrices at dimension `dim`,
    in a way compatible with :func:`torch.stack`.
    """
    def __init__(self, cseq, dim=0):
        assert all(isinstance(c, Constraint) for c in cseq)
        self.cseq = list(cseq)
        self.dim = dim
        super().__init__()

    @property
    def is_discrete(self):
        return any(c.is_discrete for c in self.cseq)

    @property
    def event_dim(self):
        dim = max(c.event_dim for c in self.cseq)
        if self.dim + dim < 0:
            dim += 1
        return dim

    def check(self, value):
        assert -value.dim() <= self.dim < value.dim()
        vs = [value.select(self.dim, i) for i in range(value.size(self.dim))]
        return torch.stack([constr.check(v)
                            for v, constr in zip(vs, self.cseq)], self.dim)


# Public interface.
dependent = _Dependent()
dependent_property = _DependentProperty
independent = _IndependentConstraint
boolean = _Boolean()
one_hot = _OneHot()
nonnegative_integer = _IntegerGreaterThan(0)
positive_integer = _IntegerGreaterThan(1)
integer_interval = _IntegerInterval
real = _Real()
real_vector = independent(real, 1)
positive = _GreaterThan(0.)
greater_than = _GreaterThan
greater_than_eq = _GreaterThanEq
less_than = _LessThan
multinomial = _Multinomial
unit_interval = _Interval(0., 1.)
interval = _Interval
half_open_interval = _HalfOpenInterval
simplex = _Simplex()
lower_triangular = _LowerTriangular()
lower_cholesky = _LowerCholesky()
corr_cholesky = _CorrCholesky()
positive_definite = _PositiveDefinite()
cat = _Cat
stack = _Stack
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  Source code for torch.optim.adam

import torch
from . import _functional as F
from .optimizer import Optimizer


class Adam(Optimizer):
    r"""Implements Adam algorithm.

    It has been proposed in `Adam: A Method for Stochastic Optimization`_.
    The implementation of the L2 penalty follows changes proposed in
    `Decoupled Weight Decay Regularization`_.

    Args:
        params (iterable): iterable of parameters to optimize or dicts defining
            parameter groups
        lr (float, optional): learning rate (default: 1e-3)
        betas (Tuple[float, float], optional): coefficients used for computing
            running averages of gradient and its square (default: (0.9, 0.999))
        eps (float, optional): term added to the denominator to improve
            numerical stability (default: 1e-8)
        weight_decay (float, optional): weight decay (L2 penalty) (default: 0)
        amsgrad (boolean, optional): whether to use the AMSGrad variant of this
            algorithm from the paper `On the Convergence of Adam and Beyond`_
            (default: False)

    .. _Adam\: A Method for Stochastic Optimization:
        https://arxiv.org/abs/1412.6980
    .. _Decoupled Weight Decay Regularization:
        https://arxiv.org/abs/1711.05101
    .. _On the Convergence of Adam and Beyond:
        https://openreview.net/forum?id=ryQu7f-RZ
    """

    def __init__(self, params, lr=1e-3, betas=(0.9, 0.999), eps=1e-8,
                 weight_decay=0, amsgrad=False):
        if not 0.0 <= lr:
            raise ValueError("Invalid learning rate: {}".format(lr))
        if not 0.0 <= eps:
            raise ValueError("Invalid epsilon value: {}".format(eps))
        if not 0.0 <= betas[0] < 1.0:
            raise ValueError("Invalid beta parameter at index 0: {}".format(betas[0]))
        if not 0.0 <= betas[1] < 1.0:
            raise ValueError("Invalid beta parameter at index 1: {}".format(betas[1]))
        if not 0.0 <= weight_decay:
            raise ValueError("Invalid weight_decay value: {}".format(weight_decay))
        defaults = dict(lr=lr, betas=betas, eps=eps,
                        weight_decay=weight_decay, amsgrad=amsgrad)
        super(Adam, self).__init__(params, defaults)

    def __setstate__(self, state):
        super(Adam, self).__setstate__(state)
        for group in self.param_groups:
            group.setdefault('amsgrad', False)

    @torch.no_grad()
    def step(self, closure=None):
        """Performs a single optimization step.

        Args:
            closure (callable, optional): A closure that reevaluates the model
                and returns the loss.
        """
        loss = None
        if closure is not None:
            with torch.enable_grad():
                loss = closure()

        for group in self.param_groups:
            params_with_grad = []
            grads = []
            exp_avgs = []
            exp_avg_sqs = []
            max_exp_avg_sqs = []
            state_steps = []
            beta1, beta2 = group['betas']

            for p in group['params']:
                if p.grad is not None:
                    params_with_grad.append(p)
                    if p.grad.is_sparse:
                        raise RuntimeError('Adam does not support sparse gradients, please consider SparseAdam instead')
                    grads.append(p.grad)

                    state = self.state[p]
                    # Lazy state initialization
                    if len(state) == 0:
                        state['step'] = 0
                        # Exponential moving average of gradient values
                        state['exp_avg'] = torch.zeros_like(p, memory_format=torch.preserve_format)
                        # Exponential moving average of squared gradient values
                        state['exp_avg_sq'] = torch.zeros_like(p, memory_format=torch.preserve_format)
                        if group['amsgrad']:
                            # Maintains max of all exp. moving avg. of sq. grad. values
                            state['max_exp_avg_sq'] = torch.zeros_like(p, memory_format=torch.preserve_format)

                    exp_avgs.append(state['exp_avg'])
                    exp_avg_sqs.append(state['exp_avg_sq'])

                    if group['amsgrad']:
                        max_exp_avg_sqs.append(state['max_exp_avg_sq'])

                    # update the steps for each param group update
                    state['step'] += 1
                    # record the step after step update
                    state_steps.append(state['step'])

            F.adam(params_with_grad,
                   grads,
                   exp_avgs,
                   exp_avg_sqs,
                   max_exp_avg_sqs,
                   state_steps,
                   amsgrad=group['amsgrad'],
                   beta1=beta1,
                   beta2=beta2,
                   lr=group['lr'],
                   weight_decay=group['weight_decay'],
                   eps=group['eps'])
        return loss
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Code Examples

Please check out Sphinx-Gallery syntax [https://sphinx-gallery.github.io/stable/syntax.html]
for how to structure Python scripts to generate nicely rendered example pages.
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Example: Biased Kalman Filter
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Example: Switching Linear Dynamical System EEG










Download all examples in Python source code: examples_python.zip




Download all examples in Jupyter notebooks: examples_jupyter.zip
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