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Abstract

Probabilistic models are used in many fields to tackle different problems, ranging from image
recognition to diagnosing diseases. The advantage of using models is that we can split the en-
coding of our problem into a probabilistic model from the ways we solve it. We can also classify
models to develop some class-specific, but not problem-specific algorithms to solve given tasks.
These algorithms are called inference algorithms. These classes of models ease the process of
solving tasks, but scientists still need to develop class-specific algorithms. A new approach,
at the intersection of Programming Languages and Machine Learning, is called Probabilistic
Programming. One of the goals of this approach is to let the computer do the inference au-
tomatically, so we do not have to develop class-specific inference algorithms to accomplish our
tasks. Probabilistic Programming Languages usually extend probabilistic models. However,
researchers still need to derive general inference algorithms for probabilistic programs. In this
report, we give a short introduction to probabilistic models and probabilistic programming. We
encode probabilistic programs into a probabilistic transition system, and transform our infer-
ence task into an optimisation problem. We simplify this optimisation problem to derive a new,
general, variational inference algorithm for probabilistic programs.



1 Introduction

Using probability to represent uncertainty, probabilistic models are able to treat noisy data mea-
surements, and are very popular in a lot of scientific domains these days. For example, most voice
recognition software use Hidden Markov Models [GY07]. These Hidden Markov Models are a class
of probabilistic models. In medicine, Bayesian Networks are a good tool to diagnose patients by
expressing relations between symptoms and diseases.

Bayesian Networks are a combination of directed acyclic graphs and probabilities, which express
dependence between events. Each node represents an event, and the probability of such an event
depends conditionally on its parent nodes. We present here a classical example of a Bayesian
Network in Fig. 1. We will develop this example in the next sections, but we give some intuition
in this introduction. This Bayesian Network represents the fact that the grass can be wet because
of the sprinkler, or because of the rain, and that these last two events depend on whether the sky
is cloudy. Probabilistic models give hypothesis on the shape of the data. Here, one hypothesis is
that the grass can only be wet because it is raining, or because the sprinkler is on, so there is a
dependency between the events “the grass is wet”, “it is raining”, “the sprinkler is on”.

Given some data, we can perform queries on a probabilistic model to understand what we have
learned from our observations. This querying is usually called inference. Inference aims at predicting
hidden parameters or partially known data. To do inference, we will mainly use two probability
rules, called the Bayes rule and the sum rule, presented in Eq. (1).

Pr(A|B) = W Pr(A) = > Pr(A,B) (1)
B

An example of inference on Fig. 1 is: given the fact that the grass is wet and that the sprinkler is
on, what is the probability that it is raining? That is, we are searching for Pr(R=T|W =T,5 =T).
Using the model in Fig.1, we can prove that Pr(R=T|W =T,S =T) ~ 28.98%.

As we will see, computing by hand Pr(R = T|W =T,S = T) takes some time, even if the Bayes
Network is quite simple. In fact, we can prove that the inference problem on Bayes Networks is NP-
Complete [C0090]. We can develop different algorithms to do exact inference on Bayes Networks,
to avoid doing the inference by hand. It saves time, but if we had used another class of model, such
as a Markov Network, we would have to derive other inference algorithms, and this is still costly.

The goal of probabilistic programming is to make life of scientists easier by letting the interpreter
of a probabilistic programming language do the inference. Probabilistic programming is a new way to
express probabilistic models, and it is able to express every other probabilistic model. It usually adds
new constructions to programs, such as the ability to create new probability distributions, to sample
from a distribution, to observe an event (sometimes called: to condition on an event), or to return
the probability of a given event. Anglican, Church, and Venture [WvdMM14, GMR ™12, MSP14]
are examples of probabilistic programming languages. One real advantage of probabilistic programs
is that scientists can focus on the design of their model rather than spending time developing
new inference algorithms for new models, as inference can be done automatically by the computer.
An example of a probabilistic program written in Anglican is presented in Listing. 1: this shows
that describing probabilistic models and then querying the model is not difficult to encode in a
probabilistic programming language. Research in probabilistic programming focuses on creating
new and efficient inference algorithms, analysing a probabilistic program to know which inference
algorithm to use, or rewriting programs to make inference easier.

There are two big families of inference strategies: one called sampling, and the other one called
variational inference. Sampling consists in picking events according to the probability distribution
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Figure 1: A simple bayes network

given by the model (for example, “it is cloudy, the sprinkler is off, it is raining, but the grass is not
wet”), and then seeing if they satisfy the constraints in the conditional probability, and counting
them accordingly. This strategy has the advantage of being asymptotically exact, but convergence
can be slow. On the other hand, variational inference is usually faster, but more difficult to derive
by hand. Variational inference consists in transforming the search for a conditional probability
into an optimisation problem, and then using gradient descent (or other techniques) to solve this
optimisation problem.

My internship was supervised by Hongseok Yang, Professor in the Department of Computer
Science at the University of Oxford. It is part of my first year of Master’s Degree at the ENS of
Lyon. It lasted from May 9th, to July 29th. During my internship, I first started by reading a lot
on variational inference as well as probabilistic programming. Then we searched for new inference
algorithms based on variational inference. We formalized probabilistic programs into a probabilistic
transition system, and then expressed the meaning of variational inference in this setting. 1 also
regularly attended reading groups on Bayesian Machine Learning in the Department of Statistics
and on Probabilistic Programming in the Department of Information Engineering.

Outline In the next section, we detail what a probabilistic model is, before giving more details
on what probabilistic programming is and how inference on probabilistic programs works. Then,
we present our variational inference for probabilistic programs, as well as some implementation
details. Finally we give a brief presentation of the related work on probabilistic programming and
on variational inference techniques.

2 Inference on probabilistic models

In this section, we first define probabilistic models. We show how we can query these models — that
is, we present the concept of inference. Finally, we present exact and approximate methods used to
perform inference.



Listing 1: Encoding of the Bayes Network in Anglican a Probabilistic Programming Language

(defquery bayes-net [sprinkler wet-grass]
(let [is-cloudy (sample (flip 0.4))
is-raining (cond (= is-cloudy true )
(sample (flip 0.8))
(= is-cloudy false)
(sample (flip 0.2)))
sprinkler-dist (cond (= is-cloudy true)
(flip 0.1)
(= is-cloudy false)
0 (flip 0.5))
wet-grass-dist (cond
(and (= sprinkler true)
(= is-raining true))
(£lip 0.99)
(and (= sprinkler false)
(= is-raining false))
(false)
(or (= sprinkler true)
(= is-raining true))
20 (flip 0.9))]
(observe sprinkler-dist sprinkler)
(observe wet-grass-dist wet-grass)
(predict :is-raining is-raining)))

(def samples (doquery :pimh bayes-net [true truel]
number-of-particles 10))

(frequencies (take 10000 samples))




2.1 What is a probabilistic model?

As we have briefly seen before, probabilistic models give hypothesis on the shape of the data we
want to model. In the example shown in the introduction, we suppose that the grass can be wet
because it rains, or because the sprinkler is on; the last two conditions themselves depending on
whether the sky is cloudy or not.

There are different classes of probabilistic models, such as Bayesian Networks or Markov Models.
Probabilistic models are usually defined in terms of graphs, because it enables the user to express
models quite compactly, as opposed to describing the full joint probability for example.

We give a definition of a Bayesian Network, used in our example in Fig. 1:

Definition 1 (Bayesian Network). A Bayesian Network consists of:
— A directed, acyclic graph G = (V, E),
— A family of random variables indexed by the nodes of G, (Xy)yev,

— A factorisation of the joint density probability giving a dependency relation:
Pr(X) = [[ey Pr(Xo|Xpa@)), where pa(v) = {z € V | (x,v) € E} is the set of parents of v,

— A set of conditional probabilities: Pr(X, =z, | Xy, = x,Vw € Pred(v)).

In our example, the set of conditional probabilities is given in the tables next to the nodes in
Fig. 1, and the factorisation is expressed as:

Pr(W, S, R,C) = Pr(W|S, R) Pr(S|C) Px(R|C) Pr(C)

Using this rule and the sum rule, we can search for the global probability that the grass is wet:

Pr(W=T)= Y  Pr(W=TS=sR=rC=c)
s,r,c€{T,F}3
= Z Pr(W =T|S=s,R=¢)Pr(S=s|C =¢c)Pr(R=7r|C =c)Pr(C =c¢)
s,ryce{T,F}3
= 65.988%

We can see that the graphical representation of the Bayesian Network is much more compact
than specifying the full joint probability. A table describing explicitly the joint probability Pr(W =
w,S =s,R=r,C =c) for (c,s,r,w) € {T, F}* would have size 16 in our particular example.

2.2 The inference problem

Using the factorisation of a Bayesian Network, we see that we can compute basic probabilities, but
nothing with a conditional probability yet. However, it would be interesting to “query” the model,
to know for example the probability that it is raining given the fact that the grass is wet and the
sprinkler is on. This querying is called inference, and is computable using the Bayes rule and the
sum rule (given in Eq. (1)). We prove that Pr(R=T|W =T,5 =T) ~ 28.98% in Fig. 2.
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Figure 2: Solving a query on a simple Bayes Network
Pr(R=T|W =T,5 = T) is called the posterior of R = T given the data W = 7,5 =T. In
general, inference problems can be formulated as below:

Pr(D|0,H) Pr(0|H)
Pr(D|H)

Pr(0|D,H) =

— Pr(0|D,H) is called the posterior of 6 given the data D (and the model H),
— Pr(D|#,H) is the likelihood of parameters 6 in the model H,
— Pr(0|H) is called the prior probability of 6,

— Pr(DJ|H) is called the marginal likelihood. It is also seen as a normalisation term: sometimes,
the relation above is written as Pr(0|D,H) « Pr(D|0,H) Pr(6|H).

In our example, D was W =T,5 =T, and 6§ was R =T. Here, H is a hidden parameter designing
our Bayesian Model.



2.3 Exact methods to do inference

Performing inference over a class is usually a difficult problem. In fact, Gregory Cooper proved in
[C0090] that inference on a Bayesian Network is NP-Complete.

There are three kinds of general, exact methods to perform inference on a probabilistic graphical
model: the naive one, one called variable elimination, and the other one is a message-passing
technique (presented in [WJ08, KF09] for example).

The naive inference algorithm consists in computing every joint probability, as we have done
in Fig. 2. An inference task can be modelled as searching for Pr(0|D) = Pgi?bl;). Let X €
{{6,D},{D}}. We show how to compute Pr(X = z). Let X be the set of random variables of
the considered model, and Y = X"\ X. Then, by the sum rule, Pr(X =) =3 Pr(X =z,Y =y).
Now that we have computed both Pr(6, D) and Pr(D), we can just divide these two terms to get
our result.

2.4 Approximate methods for inference

As we have seen, exact inference can be really costly, and approximate methods are an interesting
alternative. We can say that there are two main classes of approximate methods: one called
sampling, and the other one called variational inference.

2.4.1 Sampling methods

The idea of sampling-based methods is to draw many instances of our model to have an idea of the
situation. The instances are sometimes called particles, and sampling methods are sometimes named
particle-based methods. The scope of sampling methods is bigger than estimating the probability of
an event, the general framework is about computing the expected value p of a function f(z) under
some probability density p(x), that is, u = Ey)[f(2)] = [ f(z)p(z)dz. In particular, computing
the probability P(X = A) is equivalent to computing E[I4(X)], where I is the usual indicator
function.

The most basic sampling algorithm does the following: let n € N, we define f,(z) = LS ()
with = (1,...,x,), the x; drawn according to the probability density p. Then, fn(X), our
estimator of p, is unbiased: if X is a random vector of size n following the probability den-
sity p", then Ex.pn [fn(X)] = p. Thus, using the strong law of large numbers, we know that
Pr( limp—s 100 fn(X) = p1) = 1, so this approximation is good, at least asymptotically.

However, this method is not interesting to compute a posterior distribution Pr(X|A). One
simple idea, called rejection sampling, is to sample our x;’s according to Pr(X), but then keep them
only if they satisfy the event A. Although this is simple, it is quite inefficient if Pr(X|A) is much
smaller than Pr(X).

In our example of a Bayes Network, sampling the z;’s according to Pr(X) is done by going
through the graph and making choices at random following the conditional probabilities. For ex-
ample, we would choose first if it is cloudy (with probability 0.4), then if the sprinkler is on and if
it is raining (with probability 0.1 and 0.8 if the sky is cloudy), and so on. Doing the rejection part
consists just in checking which vector of events we picked, and then keeping this vector only if it
satisfies the conditional event.

More elaborate sampling methods include importance sampling, as well as Monte Carlo Markov
Chain-based methods (MCMC).



2.4.2 Variational methods

The idea of variational methods for inference is to find the best element ¢ of an approximation
family Q to approximate a posterior distribution. To measure what is the “best” element of our
approximation family, we will use a specific distance. However, the usual distances will still involve
our posterior distribution, which is usually intractable — that is, not computable in a reasonable
time. We will instead use a function called the relative entropy, or the KL-divergence, defined
below. With some manipulations, we will not need to compute the posterior distribution. The
approximation family should also be less complex than the posterior: otherwise, this method is not
interesting, because it would be not efficient.

Definition 2 (KL-divergence). Let p and ¢ be two probability density functions over the same
space. The Kullback-Leibler divergence is defined as:

+00 p(z
KLl = [ pla)tog 225

If P and Q are discrete probability distributions, we have:

Z
KL(pllq) = ZP 0

Remark 1. We notice that to define the KL-divergence of two density functions, we need the assump-
tion ¢(z) = 0 = p(x) = 0. This is equivalent to supp(p) C supp(q), where supp f = {z | f(x) > 0}
is the support of the density f.

Let us suppose that we want to compute p(f|D). In variational inference, we try to solve the
following optimisation problem: argmin o KL(g|[p). We now show how to transform this problem
into a maximisation problem only involving the joint distribution, which is known.

We define the evidence lower bound to transform our problem:

Definition 3 (Evidence lower-bound). L,;(q) := logp(D) — KL(q(0)||p(0]|D))

Proposition 1.

Lyi(q) = /Q(9) log 2l0.D) 4

q(0)
Proof.
log p(D) — KL(q|[p) = logp(D)'/ 0)do — /q o0 D)d9
:/q(Q)logp d9+/q ‘ )dé?
:/q(@) log p(qg(’g?)dG
O
p(6, D)

Using Prop. 1, we see that argmin KL(p||q) = argmax/q(&) log df. The advantage of
qeQ qeQ q(0)

the last formulation is that only the joint distribution of p appears, which is easier to compute than



the posterior. In our Bayes Network of Fig. 1, we have seen that sampling for the joint distribution
just requires to make choices while going through the graph. On the contrary, sampling from the
posterior distribution requires to perform rejection sampling, which is computationally expensive.

Now, to optimise L,;(q), several techniques are possible, among which gradient ascent, as well
as Lagrange multipliers.

3 A short introduction to probabilistic programming

As we have seen before, the algorithms to perform inference do not depend on the model. Aslong as
our model is still a Bayes Network, we can change our model of Fig. 1, and apply the same algorithm
to compute a posterior. We could for example add an event to take into account dew in the early
morning. Thus, probabilistic graphical models separate our models from the algorithms we use
to reason on these models. However, there are still different classes of models, for which different
inference algorithms are necessary. This slows down the process of developing new models, and
requires people with skills in inference algorithms to develop new models. The goal of probabilistic
programming is to simplify this process by letting users encode their model, and leaving the inference
to the computer. Probabilistic programs are more expressive than probabilistic graphical models,
and are usually based on a functional programming language. In the following, we introduce the
basics of a probabilistic programming language called Anglican, before explaining a way to perform
inference on probabilistic programs.

3.1 Adding programming languages to probabilistic models

In this part, we present a probabilistic programming language called Anglican [WvdMM14|, de-
veloped by researchers from the University of Oxford. Anglican is based on Clojure, a functional
programming language. It handles continuous and discrete random variables, called distributions,
and proposes different inference techniques. Anglican extends the syntax of Clojure using some new
keywords:

— (defquery myquery [args] <body>) defines a probabilistic query, having some arguments args.
We can then call different inference algorithms on this query using doquery,

— (sample <dist>) samples an element following the provided distribution,

— (observe <dist> <value>) conditions the query by the event “dist = value”. We will see this
in more detail in the next section,

— (predict <expr>) is the return parameter of the query. It asks for the distribution probability
of the expression <expr>.

We now explain in detail the program encoding a Bayes Network presented in Listing. 1.

We start by defining a query inside Anglican, called bayes-net, and having two arguments,
sprinkler and wet-grass. We then define four variables: two scalars and two probability distri-
butions, which are equivalent to the tables given in the Bayes Net definition. The construction
(cond bl cl1 b2 c2) is the usual (if bl then cl else if b2 then c2). In lines 21 and 22, we force
the query to observe the state of the sprinkler and the grass according to the arguments of the
query. At the end of the query, we ask for the prediction of the event is-raining. We call the
inference algorithm called “pimh” (meaning “Particle Independent Metropolis-Hastings”, which is a
sampling technique) using the doquery keyword, to sample elements from this query. The result
of one execution of the code in Listing. 1 is: :predicts [[:is-raining truell, :log-weight 0.0



2878, :predicts [[:is-raining falsell, :log-weight 0.0 7122. Indeed, 28.78% is quite a good
approximation of Pr(R =T|W =T,S = T), which was 28.98%: the relative error is 0.69%. On 10
executions, we got the following results: 28.78%, 28.68%, 28.78%, 28.78%, 29.04%, 29.34%, 29.29%,
28.74%, 28.63%, 29.75%, having mean 28.981%.

3.2 Inference on probabilistic programs

The basic idea of inference in probabilistic programs is to collect different traces sampled from the
posterior distribution.

Using the idea of rejection sampling, inference on probabilistic programs is just collecting valid
traces of a probabilistic program. We describe a general procedure sampling a valid trace from a
probabilistic program in Algorithm. 1.

Algorithm 1: An algorithm sampling from a program

Input: sequence of command ¢ = (cy,...,¢p)
Output: a valid trace for the program c, satisfying the given observations
1i=1
2 while ¢ < n do
3 if ¢; matches sample dist then
4 ‘ just sample from dist
5 else if ¢; matches observe dist value then
6 sample a value v from dist
7 if v # value then
8 Reject the trace
9 Restart the procedure
10 else if ¢; maiches predict ezpr then
11 ‘ store the result of the predict statement as the evaluation of expr
12 else
13 ‘ just interpret the program as usual
14 i=1+1
15 end

As we have seen before, rejection sampling can be quite inefficient, but it is easy to describe.

4 Variational Inference for Probabilistic Programs

Now that we have seen the basics of probabilistic programming, we present the theoretical results
we established during my internship. We first encode probabilistic programs into a probabilistic
transition system (PTS). We define what an approximation of our PTS is, before expressing the vari-
ational inference problem we want to solve. We then present new expressions of the Evidence Lower
Bound (ELBO), before giving a new inference algorithm derived from the theoretical expression of
the ELBO.

4.1 The PTS framework

In this section, we formalise a probabilistic program as a probabilistic transition system. We use a
measure-theoretic approach. Some reminders of measure theory are presented in appendix A. We



first define the notion of transition density. It is just a transition function which is probabilistic and
described as a density.

Definition 4. A transition density on a measure space (S, F, u) is a measurable function k : Sx.S —
R, such that:

1. for all s € S,
/ K(s,s') p(ds) = 1;
S

2. for all measurable subset Sy C S and r € Ry, the following set is measurable:

{s ’ /So k(s,s) p(ds') < 7'}

Using this notion of transition, we can now define the notion of probabilistic transition system:

Definition 5. A probabilistic transition system (in short, PTS) is a septuple M = (S, F, u, f,9,9¢, F)
which consists of the following data:

— (S, F, p) is a measure space such that u is o-finite. S is the set of states, and an element of
S intuitively represents the values of both the program variables and the program counter.

— f corresponds to a probability density on the initial states: f is a non-negative measurable
function from S to Ry such that
/5 £(s) plds) = 1.

— 0 is a transition density on (S, F, u).

— 1 is a measurable function from S to Ry. It determines the scores of the states. Intuitively,
0 will be used to model the sample statements, and v will be used to model the observe
statements. We will see this in Example 1.

— F C S is a measurable subset of S and denotes the set of final states.

Assume that we are given a PTS: M = (S, F, u, d, ¥, F') We use the following measure space
for the nonempty finite execution traces of M:

TeT= |_| S™

1<n<oo

The o-algebra G and the measure v of T" are obtained by the standard constructions for countable
disjoint sums and finite products of o-finite measure spaces.
Using the PTS M, we can define two measurable functions. Let n > 0and 7 =s¢...s, € T

A(r)= ] [si € Fl-[sa € F]- f(s0) - J] 0(sirsis1) U(r)= [ ¢(s)

0<i<n 0<i<n 0<i<n

A can be seen as the density of the prior probability on the execution traces of M. Here [s; & F
is a notation for the indicator function taking value 1 if s; € F, and 0 if s; € F. A forces the
execution trace to be a valid one: it should start in an initial state, and it finishes in the first final
state it encounters. ¥ can be seen as the density of the likelihood term.

We also defined a notion of well-formedness of our PTS M, in order to define a posterior density
probability.

10



Definition 6. A PTS M is well-formed if its A and ¥ on the associated measure space (1,7, v)
of finite traces satisfy the following condition:

0< /T(A(T) : \y(T)) v(dr) < oo,

For such a well-formed PTS M, we define a measurable function II : 7' — R as follows:

Z= /T(A(T) () vldr), () = =T
and call IT the posterior density.

Example 1. We present a really simple example of a conversion of a probabilistic program into a
PTS. We consider the following program (where the % are program labels):

Listing 2: A fairness issue

(defquery coin []
(let [Mis-fair (sample (flip 0.9))
l2coin (if is-fair
(flip 0.5)
(£1ip 0.95))]1]
3(observe coin 1)
l4(observe coin 1)
ls(predict is-fair))')

This program describes that we have a coin, which has a 90% chances of being fair, and a 10%
chance of being biased (then it follows a Bernoulli law of parameter 0.95), and that when we toss a
coin two times, it gives two heads. We search for the probability that this coin is fair or not.

Here, our set of states is S = [1,6] x {0,1}, where [1, 6] corresponds to the program labels, and
{0, 1} corresponds to the value of the variable is-fair, 0 meaning false. We define f((1,0)) =1 (so
(1,0) is the only initial state), and F' = {(6,0), (6,1)}. Let 7 = ((1,0), (2,0), (3,0), (4,0), (5,0), (6,0))
and 72 = ((1,0),(2,1),(3,1),(4,1),(5,1),(6,1)), we have A(11) = 6((1,0),(2,0)) = 0.1, and A(1z) =
5((1,0),(2,1)) = 0.9 (we just choose is-fair). On the other hand, ¥(m) = ¥((4,0))¥((5,0)) =
0.952, and ¥(12) = ¥((4,1))¥((5,1)) = 0.5? (because we observe two times a “head” event for the
coin). Thus, Z = A(m)¥(11) + A(12)¥(m2) = 0.31525, so II(7) = 28.62%, and II(m2) = 71.37%,
and therefore coin is probably still fair. Let us do a quick check: if we had n (observe coin 1), we
would have Z =0.1-0.95" + 0.9 - 0.5" and:

1 1
(1) = — 5+ (1) = —o=
(1) 1""‘9'(%8)” (2) 1_"_18
In that case, if n = 11, we already have a 99.23% chance that the coin is unfair.

4.2 Approximating the PTS

In variational inference, the goal is to minimise the KL divergence over an approximation family.
Here, we define the approximation family for our PTS. We want to approximate a well-formed PTS

11



M. To do this, we suppose that we have a family consisting of pairs of densities and transition
densities parametrized by 0: {(fp, d¢) }oco on the measure space (S, F, u). Each pair induces another
PTS My = (S, F, i, fo, 00, Ve, F'), with ¢p(s) = 1,Vs € S. Then, we have:

Ag(T) = H [si & F| - [sn € F|- fo(so) H 00 (8i, Sit+1), Uy(1) = H Yp(s;) =1

0<i<n 0<i<n 0<i<n

Assuming that IIyp(7) = Ag(7), we will need to compute KL(Ap||II). Using Remark 1, we need
to be sure that supp(Ag) C supp(Il). Thus, Ay underapproximates II. We will also use gradient
ascent, so we will need our approximation family to be differentiable. To enforce all these conditions,
we define the well-formedness of our approximation family:

Definition 7. {(fy,00)}oco is a well-formed approzimation family if

1= /TA(,(T)V dr

2. f(s)-Y(s) =0 = fg(s)=0forall s € Sand b € B;,

1. for all # € O,

3. (s, 8") - (') =0 = 0p(s,8’) =0for all s,s' € S and 0 € O;,
4. © is an open subset of R™ for some n and contains 0,
5. for all s,s" € S, the functions § — fy(s) and 0 — dy(s, s’) from © to R, are differentiable.
In particular, this ensures that the KL-divergence is well-defined:
Lemma 2. For all 0 € O, supp Ag C suppll. That is
Vre T,II(1) =0 = Ayp(r) =0.

Proof. Consider § € © and 7 € T such that II(7) = 0. Let sg...s, = 7. Since II(7) = 0:

II lsi @ Fl-[sn € FI- fso) - ] OCsivsivn)- [ w(si) =
0<i<n 0<i<n 0<i<n
This means that at least one of the following terms is 0:
I[ si¢Fl. [sn€Fl,  fs0)-w(s0), IT 6Csissivn) - (sign)).

0<i<n 0<i<n

Thus,
A9<T): H [SlgF}[snEF f9 30 H 59 317324-1

0<i<n 0<i<n

12



4.3 Expressing the ELBO in the PTS

Now that everything is well-defined, we can formulate our inference problem as searching for
argmin KL(Ag||II) = argmax £,;(Ap). Here, the evidence lower bound is:
0cO 0cO

Lyi(Ag) = /T Ao(7)log (W) v(dr) = Ea, [log W]

Using some tricks, we can also simplify the expression of VgL,;:

Proposition 3. For all 0 € ©, we have that

St =, [Follon o]t (2CLEDY]

Proof.

VoL = Vi [ /T Ag(r) - log (A(T)‘I’(T)) I/(dT)]

_ /} v, [Ag(T)-log (A(Z)G'(Tq’)m) v(dr)

|
= TA&(T)-V@ [log (A(A)( )( ﬂ (dr) /vg [Ag(7)] - log <A(A)9.(\II)(T)> v(dr)
=— TAe(T)'Ve [log Ag(7)] v(d7) + / Ag(T) - Vg [log Ag(7)] - log (A(TA)G'(;I’)(T)) v(dr)
=~ | 80(r)- W v(dr) + Ea, [Ve llog Ag(7)] - log (A(ZQ(E’)(”)]
=~ Vo | Do) vldr) +Ea, [vg llog Ag(r)] - log (Wﬂ
1
0

O

We now use the specificity of our PTS models to find other expressions of £,;. We define two
families of functions, {aj) : S — Ri}tieny and {b} : S — Ry}ien. af(s) expresses the probability
that the i-th state of the execution is defined and is s. bj(s) represents the probability that the
execution starting in s terminates after ¢ steps. The goal of this definition is to be able to split the
probability to get a trace 7 = s1 ... s, into an expression using af(sx.), 59 (sk, Sk+1), bg*k(skﬂ).

These two classes of functions are defined inductively as follows:

a(s') = fols) <[5 & F] a6 = [ a(s) Gu(s. ) 5 # Fln(as)
b(s) = [s € F] 15719) = [ls # F1-0u(s.) - By(s) (s

Using this inductive definition, we can easily deduce the following expanded expressions:

13



Lemma 4. For alln > 1,

n—2

—

j(s) = [ (o) -lso ¢ F1- TLGolsissis) -1 # F) - Golon1,9) (s # F1) 1" (dls10-1))

-
3 |
| o

1

by (s) = /([8 g F]-0g(s,s1) - | | ([si & F] - 0p(si,8i+1)) - [sn € F]) p"(d(s1:n))

1

-
Il

In the following, we also use the following four functions:

Agls) =) ap(s) By(s) = _bj(s)
1=0 1=0
g9(s) = f(s) - ¥(s) k(s,8') = d(s,s) - ()

We express parts of the integrand of L,;, using T, for n > 0:

In particular, we get the following result:

Lemma 5. For alln > 0,
_ g(s) - / K(s, ") n—k—1/_/ /
[ T wtan) = [ oty ton £ty 5 utas) + > [ ol 1om £ty s )

Proof. The proof is presented in Sec. B.1. O

Now, to express L,; with the family of (7},)nen, we need the following assumptions to hold:

Assumption 1.

n- /aé(s),u(ds) —0asn— o0 (2)

0< [ An(s)u(ds) < o 3)

Z / v(dr) / ZT )
9(s)

/f log Fos) p(ds) < oo (5)

[ utsss) - to EES L 4y (5) () < o (6)
0(s,s)

Theorem 6 (A first expression of L,;). Under the assumptions above, we can show that:

Ly = / fo(s) - log 2((55)) p(ds) + / 3o(s, ') - log g((i:'i/)) - Ag(s) p2(d(s, ).

14



Proof. The proof is quite long and difficult, it is omitted from this document. It is easy to show
that (this is shown in Appendix B.2):

Lo = [ 1o 108 25 Bt tas) + [ 0n(s, ) o T Ag(s) - Bt (s o)

Then, we initially thought that By(s) = 1, but we were not able to prove this. We had to prove

a weaker, and more difficult result. We needed all the assumptions presented above to make the
proof. O

After deriving this result, we tried to find simpler expression of the Evidence Lower Bound L.,
under some assumptions. We tried to see what happens:

— when dy(s,s’) = fo(s'). That is, the transition density does not depend on the pre-state s,
— when the transition density dg(s,s’) depends on s’ and on the program label of s,

— when at most one variable changes at each transition.

We obtained various results, but the computations where long and not really useful. We searched for
another general, simplified expression of £,;. We tried to replace s by an s;, and then force s = s;.
To do this, we introduced the Dirac distribution translated by s, written ds(-). This distribution
has the following property: [ f(si)ds(ds;) = f(s).

We first introduce two new quantities dy and ey to express the partial sums of Ayg. Then we
derive a recurrence relation between ag, dp and ey before proving the new expression of Ay.

Definition 8.

= /fa 50) 59 (sis8i1)[si & FD)lsn & Flu"(dso.e—1))0s(dse) ™" (dsp1:n)

n k—1

ZZ/fe 50) 59 (85, 8541)[8; & F))[sk € Flu'(dso:i—1)0s(dsi) 1" (dsis1:)

k=0 i=0

Proposition 7 (Recurrence relation).
vn € N,dy ' (s) +eptl(s) = apt'(s) + dj(s) + e (s)
Proof. This is a simple proof, shown in Appendix. B.3. O

Proposition 8.

Proof.

k=1
= ag(s) /fe s0)[s0 & F]os(dso)
k=1

a(s)

15



Corollary 9. Let

Dy(s) = lim dy(s) Ep(s) = lim ep(s)

n—+00 n—+o0o
Dy and Ey are well-defined, and Agp(s) = Dyg(s) + Eg(s)
We give further simplifications for the expressions of Dy and Ejy:

Proposition 10.

Dy =0

Proof. By the assumption given in Eq.(3 /Ag ) < o0, so: klim ak(s)p(ds) = 0. We
——+00

also know that: 0 < dj(s) < /a?(s)u(ds), so Vs € S, Dg(s) =0. O

Proposition 11. Let

/59 s, 8 log 50 )) (ds').

We have:

/Eg(s)hg (ds) /Ag th)

Proof. We start with a simple observation on the use of a Dirac distribution:

[ assitasintds) = [ats)ptsntas) = [ als)asulds)

This is exactly what we use in the following:

+o0 k—1 k—1
= /Z . (hO(S)fB(SO) [T Ga(ss,s541)[s; & FD)lsk € F]Mi(dSO:i1)/~Lki(d5i+1;k)55(dsi)u(d5)>

J=0

+o0o /k—1
B /Z (Z he(Sz’)> Ag(s0 -+ si) ™ (dso)

k=0 \:=0
|7|—1
_ / 2o(r) (32 holm))vldr)
=1

Theorem 12 (Second expression of the ELBO). Now, the ELBO has the following expression:

/f log p(ds) + /Ae (Tzl ho (i )

= /59(3,3’)log (;;((i’ il,))/ﬁ(dsl)
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Theorem 13. The gradient of the ELBO is:

|7|-1 |71

VoLyi =Ey,(s) |Volog fo(s) log ‘};9((88))]+EA9(7) Volog Ag(T) | D ho(m) | | +Eapr | > Vohe(w)
i=1 =1

With.:

k(Ti, s
Vghg(Ti) = E(Se(ﬂ',s') |:V9 log 59(7}, S/) log 59((7'8/)):|

Remark 2. We prefer to write expressions with expectations, since we can estimate the quantities
easily with sampling-based methods, as described in Sec. 2.4.1.

4.4 Derived algorithms

Using the expressions obtained in Theorems 12 and 13, we can now derive a more precise inference
algorithm. The basic algorithm is the following:

Algorithm 2: Simple Stochastic Gradient Ascent
Input: Number N of steps
1 begin

2 Choose 6 € © randomly

3 fori=1to N do

4 0:=0+ 77(2) . Vgﬁm‘(Ag)
5 Return 6

6 end

Here, n(i) is called the step size or the learning rate. According to [RGB14|, Algorithm 2
converges to a maximum of L£,; when the learning rate satisfies the Robbins-Monro conditions:

Y on(iy=o00 > n(i)’ < oo
=1 =1

Now we have formalised variational inference on probabilistic programs into a PTS, and derived
expressions of both the ELBO and its gradient, we need to show how to compute these quantities so
that the Stochastic Gradient Ascent algorithm can be useful. This can be done either by implement-
ing the explicit expression of the gradient of £,; provided in Theorem 13, or by implementing the
computation of £,; using Theorem 12, and letting a program compute the gradient using automatic
differentiation.

4.4.1 Explicit computation of VyL,;

We can implement a procedure to compute VgL,;. In fact, what is usually done is an approximate
computation of the gradient using sampling-based estimation. In other words, we use the following

approximation (with s1,...,s, € S™, sampled from fy):
fo(9)] 1 A fo(si)
Ef,s) | Valog fo(s)log o) | =7 ; Ve log fo(si)log o(s0)

We can also evaluate approximately the other terms of VyL,; using this method.

17



4.4.2 Using automatic differentiation

Another method to compute the gradient is to use automatic differentiation. In short, Automatic
differentiation [Ral81] uses the usual chain rule to compute the gradient of a procedure. Thus, we
can implement a procedure computing £,;(Ay), and let an automatic differentiation library compute
the gradient. We can also rewrite the ELBO using expectations to get:

|7|-1
g(s)
Lyi =Ep, [log fe(S)] +Eag(n) Z ho(7;)
=1

Estimating hg(s) using sampling is described in Algorithm 3, and estimating £,; is presented
in Algorithm 4. To sample a trace from Ay, we just execute the approximated version of our prob-
abilistic program (that is, we execute the PTS Mjy rather than M), using an interpreter similar
to the one presented in Algorithm 1. We can use a Stochastic Gradient Ascent presented in Al-
gorithm 2, where the gradient is computed by an automatic differentiation library called on the
function computing L,;.

Algorithm 3: Computation of hy(s)
Input: 6, s, N
h=20
for i = 1 to N do
Sample s’ from dy(s, )

h=h+log gjg(gf;))

return h / N

N S

(S}

Algorithm 4: Computation of L,
Input: 6, N1, No
lh =0
lo =0
for i = 1 to Ny do
Sample a state s from fy

1
2
3
4
5 | 11 =11 + log <)
6
7
8
9

fo(s)
for i = 1 to Ny do

Sample a trace 7 from Ay
for j = 1to|r|—1do lo =1ls+ hg(m)

Loyl
return N + N

5 Implementation and results

No implementation is ready yet due to a lack of time as well as some technical issues encountered
at the end of my internship. My plan is to implement the algorithm presented above as another
inference technique in Anglican. This way, I do not have to create a whole system with a parser
and an interpreter. Still, I need to understand the structure of Anglican.

18



6 Related work

This part mentions various inference techniques for probabilistic programming, as well as various
versions of black-box variational inference methods. I also read parts of general references on
probabilistic graphical models [KF09] and variational inference [JGJS99, Bis06, WJ08|.

In [Ghal5], Ghahramani gives a short review of probabilistic programming, mentioning that
probabilistic programming is a state-of-the-art advance in the field of probabilistic framework. Fi-
garo [Pfe09] is a probabilistic programming language providing different sampling-based inference
algorithms. Anglican [WvdMM14|, Church [GMR112] and Venture [MSP14] are all higher-order
probabilistic programs, Venture being a successor of Church. Although they support a lot of dif-
ferent sampling algorithms, both Anglican and Church implement variational inference algorithms.
We read papers about variational inference in probabilistic programs [WW13, KRGB15|, but in
our case, we tried a formal approach with longer derivations, that may be more precise than just
optimising the basic ELBO. We hope that the simplifications we have made reduce the variance of
the estimators of the ELBO.

We also studied papers on variational inference, but in the setting of probabilistic models rather
than probabilistic programming. Usually, variational inference methods work only on a specific class
of models. However, [RGB14] is about a global variational inference algorithm, not specific to a class
of models, called “black-box variational inference”. It also describes various techniques used to reduce
the variance of the optimisation, because the gradient is estimated using samples. [HLR'16, LT16|
present other black-box variational inference algorithms, where they use generalisations of the KL-
divergence.

7 Conclusion

As we have seen, probabilistic programming simplifies the development of new probabilistic models
by automating the inference. We hope that this approach will ease the development of new models,
as it does not require knowledge in inference algorithms to create new models. During this internship,
we expressed a probabilistic programming language into a probabilistic transition system (PTS). To
use variational inference, we approximated the PTS by a simpler one, before comparing them using
the evidence lower bound (ELBO). We simplified the expression of the ELBO in our setting to get
something that is — hopefully — easier to compute and more precise, and derived a new inference
algorithm from these expressions.

Future work I ran out of of time to implement this new inference algorithm into Anglican. This
would be really interesting to implement, to get a real idea of the efficiency of this algorithm. It
could also be interesting to generalise this algorithm to more general divergences, such as the Rényi
divergence |[LT16]. Another promising approach is to translate Cross-Entropy methods [dBKMRO5]
into our setting. Cross-Entropy is similar to Variational Inference, but the goal is to minimise
KL(p||q) rather than KL(g||p). Thus, the approximating family should not underapproximate the
support of the posterior, but overapproximate this. This might look insignificant, but at in program
analysis overapproximations are more widespread and easier to compute than underapproximations.
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A Some short reminders on measure theory and integration

In this appendix, we give some really short reminders on measure theory and integration, to fix
notations used before. There are a lot of introductions to measure theory, such as [Taoll].

Definition 9 (o-algebra). Let X be a set. ¥ C P(X) is a o-algebra over X if:
-0ex,
- VBeX, Bey,
—ifVn e N, B, € X, then {J,,cy Bn € .

Note 1. In the following, X is a set, and ¥ be a o-algebra over X. (X,¥) is called a measurable
space.

Definition 10 (Measure). p: X — R, is called a measure if it satisfies the following properties:
—forall E€ X, u(E) >0,
- u(0) =0,
— if (Ej)ier is a pairwise disjoint countable collection, pu(U;c; Ei) = D ;er 1(£5)-

Definition 11. A measure p over (X, X) is o-finite if u(X) < +o0.

Definition 12 (Probability measure). A probability measure p is a measure such that pu(X) = 1.

Example 2 (Dirac Measure). Let x € X, A € 3. We define the Dirac measure at point x, written
1 ifzed

dz , the following measure: §,(A) = .
0 ifx¢A

Definition 13 (Measure space). A measure space is a triplet (X,X, u), where X is a set, ¥ is a
o-algebra over X and p a measure over (X, ).
Definition 14 (Measurable set). Let A C X, A is measurable if A € .

Definition 15 (Measurable function). Let (Y,T') be a measurable space. f: X — Y is measurable
if:
VEc€T {zeX | f(x) e E}eX
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B Some missing proofs

B.1 A proof of Lemma 5

Proof. The following derivation shows the Lemma 5:

/ T (7) w(dr)

_ /(w =+ 1] Ag(r) - 1og(A<26‘(f’)(T>)) v(dr)

_ n—1 n—1
/ H [5: & F) - [s0 € F] - fa(s0) - [ 80(sj s541) - <log 9(s0) | Y log ;(S’“W) 1" (d(s0:m))
- par

fo(so) ~ &= So(sk, Sk+1)

n—1
/ s, ¢ F)-[sn € F]- fa(so) - [ ] d0(s,5541) - log f(( 00)) p" L (d(so:n))
7=0

Sk, S n
/ HszezF s € F1 - ffoo)- [T do(ssos01)- log TS 4y,

0 (Sks Skt1)
/fa 50) log

[asy

n—

(52 ¢ F)- 6 51,524_1)) [sn € F] " (d(s0:m))
=0

k—1
n Z / Gl 5h.01) g+ (éi’,?li)) fols0) - [s0 & F]- iHO(ée(si, ser) - [sisn # F))
n—1
’ H ([Sj ¢ F] '59(3j78j+1>> : [Sn € F] /J'n+1(d(SO:n))
j=k41

by (s0) p(dso)

Z/fe 50) 'log 9( 0)

Sk, S n—k—
+Z/59 Sk Sk+1) - log 50( by Sk41) : ]5( sk) - by : 1(3k+1)ﬂ2(d(3k73k+1))

(Sk, Sk+1)
= s)-lo 9(5) s
—/fa() log £%5 -

n—1
N lo K(s, ") Cak(s) bR () W2 (d(s. S
M(dS)Jrkz::O/(Se(S’S) log £ 275 a(s) B ) (s )

B.2 Easy expression of the ELBO
Theorem 14 (“Easy” expression of the ELBO).

)
Ba(s) n(ds) + [ 3a(s.) -log gi’ 2'?) Ag(s) - By(s) g (d(s, )
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Proof.
00
Evi::jz:I%
n=0

=5 ([ fols)-1or £ -ty
n=0

n—1
. 1lo K(S,s,) 'ak s) - n—k—1 s 2 s s
+kzo/5e(s,s) 1 gég(&s,) g(s) - by (s') 2 (d(s, ))>

= [ 1) g 2 (nf; 15(5)) ()
oo n—1 )

FN [t tog FS () ) s o)

n=0 k=0

o

= /fe(s) -log i((ss)) ' (Z b3(5)> p(ds)

#2000 [l tog £ as) By ) )

')
k=0 n=k+1

n=0

= S) - 10 g(S) . S S
= [ fo(s) 1og L - Bofs) tas)

+ /59(3,3’) -log (;((2’,2//)) . <I;) ak(s) - ( i bg_k_l(s’)>> p?(d(s,s"))

n=k+1

k(s,s)

oy Aol Bals') (s, )

= /fg(s) -log 2((85)) - By(s) p(ds) + /59(3, s") - log
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B.3 Proof of Prop. 7
Proof.

dy i (s) + e (s)

n

—Z/fg S50 H 50 51 32+1)[51 ¢ F])[Sn-‘rl ¢ F]Mk(dSO:k—l)és(dSk)Nn_k(d5k+1:n+1)
=0

+agt(s)
n k—1

+>. / fo(s0) 69 (55, 8541)[55 & F])[si € Flp(dsoi—1)0s(dsi)u™ " (dsitr.1)

k=0 i=0

" Z / folso H (G55, 5541)155 & F)lns1 € Fl'(dsoi1)d6(dsi )™ (dsis 1)
7=0
0 +ef(e)

n

+ Z/f€ 50) H 09(8i,8i+1)[5i & F)([sn41 & F] + [spy1 € F])ﬂk(dSO:k—1)5s(dsk)ﬂnik+1(d3k+1:n+1)
1=0
=ag ™ (s) + ef(s)

n—1
+Z/f9 50 H (00(s,8i41)[5i & F))[sn & F100(8n, snt1) 1" (dso:k—1)0s (dsg) ™" (dsr1mt1)
= =0

n—1
gt s) + pls) + 3 / Folso) ] GoCsis sian)ls: & F)lsn & Flu (dsos—1)0s(dsi)u™ " (dsgsr0)
k= =0

=ag () + ef(s) + dg (s)
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