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Abstract. We study the foundations of variational inference, which
frames posterior inference as an optimisation problem, for probabilis-
tic programming. The dominant approach for optimisation in practice is
stochastic gradient descent. In particular, a variant using the so-called
reparameterisation gradient estimator exhibits fast convergence in a tra-
ditional statistics setting. Unfortunately, discontinuities, which are read-
ily expressible in programming languages, can compromise the correct-
ness of this approach. We consider a simple (higher-order, probabilistic)
programming language with conditionals, and we endow our language
with both a measurable and a smoothed (approximate) value semantics.
We present type systems which establish technical pre-conditions. Thus
we can prove stochastic gradient descent with the reparameterisation
gradient estimator to be correct when applied to the smoothed problem.
Besides, we can solve the original problem up to any error tolerance by
choosing an accuracy coefficient suitably. Empirically we demonstrate
that our approach has a similar convergence as a key competitor, but
is simpler, faster, and attains orders of magnitude reduction in work-
normalised variance.

Keywords: probabilistic programming - variational inference - reparam-
eterisation gradient - value semantics - type systems.

1 Introduction

Probabilistic programming is a programming paradigm which has the vision
to make statistical methods, in particular Bayesian inference, accessible to a
wide audience. This is achieved by a separation of concerns: the domain experts
wishing to gain statistical insights focus on modelling, whilst the inference is per-
formed automatically. (In some recent systems [4]9] users can improve efficiency
by writing their own inference code.)

In essence, probabilistic programming languages extend more traditional pro-
gramming languages with constructs such as score or observe (as well as
sample) to define the prior p(z) and likelihood p(x | z). The task of infer-
ence is to derive the posterior p(z | x), which is in principle governed by Bayes’
law yet usually intractable.

Whilst the paradigm was originally conceived in the context of statistics
and Bayesian machine learning, probabilistic programming has in recent years
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proven to be a very fruitful subject for the programming language community.
Researchers have made significant theoretical contributions such as underpinning
languages with rigorous (categorical) semantics [3BB4UTHB7IT2T0] and investi-
gating the correctness of inference algorithms [I6J7I22]. The latter were mostly
designed in the context of “traditional” statistics and features such as condition-
als, which are ubiquitous in programming, pose a major challenge for correctness.

Inference algorithms broadly fall into two categories: Markov chain Monte
Carlo (MCMC), which yields a sequence of samples asymptotically approaching
the true posterior, and variational inference.

Variational Inference. In the variational inference approach to Bayesian statis-
tics [40030J56], the problem of approximating difficult-to-compute posterior prob-
ability distributions is transformed to an optimisation problem. The idea is to
approximate the posterior probability p(z | x) using a family of “simpler” den-
sities gg(z) over the latent variables z, parameterised by 6. The optimisation
problem is then to find the parameter 8* such that gg-(z) is “closest” to the
true posterior p(z | x). Since the variational family may not contain the true
posterior, gg+ is an approximation in general. In practice, variational inference
has proven to yield good approximations much faster than MCMC.

Formally, the idea is captured by minimising the KL-divergence [30/5] be-
tween the variational approximation and the true posterior. This is equivalent
to maximising the ELBO function, which only depends on the joint distribution
p(x,z) and not the posterior, which we seek to infer after all:

ELBOg = E, g, () [log p(x,2) — log ge(z)] (1)

Gradient Based Optimisation. In practice, variants of Stochastic Gradi-
ent Descent (SGD) are frequently employed to solve optimisation problems of
the following form: argming Eg.q(s)[f(0,8)]. In its simplest version, SGD follows
Monte Carlo estimates of the gradient in each step:

N
1 .
O = 0u == 5 3 Vol (61.51”)

gradient estimator

where s,(;) ~q (s,(j)) and ~y is the step size.
For the correctness of SGD it is crucial that the estimation of the gradient

is unbiased, i.e. correct in expectation:

N
1 .
Es(l),...,s(N)Nq [N Z Vof (0’ S(Z)>‘| = VQESNq(S) [f(97 S)}
i=1

This property, which is about commuting differentiation and integration, can be
established by the dominated convergence theorem [21, Theorem 6.28].
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Note that we cannot directly estimate the gradient of the ELBO in Eq.
with Monte Carlo because the distribution w.r.t. which the expectation is taken
also depends on the parameters. However, the so-called log-derivative trick can

be used to derive an unbiased estimate, which is known as the Score or REIN-
FORCE estimator [31I382728].

Reparameterisation Gradient. Whilst the score estimator has the virtue of
being very widely applicable, it unfortunately suffers from high variance, which
can cause SGD to yield very poor resultsﬂ

The reparameterisation gradient estimator—the dominant approach in varia-
tional inference—reparameterises the latent variable z in terms of a base random
variable s (viewed as the entropy source) via a diffeomorphic transformation ¢y,
such as a location-scale transformation or cumulative distribution function. For
example, if the distribution of the latent variable z is a Gaussian N (z | p,0?)
with parameters @ = {u,o} then the location-scale transformation using the
standard normal as the base distribution gives rise to the reparameterisation

2o N(z | p,0%) <= 2=d,,(s), s~N(0,1). (2)

where ¢, 5(s) == s -0 + p. The key advantage of this setup (often called “repa-
rameterisation trick” [20036/32]) is that we have removed the dependency on @
from the distribution w.r.t. which the expectation is taken. Therefore, we can
now differentiate (by backpropagation) with respect to the parameters 0 of the
variational distributions using Monte Carlo simulation with draws from the base
distribution s. Thus, succinctly, we have

Ve I[:-‘:Zf\‘qe(z) [f(ea Z)] = Ve IEswq(s) [f(oa ¢0 (S))] = Esr\zq(s) [VG f(ea ¢9(s))}

The main benefit of the reparameterisation gradient estimator is that it has
a significantly lower variance than the score estimator, resulting in faster con-
vergence.

Bias of the Reparameterisation Gradient. Unfortunately, the reparame-
terisation gradient estimator is biased for non-differentiable models [23], which
are readily expressible in programming languages with conditionals:

Ezample 1. The counterexample in [23, Proposition 2], where the objective func-
tion is the ELBO for a non-differentiable model, can be simplified to

0 ifs+6<0
1 otherwise

f(0,s) =—0.5-6%+ {
Observe that (see Fig. [Ta]):

Vo ]ESNN(O,l) [f(ea S)} = -0 +N(_6 | 0, 1) 7é —0 = ESNN(O,I) [VQf(a, S)]
3 see e.g. Fig. or [28]
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Fig. 1: Bias of the reparameterisation gradient estimator for Example

Crucially this may compromise convergence to critical points or maximisers:
even if we can find a point where the gradient estimator vanishes, it may not
be a critical point (let alone optimum) of the original optimisation problem

(cf. Fig.

Informal Approach

As our starting point we take a variant of the simply typed lambda calculus
with reals, conditionals and a sampling construct. We abstract the optimisation
of the ELBO to the following generic optimisation problem

argming Esp[[M](0,s)] (3)

where [M] is the value function [726] of a program M and D is independent
of the parameters @ and it is determined by the distributions from which M
samples. Owing to the presence of conditionals, the function [M] may not be
continuous, let alone differentiable.

Example [T] can be expressed as 17 .
(A\z.—0.5- 6% + (if 2 < OthenOelse 1)) (sample 5 + 6) '

Our approach is based on a denotational semantics 05:
[(—)], (for accuracy coefficient n > 0) of programs e
in the (new) cartesian closed category VectFr, which T } N
generalises smooth manifolds and extends Frolicher —1 —0.5 0.5

spaces (see e.g. [13133]) with a vector space structure.

Intuitively, we replace the Heaviside step-function Fig.2: (Logistic) sig-
usually arising in the interpretation of conditionals moid function o, (dot-
by smooth approximations. In particular, we interpret ted: n = %, dashed:
the conditional of Example [1] as n = +) and the Heav-

] iside step function (red,
lif s + 6 < OthenQelsel],(8,s) == o,(s+ 6) solid). P (
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where oy is a smooth function. For instance we can choose oy (z) = o() where

m is the (logistic) sigmoid function (cf. Fig. . Thus, the pro-
gram M is interpreted by a smooth function [M],,, for which the reparameter-
isation gradient may be estimated unbiasedly. Therefore, we apply stochastic

gradient descent on the smoothed program.

o(x) =

Contributions

The high-level contribution of this paper is laying a theoretical foundation for
correct yet efficient (variational) inference for probabilistic programming. We
employ a smoothed interpretation of programs to obtain unbiased (reparame-
terisation) gradient estimators and establish technical pre-conditions by type
systems. In more detail:

1. We present a simple (higher-order) programming language with conditionals.
We employ trace types to capture precisely the samples drawn in a fully eager
call-by-value evaluation strategy.

2. We endow our language with both a (measurable) denotational value seman-
tics and a smoothed (hence approximate) value semantics. For the latter we
furnish a categorical model based on Frolicher spaces.

3. We develop type systems enforcing vital technical pre-conditions: unbiased-
ness of the reparameterisation gradient estimator and the correctness of
stochastic gradient descent, as well as the uniform convergence of the smooth-
ing to the original problem. Thus, our smoothing approach in principle yields
correct solutions up to arbitrary error tolerances.

4. We conduct an empirical evaluation demonstrating that our approach ex-
hibits a similar convergence to an unbiased correction of the reparameterised
gradient estimator by [23] — our main baseline. However our estimator is sim-
pler and more efficient: it is faster and attains orders of magnitude reduction
in work-normalised variance.

Outline. In the next section we introduce a simple higher-order probabilistic pro-
gramming language, its denotational value semantics and operational semantics;
Optimisation Problem [I]is then stated. Section [3]is devoted to a smoothed deno-
tational value semantics, and we state the Smooth Optimisation Problem [2| In
Sections[d]and 5] we develop annotation based type systems enforcing the correct-
ness of SGD and the convergence of the smoothing, respectively. Related work
is briefly discussed in Section [0] before we present the results of our empirical
evaluation in Section [l We conclude in Section [§l and discuss future directions.

Notation. We use the following conventions: bold font for vectors and lists, +
for concatenation of lists, Vg for gradients (w.r.t. 8),[¢] for the Iverson bracket of
a predicate ¢ and calligraphic font for distributions, in particular A/ for normal
distributions. Besides, we highlight noteworthy items using red.
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2 A Simple Programming Language

In this section, we introduce our programming language, which is the simply-
typed lambda calculus with reals, augmented with conditionals and sampling
from continuous distributions.

2.1 Syntax

The raw terms of the programming language are defined by the grammar:

Mu=a|0i|r|+]:| =L exp|log
| if M < Othen M else M | samplep | A\o. M | M M

where x and 6; respectively range over (denumerable collections of) variables and
parameters, r € R, and D is a probability distribution over R (potentially with a
support which is a strict subset of R). As is customary we use infix, postfix and
prefix notation: M + N (addition), M - N (multiplication), M~! (inverse), and
—M (numeric negation). We frequently omit the underline to reduce clutter.

Ezample 2 (Encoding the ELBO for Variational Inference). We consider the
example used by [23] in their Prop. 2 to prove the biasedness of the reparam-
eterisation gradient. (In Example [I| we discussed a simplified version thereof.)
The density is

N@O|=21) ifz<0

p(z) =N(2]0,1) - {/\/(0 |5,1)  otherwise

and they use a variational family with density qo(z) == N(z | 6,1), which is
reparameterised using a standard normal noise distribution and transformation
s s+ 0.

First, we define an auxiliary term for the pdf of normals with mean m and
standard derivation s:

N = z,m,s. (V27 - s)fl - exp (70.5 ((z+ (—m)) - 571)2)
Then, we can define

M = (Az.log (N 201) + (if z < Othenlog (N 0 (—2) 1) elselog (N 05 1)) —

logp

log (N z61)) (sample »r + 6)
= 1
08 a

2.2 A Basic Trace-Based Type System

Types are generated from base types (R and Rsg, the reals and positive reals)
and trace types (typically X', which is a finite list of probability distributions)
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as well as by a trace-based function space constructor of the form 7 e X — 7/.
Formally types are defined by the following grammar:

trace types Y u=1[Dy,...,Dy] n>0
base types t::=R| Rso

safe types ocu=t|oce]| >0

types Tu=t|Te X =T

where D; are probability distributions. Intuitively a trace type is a description
of the space of execution traces of a probabilistic program. Using trace types, a
distinctive feature of our type system is that a program’s type precisely charac-
terises the space of its possible execution traces [24]. We use list concatenation
notation + for trace types, and the shorthand 7 — 75 for function types of the
form 71 e [| — 79. Intuitively, a term has type 7 @ ¥ — 7' if, when given a value
of type 7, it reduces to a value of type 7’ using all the samples in X.

Dual context typing judgements of the form, I' | ¥ - M : 7, are defined
in Fig. where I' = @1 : 7, ,Zpn ¢ Tn,01 : 71, ,0m ¢ T), is a finite map
describing a set of variable-type and parameter-type bindings; and the trace type
X precisely captures the distributions from which samples are drawn in a (fully
eager) call-by-value evaluation of the term M.

The subtyping of types, as defined in Fig. Ba] is essentially standard; for
contexts, we define I' C I if for every x : 7 in I" there exists z : 7/ in I"" such
that 7/ C 7.

Trace types are unique [I8]:

Lemma l. If ' | YFM:7and ' | X' - M : 7' then ¥ = X".

A term has safe type o if it does not contain sample p or o is a base type.
Thus, perhaps slightly confusingly, we have | [D] F samplep : R, and R
is considered a safe type. Note that we use the metavariable ¢ to denote safe

types.

Conditionals. The branches of conditionals must have a safe type. Otherwise it
would not be clear how to type terms such as

M = if © < 0then (Az.sample x) else (A\z. sample ¢ + sample ¢)
N = (\f. f(fsample 7)) M

because the branches draw a different number of samples from different distribu-
tions, and have types Re [N] — R and Re[E,E] — R, respectively. However, for
M’ = if x < 0thensample 5 else sample ¢ + sample ¢ we can (safely) type

r:R|[N,EEJFM R
I+ Ae.M': Re[N,£,6] = R
| INNL,EENLEE - (M. f(fsample nr)) (Ax. M) : R
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Fig. 3: A Basic Trace-based Type System

Ezxample 3. Consider the following terms:

L = A\z.sample »r + sample 5r
M =if x < Othen (Ay.y + y) sample x else (sample » + sample y/)

We can derive the following typing judgements:

|JFL:RoogeNN] = R
2 Roo | NN, N M:R
[[[FAz. M : Rsge [N, N, N| —
| W, N, N, N]t+ (Ax. M) sample y : R
| IV NTE (A £(£0)) (Az.sample ) : R

Note that if 2 < Othen (Az.sample /) else (Az. x) is not typable.

2.3 Denotational Value Semantics

Next, we endow our language with a (measurable) value semantics. It is well-
known that the category of measurable spaces and measurable functions is not
cartesian-closed [1], which means that there is no interpretation of the lambda
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calculus as measurable functions. These difficulties led [14] to develop the cat-
egory QBS of quasi-Borel spaces. Notably, morphisms can be combined piece-
wisely, which we need for conditionals.

We interpret our programming language in the category QBS of quasi-Borel
spaces. Types are interpreted as follows:

[Rli= (R, Mg)  [Roo) = (Rog, Msy)  [[Di..., D]l i= (R, Mg)"
[[Tl o) — TQ]] = HTl]] X [2]] = [[7'2]]

where Mg is the set of measurable functions R — R; similarly for Mg_,. (As for
trace types, we use list notation (and list concatenation) for traces.)

We first define a handy helper function for interpreting application. For f :
[T xR™ = [r; @ X3 — 1] and g : [I'] x R"* = [r1] define

f@g: [I] x RutnetlZsl o 7]
(7,81 Hs2 Hs3) — f(7,81)(g(7,82),83) s1 € R™ 59 e R™ 53 € R3]
We interpret terms-in-context, [I" | X' M : 7] : [I'] x [X] — [7], as follows:

[I"| [D]F samplep : R](7,][s]) =s
[CFA Ny M:m 06X = 1](y,[]) =
(v,8) €[] x[Z]—[Hz:m | XM :w]((v,v),s)
[T 54 5o+ S - MN : 7] =
[l 21FM:meXs 5 n]QIN| Yok N: 7]
[ X1 H Yo+ Y5 if L < Othen Melse N : 7](vy,81 H s2 Hs3)) =

[ Xk M:7](y,82) [ Z1FL:R](y,81)<0
[I'| X3+ N :7](y,s3) otherwise

It is not difficult to see that this interpretation of terms-in-context is well-
defined and total. For the conditional clause, we may assume that the trace type
and the trace are presented as partitions X; + X5 H Y3 and s; H so +H s3
respectively. This is justified because it follows from the judgement I" | Xy H
Yo+ X3 Hif L < OthenMelseN :7that I' | Xy W L: R I' | YoM : 0
and I | X3 - N : o are provable; and we know that each of Xy, X5 and X3 is
unique, thanks to Lemmall} their respective lengths then determine the partition
S1 H s2 H s3. Similarly for the application clause, the components 3 and X
are determined by Lemma [T} and Y5 by the type of M.

2.4 Relation to Operational Semantics

We can also endow our language with a big-step CBV sampling-based semantics
similar to [7J26], as defined in [I8 Fig. 6]. We write M |2 V to mean that
M reduces to value V', which is a real constant or an abstraction, using the
execution trace s and accumulating weight w.
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Based on this, we can define the value- and weight-functions:

1% it M IS,V

weight,,(s) =
undef otherwise ghtas(s)

altiens (s) w M5V
valu =
M 0 otherwise

Our semantics is a bit non-standard in that for conditionals we evaluate
both branches eagerly. The technical advantage is that for every (closed) term-
in-context, | [Dy,---,Dy]F M : ¢, M reduces to a (unique) value using exactly
the traces of the length encoded in the typing, i.e., n.

So in this sense, the operational semantics is “total”: there is no divergence.
Notice that there is no partiality caused by partial primitives such as 1/x, thanks
to the typing.

Moreover there is a simple connection to our denotational value semantics:

Proposition 1. Let | [D1,...,Dp]F M : . Then

1. dom(valueys) = R"
2. [M] = valuey

3. weighty(s) = [[;—, pdfp,(s;)

2.5 Problem Statement
We are finally ready to formally state our optimisation problem:

Problem 1. Optimisation
Given: term-in-context, 61 : t1, - 0 ity | [D1,...,Du]F M : R

Find: argming E,, p, . s.~p, [[M](0,s)]

3 Smoothed Denotational Value Semantics

Now we turn to our smoothed denotational value semantics, which we use to
avoid the bias in the reparameterisation gradient estimator. It is parameterised
by a family of smooth functions o, : R — [0,1]. Intuitively, we replace the
Heaviside step-function arising in the interpretation of conditionals by smooth
approximations (cf. Fig. . In particular, conditionals if z < OthenQelsel are
interpreted as z — o, (2) rather than [z > 0] (using Iverson brackets).

Our primary example is o,(z) = 0(%), where o is the (logistic) sigmoid
o(x) = H%p(*r)’ see Fig. [2| Whilst at this stage no further properties other
than smoothness are required, we will later need to restrict o, to have good
properties, in particular to convergence to the Heaviside step function.

As a categorical model we propose vector Frolicher spaces VectFr, which (to
our knowledge) is a new construction, affording a simple and direct interpretation
of the smoothed conditionals.
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3.1 Frolicher Spaces

We recall the definition of Frolicher spaces, which generalise smooth spacesﬁ A
Frolicher space is a triple (X,Cx, Fx) where X is a set, Cx C Set(R, X) is a
set of curves and Fx C Set(X,R) is a set of functionals. satisfying

1. ifceCx and f € Fx then foce C®(R,R)
2. if ¢: R — X such that for all f € Fx, foce C®(R,R) then c € Cx
3. if f: X — R such that for all c € Cx, foce€ C®(R,R) then f € Fx.

A morphism between Frolicher spaces (X,Cx, Fx) and (Y,Cy,Fy) is a map
¢: X — Y satisfying fopoce C®[R,R) for all f € Fy and ¢ € Cx.

Frolicher spaces and their morphisms constitute a category Fr, which is well-
known to be cartesian closed [I3I33].

3.2 Vector Frolicher Spaces

To interpret our programming language smoothly we would like to interpret
conditionals as o,-weighted convex combinations of its branches:

[if L < 0then M else N, (,s1 H s2 Hs3) =
on(=[L]n(v,81)) - [M]n(7,82) + o4 ([L]n(7,81)) - [N]n(7,83)  (4)

By what we have discussed so far, this only makes sense if the branches have
ground type because Frolicher spaces are not equipped with a vector space
structure but we take weighted combinations of morphisms. In particular if
d1,02 : X — Y and a : X — R are morphisms then a¢; + ¢2 ought to be
a morphism too. Therefore, we enrich Frolicher spaces with an additional vector
space structure:

Definition 1. An R-vector Frolicher space is a Frolicher space (X,Cx,Fx)
such that X is an R-vector space and whenever ¢,c’ € Cx and o € C°(R,R)
then acc+ ¢’ € Cx (defined pointwise).

A morphism between R-vector Frolicher spaces is a morphism between Frolicher
spaces, i.e. ¢ : (X,Cx,Fx) = (Y,Cy,Fy) is a morphism if for all c € Cx and
fe€Fy, fopoce C®(R,R).

R-vector Frélicher space and their morphisms constitute a category VectFr.
There is an evident forgetful functor fully faithfully embedding VectFr in Fr.
Note that the above restriction is a bit stronger than requiring that Cx is also a

vector space. (« is not necessarily a constant.) The main benefit is the following,
which is crucial for the interpretation of conditionals as in Eq. :

Lemma 2. If ¢1,¢2 € VectFr(X,Y) and a € VectFr(X,R) then a ¢ + ¢2 €
VectFr(X,Y) (defined pointwisely).

Proof. Suppose ¢ € Cx and f € Fy. Then (a1 ¢1 + ¢2) oc= (aoc)- (¢10¢) +
(¢2 0 ¢) € Cy (defined pointwisely) and the claim follows.

4 C°°(R,R) is the set of smooth functions R — R
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Similarly as for Frolicher spaces, if X is an R-vector space then any C C
Set(X,R) generates a R-vector Frolicher space (X,Cx, Fx), where
Fx ={f: X >R |Vcel.foce C°(R,R)}
Cx ={c:R— X |VfeFx.foce C°R,R)}
Cx = {Z%‘Ci |neN,Vi<n.a; € C*(R,R), ¢ € 5X}
i=1

Having modified the notion of Frélicher spaces generated by a set of curves, the
proof for cartesian closure carries over [I8] and we conclude:

Proposition 2. VectFr is cartesian closed.

3.3 Smoothed Interpretation

We have now discussed all ingredients to interpret our language (smoothly) in
the cartesian closed category VectFr. We call [MT],, the n-smoothing of [M] (or
of M, by abuse of language). The interpretation is mostly standard and follows
Section except for the case for conditionals. The latter is given by Eq. ,
for which the additional vector space structure is required.

Finally, we can phrase a smoothed version of our Optimisation Problem [T}

Problem 2. n-Smoothed Optimisation

Given: term-in-context, 61 : t1, -+ ,0m : tm | [D1,...,Dp] B M : R, and
accuracy coefficient n > 0

Find: argmin@ ]ESINDluuwan'Dn [[[M]]W(Ov S)]

4 Correctness of SGD for Smoothed Problem and
Unbiasedness of the Reparameterisation Gradient

Next, we apply stochastic gradient descent (SGD) with the reparameterisation
gradient estimator to the smoothed problem (for the batch size N = 1):

01 =0, — v - Vo[ M],, (01, s1) sy ~D (5)

where 6 | [s ~ D]+ M : R (slightly abusing notation in the trace type).
A classical choice for the step-size sequence is vy, € ©@(1/k), which satisfies
the so-called Robbins-Monro criterion:

> =00 > i <oo (6)
keN keN

In this section we wish to establish the correctness of the SGD procedure
applied to the smoothing Eq. .
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4.1 Desiderata

First, we ought to take a step back and observe that the optimisation problems
we are trying to solve can be ill-defined due to a failure of integrability: take
M = (Az.exp (z - z)) sample yr: we have E, n[[M](z)] = oo, independently of
parameterﬁherefere, we aim to guarantee:

(SGDO0) The optimisation problems (both smoothed and unsmoothed) are
well-defined.

Since E[[M],(0,s)] (and E[[M](6,s)]) may not be a convex function in the
parameters 6, we cannot hope to always find global optima. We seek instead
stationary points, where the gradient w.r.t. the parameters 6 vanishes. The fol-
lowing results (whose proof is standard) provide sufficient conditions for the
convergence of SGD to stationary points (see e.g. [3] or [2, Chapter 2|):

Proposition 3 (Convergence). Suppose (Vx)ken satisfies the Robbins-Monro
criterion Eq. (6) and g(0) := Es[f(0,s)] is well-defined. If ©@ C R™ satisfies

(SGD1) Unbiasedness: Vog(0) = E[Vo f(0,s)] for all @ € @
(SGD2) g is L-Lipschitz smooth on © for some L > 0:

Veg(8) —Veg(@)|| < L-|0—86| for all 6,0" € ©
(SGD3) Bounded Variance: supgce Es[||Veo f1(0,8)]]?] < 0o

then inf;en E[|[Vg(6,)]|?] =0 or 8; ¢ © for some i € N.

Unbiasedness requires commuting differentiation and integration.
The validity of this operation can be established by the dominated convergence
theorem [21] Theorem 6.28], see [I8]. To be applicable the partial derivatives of f
w.r.t. the parameters need to be dominated uniformly by an integrable function.
Formally:

Definition 2. Let f : @ x R" — R and g : R" — R. We say that g uniformly
dominates f if for all (6,8) € @ x R™, |f(0,s)] < g(s).

Also note that for Lipschitz smoothness|(SGD2)|it suffices to uniformly bound
the second-order partial derivatives.
In the remainder of this section we present two type systems which restrict

the language to guarantee properties [[SGDO)| to [[SGD3)]

4.2 Piecewise Polynomials and Distributions with Finite Moments

As a first illustrative step we consider a type system Fpo1y, which restricts terms
to (piecewise) polynomials, and distributions with finite moments. Recall that a
distribution D has (all) finite moments if for all p € N, Es.p||s|P] < co. Distri-
butions with finite moments include the following commonly used distributions:
normal, exponential, logistic and gamma distributions. A non-example is the
Cauchy distribution, which famously does not even have an expectation.
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Definition 3. For a distribution D with finite moments, f : R™ — R has (all)
finite moments if for all p € N, Esup[|f(s)["] < c0.

Functions with finite moments have good closure properties:

Lemma 3. If f,g: R™ — R have (all) finite moments so do —f,f +g,f-g.

In particular, if a distribution has finite moments then polynomials do, too.
Consequently, intuitively, it is sufficient to simply (the details are explicitly
spelled out in [I8]):

1. require that the distributions D in the sample rule have finite moments:

D] Fooly sample p : R D has finite moments

2. remove the rules for ~!, exp and log from the type system Fpoly .

Type Soundness I: Well-Definedness. Henceforth, we fix parameters 6; :
L1y .-y 0m L. Intuitively, it is pretty obvious that [M] is a piecewise polynomial
whenever 6 | X' Fpo, M : t. Nonetheless, we prove the property formally to
illustrate our proof technique, a variant of logical relations, employed throughout
the rest of the paper.

We define a slightly stronger logical predicate P on @ x R™ — [], which
allows us to obtain a uniform upper bound:

1. feP™ if £ is uniformly dominated by a function with finite moments
2. fep™ if for all np € N and g € P2 f o g e plrtnatiZal

T10X3—To

where for f: @ x R™ — [r; @ X3 — 73] and g : @ x R "2 — [71] we define

fOg:0 x R 2t Zs] To
(0,81 H 82 Hs3) — f(0,51)(9(0,81 Hs2),83)

Intuitively, g may depend on the samples in s5 (in addition to s;) and the function
application may consume further samples s3 (as determined by the trace type
XY’3). By induction on safe types we prove the following result, which is important
for conditionals:

Lemma 4. If f € P and g, h € P then [f(=) <0]-g+[f(=) > 0]-h € P,

Proof. For base types it follows from Lemma [3] Hence, suppose o has the form
o1e[] = 0. Let ny € Nand x € P};F"2. By definition, (9© ), (hOx) € ’P(SZ'HLZ).
Let fbe the extension (ignoring the additional samples) of f to @ x R"*"2 — R.
It is casy to see that also f € P{"*"?) By the inductive hypothesis,

[F(=) <0 (goz)+[f(=) = 0] (h@x) € PIt"2)
Finally, by definition,

~

((F(=) <0l g+[f(=)=0]-h) oz =[f(-) <0]- (90 z) +[f(-) > 0]- (ho )
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Assumption 1 We assume that © C [11] X -+ X [tm] is compact.

Lemma 5 (Fundamental). If0,z1:7,...,2¢: 7 | X Fpory M : 7, n €N,
& € ’Pﬁ?), IR ’Pgt) then [M] * (&1,...,&) € PSHIZD, where

[M] * (&1, ..., &) : O X RHIZI []
(0,8 Hs) = [M]((8,£1(0,5),...,&(8,s)),s")

It is worth noting that, in contrast to more standard fundamental lemmas, here
we need to capture the dependency of the free variables on some number n of
further samples. E.g. in the context of (Az.z)sample 5 the subterm z depends
on a sample although this is not apparent if we consider x in isolation.
Lemmalf]is proven by structural induction [I8]. The most interesting cases in-
clude: parameters, primitive operations and conditionals. In the case for param-
eters we exploit the compactness of @ (Assumption [1)). For primitive operations

we note that as a consequence of Lemma [3| each P is closed under negatio
addition and multiplication. Finally, for conditionals we exploit Lemma

Type Soundness II: Correctness of SGD. Next, we address the integrability
for the smoothed problem as well as [[SGDT)| to [[SGD3)] We establish that not
only [M], but also its partial derivatives up to order 2 are uniformly dominated
by functions with finite moments. For this to possibly hold we require:

Assumption 2 For every n > 0,

sup oy, (x)| < oo sup |oy ()] < oo sup |o,) ()] < oo

z€R zeR zeR
Note that, for example, the logistic sigmoid satisfies Assumption

We can then prove a fundamental lemma similar to Lemma [5| mutatis mu-

tandis, using a logical predicate in VectFr. We stipulate f € an) if its partial
derivatives up to order 2 are uniformly dominated by a function with finite mo-
ments. In addition to Lemmal[3] we exploit standard rules for differentiation (such
as the sum, product and chain rule) as well as Assumption [2l We conclude:

Proposition 4. If 0 | ¥ oy M : R then the partial derivatives up to order 2
of [M],, are uniformly dominated by a function with all finite moments.

Consequently, the Smoothed Optimisation Problem [2] is not only well-defined
but, by the dominated convergence theorem [2I, Theorem 6.28], the reparame-
terisation gradient estimator is unbiased. Furthermore, [[SGDT)| to [[SGD3)| are
satisfied and SGD is correct.

Discussion. The type system Fpq1y is simple yet guarantees correctness of SGD.
However, it is somewhat restrictive; in particular, it does not allow the expression
of many ELBOs arising in variational inference directly as they often have the
form of logarithms of exponential terms (cf. Example .

Sfort=R
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4.3 A Generic Type System with Annotations

Next, we present a generic type system with annotations. In Section [£.4] we give
an instantiation to make 01y more permissible and in Section [5] we turn towards
a different property: the uniform convergence of the smoothings.

Typing judgements have the form I | X F; M : 7, where “?” indicates
the property we aim to establish, and we annotate base types. Thus, types are
generated from

trace types Y u=[s1 ~Di,...,8, ~ D]
base types t:=R| Rso

safe types o= |ce[] s o

types Ti=1"|TeX > T

Annotations are drawn from a set and may possibly restricted for safe types.
Secondly, the trace types are now annotated with variables, typically X = [s; ~
D1, ...,8y ~ D,] where the variables s; are pairwise distinct.

For the subtyping relation we can constrain the annotations at the base type
level [I8]; the extension to higher types is accomplished as before.

The typing rules have the same form but they are extended with the annota-
tions on base types and side conditions possibly constraining them. For example,
the rules for addition, exponentiation and sampling are modified as follows:

d. Add — (cond. Exp
(con ) | [ F7 exp : R — RZ, )

(cond. Sample)

[[[ Fo 402 =122 — @

| [s; ~ D] -2 samplep : R*

The rules for subtyping, variables, abstractions and applications do not need to
be changed at all but they use annotated types instead of the types of Section[2.2]

rixXrsM:r
7 B A

'Yk M:7 z:7| [T
Ny:m| Xk M:m X btoM:meXs—>m X FN:n
F|[]|_?Ay.MZT102—>T2 F|21—H-22—H-23|_?MN2T2

The full type system is presented in [I§].

Fpoly can be considered a special case of -2 whereby we use the singleton *
as annotations, a contradictory side condition (such as false) for the undesired
primitives ~!, exp and log, and use the side condition “D has finite moments”
for sample as above.

Table [I] provides an overview of the type systems of this paper and their
purpose. - and its instantiations refine the basic type system of Section [2.2]in
the sense that if a term-in-context is provable in the annotated type system,
then its erasure (i.e. erasure of the annotations of base types and distributions)

is provable in the basic type system. This is straightforward to check.
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Table 1: Overview of type systems in this paper.

property Section judgement annotation

totality Section H -
Section 4.2| o none/*

correctness SGD . poly /
Section Fsep 0/1

uniform convergence Section

Funie (£, A)/(t, A)

|| Fsep exp: R® — RY) | [] Fsep log : RY) — R
| Fsap + : (@ — O - O | [ Fsap -0 el® — (& — 1@
| Fsap —: R® = R |[[Fsep 21 RS — RY)

I Ytsgp L:Y I'|YFsgpM:0 I'|X"Fsap N:o
NXYX+X # Y tsepif L<OthenMelseN : o

D has finite moments

| [s; ~ D] Fsap samplep : R

Fig. 4: Excerpt of the typing rules (cf. [I8]) for the correctness of SGD.

4.4 A More Permissible Type System

In this section we discuss another instantiation, Fgap, of the generic type system
system to guarantee [[SGDO)| to [[SGD3)| which is more permissible than k.
In particular, we would like to support Example |2, which uses logarithms and
densities involving exponentials. Intuitively, we need to ensure that subterms
involving exp are “neutralised” by a corresponding log. To achieve this we an-
notate base types with 0 or 1, ordered discretely. 0 is the only annotation for
safe base types and can be thought of as “integrable”; 1 denotes “needs to be
passed through log”. More precisely, we constrain the typing rules such that if
0| X Fsap M : (e thenﬂ log® o[ M] and the partial derivatives of log®o[M],
up to order 2 are uniformly dominated by a function with finite moments.

We subtype base types as follows: Lgel) Csap LéeZ) if 11 C 1o (as defined in

Fig. and e; = eg, or 117 = Rvg = t2 and e; < es. The second disjunct may

(0)
>0

come as a surprise but we ensure that terms of type Ry, cannot depend on
samples at all.

In Fig. [d] we list the most important rules; we relegate the full type system to
[18]. exp and log increase and decrease the annotation respectively. The rules for

the primitive operations and conditionals are motivated by the closure properties

5 using the convention log? is the identity
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of Lemma 3| and the elementary fact that logo(f - g) = (logof) + (logog) and
logo(f=1') = —logof for f,g: © x R® — R.

Ezample 4. 0 : R(>03 [V, N Fsep log (071 - exp (sample ) + sample 5 : R

Note that the branches of conditionals need to have safe type, which rules out
branches with type R, This is because logarithms do not behave nicely when
composed with addition as used in the smoothed interpretation of conditionals.

Besides, observe that in the rules for logarithm and inverses e = 0 is allowed,
which may come as a surpriseﬂ This is e.g. necessary for the typability of the
variational inference Example [2}

Example 5 (Typing for Variational Inference). It holds | | - N : R©) — R() —
Rg)()) — R(>1()) and 0 : RO | [s; ~ N]F M : RO,

Type Soundness. To formally establish type soundness, we can use a logical
predicate, which is very similar to the one in Section (N.B. the additional

Item : in particular f € QEZ)) if

1. partial derivatives of log®of up to order 2 are uniformly dominated by a
function with finite moments
2. if () is R(>O()) then f is dominated by a positive constant function

Using this and a similar logical predicate for [(—)] we can show:
Proposition 5. If0; : /(9 ... 6,,: LS,(? | ¥ tsap M : (0 then

1. all distributions in X have finite moments
2. [M] and for each n > 0 the partial derivatives up to order 2 of [M], are
uniformly dominated by a function with finite moments.

Consequently, again the Smoothed Optimisation Problem [2] is not only well-
defined but by the dominated convergence theorem, the reparameterisation gra-
dient estimator is unbiased. Furthermore, [[SGD1)| to [[SGD3)| are satisfied and
SGD is correct.

5 Uniform Convergence

In the preceding section we have shown that SGD with the reparameterisation
gradient can be employed to correctly (in the sense of Proposition [3) solve the
Smoothed Optimisation Problem [2] for any fixed accuracy coefficient. However,
a priori, it is not clear how a solution of the Smoothed Problem [2| can help to
solve the original Problem

The following illustrates the potential for significant discrepancies:

" Recall that terms of type R(>0()) cannot depend on samples.
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Ezample 6. Consider M = if 0 < Othend-0+1else (6 —1)-(0—1). Notice that
the global minimum and the only stationary point of [M],, is at § = % regardless
of n > 0, where [M],(3) = 2. On the other hand [M](3) = 1 and the global
minimum of [M] is at § = 1.

In this section we investigate under which conditions the smoothed objective
function converges to the original objective function uniformly in 6 € @:

(Unif) Egup [[M],(0,5)] 225 Eep [[M](6,5)] as 1\, 0 for 6 € O

We design a type system guaranteeing this.

The practical significance of uniform convergence is that before running SGD,
for every error tolerance € > 0 we can find an accuracy coefficient n > 0 such
that the difference between the smoothed and original objective function does
not exceed ¢, in particular for 8" delivered by the SGD run for the -smoothed
problem.

Discussion of Restrictions. To rule out the pathology of Example [6] we require
that guards are non-0 almost everywhere.

Furthermore, as a consequence of the uniform limit theorem [29],
can only possibly hold if the expectation Esp [[M](0,s)] is continuous (as
a function of the parameters ). For a straightforward counterexample take
M = if § < OthenOQelsel, we have Eg[[M](#)] = [# > 0] which is discontin-
uous, let alone differentiable, at 8 = 0. Our approach is to require that guards
do not depend directly on parameters but they may do so, indirectly, via a dif-
feomorphicEI reparameterisation transform; see Example [8 We call such guards
safe.

In summary, our aim, intuitively, is to ensure that guards are the composition
of a diffeomorphic transformation of the random samples (potentially depending
on parameters) and a function which does not vanish almost everywhere.

5.1 Type System for Guard Safety

In order to enforce this requirement and to make the transformation more ex-
plicit, we introduce syntactic sugar, transform sample p by T', for applications
of the form T sample p.

Example 7. As expressed in Eq. , we can obtain samples from N(p,0?) via
transform sample by (As.s - o + p), which is syntactic sugar for the term
(As. s -0+ pu)sample y .

We propose another instance of the generic type system of Section [4.3] Fypif,
where we annotate base types by a = (g, A), where g € {f,t} denotes whether

we seck to establish guard safety and A is a finite set of s; capturing possible

dependencies on samples. We subtype base types as follows: ng 141) Cunif ngQ’AQ)

8 [18] Example 12] illustrates why it is not sufficient to restrict the reparameterisation
transform to bijections (rather, we require it to be a diffeomorphism).
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if 11 C 1o (as defined in Fig. , A; € As and g1 X g9, where t < f. This is
motivated by the intuition that we can always dro;ﬂ guard safety and add more
dependencies.

The rule for conditionals ensures that only safe guards are used. The unary
operations preserve variable dependencies and guard safety. Parameters and con-
stants are not guard safe and depend on no samples (see [I8] for the full type
system):

D Zbuie L) DY Mo T'|X FueN:io
DX+ X +# X misif L<O0then Melse N : o

| [ Funit — : R94A) — R9:4)

0 | [t 6000 [ oz 0 1

0| Funit T: R* — R™
0 | [s; ~ D] Funit transform sample p by T : R(t:{s:})

T diffeomorphic

A term 0 | [| Funig T @ R* — R* is diffeomorphic if [T](6,[]) = [77,(0,]) :
R — R is a diffeomorphism for each 8 € @, i.e. differentiable and bijective with
differentiable inverse.

First, we can express affine transformations, in particular, the location-scale
transformations as in Example [7}

Ezample 8 (Location-Scale Transformation). The term-in-context

o: RSP 0 REY | [ As.o - s+ p: REG1D 5 RELsh)

is diffeomorphic. (However for o : R it is not because it admits o = 0.)
Hence, the reparameterisation transform

G=o: Rg{)@),u : REY) | [s, : D] - transform sample p by (As.s-o44) : R&{51D

which has g-flag t, is admissible as a guard term. Notice that G depends on the
parameters, o and u, indirectly through a diffeomorphism, which is permitted
by the type system.

If guard safety is sought to be established for the binary operations, we
require that operands do not share dependencies on samples:

| [ Funit © ¢ (64 — ((£:4) 5, (£:4) o€ {+}

oe{+,},AiNAy =0

| [] '_unif o L(t,Al) RN L(t,Az) — L(t,AlLJAz)

This is designed to address:

9 as long as it is not used in guards
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Ezample 9 (Non-Constant Guards). We have | [| F (\z.x+ (—z)) : REAsh —
R(f’{sl}), noting that we must use g = f for the 4 rule; and because R(t:Asi}) Cunif
REA53D) | we have

IIF Az.z + (=z)) : R&D) 5 REAsD),

Now transform sample p by (A\y.y) has type R®{51}) with the g-flag necessar-
ily set to t; and so the term

M = (Az.z + (—z)) transform sample p by (\y.y)

which denotes 0, has type RE{511) but not R®{511) Tt follows that M cannot
be used in guards (notice the side condition of the rule for conditional), which
is as desired: recall Example [6] Similarly consider the term

N = (Az.(\y z.if y + (—2) < Othen M, else M>) z x)
(transform sample p by (Ay.y)) (7)

When evaluated, the term y + (—z) in the guard has denotation 0. For the same
reason as above, the term NN is not refinement typable.

The type system is however incomplete, in the sense that there are terms-in-
context that satisfy the property but which are not typable.

Ezample 10 (Incompleteness). The following term-in-context denotes the “iden-
tity”:
IF Az.(2-2) + (—z)) : R®IsD 5 pEAsih)

but it does not have type Rt{s1}) — R(®:{51}) Then, using the same reasoning
as Example [J] the term

G = (M\z.(2- x) + (—2)) (transform sample p by (Ay.y))

has type R451D) but not R®{51}) and so if G < 0then0else is not typable,
even though G can safely be used in guards.

5.2 Type Soundness
Henceforth, we fix parameters 6 : Lgf’w), vy O Lﬁ,f{@).

Now, we address how to show property (Unif)} i.e. that for 8 | X Fypnis M :
194) the n-smoothed E[[M],,(8,s)] converges uniformly for 8 € @ asn \, 0. For
this to hold we clearly need to require that o, has good (uniform) convergence
properties (as far as the unavoidable discontinuity at 0 allows for):
Assumption 3 For every 6 > 0, o, it [(=) > 0] on (—oo0,—0) U (d,00).
Observe that in general even if M is typable [M],, does not converge uniformly
in both 6 and s because [M] may still be discontinuous in s:
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Ezample 11. For M = if (transform sample »r by (As. s+6)) < OthenOelsel,
[M](6,s) = [s+ 6 > 0], which is discontinuous, and [M],(0,s) = o,(s +0).

However, if @ | ¥ F M : (94 then [M], does converge to [M] uniformly
almost uniformly, i.e., uniformly in @ € @ and almost uniformly in s € R™.
Formally, we define:

Definition 4. Let f, f, : @ x R"® = R, u be a measure on R™. We say that f,
converges uniformly almost uniformly to f (notation: f, L&Yy f) if there exist
sequences (0r)ren, (€k)ken and (Ni)ren such that limg_ oo 0 = 0 = limg 00 €k

and for every k € N and 8 € @ there exists U C R™ such that

1. p(U) < & and
2. for every 0 <n <my ands € R*\ U, |f,(0,s) — f(0,s)| < €.

If f, f,, are independent of 8 this notion coincides with standard almost uniform
convergence. For M from Example 11| [M],, ~*" [M] holds although uniform
convergence fails.

However, uniform almost uniform convergence entails uniform convergence
of expectations:

Lemma 6. Let f, f, : @ x R — R have finite moments.
[f fT] % f then ESND [fn(aa S)] M_} ESN'D[f(Ovs)]‘

u.a.u.

As a consequence, it suffices to establish [M],, —— [M]. We achieve this by
positing an infinitary logical relation between sequences of morphisms in VectFr
(corresponding to the smoothings) and morphisms in QBS (corresponding to the
measurable standard semantics). We then prove a fundamental lemma (details
are in [I8]). Not surprisingly the case for conditionals is most interesting. This
makes use of Assumption [3]and exploits that guards, for which the typing rules
assert the guard safety flag to be t, can only be 0 at sets of measure 0. We
conclude:

Theorem 1. If 6, : Lgf’m, e 0 ngw) | 2 Funit M : R9A) then [M], Lot
[M]. In particular, if [M], and [M] also have finite moments then

unif.

Eswp[[M],(0,8)] —= Esp[[M](8,s)] asn 0 for0 € @

We finally note that 3 can be made more permissible by adding syntactic
sugar for a-fold (for a € N5g) addition a- M = M + - -- + M and multiplication
M®*= M .---- M. This admits more terms as guards, but safely [Ig].

6 Related Work

[23] is both the starting point for our work and the most natural source for
comparison. They correct the (biased) reparameterisation gradient estimator for
non-differentiable models by additional non-trivial boundary terms. They present
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an efficient method for affine guards only. Besides, they are not concerned with
the convergence of gradient-based optimisation procedures; nor do they discuss
how assumptions they make may be manifested in a programming language.

In the context of the reparameterisation gradient, [25] and [17] relax discrete
random variables in a continuous way, effectively dealing with a specific class of
discontinuous models. [39] use a similar smoothing for discontinuous optimisation
but they do not consider a full programming language.

Motivated by guaranteeing absolute continuity (which is a necessary but not
sufficient criterion for the correctness of e.g. variational inference), [24] use an
approach similar to our trace types to track the samples which are drawn. They
do not support standard conditionals but their “work-around” is also eager in the
sense of combining the traces of both branches. Besides, they do not support a
full higher-order language, in which higher-order terms can draw samples. Thus,
they do not need to consider function types tracking the samples drawn during
evaluation.

7 Empirical Evaluation

We evaluate our smoothed gradient estimator (SMOOTH) against the biased repa-
rameterisation estimator (REPARAM), the unbiased correction of it (LYY18)
due to [23], and the unbiased (SCORE) estimator [3T3827]. The experimental
setup is based on that of [23]. The implementation is written in Python, using
automatic differentiation (provided by the jax library) to implement each of
the above estimators for an arbitrary probabilistic program. For each estima-
tor and model, we used the Adam [19] optimiser for 10,000 iterations using a
learning rate of 0.001, with the exception of xornet for which we used 0.01.
The initial model parameters 8y were fixed for each model across all runs. In
each iteration, we used N = 16 Monte Carlo samples from the gradient esti-
mator. For the Lyv18 estimator, a single subsample for the boundary term was
used in each estimate. For our smoothed estimator we use accuracy coefficients
n € {0.1,0.15,0.2}. Further details are discussed in [I8, Appendix E.1].

Compilation for First-Order Programs. All our benchmarks are first-order. We
compile a potentially discontinuous program to a smooth program (parame-
terised by o) using the compatible closure of

if L <O0then Melse N ~ (Aw.o,(—w) - M + o,(w) - N) L

Note that the size only increases linearly and that we avoid of an exponential
blow-up by using abstractions rather than duplicating the guard L.

Models. We include the models from [23], an example from differential privacy
[11] and a neural network for which our main competitor, the estimator of [23],
is not applicable (see [18, Appendix E.2| for more details).
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Fig.5: ELBO trajectories for each model. A single colour is used for each esti-
mator and the accuracy coeflficient n = 0.1,0.15,0.2 for SMOOTH is represented
by dashed, solid and dotted lines respectively.

Analysis of Results

We plot the ELBO trajectories in Fig. [f] and include data on the computational
cost and work-normalised variance [§] in [18, Table 2|. (Variances can be im-
proved in a routine fashion by e.g. taking more samples.)

The ELBO graph for the temperature model in Fig. and the cheating
model in Fig. shows that the REPARAM estimator is biased, converging to
suboptimal values when compared to the SMOOTH and Lyy18 estimators. For
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temperature we can also see from the graph and the data in [I8, Table 2a]| that
the SCORE estimator exhibits extremely high variance, and does not converge.

Finally, the xornet model shows the difficulty of training step-function based
neural nets. The LyY18 estimator is not applicable here since there are non-affine
conditionals. In Fig. the REPARAM estimator makes no progress while other
estimators manage to converge to close to 0 ELBO, showing that they learn a
network that correctly classifies all points. In particular, the SMOOTH estimator
converges the quickest.

Summa summarum, the results reveal where the REPARAM estimator is bi-
ased and that the SMOOTH estimator does not have the same limitation. Where
the Lyy18 estimator is defined, they converge to roughly the same objective
value. Our smoothing approach is generalisable to more complex models such as
neural networks with non-linear boundaries, as well as simpler and cheaper (there
is no need to compute a correction term). Besides, our estimator has consistently
significantly lower work-normalised variance, up to 3 orders of magnitude.

8 Conclusion and Future Directions

We have discussed a simple probabilistic programming language to formalise
an optimisation problem arising e.g. in variational inference for probabilistic
programming. We have endowed our language with a denotational (measurable)
value semantics and a smoothed approximation of potentially discontinuous pro-
grams, which is parameterised by an accuracy coefficient. We have proposed
type systems to guarantee pleasing properties in the context of the optimisation
problem: For a fixed accuracy coefficient, stochastic gradient descent converges
to stationary points even with the reparameterisation gradient (which is unbi-
ased). Besides, the smoothed objective function converges uniformly to the true
objective as the accuracy is improved.

Our type systems can be used to independently check these two properties
to obtain partial theoretical guarantees even if one of the systems suffers from
incompleteness. We also stress that SGD and the smoothed unbiased gradient
estimator can even be applied to programs which are not typable.

Experiments with our prototype implementation confirm the benefits of re-
duced variance and unbiasedness. Compared to the unbiased correction of the
reparameterised gradient estimator due to [23], our estimator has a similar con-
vergence, but is simpler, faster, and attains orders of magnitude (2 to 3,000 x)
reduction in work-normalised variance.

Future Directions. A natural avenue for future research is to make the language
and type systems more complete, i.e. to support more well-behaved programs,
in particular programs involving recursion.

Furthermore, the choice of accuracy coefficients leaves room for further in-
vestigations. We anticipate it could be fruitful not to fix an accuracy coefficient
upfront but to gradually enhance it during the optimisation either via a pre-
determined schedule (dependent on structural properties of the program), or
adaptively.



26

Basim Khajwal, C.-H. Luke Ong, and Dominik Wagner®

References

10.

11.

12.

13.

14.

15.

16.

17.

Aumann, R.J.: Borel structures for function spaces. Illinois Journal of Mathematics
5 (1961)

Bertsekas, D.: Convex optimization algorithms. Athena Scientific (2015)
Bertsekas, D.P., Tsitsiklis, J.N.: Gradient convergence in gradient methods with
errors. STAM J. Optim. 10(3), 627642 (2000)

Bingham, E., Chen, J.P., Jankowiak, M., Obermeyer, F., Pradhan, N., Karaletsos,
T., Singh, R., Szerlip, P.A., Horsfall, P., Goodman, N.D.: Pyro: Deep universal
probabilistic programming. J. Mach. Learn. Res. 20, 28:1-28:6 (2019)

Bishop, C.M.: Pattern recognition and machine learning, 5th Edition. Information
science and statistics, Springer (2007)

Blei, D.M., Kucukelbir, A., McAuliffe, J.D.: Variational inference: A review for
statisticians. Journal of the American Statistical Association 112(518), 859-877
(2017)

Borgstrom, J., Lago, U.D., Gordon, A.D., Szymczak, M.: A lambda-calculus foun-
dation for universal probabilistic programming. In: Proceedings of the 21st ACM
SIGPLAN International Conference on Functional Programming, ICFP 2016,
Nara, Japan, September 18-22, 2016. pp. 33-46 (2016)

Botev, Z., Ridder, A.: Variance Reduction. In: Wiley StatsRef: Statistics Reference
Online, pp. 1-6 (2017)

Cusumano-Towner, M.F., Saad, F.A., Lew, A.K., Mansinghka, V.K.: Gen: a
general-purpose probabilistic programming system with programmable inference.
In: McKinley, K.S., Fisher, K. (eds.) Proceedings of the 40th ACM SIGPLAN
Conference on Programming Language Design and Implementation, PLDI 2019,
Phoenix, AZ, USA, June 22-26, 2019. pp. 221-236. ACM (2019)

Dahlqvist, F., Kozen, D.: Semantics of higher-order probabilistic programs with
conditioning. Proc. ACM Program. Lang. 4(POPL), 57:1-57:29 (2020)
Davidson-Pilon, C.: Bayesian Methods for Hackers: Probabilistic Programming and
Bayesian Inference. Addison-Wesley Professional (2015)

Ehrhard, T., Tasson, C., Pagani, M.: Probabilistic coherence spaces are fully ab-
stract for probabilistic PCF. In: The 41st Annual ACM SIGPLAN-SIGACT Sym-
posium on Principles of Programming Languages, POPL ’14, San Diego, CA, USA,
January 20-21, 2014. pp. 309-320 (2014)

Frolicher, A., Kriegl, A.: Linear Spaces and Differentiation Theory. Interscience, J.
Wiley and Son, New York (1988)

Heunen, C., Kammar, O., Staton, S., Yang, H.: A convenient category for higher-
order probability theory. Proc. Symposium Logic in Computer Science (2017)
Heunen, C., Kammar, O., Staton, S., Yang, H.: A convenient category for higher-
order probability theory. In: 32nd Annual ACM/IEEE Symposium on Logic in
Computer Science, LICS 2017, Reykjavik, Iceland, June 20-23, 2017. pp. 1-12
(2017)

Hur, C., Nori, A.V., Rajamani, S.K., Samuel, S.: A provably correct sampler for
probabilistic programs. In: 35th TARCS Annual Conference on Foundation of Soft-
ware Technology and Theoretical Computer Science, FSTTCS 2015, December
16-18, 2015, Bangalore, India. pp. 475-488 (2015)

Jang, E., Gu, S., Poole, B.: Categorical reparameterization with gumbel-softmax.
In: 5th International Conference on Learning Representations, ICLR 2017, Toulon,
France, April 24-26, 2017, Conference Track Proceedings (2017)



Fast and Correct Optimisation for Probabilistic Programming via Smoothing 27

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.
31.

32.

33.

Khajwal, B., Ong, C.L., Wagner, D.: Fast and correct gradient-based optimisa-
tion for probabilistic programming via smoothing (2023), https://arxiv.org/
abs/2301.03415

Kingma, D.P., Ba, J.: Adam: A method for stochastic optimization. In: Bengio, Y.,
LeCun, Y. (eds.) 3rd International Conference on Learning Representations, ICLR,
2015, San Diego, CA, USA, May 7-9, 2015, Conference Track Proceedings (2015)
Kingma, D.P., Welling, M.: Auto-encoding variational bayes. In: Bengio, Y., Le-
Cun, Y. (eds.) 2nd International Conference on Learning Representations, ICLR
2014, Banff, AB, Canada, April 14-16, 2014, Conference Track Proceedings (2014)
Klenke, A.: Probability Theory: A Comprehensive Course. Universitext, Springer
London (2014)

Lee, W., Yu, H., Rival, X., Yang, H.: Towards verified stochastic variational infer-
ence for probabilistic programs. PACMPL 4(POPL) (2020)

Lee, W., Yu, H., Yang, H.: Reparameterization gradient for non-differentiable mod-
els. In: Advances in Neural Information Processing Systems 31: Annual Conference
on Neural Information Processing Systems 2018, NeurIPS 2018, 3-8 December
2018, Montréal, Canada. pp. 5558-5568 (2018)

Lew, A.K., Cusumano-Towner, M.F., Sherman, B., Carbin, M., Mansinghka, V.K.:
Trace types and denotational semantics for sound programmable inference in prob-
abilistic languages. Proc. ACM Program. Lang. 4(POPL), 19:1-19:32 (2020)
Maddison, C.J., Mnih, A., Teh, Y.W.: The concrete distribution: A continuous re-
laxation of discrete random variables. In: 5th International Conference on Learning
Representations, ICLR 2017, Toulon, France, April 24-26, 2017, Conference Track
Proceedings (2017)

Mak, C., Ong, C.L., Paquet, H., Wagner, D.: Densities of almost surely terminating
probabilistic programs are differentiable almost everywhere. In: Yoshida, N. (ed.)
Programming Languages and Systems - 30th European Symposium on Program-
ming, ESOP 2021, Held as Part of the European Joint Conferences on Theory and
Practice of Software, ETAPS 2021, Luxembourg City, Luxembourg, March 27 -
April 1, 2021, Proceedings. Lecture Notes in Computer Science, vol. 12648, pp.
432-461. Springer (2021)

Minh, A., Gregor, K.: Neural variational inference and learning in belief networks.
In: Proceedings of the 31th International Conference on Machine Learning, ICML
2014, Beijing, China, 21-26 June 2014. JMLR Workshop and Conference Proceed-
ings, vol. 32, pp. 1791-1799. JMLR.org (2014)

Mohamed, S., Rosca, M., Figurnov, M., Mnih, A.: Monte carlo gradient estimation
in machine learning. J. Mach. Learn. Res. 21, 132:1-132:62 (2020)

Munkres, J.R.: Topology. Prentice Hall, New Delhi,, 2nd. edn. (1999)

Murphy, K.P.: Machine Learning: A Probabilististic Perspective. MIT Press (2012)
Ranganath, R., Gerrish, S., Blei, D.M.: Black box variational inference. In: Pro-
ceedings of the Seventeenth International Conference on Artificial Intelligence and
Statistics, AISTATS 2014, Reykjavik, Iceland, April 22-25, 2014. pp. 814-822
(2014)

Rezende, D.J., Mohamed, S., Wierstra, D.: Stochastic backpropagation and ap-
proximate inference in deep generative models. In: Proceedings of the 31th In-
ternational Conference on Machine Learning, ICML 2014, Beijing, China, 21-26
June 2014. JMLR Workshop and Conference Proceedings, vol. 32, pp. 1278-1286.
JMLR.org (2014)

Stacey, A.: Comparative smootheology. Theory and Applications of Categories
25(4), 64-117 (2011)


https://arxiv.org/abs/2301.03415
https://arxiv.org/abs/2301.03415

28

34.

35.

36.

37.

38.

39.

40.

Basim Khajwal, C.-H. Luke Ong, and Dominik Wagner®

Staton, S.: Commutative semantics for probabilistic programming. In: Program-
ming Languages and Systems - 26th European Symposium on Programming, ESOP
2017, Held as Part of the European Joint Conferences on Theory and Practice of
Software, ETAPS 2017, Uppsala, Sweden, April 22-29, 2017, Proceedings. pp. 855—
879 (2017)

Staton, S., Yang, H., Wood, F.D., Heunen, C., Kammar, O.: Semantics for prob-
abilistic programming: higher-order functions, continuous distributions, and soft
constraints. In: Proceedings of the 31st Annual ACM/IEEE Symposium on Logic
in Computer Science, LICS ’16, New York, NY, USA, July 5-8, 2016. pp. 525-534
(2016)

Titsias, M.K., Lazaro-Gredilla, M.: Doubly stochastic variational bayes for non-
conjugate inference. In: Proceedings of the 31th International Conference on Ma-
chine Learning, ICML 2014, Beijing, China, 21-26 June 2014. pp. 1971-1979 (2014)
Vakar, M., Kammar, O., Staton, S.: A domain theory for statistical probabilistic
programming. PACMPL 3(POPL), 36:1-36:29 (2019)

Wingate, D., Weber, T.: Automated variational inference in probabilistic program-
ming. CoRR abs/1301.1299 (2013)

Zang, 1.: Discontinuous optimization by smoothing. Mathematics of Operations
Research 6(1), 140-152 (1981)

Zhang, C., Butepage, J., Kjellstrom, H., Mandt, S.: Advances in Variational Infer-
ence. IEEE Trans. Pattern Anal. Mach. Intell. 41(8), 2008-2026 (2019)



	Fast and Correct Gradient-Based Optimisation for Probabilistic Programming via Smoothing

