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Abstract

Solving program induction problems requires a search over potential solutions. Learning
to solve problems efficiently means learning to simplify the search for solutions. This
simplification can be achieved with knowledge to reduce either the breadth or depth of
the search needed—each highly reliant on the other. DREAMCODER [10] is a program
synthesis system that learns the knowledge for both in an iterative wake-sleep procedure
while also solving problems. New concepts are learnt to express program solutions and
a neural search policy is learnt to compose them. The neural search policy, however, has
no direct effect on which concepts are formed. We extend DREAMCODER’s wake-sleep
algorithm with a new approach to forming concepts that instead directly leverages the
knowledge learnt by the current neural search policy. We demonstrate that this new
approach results in a system capable of solving a larger number of problems within
short time frames upon initial exposure.
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Chapter 1

Introduction

This chapter provides an overview of inductive program synthesis, its main challenges,
and how the DREAMCODER system [10] approaches overcoming these challenges. The
chapter will also provide a framing through which we can identify and understand a
specific opportunity to improve the speed at which a program induction system like
DREAMCODER can learn to learn. In turn, this will set up the context surrounding—and
purpose for—the main ideas presented in this work.

1.1 Inductive Program Synthesis

Program synthesis refers to a large class of techniques for generating programs to
satisfy certain criteria [23]. Our focus is on one area of program synthesis in which the
criteria used are examples of the target program’s functionality—referred to as program
induction or inductive program synthesis.

The program induction problem can always be solved trivially: by defining a program
that embeds (hard codes) the example transformations directly. This solution, however,
does not provide an account relating, or explaining, how the inputs map to the outputs.
Discovering a program that can do this—and hence generalise—can not be deduced
from example behaviour: just as our scientific theories can not be deduced from
observations [7]. Rather, some form of guessing is required—i.e. search.

What are we searching through? Any program must be built from some set of primitive
pieces: base operations and elements. While a set of such primitives (which we now
refer to as a library) are finite, the number of ways in which they can be combined,
forming different programs, is infinite. Moreover, this number grows exponentially
with the number of parts used to build the programs. Thus, discovering any non-trivial
program using a blind search through these combinations will be unsuccessful under
any reasonable resource requirement.

Instead, successfully discovering a program solution under reasonable resource con-
straints—and thus improving upon blind search—entails reducing the number of com-
binations searched before it. There are two routes to achieving this: we can (i) reduce
the breadth searched as we move down the search tree to the target program(s) or we
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can (ii) reduce the depth searched by pushing the target program(s) higher up the search
tree.! Accomplishing either requires additional knowledge.

To reduce the breadth searched requires knowledge for avoiding search paths that
do not contain the target program, while focusing on those that do—i.e. a search
policy. For example, consider the program induction task specified by the input/output
pair [1,2,3] — [2,4,6]. If we were to attempt to solve this task, then we may use
information specific to the task—for example, in this case, that all the output elements
are greater than the inputs—to avoid exploring programs that begin by decreasing the
inputs, such as subtracting or dividing. Only if this was unsuccessful may we decide to
explore what we initially discarded.

What knowledge is required to reduce the depth searched in finding a target program?
We mentioned that all programs are built from a set of elementary units. These compu-
tational units can be combined and chained together to form new computations. What
if a new computation, expressed as a series of transformations using the primitive
operations, was itself turned into an elementary unit (performing the same computation)
and added to the library? The unique set of computations, capable of being expressed as
a program constructed from the new library, would not change: any program containing
the extra unit could be replaced by one using the unit’s previous constituents. However,
it does mean that a program utilising this functionality can now be expressed with less
components. In effect, a copy of every program containing this functionality has now
been pasted higher up in the original search tree.

Therefore, to reduce the depth searched in program induction tasks requires knowledge
about the functionality utilised by programs solving these tasks—allowing such func-
tionality to be added to the library. We will refer to the act of adding a component to the
library as “chunking” due to its resemblance with the cognitive mechanism in which
collections of ideas are grouped into individual units [13].

There is a disadvantage to chunking. Chunking to reduce the depth required to reach
computations in our search tree, simultaneously increases the breadth of reaching
others: there are now more elementary units to consider. Hence, the knowledge for
successfully reducing the depth searched in a program induction task is highly reliant
on the knowledge used to reduce the breadth—and vice versa. This interplay (and
determining what functionality to chunk for improving program induction search) is a
major point of focus of this project.

The success behind many practical program induction synthesis systems (such as Flash-
Fill [14]) is the careful selection of its library operations—that is, the domain-specific
language (DSL) used. Human knowledge has been used to define a computational
search space in which programs capable of solving specific tasks (those it is intended to
solve) can be found tractably. However, this highly specialised search space implies
that these systems are hopeless (or completely unable) to solve any task requiring
computations of a different nature.

A general purpose inductive program synthesis system—one that is not limited in its

ITo be clear: the tree referred to here is the tree of all program combinations, not a single program’s
syntax tree.



Chapter 1. Introduction 3

capacity to solve program induction tasks in novel domains—can not rely on fixed
human knowledge. The system must be capable of learning: learning how to structure
its search space (via the concepts contained in the library) and learning how to guide
the search for program solutions.

DREAMCODER is an inductive program synthesis system that (beginning with its
predecessor EC? [11]) incorporates the learning of both in an iterative wake-sleep
algorithm—drawing on prior work (as stated in [10]) on both library learning [6, 15, 19]
and learning how to guide search by training a neural network to output a probabilistic
search policy [3, 8]. This enables DREAMCODER to /earn to solve program induction
tasks in many domains.

1.2 Wake-Sleep Learning

The DREAMCODER algorithm is inspired by the wake-sleep algorithm [16].

The original wake-sleep algorithm is a method for capturing the generative process that
produced some observed variables (data). The observed variables are assumed to depend
on unseen latent variables. The algorithm, therefore, seeks to learn a model—referred
to as a generative model—that defines a joint probability distribution over these latent
and observed variables.

We would like the generative model’s distribution to match the true data generating
distribution. Doing so can be done by minimising the Kullback-Leibler (KL) diver-
gence between the empirical data distribution and the generative model’s distribution
of the data. This is equivalent to maximising the generative model’s log probability
of the data averaged over the empirical data distribution. However, calculating the
generative model’s probability of the data would require marginalising out the latent
variables which, in this context, is assumed to be intractable. Therefore, the probability
is approximated. In the original wake-sleep algorithm the ELBO lower bound [21]
is used, but other alternatives exist such as the IWAE bound used in the reweighted
wake-sleep (RWS) algorithm [4, 18]. However, approximating the generative model’s
marginal likelihood requires the need to approximate, and sample, from its posterior
distribution—that is, the generative model’s distribution over latent variables condi-
tioned on the observed variables. This implies the need for another model—referred to
as a recognition model—to act as this approximate posterior. Note that the intractability
of the generative model’s marginal likelihood is related to the intractability of the
posterior—and hence why it must be approximated as well [17]. This is because the
generative model’s joint distribution over observed and latent variables is tractable and,
for any random variables x and z, the posterior is equal to the joint over the marginal:
P(z| %) = P(x,2)/P(x).

In short, the wake-sleep algorithm jointly learns the generative model by additionally
learning a recognition model, iterating between two phases to do so. In the wake-phase,
the recognition model is held fixed and the generative model is updated accordingly to
maximise its (approximate) marginal likelihood of the observed data. In the sleep-
phase, the recognition model is updated to minimise the KL divergence between
the true posterior under the current generative model (which is held fixed) and its
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approximate posterior distribution. This amounts to maximising the recognition model’s
log likelihood on samples from the current generative model.

1.3 DreamCoder

As a wake-sleep algorithm, DREAMCODER can be understood as probabilistic inference
problem. There is assumed to be a generative process producing unseen programs under
some probability distribution. These latent variable programs express computations that
give rise to the observed program induction tasks that DREAMCODER receives.

If we knew the generative distribution over programs, then we could use it to reduce
our search problem for tasks in this domain. Because searching through programs in
decreasing order of their probability of being generated would provide DREAMCODER
the best a priori search strategy for solving both the observed and future tasks.

Unfortunately, we do not know what the generative distribution is. So we can attempt
to learn an approximation instead. Approximating a distribution requires a model for
that approximation. DREAMCODER models the distribution over programs using a set
of library components coupled with a probability distribution over these components.
The probabilities specify how likely each library component will appear in a program.

Therefore, we can find the model that is most likely to have generated our observed
tasks, by looking at the functionality shared across the programs that produced those
tasks. But, of course, we do not know what these programs are. We can attempt to
guess what they are by finding (through search) programs that solve the observed tasks.
However, as discussed in Section 1.1, to do so tractably would require extra knowledge
on how to either guide or structure the search space. The generative model does both.
However, using the generative model for search is problematic given that the purpose
of the search here was finding an estimation for it. Moreover, if we wanted to search
for programs in decreasing order of their probability of being generated, then, rather
than use the generative model’s prior distribution over its library components, we can
keep the library components, but look at the posterior distribution of a program being
generated for the specific task we are trying to solve. But, again, we do not know what
this posterior distribution is so we look to approximate it with a recognition model.

These three unknowns (the generative model’s library, the programs solving our ob-
served tasks, and the recognition model’s posterior distribution) motivates DREAM-
CODER'’s three step algorithm where a generative and inference model are learnt jointly
in an iterative fashion (as in the original wake-sleep algorithm) while simultaneously
searching for program solutions. We will briefly summarise each of these phases below.

1.3.1 Dream Sleep: Training the Recognition Model

We start with DREAMCODER'’s first sleep phase: where a recognition model is trained
to infer programs likely to solve a given task. DREAMCODER’s recognition model is a
neural network providing a distribution over the generative model’s library components.
Training the model requires (program, task) pairs—where the program solves the
task—to learn from.
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DREAMCODER has two sources of (program, task) pairs that it can train on. First,
as would happen in the original wake-sleep algorithm, the current generative model
can be used to sample programs. After sampling a program, it can be run on example
inputs to create a made-up task. This provides an unlimited stream of data to train
the recognition model with. However, if we have discovered programs solving our
observed tasks, then it would be wasteful not to use them. Therefore, in addition to
the made-up tasks, DREAMCODER is trained to infer programs for solving any real
tasks that it has observed. The recognition model is updated to maximise the same
objective in both cases—the difference being that one is averaged over samples from the
current generative model while the other is averaged over the empirical data distribution.
Note this is similar to what is done in the extra wake-phase as part of the reweighted
wake-sleep (RWS) algorithm [4, 18].

However, unlike the original and reweighted wake-sleep algorithms, DREAMCODER’s
recognition model is not trained to approximate the full posterior probability distribution
of hidden variables conditioned on what is observed. Instead, the recognition model
is updated to approximate a maximum a posteriori (MAP) estimate using the current
generative model’s prior distribution over programs. That is, there could be many
programs (discovered to solve real tasks or sampled for made-up tasks) that all solve the
same task. DREAMCODER is trained to infer only one of these programs—specifically,
the most likely under the generative model—rather than them all.

1.3.2 Wake: Searching for Program Solutions

It is in DREAMCODER’s wake phase where the inductive program synthesis takes
places. The recognition model trained in the previous phase is used to search for as
many program solutions as it can for (batches of) the observed tasks. Programs are
enumerated for a provided time limit in decreasing order of their probability of solving
the task according to the recognition model.?

1.3.3 Abstraction Sleep: Adding Functions to Library

After the wake-phase, newly discovered program solutions can be used to create a better
estimate of the generative process behind the observed tasks. To do so, DREAMCODER
takes a Bayesian approach: their goal is to find the most likely generative model given
the observed tasks—namely, MAP inference over generative models.

The model maximising the posterior likelihood of generating the observed tasks is
equivalent to that maximising the joint distribution. Calculating the joint distribution
requires two components: a prior over generative models and the likelihood of a
model generating the observed tasks. As the generative model provides a distribution

’If one is familiar with the original or reweighted wake-sleep algorithms then understanding what
takes place in each of DREAMCODER’s three phases, based on their naming, may be confusing. Unlike
the original wake-phase, the generative model is not updated here—this, instead, takes place in the next
sleep-phase. Similarly, the recognition model is not updated as in the extra RWS wake-phase mentioned
in Section 1.3.1. The reason this is treated as a separate phase in their wake-sleep algorithm is because
simply discovering programs that solve the observed tasks increases the lower bound approximation of
the current generative model’s marginal likelihood of the observed tasks—which we talk about next.
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over programs, an approximation of the latter can be calculated by introducing and
marginalising out the programs discovered during waking.?> It is an approximation
because calculating the true marginal would require an impossible marginalisation over
all possible programs.

For the former, recall that the generative model is specified as both a library and a
probability distribution specifying how likely each element in the library is to appear in
a program. Therefore, a prior over generative models requires a prior over libraries and
a prior over component distributions given a library. DREAMCODER uses a prior over
libraries favouring those with functions that can be expressed in fewer components—i.e.
their program syntax tree is small. For the component distributions, DREAMCODER
uses a symmetric Dirichlet prior [20].

In a fully Bayesian treatment, discovering the MAP library would require integrating
over the libraries’ component distributions. This is intractable. Therefore, DREAM-
CODER uses the Akaike Information Criterion (AIC) [1] to replace the integration. Note
that the AIC does not approximate integrals: it is simply a model selection criterion
that will favour smaller libraries whose maximum likelihood estimate (MLE) can still
account for the observations. However, with this, DREAMCODER can now score a given
library.

The abstraction sleep, then, consists of searching over library space and updating the
generative model to use the highest scoring library and its corresponding MLE compo-
nent distribution. The search performed is a local one. First, a set of candidate functions
will be produced from a refactoring algorithm that identifies common sub-components
across the programs synthesised during waking [10]. Then, DREAMCODER will con-
sider every library that results from chunking each candidate function individually into
the current library, proceed with the highest scoring library, and repeat until no further
improvement is possible.*

1.3.4 Interactions Between DreamCoder’s Three Main Stages

Notice that the two sleep phases correspond to learning the two types of relevant
knowledge for simplifying our search problem discussed in Section 1.1. By discovering
programs that solve the observed tasks, we learn what functionality is common across
programs producing our tasks and thus, by adding these functions to our library, we
structure a search space where the depth required to reach programs that are likely
to solve our tasks is reduced. This search space is then fed into the construction
of the recognition model where it learns how to guide search through the provided
search space in a manner adapted to a given task. Moreover, the improved library
(generative model) improves this learning by offering better (program, task) pairs—that
is, solutions to tasks that more closely resemble the observed tasks—to learn from. The
improved search policy can then be fed to our search to solve more programs—and so on.

3Note that doing so also requires calculating the likelihood of a task given a program. For deterministic
programs, DREAMCODER sets this to 1 if the program solves the task and 0 otherwise.

4‘DREAMCODER is initially provided a base library that is assumed to be capable—in principle—of
expressing the programs performing all the computations needed to solve the observed tasks.
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The three phases of DREAMCODER’s algorithm form a positive feedback loop—each
bootstrapping from the output of the previous phase, as illustrated in Figure 1.1.

WAKE

Searching for
program solutions

Chunking functions Training recognition model
» Restructure search space SLEEP » Learn search strategy
» Reduce search depth » Reduce search breadth

\_/'

Figure 1.1: The interaction and chain of influence between each phase of DREAM-
CODER’s wake-sleep algorithm.

1.4 A Recognition Compiler

In DREAMCODER the functions chunked are those that allow the generative model
to best account for the programs synthesised during waking while conforming to the
prior—and approximation—assumptions. The recognition model has only an indirect
effect, then, on which functions are added to the library—based on its help in discovering
the program solutions used. However, in Section 1.1, we discussed the interplay between
the two pieces of knowledge (what to chunk and how to guide search) used to simplify
the program induction problem. This interplay is not unidirectional.

This raises the question: can we leverage the knowledge learnt by the recognition
model to influence what gets chunked—and thus, shape the search space that it will
subsequently learn to guide—such that the recognition model’s ability to discover
program solutions is further improved?

Contrasted to DREAMCODER, the knowledge learnt from the recognition model would
now directly influence, and feed into, the process chunking functions, as illustrated in
Figure 1.2. This creates an inner loop between the two sleep phases. Ellis and colleagues
showed that with DREAMCODER ”jointly learning the library and neural search policy
leads to solving more problems, and solving them more quickly” [10]. Can this new
inner loop generate extra positive feedback, providing a stronger bootstrapping effect,
and thus result in a system capable of learning to solve even more problems, and solving
them even more quickly?

In this project we will introduce two methods that utilise the recognition model to
influence chunking. We demonstrate that this approach results in a system capable of
reaching a certain level of expertise in fewer wake-sleep cycles compared to DREAM-
CODER’s approach to chunking. Moreover, in doing so, the resulting system eliminates
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WAKE

Searching for
program solutions

—

Chunking functions Training recognition model
» Restructure search space SLEEP » Learn search strategy
» Reduce search depth » Reduce search breadth

\_/'

Figure 1.2: New chain of influence introduced into DREAMCODER’s wake-sleep algorithm
(Figure 1.1) by leveraging the knowledge learnt by the recognition model for chunking.

the need for human defined priors and a reliance on the incorrect assumption that the
AIC will approximate the intractable integration, as discussed in Section 1.3.3 (and
currently required in DREAMCODER’s approach to chunking). Instead, the knowledge
used for chunking by our methods is based on the knowledge already available in the
recognition model—and hence learnt.

It is worth noting that the recognition model uses the same set of parameters when
inferring programs likely to solve each task. This is referred to as “amortized infer-
ence” as there is shared knowledge being reused to make multiple different inferences
across related tasks [12]. By additionally using the recognition model to determine
what functionality to chunk—and hence made easier to use when performing new
inferences—there is an even stronger amortization effect taking place.

1.5 Contributions

The main contributions of this project are the following:

* We introduce a simple approach for the recognition model to decide what is
chunked by looking at which functions are most likely to be generated across
tasks.

* We identify problems associated with this simple approach, and further define
desirable criteria that any approach to chunking (based on the recognition model)
should satisfy.

* We introduce a new probabilistic model to express the uncertainty on whether or
not chunking a function will have a beneficial effect on the recognition model’s
ability to infer program solutions. We show how we can interpret the model and
demonstrate that it satisfies all of our desired properties.

* We provide an implementation realising the ideas above within the DREAM-
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CODER framework.

* We evaluate the effect of chunking choice on system performance across three
program synthesis domains: list processing, text editing and symbolic regres-
sion. We demonstrate the our approach to chunking improves DREAMCODER’s
performance.



Chapter 2

Overview of the idea

The previous chapter explained why both chunking and having the recognition model
influence what gets chunked could be beneficial for learning to solve program induction
tasks as part of DREAMCODER'’s iterative wake-sleep algorithm. This chapter will
present two approaches for doing so. First we introduce notation and clarify the exact
computational problem.

2.1 Problem Situation

We are concerned solely with the process of determining which functions to chunk—that
1s, transformed into primitive operations that are added to the library and available to
use directly. Note that there is an infinite number of functions that could be chunked.
In our problem, however, we receive a finite set of candidate functions ¥ available for
chunking. The output, then, is a subset of F, containing the functions which should be
added to the current library.

Additional inputs include the set of observed tasks X, each program p found during
a previous wake-phase to solve some task x € X, and the current recognition model,
denoted Q.

Recall that the recognition model specifies a distribution over programs likely to solve
a given task. This conditional probability is written Q(p | x)—shorthand for P(p |
x,Q). Additionally, we write Q(f | x) to denote the likelihood of the recognition
model generating a candidate function f € #. While both programs and functions
are combinations of the same library components (and indeed there may be complete
programs discovered during waking that are also considered as candidate functions for
chunking), it is important to note that these distributions are not identical. Q(p | x) gives
the probability of the program p being a complete solution to task x. On the other hand,
O(f | x) can be understood as the probability that the recognition model generates the
function f as part of a program solution for task x. The difference arises because the
recognition model is providing a distribution over well-typed programs of a requested
type only. The details are explained in Chapter 3 as they are not important (nor helpful)
for understanding the approaches to chunking presented in this chapter.

10
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2.2 Simple Approach

One approach to have the recognition model influence what functions are chunked is to
simply consider what functions it wants use most often—irrespective of the particular
task that it is trying to solve. That is, for any function f we can calculate the probability
P(f | Q) of f being generated by the current recognition model. This is equal to the
probability of the recognition model generating f, averaged over tasks:

P(f1Q)=Y P(f|x,Q)P(x|Q) 2.1)
xeX

=) O(f | x)P(x) (2.2)
xeX

= Exx[O(f | ¥)] (2.3)

Thus, given any set of candidate functions for chunking, we can score and rank each
according to the above likelihood of being generated by the recognition model. There
are two problems, however, with this simple approach. First, while a ranking can
determine if chunking one function is more worthwhile than another, it provides no
insight into how many functions, if any, should be chunked at all.

The second is that larger functions are naturally harder to generate than smaller functions
and hence disfavoured in the ranking. To see why this can be problematic, consider a
strict subfunction f” of function f. The recognition model is less likely to generate f
than f’ because it would need to generate all components in f/, plus more. Our simple
approach would thus prefer to chunk the subfunction f’. However, if the recognition
model is only ever intending to generate f” as part of the function f then chunking f is
likely to be better: future use would require generating a single node instead of multiple
and f’ has no use elsewhere.

2.3 Probabilistic Model for Chunking

The simple approach provides two problems that any approach to chunking functions
(that is influenced by the recognition model) would need to account for — namely, a
criterion that i) determines which functions should actually be chunked and ii) considers
the impact of chunking a function, rather than relying solely on generation preference.
Moreover, it is unknown whether chunking a function will improve, reduce or have no
effect on the recognition model’s performance of helping discover program solutions.
Intuitively, chunking functions will increase the available options being considered
during program search. And, while some may reduce what needs discovering thereafter,
others will just waste time. Therefore, to decide which functions should be chunked we
must address these problems while also handling the uncertainty of not knowing what
the net effect of chunking some function will be.

2.3.1 Deciding What to Chunk

A formal way to handle uncertain knowledge is with probability distributions [5]. To
do this, we can first consider the Boolean random variable c¢ that, with respect to some
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function f, has the value 1 if the net effect of chunking f is positive and 0 otherwise.
Then, systematically expressing uncertainty in chunking function f amounts to defining
a Bernoulli distribution over c that is conditioned on the function and the recognition
model: P(c | f,Q).

With a Bernoulli distribution P(c | f, Q) we solve the first problem of deciding whether
or not a function should be chunked. For, assume that the benefit gained in a positive
chunk was equal to the cost incurred in a negative chunk. Then, chunking a function f
only if P(c | f,Q) > 0.5 would lead to the greatest payoff in expectation.!

More generally, given a set of candidate functions ¥ for chunking, we can determine
which combination of those should be chunked, and which should not, by using the
individual chunking distributions P(c | f,Q) for each f € F. However, in doing so
we would be making the assumption that the effect of chunking some function is
independent of whether or not any other functions are getting chunked. That is, for any
functions f,g € ¥ we would be assuming that P(c | f,Q,ds) = P(c | f,Q) where d,
indicates the decision to have chunked function g.

In reality, it is evident that this assumption does not always hold. For example, consider
again the strict subfunction case mentioned in Section 2.2. Here, there may be a positive
effect from chunking either the sub or outer function individually. However, knowing
that one is getting chunked could remove any benefit in chunking the other.> The same
is true in the reverse direction. There may be functions that have no benefit in being
chunked individually that would be useful if it was known that they could be used in
combination with other functions being chunked.?

Despite this, here we only consider chunking functions in isolation, independent of any
decision to simultaneously chunk other functions. This is a limitation of the approach.
Future research could focus on finding ways to relax this independence assumption.

2.3.2 Capturing the Usefulness of Chunking

We now address the second problem. We want to ensure our criterion for chunking
considers the overall effect on performance. As we saw, this cannot be determined based
solely on which functions the recognition model wants to use (generate) most often. On
the other hand, if we had access to the true distribution P(c | f, Q) introduced previously
then, by definition, our problem would be solved. Therefore, the extent to which the
second problem is solved depends on how well we approximate this distribution.

The rest of this chapter will focus on presenting an approximation to this distribution
that captures the probability that chunking a function will have a beneficial effect. We
begin by expanding on how our distribution can be represented to further define the
problem. Then, to support the approximation, we will outline desired properties of the

I'This is true for any symmetric notion of payoff. In general, this need not be the case. Considering
different notions of payoff, and how to assign them, would be an interesting area for future research.

ZNote that this is a different problem to that being alluded to when using the example in Section 2.2.

3Chunking one function will always help in generating their combination. However, if both are
unlikely to be generated explicitly, then the overall effect of chunking just one function may still not have
an overall positive effect even if chunking both would.
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distribution (and those that the true distribution is likely to have) that act as further
evaluation criteria. Finally, we will introduce a probabilistic model and explain how it
meets these criteria.

2.3.3 Introducing tasks

We want to approximate the beneficial chunking distribution P(c | f,Q). This would
be difficult to do in its current form. For starters, we’d need to balance the effect that
chunking a function would have on the recognition model’s performance across all
possible tasks. Instead of handling this within the approximation, we can easily refine
the problem by expanding on the distribution’s representation. Specifically, we can
introduce tasks as a latent variable x and marginalise them out using the sum rule:

P(c|f,0)= ZP(c,x|f,Q) (2.4)
xeX

=) P(c|f,Q.x)P(x] £,0). 2.5)
xeX

We have, therefore, reduced the problem of needing to approximate the entire beneficial
chunking distribution P(c | f,Q), to that of approximating the distribution P(c | f,Q,x):
the probability that chunking some function will have a positive effect in helping
the recognition model solve a single task. However, we must also address what the
distribution over tasks P(x | f,Q) is and how it can be calculated.

How should one interpret P(x | f,Q)? As a reminder, the recognition model Q is simply
an approximate distribution (over which programs are the most likely to solve a given
task). It is a specific model being used as a means of calculating this distribution and
does not have any real influence on what tasks are observed. So, in essence, we are
looking to calculate P(x | f)—with the recognition model being used to approximate
its corresponding true distribution as needed.

The reason for pointing this out is that any function f can also be viewed as a stand-
alone program. And, in the DREAMCODER paper [10], the authors define P(x | p) as
the likelihood of observing a task x € X given a program p: for deterministic programs
this is set to 1 if and only if the program solves the task. It may appear, therefore, that
we should be using the same definition for P(x | f,Q). But here we are specifically
considering f as a function used within other programs—not as a stand-alone program
necessarily intended to solve a task in isolation. This is a crucial difference. Depending
on how a task is defined, it could be the case that a stand-alone program will give rise
to a single task and thus a distribution with all probability mass on that task would
make sense. On the other hand, the likelihood of observing a task when conditioning on
a function f used within the program generating the task is not going to have such a
simple distribution: in most cases, the probability mass will be spread across similar
tasks requiring the same functionality offered by f.

Clearly, viewing functions as programs, and using DREAMCODER’s definition for the
likelihood of tasks conditioned on programs, to calculate P(x | f, Q) would be wrong.
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Instead, we can use its expression from Bayes’ rule:

_ P(f|%0Q)P(x| Q)
PO Q) = 5 5 T 0P [O)

This allows us to make use of the approximate distribution offered by the recognition
model for calculating the likelihood of functions. Additionally, we can remove Q as
a conditional dependency in the task prior as it no longer depends on a program (or
function) which the recognition model’s approximate distribution would be used for.
This leaves us with the expression:

O 0PW
Pel Q) =& O )P0 (20

Substituting in this expression to the beneficial chunking distribution (and pulling the
denominator outside the sum), we obtain:

1

Pl 1.0 = 5 Gt Tope) & D1/ e0eU [Pw), @)

which we can be expressed more clearly with expectations:

1
Pel £ =g 00T

Ewx[Q(f [ X)P(c] f,Q,x)]. (2.8)
There seems, at first sight, something very strange about this new expression: when
calculating the probability that chunking a function f will have an overall positive effect,
we are now dividing by the expected value of the recognition model generating f. Recall
that this was the simple approach considered in Section 2.2. While we had identified
errors in how the simple approach ranked functions for chunking, reversing this ranking
is certainly no better. In fact, this seems to be doing the complete opposite of what
we set out to do—namely, chunking functions in accordance to what the recognition
model would find useful. However, the simple approach—that is, the expected value of
the recognition model generating f—is simply the partition function for our beneficial
chunking distribution: it is a normaliser that ensures P(c | f, Q) sums to one.

Ignoring the normaliser for a moment, we can see that the probability of chunking
function f having an overall positive effect on the recognition model’s ability to find
program solutions is proportional to an expectation under tasks:

P(c| f,Q) o= Eex[Q(f | X)P(c | f,0,x)]- (2.9)

The expectation is the product of two probabilities. First, the likelihood of the recog-
nition model generating f for some task; and second, the probability that chunking
f will have a positive effect in helping the recognition model solve that task. Thus,
the functions with the highest P(c | f, Q) are those that the recognition both wants to
generate as part of task-specific solutions and, when it does, chunking the function
would be beneficial for helping solve those tasks.
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Understanding what P(c | f, Q) is proportional to helps us make sense of the counter-
intuitive partition function. The normaliser can be seen as selecting (or narrowing
down) which tasks’ beneficial chunking probabilities are considered: if the recognition
model has no intentions of using a function on some task (low Q(f | x)), then a low
P(c| f,Q,x) on that task does not mean that the overall beneficial chunking probability
P(c | f,Q) will also be low. This is ideal, because, for a diverse enough set of tasks, we
would not expect that a single function would be useful for solving all of those tasks.

2.3.4 Introducing Programs

In the previous section, we reduced the problem of approximating the complete ben-
eficial chunking distribution P(c | f,Q) to the simpler problem of approximating a
task-specific beneficial chunking distribution P(c | f, Q,x). However, even for a specific
task, the effect of chunking can still depend on various factors, such as the contents
and structure of programs that can solve the task—and not just those programs that
utilise our function. For instance, consider the situation where a function f is to be
chunked for task x. It is conceivable that even if a program using f can solve x, it may
be needlessly complex compared to a simpler program solving x that does not use f. In
such a case, while chunking f may lead to gains in discovering the complex program, it
will also simultaneously impede the discovery of the simpler program. As a result, the
net effect of chunking f for task x could be negative.

In the next section, we will examine different program scenarios in more detail to
better understand when and why chunking may or may not have a positive effect.
For the moment, suffice it to say that reducing the simpler problem of approximating
P(c| f,Q,x)—in which we’d need to need to balance effects of chunking across multiple
programs—to that of approximating P(c | f,Q,x,p) for a single program p would be
simpler still. This is easily achieved by, again, introducing programs as a latent variable
and marginalising them out using the sum rule:

P(C | f,Q,X) = ZP<C7P | f7Q7x) (21())
p

=Y P(c| £.0,x.p)P(p| f,0.x). @2.11)
p

Thus, the probability that chunking some function will have a positive effect in helping
the recognition model solve a single task is equal to a weighted average—according
to the distribution P(p | f, Q,x) over programs—of the probability that chunking the
function will have a positive effect in helping the recognition model solve that task
with a particular program. We will return to what the distribution over programs
P(p | f,0Q,x) is in Section 2.3.8.2.

2.3.5 Defining the Probabilistic Model for Chunking

So far we have only used standard laws of probability to help define our beneficial
chunking distribution P(c | f,Q) that we want to approximate. This allowed us to
express it in terms of the more specific distribution P(c | f,Q,x,p). At this point, further
refinements are neither likely to be helpful for approximating the target distribution nor,
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to all appearances, possible. Therefore, we are left wanting to capture the Bernoulli
distribution over the random variable ¢ representing the uncertainty that chunking
function f would be useful for helping the recognition model Q generate program p for
solving task x.

This is certainly an easier problem than what we began with. However, even for a single
program and a single task, there is a difficult trade-off that remains to be addressed.
Consider what happens when a function is chunked. The function is not just added to
the library as a single-node operation. Instead, the function is added to the library and
then the recognition model is updated, defining a new distribution over programs in
terms of the newly available library.

On its own, knowing that function f is part of program p solving some task x, does
not guarantee that there will be a positive effect (in terms of helping the recognition
model generate p) from chunking f. If a function was chunked and the recognition
model’s updated distribution remained unchanged (thus allocating 0 probability mass to
the functions newly added library node) then there would be no effect in chunking f for
that particular program and task at all. Similarly, consider what would happen if the
function was chunked and all of the recognition model’s probability mass was shifted
onto its node, such that Q(f | x) = 1. In this case, there would be a huge (maximal)
improvement in generating f, but the overall effect of chunking f to help generate p
would be detrimental as, unless p = f, the rest of p would never be generated. Thus, the
effect of chunking f—for synthesising a particular program p on a given task—depends
on a balance between the improvement gained in generating f minus the costs incurred
in generating the rest of p as a result.

Note that the value of ¢ here could be measured exactly: we could chunk f, retrain the
recognition model, and then check for any performance gains in generating p on task x.
But this is equivalent to trying each option as a means of deciding which option to take.
If this was computationally feasible then there would be no need for finding a beneficial
chunking distribution to help make our decision in the first place. How, then, can we
efficiently express our uncertainty in whether or not chunking a function will have a
beneficial effect?

We can not calculate the effect of chunking f for generating p on task x without knowing
how the recognition model is updated. However, there is a related effect that we can
both capture precisely and calculate efficiently: the effect that caching f has on helping
the current recognition model generate p on task x. That is, how helpful it is for the
recognition model to generate p given that it doesn’t need to generate f. In terms of the
trade-off mentioned above, this is the extreme (optimistic) view that chunking f will
lead to maximal improvement in generating f while, simultaneously, not incurring any
cost for generating the rest of p.*

Moreover, it is possible to quantify how useful caching a function is for the recognition
model on a scale ranging from O (not useful at all) to 1 (as useful as can be). Therefore,

“Note that the word “caching” is used here to simply summarise the interpretation: when a value is
“cached” it implies that the normal work involved in its calculation can be avoided. We are not talking
about the effect of literally caching the function into a hash table.
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this lends itself as an excellent estimate, and proxy, for our uncertainty in whether or
not chunking a function will have a beneficial effect.

What properties would this caching measure have? We discuss these next and then
introduce a quantity that satisfies these criteria.

2.3.6 Desired Properties

We want a measure, ranging from 0 to 1, of how useful caching a function f is for
the recognition model Q generating the program p to solve task x. This, in turn, will
serve as our approximation for P(c | f,Q,x,p). For this reason, in what follows, we
use P(c | f,Q,x,p) to refer to both the caching measure and our beneficial chunking
distribution.

Considering the purpose of the measure, it seems desirable that it would have the
following properties:

1. The first, trivial property, has nothing to do with our function. Our goal is to
measure how useful caching f is for helping Q generate p to solve x. Therefore,
if p does not solve x, then P(c | f,Q,x,p) should be 0.

2. Similarly, if f is not used in p, then caching f provides no benefit and P(c |
f,0,x,p) should be 0.

3. On the other hand, the largest benefit would be gained from caching the entire
program no matter what the recognition model’s distribution is. Thus, if the
function f equals p, then P(c | f,Q,x,p) should be 1.

4. The fourth property concerns how useful it is to cache a function across differing
programs. Consider a function f part of two programs p; and p», both of which
solve our task x. We are dealing with the same task and thus the probability
O(f | x) of the recognition model generating f within each program is constant.
However, if the probability of the recognition model generating the rest of py is
much smaller then that of p, (as with the example programs of Figure 2.1a and
2.1b), then caching the same function f is less useful for Q needing to generate
p1 compared to p>. (As an extreme example, if the probability of generating the
rest of our program became 0, then caching f can not help in generating the full
program at all.)

Therefore, the less likely it is for the recognition model to generate the outer
program, the less useful caching a fixed function would be—and hence, the
smaller P(c | f,Q,x,p) should be. (For our example programs, we would want
P(c| f,Q,x,p) to be higher with the function-program pair found in Figure 2.1b
over that found in 2.1a.)

5. The fifth property concerns how useful it is to cache different functions used
within the same outer program. Consider the same outer program p,, capable of
using one of two different functions f; or f> to solve our task x. In this scenario
the probability of Q generating the outer program is what remains constant.
Assume that the recognition model is less likely to generate f| versus f> (as
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A

a) Low outer likelihood b) Reference likelihoods ¢) High function likelihood

Figure 2.1: Three example programs. In each example the top left nodes are considered
as the outer program and the bottom right subtree as the function being cached. Both
the outer program and function are labeled with their respective probabilities of being
generated according to the recognition model.

with the example programs of Figure 2.1b and 2.1c¢). Would it be more useful
to cache f| for generating its full corresponding program p, o f; or to cache f>
for generating p, o f2? We know that after caching, both programs are equally
likely to be generated. However, had the functions not been cached, then p, o f;
would have been less likely to have been produced than p, o f>. Hence, for their
respective goals, caching f] provides more benefit than caching f>.

This property can be stated more concisely as follows: The less likely it is for the
recognition model to generate a function within the same outer program, the more
useful caching that function would be—and hence, the higher P(c | f,Q,x,p)
should be. (For our example programs, we would want P(c | f,Q,x,p) to be
higher with the function-program pair found in Figure 2.1b over that found in
2.1c.)

Note that a quantity satisfying the last two properties would resolve the strict subfunction
problem we encountered when chunking functions according to the recognition model’s
raw generation preference (simple approach) in Section 2.2. For, given a fixed program
and task, when considering to chunk any function over one of its strict subfunctions,
we are consuming more nodes from the outer program into the function. Consequently,
the likelihood of generating the outer program will increase and thus, as per property
4, the usefulness measure would increase. Additionally, the likelihood of generating
our function would decrease and thus, as per Property 5, the usefulness measure would,
again, increase.

In fact, the last two properties are two sides of the same coin. Both suggest that the
usefulness in caching a function f—for the purpose of helping the recognition model
generate a target program p—is related to the relative proportion of uncertainty removed
in generating p by caching f. It turns out that, with the right interpretation, this points
us to the quantity needed for satisfying the above criteria exactly.



Chapter 2. Overview of the idea 19

2.3.7 Measure of Caching Usefulness

We will now define a quantity that satisfies the desired properties listed above, measuring
how useful caching a function f is for the recognition model Q generating a program p
to solve task x. As mentioned in Section 2.3.5, this quantity serves as our probabilistic
model for the distribution P(c | f,Q,x,p) representing the belief that chunking f would
have an overall positive effect—which, in turn, is sought after because discovering this
value exactly is computationally infeasible. The model can be expressed as follows:

log O(f | x)"
logQ(p [ x)

where I is an indicator returning one or zero, p(x) denotes whether or not the program p
solves the task x, and n is the number of times the function f is used within the program

p.

Let us return to the conclusion of Section 2.3.6: that the usefulness in caching a function
f depends on the relative proportion of uncertainty removed when caching f to generate
a target program p. This serves as an excellent interpretation of the model presented
above. In information-theoretic terms, “uncertainty” is often used synonymously with
the “’self-information” or “’surprise” inherent in a random outcome [25]—such as a
function or program being generated by the recognition model. An outcome that is
guaranteed to occur has no uncertainty surrounding whether it will or will not be
generated. On the other hand, the less likely a random outcome is to occur, the more
uncertainty there is associated with it. Capturing the “uncertainty” of a random outcome
formally can be done with the negative log probability under which it occurs.

P(c| f,Q.x,p) =1I[p(x)] (2.12)

Therefore, the uncertainty with a program p being generated by the recognition model
would be equal to —logQ(p | x). We can then ask: how much of this uncertainty is
associated with the production of a function f? Answering this question can be done
using our expression for P(c | f,Q,x,p) in Equation 2.12.

P /

Figure 2.2: An example program and function used within the program.

To aid understanding of the model, consider the example program and function illus-
trated by their program trees in Figure 2.2. Each colour represents a different primitive
operation. We can see that the program on the left contains the function on the right as
a sub expression. If, for simplicity, the probability of the recognition model generating
a program was equal to the product of its parts, then, assuming p solves the given task,
the usefulness in caching f for helping the recognition model generate p would be
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calculated using the following ratio:

- logQ(e | x
P(c| f,0,x,p) = logQ(e | x) +1logQ(e | x

)+1logQ(e
)+1logQ(e

| x) +1ogQ(e | x)
| x) +1logQ(e | x) +1logO(e | x)

We will now verify that this model satisfies each of our desired properties (as a measure
of caching usefulness) in addition to being a valid probability distribution for its role as
a probabilistic model.

2.3.7.1 Caching is useful only if p solves x

The first property required that P(c | f,Q,x,p) = 0 if p does not solve task x. This is
handled by the indicator function I[p(x)], where we have used p(x) to denote whether or
not p solves task x. If p solves x then we are left with the rightmost fraction; otherwise,
if it doesn’t, then P(c | f,Q,x,p) = 0 as required.

2.3.7.2 Caching is useful only if p uses f

The second property required that P(c | f,Q,x,p) = 0 if f is not used in p. This is
clearly satisfied because if f is not part of p, then n = 0 and thus (assuming that p solves
x) we have that

logQ(f[x)° _ logl
logQ(p|x) logQ(p|x)

P(c| f,0,x,p) =1

2.3.7.3 Maximum benefit when caching the full program

We wanted our measure to have a maximum value of 1 and to occur when the function
being cached was equal to our program—that is, f = p. If this is the case then n =1
and (assuming again that p solves x) we have that

logQ(f | x)!  logQ(

. _ ) _ 1
logQ(p|x)  logQ( '

)

2.3.7.4 Less useful when caching in less likely outer programs

plx
P(c vaaxv =1
(c] P) olx

Our fourth property required that the less likely the recognition model is to generate
the outer program, the less useful caching a fixed function should be. If the program
p contains one instance of our function f, then p can be broken up into two parts: the
outer program, which we will denote p,, and the function f. The probability that the
recognition model generates the entire program p can be expressed as a product of
generating the outer program and the function:

Q(p |x) = Q(po ’x)Q(f | x)' (2.13)

If we substitute this expression into our model, where we know n = 1 and are assuming
that p solves x, we get the following:

_ logO(f | x)
P(c| f,0,x,p) = oz 0P, | 1) L1080/ | (2.14)
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Expressed like this, it is clear how our definition of P(c | f,Q,x,p) satisfies the fourth
desired property. We are considering the same function f part of different outer
programs and thus the numerator is the same across all cases. However, the less likely
the recognition model is to generate the outer program p,, the larger the absolute
value of the denominator becomes and hence the smaller P(c | f,Q,x,p) becomes—as
desired.

2.3.7.5 More useful when caching less likely functions

The fifth property required that, all things being equal, the less likely the recognition
model is to generate a function, the more useful caching that function should be for
generating the entire associated program. We can confirm that our model satisfies this
property by using our expression of P(c | f,Q,x,p) stated in Equation 2.14 again. In this
case, the outer program remains constant. Thus, as the probability of the recognition
model generating our function decreases, the absolute value of the log probability
increases and the less that the log probability of the recognition model generating the
outer program contributes to the denominator. Consequently, the measure of how useful
it is to cache f will increase as desired.

2.3.7.6 Valid probability distribution

We now confirm that P(c | f,Q,x,p) is a valid probability distribution. As c is a binary
random variable, this amounts to ensuring that any value output by the model is between
zero and one.

It is easy to see that P(c | f,Q,x,p) will always be greater that or equal to zero. The
reason being that Q(- | x) is a probability in [0, 1] and thus log Q(- | x) is always nonpos-
itive. Moreover, as n > 0 and I[p(x)] > 0, the sign of the numerator can not be flipped.
Therefore, we are dividing a nonpositive value by another nonpositive value and hence

P(c| f,0,x,p) > 0.

What about P(c | f,Q,x,p) always being less than or equal to 1? Well, if f is a function
contained within p, then the probability Q(f | x) (or any number of function uses
within the program) will always be greater than or equal to Q(p | x). Consequently, the
magnitude of its log probability will be smaller and hence P(c | f,Q,x,p) < 1. The only
situation where this would not be the case is if Q(f | x) < Q(p | x). However, this can
only possibly arise if f is a function not used in p. And, as we saw in Section 2.3.7.2, in
this case n =0 and P(c | f,Q,x,p) = 0. Therefore, 0 < P(c | f,0,x,p) < 1 as desired.

2.3.8 Completing the Probabilistic Model

In Section 2.3.7 we defined a probabilistic model for P(c | f,Q,x,p). This expressed
the uncertainty in the belief that chunking a function f will have a beneficial effect in
aiding the recognition model solve a given task using a given program. We can now
take one step back and substitute our model into the task-specific beneficial chunking
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distribution stated in Equation 2.11:

Y i) 082V [0 .
Plel£:0%) = LU0, o5 1y TP 122 (2.15)

Before taking the final step back in specifying our probabilistic model, there are two
more issues needing to be addressed.

2.3.8.1 Marginal over programs

Our expression for P(c | f,Q,x) currently involves marginalising over all programs p.
Unfortunately, the set of all programs is infinite and thus summing over each element is
impossible.

This is not a new problem: training of the recognition model and DREAMCODER’s
approach to chunking functions both involve marginalising over the set of all programs.
DREAMCODER handles this by using a particle-based approximation. That is, rather
than marginalise over the infinite set of programs, a finite set of programs (referred
to as a beam) is used instead. A unique beam of programs B, is maintained for every
task x € X, each containing the programs found during waking to solve that task. We
take the same approach here. Doing so gives us a lower bound approximation for our
task-specific beneficial chunking distribution:

s/ | 0"
(c]£.0:) péﬂ M ogop ) P 1£:C) (2.16)
Which programs should be used within a finite sized beam if we want to maximise
our lower bound approximation? Due to the indicator I[p(x)] (which is there to satisfy
the first desired property of P(c | f,Q,x,p) given in Section 2.3.6), we know that if a
program does not solve our task, then it it will not contribute any probability mass to
the summation. Excluding such programs does not impact the accuracy of our lower
bound. For our purposes, then, it only makes sense to maintain programs in a beam B,
that solve task x—as DREAMCODER already does. However, as per the second desired
property of P(c | f,Q,x,p), we also know that if a program does not incorporate the
candidate function being evaluated for chunking, then it, too, will not contribute any
probability mass to the summation.

Consider the following example. We want to find the probability P(c | f,Q,x) that
chunking the function f will be beneficial, where f is the function f(a) = a + a that
takes as input a number a and doubles it. Assume that the only program in our beam B,
isp() = 14 1. As p does not use f, the probability that chunking f could be beneficial
will be zero. However, we know that in this case chunking f is likely to be beneficial:
if f was part of the library, then we could generate the functionally equivalent program
p’() = f(1) using two components rather than three. Indeed, had the program that first
constructs f explicitly and then calls it with the input 1 been part of the original beam
instead, then the approximated P(c | f,Q,x) would not have been zero.

Thus, when considering a finite number of programs | B;| in a given beam, there always
remains an opportunity to improve our lower bound approximation by searching for a
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refactored program that is functionally equivalent—thus not losing its ability to solve our
task—whilst also incorporating our candidate function if it did not already. Doing so can
also be relatively inexpensive compared to what would have been needed to synthesise
the program incorporating our function from scratch. Note that considering refactored
programs part of the beam to improve our lower bound particle-based approximation is
an idea taken directly from DREAMCODER.

Let p() denote program p refactored to use function f. The probability distribution
representing the uncertainty in the belief that chunking a function f will have a beneficial
effect in aiding the recognition model solve a given task x can then be expressed as

follows:
Ple] £,03) = ¥ Tp(x) 222U 11"
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2.3.8.2 Distribution over programs

We now address what should be used to calculate the probability distribution over
programs—now denoted as P(p[ 1] | f,0,x)—that we left in Section 2.3.4. Of course,
we do not have access to this distribution. It is, after all, a posterior distribution over
programs conditioned on a task: the reason for having a recognition model and what it
is trained to approximate. However, this particular posterior is also conditioned on a
function f. There are two ways we can approach this.

The first is to assume independence. That is, we assume that the function f has already
been generated as (or part of) another program and we now want to find the probability
of the new program p[;—where what has previously been generated has no effect.”
Therefore, with this approach we have that P(ps | f,Q,x) = Q(p | x)-

Recall that in Section 2.3.3 we took P(x | f, Q) to mean the probability of observing a
task given that the function f was used as part of the generative process (program) that
produced it. The second approach to calculating P(p[ 1] | f,0,x) is to take the same view,
only this time we are looking at the posterior distribution over the full generative process
(program) rather than tasks. In this view, the probability of any program not utilising
function f should be zero. We can attempt to calculate the distribution using Bayes’
rule. Doing so would require another impossible sum over all programs. However,
given that we are already working with a finite beam of programs, we can consider the
posterior over these programs only:

P(f|pi)QPs | X)
P 0.x) = , 2.18
P 100 =5 B o) 0lory 1) @19

where P(f | p(s)) is the likelihood that f was part of the generated program p(s—which
equals 1 if and only if pj uses f—and is conditionally independent of x and Q.

With the first approach, for each program in the beam, P(c | f,Q,x,p(y]) is weighted by
the likelihood of the recognition model generating piz relative to all other programs.
On the other hand, with the second approach, P(c | f,0,x,p(s) would be weighted

>This is the same assumption made by choosing the family of distributions that can be represented by
the recognition model considered here and in DREAMCODER.
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by the likelihood of the recognition model generating pjs relative only to the other
(refactored) programs in our beam B, utilising f.°

Preliminary experiments found the second approach to perform worse than the first. This
is presumably because too much information is lost when normalising the likelihood of
the recognition model generating the programs containing the candidate function for
chunking. Thus, from her on out we stick with the first approach. Equation 2.17 can
thereby be restated as:

Ple|f.00)= ¥ Ijp() 282/ X"
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Z o2 0(p ’x)Q(P[f] | x) (2.19)

2.3.9 Final interpretation

At the start of this chapter we faced the problem of finding a criterion for chunking
functions that could leverage the knowledge learnt by the recognition model. We
approached the problem by seeking a probability distribution P(c | f,Q) that could
allow us to systematically express the uncertainty of whether or not chunking a function
would have an overall positive effect on the recognition model’s ability to help aid
discovery of program solutions. Having addressed the remaining issues with our task-
specific distribution, we can now take the final step back, substituting our expression
for P(c | f,0Q,x) in Equation 2.19 into that of P(c | f,Q) in Equation 2.8:
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Although daunting at first, we can attempt to understand P(c | f,Q) as an interaction
between three key sub-expressions:

log Q(f [ x)"
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where we have dropped the normaliser for clarity. According to this expression, the
functions with a high probability of being worthwhile to chunk are those that (1) first
and foremost the recognition model wants to generate as part of programs solving some
task. When it does, (2) chunking the function greatly reduces the uncertainty (or we
could say “difficulty”) in (3) generating the recognition model’s preferred programs to
solve that task. The functions that are chunked are those that can successfully balance
this interaction across tasks.

®Note that not all attempts at refactoring a program in the beam will result in a program containing
our function.
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Further Details

The ideas discussed in previous chapter were presented at a high level for ease of
understanding. Implementing the ideas in practice, however, requires addressing several
additional details and challenges. To be clear, the implementation done in this work
consisted in extending the openly available DREAMCODER codebase.! The resulting
system is still largely, and mainly, the work of DREAMCODER: it differs only in the
code called to update the generative model’s library—that is, deciding which functions
to chunk—in each wake-sleep iteration. Nonetheless, changing this one component re-
quires that the implementation operates successfully withing the surrounding framework.
The codebase is extensive, containing over 13000 lines of Python code: understanding
how concepts are represented, what functionality is available, and how the different
parts of the system interact presented a significant initial challenge. Furthermore, a
deeper understanding of the low-level details revealed several challenges overlooked by
the previous chapter’s high-level presentation. This chapter reviews the most significant
of these challenges and how they were overcome.

3.1 Probability of Functions

Both approaches to chunking considered in Chapter 2 require calculating the probability
of the recognition model generating a function as part of a program solution for a given
task. Thus far we have assumed, for simplicity, that the recognition model creates a
distribution over programs by defining a distribution over library components and that
the probability of the recognition model generating a program is equal to the product of
independently generating each component of the program. If this was the case, then
applying the recognition model to functions (which are built from the same library
of components) would be straightforward. However, this is not the case: two further
details make calculating the probability of the recognition model generating a function
more involved.

"https://github.com/ellisk42/ec
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3.1.1 Types

All library components have an associated type specifying the entities that their compu-
tations operate on and produce. This restricts the ways in which they can be combined
to form valid programs.

DREAMCODER’s recognition model is constrained to be a distribution over standalone,
well-typed programs of a requested type only. Consequently, calculating the probability
of a program being generated by the recognition model involves using a type inference
algorithm. After supplying a program’s type, the algorithm will track which components
can be used at each point in the program’s construction by determining which have a
return type that unifies with what is required. To get the probability of seeing a program
component, the recognition model’s original distribution over all library components is
renormalised to one over valid components (for this part of the program) only.

If a program contains a component whose return type does not unify with the required
type, or if a component of a required type is expected but missing, then the program’s
probability is undefined. Therefore, to use DREAMCODER’s type inference algorithm
to calculate the probability of the recognition model generating a function requires that
it is both a well-typed and a complete program.

While it’s possible to receive ill-typed candidate functions, the main problem is that
many of them—as sub-expressions extracted from programs—have missing parts. This
is not a problem for chunking, but the type inference algorithm can not be used. One
solution is to wrap the candidate function in an explicit function type (if it is not
already) with as many variables as there are missing parts.> The resulting program
would be well-typed and complete—and hence, its probability of being generated can
be calculated. However, this would also contain the probability of generating each
additional variable. Thus, we can deal with this by using dummy variables instead
and modifying DREAMCODER’s type inference algorithm to ignore them (for being
generated and in contributing to any renormalisations), such that running the probability
calculation would return the desired result: the probability of the recognition model
generating the candidate function explicitly.

3.1.2 Bigram Model

In DREAMCODER, the generative model’s distribution over library components depends
only on the requested type discussed in Section 3.1.1: it is a unigram distribution where
the probability of generating a component is independent of any surrounding program
context. On the other hand, the recognition model used by DREAMCODER is a bigram
distribution over library components, conditioning on the function that the component
will be passed to—and as which argument. Therefore, the probability of a (well-typed
and complete) program p with K components being generated by the recognition model
can be seen as a product of conditional probabilities Hle O(px | x, (pag, ix,T)), where
pa, is component k’s parent, i, the argument index and T the requested type.

ZNote that DREAMCODER represents programs as polymorphic typed A-calculus expressions: the
procedure described is 1-conversion in reverse.
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Recall that we are after the probability of the recognition model generating a candidate
function explicitly as part of a task solution. In Section 3.1.1 we discussed how we can
get around the type inference algorithm to do so. However, this would only suffice for
a recognition model using a unigram distribution. For, with a bigram distribution, the
result would be the probability of the recognition model generating our function as the
outermost top-level function of a solution only—i.e. when it has no parent.

This is not desirable. Consider a set of tasks requiring you to manipulate lists of
integers. Because the only programs solving these tasks are those returning lists of
integers, the only top-level functions that the recognition model is learning to infer are
those returning lists of integers. The probability of the recognition model generating a
function that returns, say, a Boolean (such as indicating if an element of a list is positive)
would be extremely low as the initial top-level function, even if its probability of being
generated elsewhere is high.

For the simple approach (Section 2.2), when we say we want the probability of the
recognition model generating a function for a given task, what we are really after is
the function’s probability of being generated averaged over all the places and ways
in which it could appear—specifically, over all possible (pa,i,T) triplets. With a
unigram distribution, there is no difference in where a function is generated (other
than the type constraints)—and thus nothing to average over. The same is true for all
function components other than the root in a bigram distribution: once the root has
been generated, the probability of the rest are conditionally independent to where in
a program they are being generated. Therefore, by splitting our function into its root
component froor and remaining components freg, our desired probability is

Q(f | x) = IE(pa,i,‘t) [Q(frest | x;froot)Q(froot | X, (pa> i71>)] (3.1
= Q(frest ‘ x?froot) Z Q(froot ’-xv (pa,i,’c))P((pa,i,’c) ’X) (3.2)

(pa,i,T)

This raises the question: what is the probability distribution P((pa,i,T) | x) over the
context in which any function could be generated? We consider two options.

One option is to place a uniform distribution over each option that could conceivably
arise: every argument of every component in the library currently being used to generate
programs (along with their respective types), has equal probability. Though simple,
this option has two downsides. First, one aspect motivating the use of the recognition
model for chunking was to remove the human defined priors used by DREAMCODER,
as discussed in Section 1.3.3. With this option we would be doing the exact same. The
second disadvantage has to do with the distribution itself: a library that contains only
a few components that expect a certain type implies that all functions returning that
type would be disfavoured. However, even if we expect the library to reflect some
information about the tasks it is used to solve, a few library components requesting a
certain type should not mean that the chances to use functions returning that type should
be low: those few components could be used (or generated) very often.

One might be tempted, then, to use the recognition model’s distribution over parent
components, but this would itself require a prior over (pa,i,T) triplets—and hence lead
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to an infinite regress. Instead, we can achieve a similar effect by using a distribution over
(pa,i,T) triplets proportionate to their frequency in the programs that the recognition
model helped discover during waking. Note that the distribution in Equation 3.2 is
conditioned on a specific task. Therefore, it may be more appropriate to only use the
programs found to solve that specific task (i.e. those in B,). However, a small beam
size or even just low (or empty) program beams early on in learning, would not provide
a distribution suited for its purpose.

Calculating the probability of the recognition model generating a candidate function
as part of a program for solving a given task can thereby by summarised as follows.
First, a sweep over all programs discovered during waking counts the occurrences of
(pa,i,t) triplets.> Next, a function is transformed into a well-typed program using
dummy variables that will be ignored by the type inference algorithm—affording the
opportunity to find the probability of generating the function components only. The
likelihood of all function components other than the root can be calculated separately.
This is then multiplied by the likelihood of the recognition model generating the
function’s root component, marginalised over all (pa,i,t) triplets—considering only
those where the function’s return type unifies with T. This is not a large nor expensive
marginal to perform.

3.2 Beneficial Chunking Distribution

The extra details concerning well-typed programs (Section 3.1.1) and contextual recog-
nition models (Section 3.1.2) presents additional challenges (and notable differences)
when it comes to calculating the beneficial chunking distribution laid out in Section 2.3.

First, recall that the probabilistic model used for the task and program specific chunking
distribution P(c | f,Q, x,p), as first defined in Equation 2.12, contains the log probability
O(f | x) of the recognition model generating the provided function, multiplied by each
use n in the program. The previous section explained how we can calculate Q(f | x).
However, additionally recall that the probabilistic model was intended to capture the
relative proportion of uncertainty removed when generating the particular program p
without the need to generate the function f. Thus, unlike previously (where we wanted
the likelihood of the function being generated as part of any program intended to solve a
task), we do not want to marginalise out the contextual information on where a function
is generated. Rather, we seek the specific contextual probability of f being generated as
required in the provided program p.* Additionally, as multiple function occurrences
may appear in different contexts, the likelihood of each occurrence may be different.
And thus, one must sum over these log probabilities rather than multiply a single value
by the number of occurrences n.

3This only needs to be performed once as it can be reused for each candidate function.

“4If we were dealing with monomorphic types and unigram distributions (as assumed in Chapter 2),
then the likelihood of any function being generated by the recognition model would be equivalent for any
context—and hence, there would be no need to differentiate between the two distributions. Perhaps it
would have been more appropriate to introduce some notion of context (in which a function can be used)
in Chapter 2 and then indicate when it was being marginalised out.
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The next challenge is in calculating the other half of the probabilistic model’s ratio: the
log probability of the current recognition model generating the provided program. As
discussed in Section 2.3.8.1, the programs considered here are the solutions discovered
during waking, refactored to contain our candidate function for chunking. DREAM-
CODER’s refactoring algorithm is used to do so. However, a successful refactoring will
return a program constructed using the function as a primitive operation. Therefore, as
the candidate function is not part of the recognition model’s library, the likelihood of
this program being generated is not defined.

Note that the same would be true if the primitive operation was replaced with the
candidate’s explicit function definition: in this case it is still an enclosed function
operation (A abstraction) that, to be validly used in a program, would need to be part of
the library. The space of programs that the recognition model places a distribution over
does not include those that define new function operations to use within them—even if
the functions are composed of the same library components.

Despite this, the computations expressible by programs in the recognition model’s
sample space are the same as those in the space of programs containing explicit function
definitions. For, a program containing an explicit function definition can always be
transformed into one that does not: by applying the arguments to the function (i.e.
eliminating the function with B-reduction).’ Thus, by eliminating the function in this
manner, we have a program whose probability can be calculated using the current
recognition model. However, this is not what we want: to find the proportion of
uncertainty removed when generating a program that doesn’t need to generate the
candidate function, we need to first know the probability of generating the program with
the candidate function. The transformed program may perform the same computation,
but it does not use the candidate function. Moreover, the transformed program may
be radically different to the one that does: for example, a function using an argument
multiple times will result in a program tree that repeats the argument sub-tree multiple
times.

To capture the desired effect, we must stick with the refactored program that defines
our candidate function while using it. But, given that this program is not part of the
recognition model’s sample space, we will consider a counterfactual scenario: what
is the probability of the recognition model generating the refactored program given it
gets to generate an inner program (function definition) for each of occurrence of the
candidate function—i.e. generate the candidate functions and the remaining program
separately.

We know how to calculate the probability of the recognition model generating the
candidate function. With a unigram distribution, we would also be able to calculate
the probability of the outer program. These can then be combined for the desired
result. With a bigram distribution, on the other hand, there is yet another problem: any

3This would be undoing the work done by DREAMCODER s refactoring algorithm which is performing
inverse B-reductions [10].

®Note that if programs containing new function definitions were part of the recognition model’s
sample space in the first place, then this roundabout solution would not be needed. Thus, it may be
worthwhile to explore using recognition models where this is the case in future work.
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arguments of a candidate function are considered part of the outer program, but since
the function is not in the library, the recognition model has no conditional distribution
over library components with the candidate function as the parent. To address this, a
distribution approximating the likelihood of the recognition model generating these
components is needed. One solution is to use the uniform distribution, but a better
option in this case would be to use the generative model’s unigram distribution instead.

In practice this is implemented using another modified version of DREAMCODER’s
type inference algorithm. A program is traversed as normal, tracking type requests and
other context details at each program component. However, when a candidate function
is reached, the type request and context is used to calculate its probability of being
generated as in Section 3.1.2, then skipped over.” Additionally, if a bigram recognition
model is used, the root components of any candidate function arguments are calculated
using the generative model.

3.3 Merging Beams

After determining which candidate functions to chunk and adding them to the library,
there is another issue that must be dealt with before the next phase of the system’s cycle
can be ran. Recall that DREAMCODER maintains a finite beam of programs ‘B, for each
task x. For every candidate function f, while calculating the task-specific beneficial
chunking distribution P(c | f,Q,x), the same beam of programs in B, will be refactored
(if possible) to contain f. Thus, if we decided to chunk M functions, then we will have
M - |‘B,| programs available that solve x. Note that this may contain more than one copy
of a program, arising when a program part of the original beam could not be refactored
for at least 2 of the chunked functions.® However, even after eliminating duplicates,
the total number of programs may exceed the beam’s capacity. Hence, we must decide
which of these programs are used to fill each task’s beam for the next phase.

One option is to maintain a single beam and use DREAMCODER’s refactoring algo-
rithm to refactor the programs in it for each chunked function in order of their rank,
starting with the highest-ranked function. That is, rather than refactor the original beam
separately for each chunked function, we use the refactored beam of the first function
as the starting point for the next, and so on. However, DREAMCODER’s refactoring
algorithm relies on data structures set up initially when finding the candidate functions
[10]. After performing one refactoring, the algorithm would be unable to operate on the
resulting program because it contains a new library component (the first function we
have chunked) that it is not prepared to deal with.

To achieve the above, we would need to rerun the part of DREAMCODER’s algorithm
that constructs the data structures used for refactoring. However, doing so would be
very costly. (Note that the inability to carry out this option may be a consequence of

A cache is kept mapping type requests to the whats needed to calculate a function’s likelihood
efficiently so that the type inference algorithm for our candidate function doesn’t need to be rerun across
programs.

81f we want to explicitly consider the original programs that do not contain any of our chunked
functions, then we could have a potential (M + 1) - | B,| programs available for soling x.
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attempting to use DREAMCODER’s refactoring algorithm as an unmodified black box.
We suspect that the same result could be achieved without requiring complete reruns
by adapting the algorithm to our needs. However, no easy approach to doing so was
found and, given it is unrelated to the main problem addressed in this project, it was not
considered a top priority.) Additionally, all existing references to our chunked functions
would be replaced, requiring a search for the new ones.

Instead, to set a task’s beam, the following approach was taken. First, note that the origi-
nal programs part of the beam are already ordered by DREAMCODER according to their
likelihood of being generated by the generative model. Then, using DREAMCODER’s
refactoring algorithm, a refactored version of this beam is produced separately for each
function being chunked, producing M - |B,| programs as discussed above. Next, the
programs are interleaved such that the first M programs are the M different refactorings
of the first program and ordered according to the respective function’s chunking score
used for the refactoring—starting with the highest. The next M are for the second
program, and so on. Finally, while ignoring duplicates, the programs are added to the
returned beam in this order until the maximum capacity is reached.

The main downside to this approach is that any program that may have been refactored
by the first option to simultaneously utilise more than one of the chunked functions,
won’t be made part of our beam used in training the next iteration of the recognition
model. However, this approach was deemed preferable as it avoids rerunning an
expensive computation multiple times for a situation that may not arise often in practice.
Additionally, the double refactored program always has a chance to be dreamt or
discovered during the next waking phase.

After updating the library and stored programs to make use of the newly chunked
functions, we can then updated the generative model by setting its distribution over the
library components to their MLE of generating the updated programs. (This was done
by calling code available from DreamCoder as it is something used in their approach as
well.)
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Evaluation

The aim of this project is to identify if the knowledge learnt by the recognition model for
guiding program search space can be leveraged to directly influence how to restructure
the search space (through chunking program components), such that more problems
can be learnt to be solved more quickly. We do so by evaluating the effect of chunking
choice across the following three program induction task domains. (Each domain is
taken from [11] and similarly used in [10] for evaluating DREAMCODER.)

1. List processing: synthesising programs to perform computations on lists. The
system is trained on 109 observed tasks and tested on 78 held out tasks.! Each
task is comprised of 15 input/output examples. Examples of these tasks are
dropping the first three elements of a list with observed input/output pairs such as
[0,3,8,6,4] — [6,4] or counting the number of times the first element appears in
the rest of the list with observed input/output pairs such as [1,2,1,1,3] — 2. The
system is given an initial library containing the following functional programming
operations and elements: fold, unfold, if, map, length, index, =, +, -, 0, 1,
cons, car, cdr, nil, is-nil, mod, *, >, is-square, and is-prime.

2. Text editing: synthesising programs to manipulate strings of text. The system
is trained on 128 randomly generated tasks (each comprised of 4 input/output
examples) and tested on the 108 tasks used in the 2017 SyGuS program syn-
thesis competition [2]. Examples of the tasks are extracting someone’s initials
with observed input/output pairs such as "Nancy FreeHafer” — "N.E.” or re-
versing the order of a name with observed input/pairs such as “Launa Withers”
— ”Withers Launa”. The system is provided the same initial library as in list
processing, although it does not contain the last five operations listed above (mod,
*, >, 1s-square, and is-prime). Additionally, the library contains a primitive
string for representing all unknown string constants—which is then replaced by
the longest common string subsequence occurring in the observed examples [10].

3. Symbolic Regression: synthesising programs to capture polynomial and rational
functions. All polynomials have a maximum degree of 4. An example task

These numbers differ from [11] because we use the same tasks used in [10] where 21 tasks equivalent
to the identity function and 31 test tasks solvable by the base system were removed.

32
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is representing the function: f(x) = —1.9x* +1.9x> —2.0x> — 0.5x +2.4. The
system receives 50 input/output pairs produced by the underlying function as
well as a visual graphic of its curve. The system’s initial library consists of
the addition, multiplication and division operators as well as a primitive for
representing any unknown real numbers (analogous to string in text editing).
The program synthesis problem is that of finding the main structure of the hidden
function and then a gradient descent procedure is used to set all the unknown real
numbers used in a program.

We begin by running the main DREAMCODER model of [10]. For the most part, all
hyper parameters and model architectures used are the same as those used for the
full DREAMCODER model reported in [10]. There are a couple differences. First, in
our experiments only 20 CPUs are used, compared to the 64 used by [10] in the list
processing and text editing domains. Second, in [10] one of their hyper parameters
(that denoted as A in [10]) for controlling the prior over libraries is set differently in the
symbolic regression domain. We, instead, keep this consistent with the value used in
the list processing and text editing domains. This ensures the same DREAMCODER
model is used across all domains. The only difference across domains is the time
spent attempting to solve tasks during wake-phases: the list processing and text editing
domains have a 12 minute time limit, whereas a 2 minute time limit is used for symbolic
regression—as in [10].

In each domain we run the system three times with different random seeds for ten of the
wake-sleep cycles described in Section 1.3. At the start of each cycle the system is tested
on the domain’s held out tasks. The system is provided 10 minutes per task to search
for a program solution—using its current library and recognition model. (Note that
no information from testing the system is fed back into impacting the next iteration’s
training.) The left column of Figure 4.1 displays the percentage of these testing tasks
that the system was able to solve (within the 10 minute time limit) at each wake-sleep
iteration. The right column of Figure 4.1 displays the time spent (in seconds) by the
system searching for a solution: the solid line shows the time averaged over all testing
tasks, whereas the dotted line shows the time averaged only over the tasks that the
system was able to solve. In both sets of figures the average over each run is reported
with error bars indicating the +1 standard deviation points. Note that in the work of [10],
DREAMCODER is compared to numerous baselines: in every domain DREAMCODER
was found to solve at least as many tasks as the best alternative for that domain and
does so, for the most part, in the least amount of time.

To test the approaches to chunking presented in this project, we run the same DREAM-
CODER system modified only in the method used to chunk functions. We do so for
both the simple approach and the beneficial chunking distribution (labeled as RECOGNI-
TIONCOMPILER) presented in Sections 2.2 and 2.3 respectively. All hyper parameters
used are the same as those used when running the main DREAMCODER model in the
respective domain. Therefore, one should refer to [10] if after any specific details about
the resulting system that are not related to the selection of functions being added to the
library.

Recall that chunking functions can be disadvantageous: you decrease the search depth
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Figure 4.1: (Left) Test set accuracy using the learnt library and recognition model of each
wake-sleep iteration. (Right) Time spent (seconds) searching for solutions to the test set
tasks: solid lines show time averaged over all tasks and dotted lines show time averaged
over solved tasks. Results over three random seeds with 41 standard deviation error
bars. (Graphs produced with code available in https://github.com/ellisk42/ec.)

needed to discover programs performing particular computations while also increasing
the search breadth for discovering others. Therefore, simply deciding to add, or not
add, any function to the library could have an effect on performance. We want to test if
the knowledge learnt by the recognition model can be used to make better decisions on
what to chunk for improving skill in a domain. Hence, to eliminate additional factors
that may influence performance, for the list processing and text editing domains we
match the quantity of functions being chunked by DREAMCODER, allowing us to focus
on quality. Specifically, when running our modified systems, we rank and chunk the top
candidate functions to match the amount chunked by DREAMCODER on that iteration
when run using the same random seed.

On average, DREAMCODER chunked 15.33 and 14 total functions across all iterations of
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a single run in the list processing and text editing domains respectively. Thus, matching
these numbers provides lots of opportunities to compare the effect in the quality of
functions chunked by the different approaches. On the other hand, in the symbolic
regression domain, DREAMCODER only chunked an average of 2.67 total functions:
for most iterations it deemed the chunking of any candidate function to be detrimental.
Thus, in this case, matching the number of functions chunked would provide very little
room for comparison and for either approach to be clearly distinguished as better. For
this reason, when running the simple approach and beneficial chunking distribution in
the symbolic regression domain we use a simple strategy of chunking one function (the
highest ranked) per iteration instead.

In all domains we see the same trend between DREAMCODER’s approach to chunking
and the beneficial chunking distribution. Both systems achieve similar performance
towards the end of the 10 wake-sleep cycles. However, using the beneficial chunking
distribution to decide what functionality is chunked results in better performance when
given less wake-sleep cycles to learn. After 4 wake-sleep cycles in symbolic regression,
RECOGNITIONCOMPILER was capable of solving, on average, 17% more problems than
DREAMCODER. For the list processing and text editing domains, the peak difference
occurs at iteration 5. Here RECOGNITIONCOMPILER solved, on average, 12.8% (list
processing) and 15.6% (text editing) more tasks than DREAMCODER. 2

Additionally, on all domains, using our probabilistic model for chunking generally
outperforms the recognition model’s generation preference (simple approach), validating
the use of its extra components.

ZNote that one run of DREAMCODER in the text editing domain is substantially different from the
other two. If this seed is removed then performance between the two systems is much closer—with the
RECOGNITIONCOMPILER solving only 3.2% more tasks then DREAMCODER.
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Discussion

Becoming a domain expert in program synthesis tasks requires learning knowledge to
alleviate the search problem. Broadly, this can be achieved by reducing the breadth
or depth of the search needed. DREAMCODER does both: by training a neural search
policy (recognition model) to guide search and chunking common functionality utilised
in program solutions, allowing it to express computations in fewer components. In
DREAMCODER the neural search policy has no direct say on what functionality is
chunked. Rather, the functions chunked are those contributing to the library that can best
express current program solutions while adhering to provided priors and assumptions
made by approximation choices. In this project we demonstrate that one can instead
leverage the knowledge learnt by the neural search policy to decide which functions are
chunked (and hence made available to use as part of its search policy), improving the
speed at which new tasks can be learnt to be solved.

We began with a simple approach that looked at which functions the recognition model
was most likely to generate when averaged over observed tasks. We identified several
problems with this approach. We showed how these problems could be resolved with a
probabilistic model expressing the uncertainty in whether or not chunking a function
would have a beneficial effect on the recognition model’s ability to help solve similar
tasks. Experimental results corroborated these theoretical arguments. However, many
directions remain open to build upon this approach.

5.1 Autonomy

When testing the recognition model based approaches to chunking on the list processing
and text editing domains, the number of functions chunked was determined by the
quantity chunked by DREAMCODER. This was to ensure a fair comparison between
the quality of functions chosen for chunking. However, one could rightly criticise these
approaches as being incomplete as they only provide half of the solution: determining
what to chunk, but relying on DREAMCODER to decide how many. Indeed, this was the
first issue we had with the simple approach in Section 2.2. While we resolved this with
the beneficial chunking distribution in Section 2.3.1, a complete solution to chunking
is still contingent on cost/benefit payoffs associated with chunking a specific function
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while, additionally, taking the lower bound approximation into account. Thus, without
DREAMCODER’s help in suggesting how many functions to chunk, performance when
using these approaches may drop.

On the other hand, an analogous argument could be made in which matching the number
of functions chunked by DREAMCODER is seen as a constraint, limiting the potential of
these approaches. Indeed, we saw this to be the case in the symbolic regression domain
with even the simplest of methods for deciding how many functions to chunk.

The work done in this project serves as a preliminary investigation that hopefully mo-
tivates the potential in leveraging the knowledge learnt by the recognition model to
influence what to chunk. There will be many ways to turn either of the approaches pre-
sented here into autonomous systems. For example, using fixed probability thresholds
or fixed quantities, functions determining either based on input variables such as library
size or function type, or even looking at relative scores between candidates. Some will
be better than others. Exploring these options would be of interest if looking to push the
capabilities of these approaches—and hence the speed at which autonomous systems
can adapt to solving novel program synthesis tasks—as far as possible.

5.2 Recognition Model

There are several open directions regarding the recognition model and its training.

First is the use of more sophisticated neural recognition models. This was an open
goal for extending DREAMCODER’s ancestor EC? [11], with the intent that it could
help extend their approach from writing small programs to synthesising large bodies
of code. The approaches presented in this work leverage the knowledge learnt by the
recognition model for reducing search breadth, to also reduce search depth. Thus, more
sophisticated models may now provide a compound benefit.

Second, recall from Section 1.3.1 that DREAMCODER’s recognition model is trained to
infer the most likely program to solve a task (MAP inference) rather than approximate
the full posterior distribution—as in the original wake-sleep algorithm. This was done
so that the recognition model would learn to infer only one of many possible solutions,
allowing needlessly complex programs (like those multiplying values by 1, for example)
to be ignored. Now that the recognition model influences what is chunked, it would be
interesting to compare the effect that the recognition model’s training objective has on
which functions are chosen to be chunked.

A key motivation behind using the recognition model to influence what gets chunked is
that its knowledge for guiding search may have something to say about how to structure
the search space that it guides, such that it can find program solutions quicker. However,
in the current systems, after functions are chunked, a new recognition model is trained
from scratch—with nothing learnt by the previous recognition model passed on to
the next. Exploring ways to maintain, or make use of, the knowledge learnt by the
recognition model when re-configuring its sample space may allow for more improved,
or at least more efficient, learning.
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5.3 Connections to Biological Sleep

The original wake-sleep algorithm drew inspiration from the learning that could be
occurring in biological sleep (hence the name). DREAMCODER’s wake-sleep algorithm
is speculated to go a step further, bringing wake-sleep algorithms as a whole “’closer to
the structure of actual learning processes that occur during human sleep” [9]. The key
reason is the use of two separate sleep phases, each of which has a correspondence to a
separate stage of biological sleep. Human slow-wave sleep (deep sleep) is associated
with the consolidation of new declarative information [24], analogous to what takes
place when functions are chunked in DREAMCODER’s first sleep stage. Human REM
sleep (dream sleep) is associated with consolidating implicit skill through the use of
memories and dreams [9], analogous to what takes place when training the recognition
model in DREAMCODER’s second sleep stage.

There is, however, an important difference between the high-level resemblance: humans
will cycle between their sleep phases four to six times in a single night [22], whereas
DREAMCODER will only visit each sleep phase once before revisiting the wake phase.
Moreover, attempting to resolve the difference with a simple modification that has
DREAMCODER reenter its abstraction sleep phase, after training the recognition model
in its dream sleep phase, would not suffice. The reason being that functions chunked by
DREAMCODER depend only on the programs discovered during waking. Thus, without
undergoing another wake phase, it makes no sense to undergo additional sleep phases.

In the work presented here, our modified versions of DREAMCODER also only visit
each sleep phase once before revisiting the wake phase. However, now the recognition
model has a direct influence on what is chunked. Therefore, unlike DREAMCODER,
it could make sense to cycle between the two sleep phases (as it happens in human
sleep) before revisiting the wake phase. After training a new recognition model there
may be new functions worthy of chunking and thus, if chunked, require updating the
recognition model again to operate in the newly structured search space. Note that
this corresponds to moving around the inner feedback loop explained in Section 1.4
and illustrated in Figure 1.2. Would doing so lead to a greater ability at learning to
solve new program induction tasks quickly, with fewer attempts spent searching for
solutions during waking phases? This question is interesting in its own right, but with
the connection to biological sleep it becomes even more interesting.
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