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Résumé

Ces denieres années, la synthese automatique de programmes, un saint-graal de
Iinformatique, a vu un intérét grandissant. Du développement de code a la découverte
automatique, les applications sont nombreuses.

Dans cette these, nous nous intéressons a la synthése de programmes dans le cadre de
spécifications par des exemples. Nous nous concentrons sur des techniques indépendantes
du domaine ce qui nous amene a de la recherche guidée par cofits. Les coflits permettent
de guider I’énumération vers les programmes les plus probables comme solutions. Nous
avons trois contributions principales. En premier, nous introduisons HEAP SEARCH le
premier algorithme d’énumération par le bas par cotit avec délai logarithmique. Puis nous
cherchons a construire un algorithme avec délai constant, ce que nous faisons avec ECo
SEARCH, le premier, et nous montrons qu’il est aussi meilleur en pratique. Nous nous
intéressons a la parallélisation de la recherche avec des algorithmes d’échantillonages
et introduisons l’algorithme optimal parmi ceux-ci pour la recherche par coiits. Nous
décrivons aussi un algorithme de division de grammaires en grammaires disjointes afin de
facilement paralléliser la recherche. Les programmes redondants peuvent étre éliminés par
équivalence a I’exécution, néanmoins une majeur partie de ses équivalences sont diies a la
grammaire et non a la tache. Nous proposons un processus qui trouve automatiquement
ces programmes redondants en amont et les compile en un filtre pour les éliminer sans
les exécuter. Enfin, nous nous intéressons a intégrer des connaissances en dehors de la
grammaire dans les programmes. Nous décrivons plusieurs niveaux de difficulté pour ces
taches et résolvons le premier niveau.

Mots-clés : synthese de programmes, recherche par cotit, énumération

Abstract

In recent years, the automated synthesis of programs from specifications, a holy grail
of computer science, has seen tremendous interest. From developing code, automating
proofs, optimisations to automatic discovery, the applications are numerous.

In this thesis we focus on program synthesis in the programming by examples frame-
work. We will focus on domain agnostic techniques which leads us to cost-guided search.
We describe HEAP SEARCH the first best-first search algorithm with logarithmic delay.
Then we investigate whether we can build a constant delay, or no-delay, best-first search
algorithm. We answer positively with ECO SEARCH the first such algorithm and prove
it outperforms its competitors in practice. We also look into parallelising the search pro-
cedure with sampling algorithms and introduce the optimal best-first search algorithm
among sampling algorithms. We also look into splitting the grammar into disjoint gram-
mars in order to easily parallelise the search, and describe such an algorithm. Redundant
programs can be eliminated with pruning, most of these redundancies are part of the
grammar not the task. Therefore we develop a pre-processing technique enabling to find
these redundant programs and compile them, once and for all, in a filter that enables to
prune them at runtime. Finally we also look into knowledge powered programs: programs
that talk about relational knowledge outside of the grammar. We show there are different
difficulty levels for such tasks and describes a solution to solve the first level of difficulty.

Keywords: Program Synthesis, Best-first search, Enumeration
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Résumé étendu en francais

Nous présentons ici un brief résumé de ce manuscrit en langue frangaise, pour une analyse
plus approfondie nous invitons la personne lisant ce manuscrit a lire le contenu en langue
anglaise qui contient l'intégralité du contenu de ce manuscrit.

1 Contexte

Le monde d’aujourd’hui se noie dans le logiciel de notre téléphone aux coeurs artificiels.
La demande de logiciel augmente inlassablement dans des environements de plus en plus
complexes. De plus développer des logiciels dans des environments tres variables est
notablement dur. Cela demande une vision a long-terme et de la pensée critique afin
d’obtenir un logiciel robuste et sans bogues. Enfin, le logiciel n’est pas un objet statique
tout au contraire c¢’est un objet en constant changement. C’est pourquoi la syntheése de
programmes est un des saint-graal de 'informatique: générer automatiquement du code
correct qui respecte la spécification fournie. C’est un vieux probleme qui existe depuis
les débuts de 'informatique [Chub57] et qui attire de plus en plus d’intérét. Aujourd’hui
la plupart des personnes ayant touché a un ordinateur ont utilisé des outils de synthese
de programmes a leur insu avec FlashFill [Gullla] ou SmartFill [Goo21]: ces outils per-
mettent d’aider les individus a faire des manipulations syntactiques de texte.

Plus formellement, la syntheése de programmes chercher a résoudre le probleme suivant:
La synthese de programmes est le probleme qui étant donné :

m une spécification ¢

m un ensemble de programmes P

de trouver p € P tel que p satisfait ¢ i.e. Yz, o(x, p(z))

C’est un probleme treés générique, nous nous intéressons au cas ou l’ensemble de
programmes est défini par une grammaire non contextuelle. De méme, les spécifications
peuvent étre tres variables. Il y a trois formes principales de spécifications : par une
formule logique, par du texte naturel ou par des exemples. Nous nous intéressons au
dernier cas: on peut exécuter le programme pour vérifier s’il satisfait la spécification
contrairement au langage naturel et il est relativement accessible et simple de spécifier
son probleme.
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Exemple » La synthese a partir d’exemples

Spécification:

F([1,2,4])
£

Une fonction f qui serait solution ici est une fonction qui prendrait chaque élément
de la liste donnée en entrée et le mettrai au carré. Ce qui peut donner cela dans la
syntaxe de Python:

1,4, 16] f(19,3]) = [81,9]
I £(19,5,5,6]) = [81, 25,25, 30]

def f(elements: list[int]) -> list[int]:
return [x**2 for x in elements]

On appelle le langage décrit par la grammaire: le langage spécifique au domaine
(LSD). De nombreuses approches a la syntheése de programmes emploient beaucoup
de techniques spécifiques au domaine [Gulllb, SBS20a, CGL*23]. Pour tenter de faire
avancer le domaine de maniere général, nous nous intéresserons plus particulierement
aux techniques indépendantes du domaine pour la synthese de programmes.

Nous nous concentrons sur un modele de grammaire particulier : les grammaires
hors-contextes.

Exemple » Grammaire pour les formules booléennes a trois variables

Considérons la grammaire qui décrit les formules booléennes aavec ces trois vari-
ables : xg, x1, xs. Voici les regles de production P:

S — And(S, S) S — Or(S,S)
S — Not(S) Vie[0,2], S —

Donc G = ({S}, {And, Or, Not, xo, 1,22}, P, S).

Pour tester si par exemple And(xq, Or(xe, Not(x3))) appartient au langage décrit
par notre grammaire, nous allons chercher une suite d’applications de regles de
productions qui permet de produire le programme. Voici comment faire, nous
avons souligné le non-terminal sur lequel était appliqué la regle a chaque étape :

S — And(S, S) avec S — And(S, S)
S — And(xo, S) avec S — I

S — And(zo,Or(S,5)) avec S — Or(S,S)
S — And(zo, Or(xy,S)) avec S — 71

S — And(xo, Or(z1, Not(S))) avec S — Not(S)

S — And(xg, Or(z1, Not(xs))) avec S — Ty

Donc And(zg, Or(x1, Not(xs))) appartient au langage.




2 Contributions

Nous présentons les contributions principales de la these tres brievement, des hyperliens
référencent les chapitres concernés. Pour une description détaillée de nos contributions,
nous invitons a lire les chapitres concernés.

Code Ce manuscrit implémente toutes les méthodes décrites et montrent des résultats
pratiques, il serait donc incomplet sans le code associé au cours de ces trois années. Une
ancienne version du code est disponible a https://github.com/nathanael-fijalkow/
DeepSynth, en effet le dépdt ne contient pas les résultats plus récents. Le dépot a https:
//github.com/Theomat/ProgSynth contient la quasi totalité des travaux de synthese
fait au cours de cette these, a la date d’écriture de ce manuscrit, aotit 2024, le dernier
commit est le ef20aa31d6f6£8e137d36aa20eebcOcc6c308dfe.

Approche Générale En premier lieu, avec le chapitre 2, pour attaquer le probleme
avec des techniques indépendantes du domaine, nous nous dirigeons vers la recherche
guidée par cotit. La figure 2.2 illustre notre architecure, les exemples sont passés dans un
modéle prédictif qui va donner des probabilités ou des cotlits que I'on peut projeter sur la
grammaire. Cela nous donne une grammaire avec des coiits, le but avec la recherche par
colits est que cela guide la recherche. Un programme de plus petit cotit ayant a priori
plus de chances d’étre une solution au probleme. Dans ce chapitre, nous expliquons
les difficultés lié au fait que ce modele prédictif, souvent un réseau de neurones doit
étre entrainé, et que peu de données sont disponibles pour les LSDs. Nous expliquons
comment générer des données de maniere synthétique de meilleure qualité.

Enumération En second lieu, avec le chapitre 3, nous attaquons les contributions
principale de cette these: les algorithmes d’énumération. L’avantage c’est que ce sont
des algorithmes completement indépendants du domaine et qu’ils se basent juste sur les
cotits. Nous nous intéresseons aux algorithmes qui énumerent les programmes par cofits
croissant et nous cherchons a faire des algorithmes plus rapides en pratique et avec un
meilleur délai. Le délai représente la complexité temporelle entre I’énumération du ieme
programme et du suivant. Historiquement, A* [LHAN18] était le meilleur algorithme avec
un délai logarithmique mais il était de la racine vers les feuilles, ce qui limite par exemple
sa capacité a tirer profit de ’équivalence observationnelle: quand deux programmes ont
les mémes sorties sur les exemples, on peut en ne garder qu'un. Nous avons introduit
HEAP SEARCH, le premier algorithme avec délai logarithmique, des feuilles vers la racine,
et avions montré qu'il était bien plus efficace en pratique. Ameen et Leli [AL23] ont
introduit BEE SEARCH un autre algorithme avec délai logarithmique mais plus efficace
en pratique et qui propose des idées intéressantes. En reprenant une partie de ces idées
que nous combinons avec HEAP SEARCH, nous produisons ECO SEARCH. Puis avec
une analyse théorique non triviale, en utilisant des bucket queue [Tho00], nous adaptons
I’agorithme pour avoir le premier algorithme en délai constant. Avec des expériences
nous montrons que ECO SEARCH est plus rapide et en étudiant la mise a 1’échelle avec la
complexité de la grammaire, nous montrons que E.CO SEARCH supporte mieux la mise a
I’échelle.

Parallélisation Dans le chapitre 4 nous nous intéressons a la parallélisation de la
recherche. D’abord, nous étudions les algorithmes d’échantillonage et introduisons SQRT


https://github.com/nathanael-fijalkow/DeepSynth
https://github.com/nathanael-fijalkow/DeepSynth
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https://github.com/Theomat/ProgSynth

SAMPLING un algorithme d’échantillonage qui minimise ’espérance de tomber sur le bon
programme. Les algorithmes d’échantillonage n’utilisant pas de mémoire sont en effet
trivialement parallélisables. Néanmoins, avec des expériences nous montrons que cela ne
reste pas compétitif avec les algorithmes d’énumération. Puis nous cherchons a paral-
léliser en séparant la grammaire en sous grammaires disjointes, permettant d’énumerer
chaque sous grammaire indépendamment. Nous décrivons un algorithme permettant de
faire cela sur des grammaires décrivant des ensembles de programmes finis.

Filtrage Dans le chapitre 5, nous discutons le fait que lors de la recherche de solutions,
de nombreux programmes sont éliminer par élagage: les programmes syntactiquement
différents mais sémantiquements équivalents sont éliminés. Une majeure partie de ces
programmes redondants est diie a des propriétes inhérentes au LSD et non a la tache
exécutée. Nous montrons donc comment en amont, on peut générer ces programmes
redondants pour les compiler dans un automate d’arbre. Cet automate d’arbre permet
ensuite d’éliminer ces programmes redondants lors de la recherche sans les évaluer. En
effet, pour une grande partie des domaines, I’énumération coiite peu cher comparée a
I’évaluation qui prend la majeure partie du temps. Nous montrons aussi que si les al-
gorithmes peuvent s’adapter a des grammaires non contextuelles non ambigués, alors ce
filtrage peut directement se faire dans la grammaire. Nous montrons 'efficacité expéri-
mentale du filtrage au niveau de la grammaire.

Connaissances Externes Dans le chapitre 6, nous nous intéressons a introduire de la
connaissance dans nos programmes, cette connaissance est extérieure dans le sens ou elle
n’est pas dans le LSD. La majeure partie des approches ne considere que les transforma-
tions syntactiques pourtant, les personnes utilisant les outils tels que FlashFill [Gullla]
parlent du monde extérieur. Nous définissons donc la synthése de programmes avec des
connaissances. Nous montrons qu’il existe trois niveaux de difficulté. Nous décrivons
WikiCoder un outil permettant de résoudre le premier niveau de difficulté. En premier
lieu, nous décomposons la tache en sous-taches puis chaque sous-tache est résolue en par-
allele avec un outil de synthese classique et un graphe de connaissances. Nous utilisons
le graphe de connaissances pour trouver des chemins permettant de partir des noeuds en
entrée et arriver aux noeuds en sortie. Nous montrons que cela fonctionne en pratique
puis nous discutons des similarités et différences avec des approches basées sur des grands
modeles de langages.

Futures Un axe immédiat est I'améliroation des méthodes énumératives qui actuelle-
ment doivent se souvenir de tous les programmes précédemment énumérés. L’objectif
étant de diminuer cette quantité de mémoire nécessaire sans perdre trop de vitesse
d’énumération.

A plus long terme, plusieurs axes vont revétir une importance majeure dans le future
de la syntheése de programmes, notamment les gros modeles de langages (GML). Cer-
tains travaux [SDES22, SDL*24, LPP24] essaient déja de combiner ces modéles plus lent
mais précis avec les techniques classiques de synthese mais tout reste a faire. On peut
notamment aussi les utiliser pour construire un LSD a la volée, une piste encore non
explorée.

Un autre axe est la synthese de programmes guidée par des récompenses, indépendam-
ment des cofits, un programme est par exemple évalué dans un environnement, comme
un circuit de voiture, et donné une récompense en fonction de la réussite de la tache.



Le but de cette approche est d’attaquer I'apprentissage par renforcement en travaillant
uniquement avec des stratégies, ici des programmes, explicables. Une idée sous jacente
est qu’a priori les programmes devraient mieux généraliser et étre plus robustes.






Introduction

The world of today is crawling with software from your phone to artificial hearts. The
demand for software keeps growing in more and more complex environments. While a
few years ago software was running on specific architectures; there is nowadays a high
variability in the environments on which software can run. These days you can even
run Twitter on your fridge. The domains in which software becomes keys are steadily
increasing. For example, every scientist needs to know how to code basic analysis for
their domain. This is coherent with the rise of data; which becomes apparent in every
single field including the humanities. There is a relentless increasing quantity of data that
is available to our disposal and in order to tackle such amounts; automated processing of
data is essential.

However building software in highly variable environments is notoriously hard. It
requires long term thinking in order to have robust, efficient, modular, bug-free software.
Furthermore, it would be an error to think of software as a static object; on the contrary
it is an ever changing object. With modern packagers for languages such as Python or
JavaScript, it is easy to accumulate hundreds of dependencies; requiring frequent updates.
On the other side, business is going faster than ever, in other words the expectations
towards software are changing faster than ever.

In order to tackle these difficulties, programmers have developed tools and method-
ologies to alleviate some of the burdens that come with designing software. For ex-
ample, modern integrated development environments offer refactoring features for most
languages, debugging environments, autocompletion and a plethora of other features.
But these tools often mainly focus on helping and not on the complete automation of
the task. For example, fuzzers exist to help test your programs but they do not alleviate
the need for extensive testing in order to check the robustness of your code nor to prove
it is bug free. There are tools such as Coq [Tea24] in which you write code and prove
it is correct at the same time; often only a part of the burden of proof is done by the
software. Modern tools, while empowering developers, they fail to scale to the challenges
developers face.

There are tools for automated verifications which aim to ensure that a given program
is bug free, however they are complex to use, there is a translation step from code to
logic and then the tool cannot always prove the desired property by itself and need the
users to prove some steps by themselves. Instead we can dream of automated software
synthesis: from specifications software synthesis aims to automatically generate software
that meets the desired specifications in a bug free manner. Therefore by encoding in the
constraints the performance and robustness, we can have everything we ever wanted: this
is one of the holy grail of computer science.

Program Synthesis has been there since the beginning of computer science; its practi-
cal impact has been growing in the recent years. Nowadays most computer users have used
automated synthesis without knowing about it in the form of either FlashFill [Gull1b] or
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SmartFill [Goo21]. This thesis focuses mainly on making program synthesis work with
as few assumptions as possible; so that it can be applied to all scenarios. Of course, this
comes at the cost of efficiency compared to alternatives with more assumptions.

3 Program Synthesis: Dreams and Reality

Program Synthesis aims to generate a program satisfying a given specification. One of
the main reason efficient program synthesis remains a challenge is that the specification
only describes the goals that should be achieved, the what, but not how to achieve it:
the how. The synthesiser should figure out how to achieve the goal by itself. General
program synthesis is an unreachable dream: it is much too hard to tackle. It is often
possible to encode complex problems which we do not yet know how to solve.

Therefore, researchers have focused on specific domains, where they would be able to
produce algorithms that figure out the how. Intuitively, the smaller the domain, the easier
it will be to synthesise a solution. This is the approach of FlashFill [Gulllb], the first
resounding success of program synthesis. It only focus on syntactic string transformations
and assumes that these transformations will be small in terms of program size. Let us
look at the example below which shows a basic string transformation.

Example » FlashFill Example

We describe this example of string transformation using Python syntax. Here is
the specification as input output examples:

f("John Lerouge") = "John"
f("Didier Troispattes") = "Didier"
f("Bon Nethese") = "Bon"

A human will quickly find that the user wants to keep the first word, but this is
much more complex from a computer’s point of view. It has no concept of words.
Rather it will leverage the fact that there is a space after the word that is going to
be in the output and offer a solution like:

def f(s: str) -> str:
return s[:s.find (" ")]

which keeps everything before the first space.

\. J

One other direction of research is interactive program synthesis with the user. This
is well illustrated with the concept of sketching [BSLOS], the idea is that the user should
give some hints to help the process. Asking for specific information from the user is hard
but the user usually has some high level idea of the structure of the solution such as a
sketch: a sketch is a partial program with holes. Let us look at the sketching example
below. Sketching can be viewed as doing the easy lifting from a user’s point of view,
in order for the synthesiser to do the heavy lifting. The synthesis difficulty from the
synthesiser’s point of view is radically different from the humans’, the main factor of
difficulty is the length of the programs generated. Therefore, helping the synthesiser
with partial solutions dramatically helps the synthesis process.



Example » Sketching

sketching Let us synthesise the factorial function, here are the examples:

f(1)=1
£(3)=6
f(4)=24
£(5)=120

However, generating this function is hard with only this much information, since
we know it can be easily framed recursively, we can help with the following sketch:

def sketch(mn: int) -> int:
if n == 7?: #terminal case
return 7
else:

return 7

This will dramatically speed up the search by only synthesising the hard part of
the code, the part where the user has to think in this case, leading the synthesiser
to the following program:

def f(n: int) -> int:
if n ==
return 1
else:
return n * f(n-1)

There are multiple ways to specify a problem in program synthesis; one can for ex-
ample give a logical specification, or pairs of inputs outputs as it was the case in previous
examples or even natural language. More cases are possible depending on the domain
but these are the three most popular. Natural language specification despite being the
most accessible lacks one very important property: we cannot check that the synthesised
program is correct with respect to the specification. Logical specification requires a high
level of mathematical understanding and intuition in order to describe what we want;
writing logic specification is a highly non trivial task. In the middle we have pairs of
inputs outputs, which can be checked and is easy to write. It lacks the complete control
that logical specification offers and is a bit more tedious than natural language but comes
out as the correct trade-off to us. This is the type of specification we focus on in this
thesis.

There are three main areas of program synthesis: deductive approaches, inductive
approaches and local search such as genetic algorithms. They can all be applied to most
specifications with variable success. They all rely on a key component: search. More
precisely, a lot of different methods rely on enumeration as a subroutine. Thanks to the
exponential growth of hardware capabilities, improving our search algorithms has proven
more prolific [CHhH02,SSS*17] than including more human knowledge in our algorithm.
This is why a large part of this thesis focus on improving the scaling of enumerative
algorithms.

As mentioned previously, we want to work with as few assumptions as possible, that
will translate for us as doing enumerative search of programs since it only requires the
ability to evaluate programs and knowing the space of programs which is our search space.



4 Motivating Applications

Going back to the practical uses of program synthesis. There is a plethora of applications.
We list four that we believe to be important.

Speeding-up Development In an approach where developers write code, test driven
development is a way to code which prone writing tests first and then developing according
to these tests. Instead, developers would just write tests and program synthesis would
try to generate the code according to the tests. In fact, for business software since
tests will be written at some point, writing tests first and getting as much code out of
program synthesis could enable a dramatic speed-up. The example below shows a more
business related task. While we are focusing on the business side, program synthesis has
tremendous advantages in critical applications such as medicine or aeronautics, usually
a large part of the time developing is spent ensuring correctness and soundness of the
programs but program synthesis can guarantee these for free.

Example » Development

Here are examples of a function that computes the total cost of a basket:

f([("Pikachu Onesie size M", 1)],
{"Pikachu Onesie size M": 50}) = 50
f([], {"Pikachu Onesie size M": 15}) = 0
f([("Olympics Ticket: Sport Climbing - Semifinals W", 8),
("French Olympics Flag", 4),
("Olympics Ticket: Judo - Final - <63kg", 0)
1,
{"0lympics Ticket: Sport Climbing - Semifinals W": 200,
"French 0Olympics Flag": 15,
"Olympics Ticket: Judo - Final - <63kg": 800
}) = 1660

which can be used to discover a simple implementation with program synthesis:

def total_cost(items: list[tuplelstr, intl],
cost: dictl[str, int]) -> int:
total = O
for name, qty in items:
total += costl[name] * qty
return total

Super Optimization Optimising programs is hard and tedious, it is common knowl-
edge that developers should profile their code before optimising. Indeed it is often the
case that bottlenecks are seldom the ones developers thought. Even when the code to
optimise is clearly defined, a large part of the optimisation process is trial and error:
a new variant of the algorithm is developed and tested to see if it is better. In other
words, optimising code is hard. In fact, this process is very close to enumerative search.
Automated program synthesis can leverage the current specification of the code in order
to test large quantities of relevant programs to find better programs. A good example is
shown below, we have the min function which uses a conditional statement and we want
to optimise it because the function branches and in specific cases it can dramatically slow



down the processor. The compiler is not able to find such an optimisation but program
synthesis can find a bit twiddling hack that enables to have a branchless min.

Example » Super Optimization

Here are the examples of the min function:

£f(1, 3)=1

£f(5, 30)=5

f (47, 256)=47

£ (5894, 151)=151

Here is the classic implementation of such a function:

def min(x: int, y: int) -> int:
if x < y:
return x
else:
return y

It is the trivial min function but perhaps in some intensive code, you want a faster
version, one that does not branch: without any if. Using program synthesis we
find this bit twiddling hack that you probably do not want to find yourself:

def f(x: int, y: int) -> int:
return y ~ ((x 7 y) & -(x < y))

Automatic Discovery The idea behind this term is to discover novel approaches to
solve a problem. This is often intertwined with super optimization in the sense that we
want to find better approaches. A property of program synthesis is that it does not know
how to solve the solution therefore it must create something from scratch: potentially
novel. This is the approach used in [FBH"22], they use their program synthesis approach
in order to find new algorithms to matrix multiplication. They successfully find a better
version for matrix multiplication in a specific scenario.

Automated Proof Thanks to the Curry-Howard bijection [H"80, Cur34] writing pro-
grams is the same as writing constructive proofs. Therefore solving a program synthesis
task is actually proving an equivalent statement. Let us walk through the example below,
we will almost prove that there is an infinite number of prime numbers. In order to do
that, we use the program synthesiser to find a way to create new primes that are not in
a finite set of primes, showing that this finite set of primes does not contain all primes.
The example shows us that by just knowing how to check our end property, program
synthesis can help us find a constructive proof in order to prove our claim.



Example » Automated Prof

We will prove that there is an infinite number of prime numbers using program
synthesis. The idea is to say that we have a finite set X that contains all prime
numbers. Using program synthesis we will try to build a new prime number that
is not in X, that is a y that is prime to every element of X. We will change a bit
our specification and describe it with an easily checkable property:

£f([2, 3, 5]1)

£f([2, 7, 91) =7

f([2, 7, 9, 91, 101]) = 7

# since we do not not how to build the solution

# instead we give a checker:

def check_is_sol(X: list[int], y: int) -> bool:
return all(is_prime(y, z, X) for z in X)

?

with search we can find the following solution:

def f(X: list[int]) -> int:
total = 1
for y in X:
total *= y
return total + 1

which is a constructive proof that there is another prime number not included in
the initial set. Note that here we would need to prove that this holds generally but
deductive solvers can do that during synthesis.

5 Our Contributions

This thesis focuses on a specific context of the large domain which is program synthesis.
Our contributions are listed there and will be listed again at the beginning of each chapter.

Code This thesis tackles not only some theoretical problems but also practical ones,
thus it would not be complete without the associated code. The code has been devel-
oped over three years. An old version for the first experiments is available at https:
//github.com/nathanael-fijalkow/DeepSynth but is outdated and contains a small
part of our work. The repository at https://github.com/SynthesisLab/DeepSynth2
contains almost all of the work that was done during this thesis as of the date of this
thesis the last commit is ef20aa31d6f6f8e137d36aa20ee6c0cc6c308dfe.

In this manuscript First, in Chapter 1, we will introduce the program synthesis
problem we are considering. We will introduce most of the notions used throughout the
thesis and introduce the different types of specifications; along with a literature review
linked to the different kinds of specifications. The literature review contained there is
rather small, since in later chapters, when we will focus on a specific subject, we will also
provide a review of related works.

Second, in Chapter 2, we will introduce the program synthesis framework in which
we are working; that is the pipeline we will be using to solve the problem and to use the
relevant information provided by the specification. We will see that, in order to tackle
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with as few hypotheses as possibles, many possible scenarios, search-as in enumeration-is
the solution we chose. In order to accelerate the search, we use an oracle, in the form
of a neural network, to bias the search towards some programs by adding costs on the
grammar describing the program space. Our contributions in this chapter are linked to
this neural network. First, the network must be trained, but data is often scarce for such
specific domains so we have developed an algorithm to generate synthetic data of better
quality. Second, the grammars are type specific, so we also developed an abstraction in
order to train a single model for multiple grammars at the same time.

Third, in Chapter 3, we tackle the main contributions of this thesis: cost-guided
search. Their main advantage is that they are completely agnostic to the domain because
they are only based on costs. We focus on algorithms that enumerate programs in non-
decreasing order of costs: these are best-first search algorithms. Our goal is to make these
algorithms faster theoretically and also in practice. Theoretically, this is characterized by
the delay which is the time complexity between the enumeration of the i program and
the next. Historically, A* [FMBDI18] was the best top-down best first search algorithm
with logarithmic delay. Being top-down limited its ability to profit from observational
equivalence: you remove a program if it produces the same outputs on the examples as
another program previously enumerated. We introduced, HEAP SEARCH the first bottom-
up best-first search algorithm with logarithmic delay, being bottom-up enables it to fully
leverage observational equivalence, but even without it, we showed that practically it
outperforms A*. Ameen and Leli [AL23] introduced BEE SEARCH another bottom-up
best-first search algorithm with logarithmic delay but faster in practice and that offered
interesting ideas. By merging ideas from both, we developed ECO SEARCH. Then with a
non-trivial theoretical analyse, using bucket queue [Tho00], we adapt the algorithm to get
the first best-first search algorithm with constant delay. With practical experiments, we
show that ECO SEARCH is faster, then we study the scaling laws and throughput with the
complexity of the grammar and show that ECO SEARCH is better than its competitors.

In Chapter 4, we consider parallelising the search process. First, we introduce a
sampling algorithm, memoryless, therefore it can easily be parallelized and is optimal
among sampling algorithms as a best-first search algorithm. Then, we describe another
direction for effortless parallelisation: splitting the grammar into sub grammars, each
grammar can then be enumerated independently enabling for a linear speed-up with the
number of processors. We then describe an algorithm that can split grammars.

In Chapter 5, we address the idea that we should remove semantically equivalent but
syntactically different programs in the grammar. Commonly done at runtime in a process
called pruning. We show how we can generate automatically equations describing these
semantic equalities. Then we show that incorporating these equations in the grammar
model leads to a more powerful grammar model. However, having a more expressive
model also slow downs the enumeration speed, despite that results show it largely im-
proves solving rate and time. We end up with a pre processing step that can be done
once and for all, enabling to generate equations which we compile into a grammar that
only describe non redundant programs.

Then, in Chapter 6, we consider the specific domain of string transformations. Most
approaches consider only syntactic transformations, but users reason about the world.
They need external knowledge, that is knowledge that is not contained either in the lan-
guage nor in the specification. This is what we call knowledge powered program synthesis.
First, we decompose knowledge powered program synthesis into different levels of diffi-
culty and target the first level: knowledge is not pre processed nor post processed, it can



be directly extracted as-is from the specification. We propose an approach that stacks
on top of any synthesis pipeline. The idea is to decompose the task into sub tasks. Each
sub task can be then solved in parallel either by the classic program synthesis pipeline
or by the knowledge solver. Here our knowledge solver is a program that makes simple
queries to a knowledge graph in order to find paths that enable to go from the inputs
to the outputs. We show our approach solves numerous knowledge powered tasks. We
briefly discuss the advantages and drawbacks compared to using large language models.

Finally, in Chapter 7 we will briefly go through what has been done in this thesis. We
will discuss what this thesis has changed and opportunities for the futures of program
synthesis.



Chapter 1

Background

TL:DR 1

This thesis focuses on programming by examples, in other words the specification
of the program synthesis task is given as examples of input and outputs pairs and
the space of programs is described by a grammar giving us functional programs.
The synthesised program should be correct on the given input and outputs pairs,
that is given an input it must produce the matching output. Our programs will be
typed, thus each task is also typed. We also distinguish different classes of context-
free grammars (CFGs): non-deterministic CFGs which represent the whole class of
CFGs and det-CFGs which are non-ambiguous and locally deterministic.

In this chapter, we define the program synthesis problem. Then we describe the
most common types of specifications which often imply different methods for solving
the problem. First, in Section 1 we define the program synthesis problem. Then we
discuss the different kind of specifications for program synthesis: Section 2 tackles logical
specification then Section 3 treats natural language specification and finally Section 4
focuses on specification by examples.

1 Program Synthesis

When manipulating concepts it is easier to check that a solution is correct than to find a
solution. One such well known example is NP-complete problems, here we will consider
the boolean satisfiability problem (SAT) [CooT71, Tra84] which aims to find a correct
assignment of the variables of a given boolean propositional formula. Because of its
NP completeness it is very easy to manipulate and create a verifier however it is hard
to find a solution. We can also see the solution as a program. One of the goal of
the program synthesis problem is to build from this werifier, which is both easier to
implement and easier to manipulate, a solution to the problem which passes the verifier.
Program Synthesis aims to produce a solution from a program space that matches the
given specification, which as in the previous example can be described by a verifier. Note
that one might deduce that program synthesis is thus NP-complete, while it is true for
some instances of the problem, it is generally false. Instead think of program synthesis
as a meta problem parametrised by a specification space and a program space.
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Definition 1.1 » Program Synthesis Problem

The program synthesis problem is the problem that given:
m a specification ¢
m a program space P

of finding a program p € P such that p satisfies ¢ i.e. Vz, p(x, p(z))

The program synthesis problem is a very generic problem introduced first in the
context of circuit synthesis in 1957 by Alonzo Church [Chu57], this is why it is also
known as Church’s problem. This formulation is very generic in the terms of defining a
program and a specification thus many problems can be framed as a program synthesis
problem however it is not always relevant to do so.

Program Space In order to tackle this humongous variability, we will restrict program
space to grammars. A grammar enables to generate a set of words which we interpret as
trees here and we call programs.

Definition 1.2 » Word

A word over a finite alphabet X is a sequence of elements of X.

The grammar defines syntactically which words belong to the language associated to
the grammar or not. The grammar focus solely on syntactically describing words.

Definition 1.3 » Grammar | , ]
A grammar is a tuple G = (N, T, P, S) where:
m N is a finite set of nonterminal symbols,
m T is a finite set of terminal symbols, note that N N'T = (),

m P is the set of production rules, also called derivation rules, of the form u — v
where both u and v are words over the alphabet N UT and u contains at
least one element of NV,

m S € N is the start symbol.

It generates words over the alphabet T'.




Example 1.4 » Grammar for boolean formula with three variables

Let us consider a grammar that generates all boolean formula of three variables:
To, X1, T9. Here is the set of production rules P:

S — And(S, S) S — Or(S,S)
S — Not(S) Vie[0,2], S — x;

Thus G = ({S}, {And, Or, Not, xg, x1,z2}, P, S).

We will show how we can check for example whether And(zg, Or(za, Not(z3)))
belongs to the language associated to the grammar. In order to do that, we look
for a sequence of applications of production rules in order to generate the target
program. We have underlined the nonterminal to which we apply the derivation
rule in the following:

S — And(S, S) using S — And(S, S)
S — And(xg, S) using S — xg

S — And(xg,0r(S, S)) using S — Or(S,95)
S — And(zg, Or(xy,S)) using S — x;

S — And(xg, Or(z1, Not(S))) using S — Not(S)

S — And(zo, Or(z1, Not(z2))) using S — x9

Therefore And(xo, Or(x1, Not(xz))) belongs to the language associated to the gram-
mar.

Actually, the trace described in example 1.4 is called a derivation.

Definition 1.5 » Derivation

A derivation of a word w in a grammar G is a sequence of applications of production
rules from the start symbol to obtain w.

The definition of a derivation allows us to naturally define the ambiguity of a grammar.

Definition 1.6 » Ambiguity

A grammar is ambiguous if there exists a word w for which there exists at least
two possibles different derivations.

However the model of grammar described above is unrestricted and too large for pro-
gram synthesis, in fact such grammars are as expressive as Turing machines [HU79]. We
will consider a smaller model of grammars: context-free grammars. Their main advan-
tage is the simplicity of computing their derivations, making them an ideal candidate in
practice. We will see that it is a actually a trade-off between the expressive power of the
grammars and their practical efficiency.

Definition 1.7 » Context-free grammar(CFG) |

A context-free grammar (CFQG) is a grammar G = (N, T, P, S) with the restriction
that production rules are of the form v — v with u € N and v, as in an unrestricted
grammar, being a word over N UT.




Remark 1. Notice that loops can still be created in a CFG meaning that they can describe
infinite set of words or programs, this will often be the case.

Going back to example 1.4, the grammar defined here is actually a CFG, there is only
a nonterminal symbol on the left hand side. We will say finite grammar for a grammar
that describes a language with a finite number of words, and denote by infinite grammar
its infinite counterpart.

Definition 1.8 » Local Ambiguity for CFG

A CFG is locally ambiguous if there exists a nonterminal S for which there exists
at least two production rules which differ only by their nonterminals. If a CFG is
not locally ambiguous then it is locally deterministic.

Example 1.9 » Ambiguous and Locally ambiguous

Here is a CFG that is equivalent to the grammar of example 1.4 however, this one is
locally ambiguous but not ambiguous. The change made was that the nonterminal
S1 was extracted to produce xy and Not(xg) leading to this local ambiguity.

S — And(S, S) S — Or(S,9)
S — And(S, S) S — Or(S51,95)
S — And(S1, S1) S — Or(S1,5)
S — And(S, S1) S — Or(S,5)
S — Not(5) Viell,2], S —

Sl = NOt(Sﬂ Sl — Xg

Here deciding which production rule to use when we see an And or an Or in a
program is not locally deterministic, we have to go further in order to see which
production rule needs be used.

Through example 1.9, we see that the property of being locally deterministic seems
like an interesting property in order to have efficient algorithms.

Definition 1.10 » det-CFG

A det-CFG is a CFG that is locally deterministic.

We will refer later to the general set of all CFGs including the ambiguous ones as the
non-deterministic CFGs (ND-CFGs). Now, that we have described our program space,
let us move towards the specification space. In order to illustrate each specification, each
will start with an example (see examples 1.11, 1.13 and 1.12) that provides a specification
for the same exact task of mapping each element of a list to its square.



2 Logical Specifications

Example 1.11 » Program Synthesis from a logical formula

Specification:

p(x,y) =zl =yl A N il x z[i] = yli]

i€[L,]a]

Historically, this is the first type of specification that was considered. The idea is to
give the specification in the form of a logical formula. Church’s seminal paper [Chu57]
indeed aims to generate a circuit that matches a formula in monadic second order logic.
There are also works in the same line [Rob65].

A few years later, Buchi and Handweber [BL69] framed program synthesis as an
automata synthesis problem. Given a condition in sequential calculus they provide an
algorithm in order to synthesise a strategy in the form of an automaton that satisfies the
specification. This gave birth to the field of reactive synthesis [BCJ18] with the goal of
synthesising state machines from specifications, usually in linear temporal logic. While
this area is very interesting, this is not the goal of this thesis. The goal is not to produce
finite state machines but programs. However, a part of the techniques deployed in their
field can be applied to program synthesis. This led to the work on abstraction refinement
for program synthesis [WDS17, GJJT19]. The idea is to describe the space of solutions
programs as an automaton; this is an abstract space. This abstract space is built based
on the semantic of the programs making full use of the fact that different syntax does not
mean different semantic. Then at each step, take a program from this abstract space, if it
is a solution then the job is done, if not we find a counter-example and extract predicates
that are relevant for our abstract automaton in order to refine it. At the end of the
process, either a solution was found or we have proven that there is no solution in the
current DSL.

Another approach to this specification type was started by the work of Manna and
Waldinger [MW80] where program synthesis is seen as a theorem proving task relying
on the Curry-Howard correspondence between constructive proofs and algorithms [H*80,
Cur34]. The specification is given as first order logical formula and by proving the formula,
a solution program is generated or a proof that no solution exists is provided. This is what
is called deductive synthesis, the program space is axiomatized and only potentially correct
programs are considered until a proof is made of either the correctness of a program or
that there is no program that can solve the task under the current axiomatization. We
will cover more precisely deductive program synthesis later on. Logic specification is not
the target of this thesis. As mentioned in the introduction, logical specification often
requires a certain skill from the user and that is not easily obtainable for people without
a computer science background.

In recent years, SyGuS [ABJ 13, AFSSL16a, AFSSL16b, AFSSL17] introduced a spec-
ification format and a competition which was organised from 2013 until 2019, has had a
large impact on the development of new solvers for program synthesis.



3 Natural Language Specifications

Example 1.12 » Program Synthesis from natural language

Specification: Write a program that map each element of the list to its square.

Generating programs from natural language specifications is not necessarily new. The
rise of high level programming languages such as Python are already big steps towards
such an endeavour. The main cause of such developments however is the advent of
machine learning and more precisely neural networks. Indeed, since AlexNet [KSH12] in
2012, there is an ever growing interest in machine learning.

While being easily interpretable by humans, this specification is very vague and un-
clear. By making it easy to manipulate for people even without a background in computer
science, this comes at the cost of accuracy. The largest drawback is that the specification
itself does not allow for checking that the program has the desired behaviour. Therefore,
it is often the case that tests are also provided in order to test the behaviour of the pro-
gram. Furthermore, one might bias the produced program by what is written, perhaps
the process described is not the correct one in order to realise the current task. Or the
specification might be ambiguous or underspecified, in fact there are papers [LXWZ23|
adding additional tests to underspecified tests in NLP and fixing ambiguous wordings.
The measure of what is correct is completely broken, currently the solution is to use a
set of tests that checks that the solution is correct.

Neural networks however do not see code as code but as text, for them there is no
difference in the way words are transcribed to the model just like text. Back in 2016, an
eternity ago for deep learning, the work of Iyer et.al. [[KCZ16] used neural networks in
order to summarize code. A few years later, others used deep neural networks in order
to provide clever code recommendations [LYBT19]. Code2Seq [ABLY19] also tackled
code summarization but came with the idea of treating code as a sequence. Then works
emerged focusing on generating code for domain specific languages. This work focused
on generating code sequentially, the code is then neuro-executed and fed back to the
generator [CST21]. The neuro-execution is a deep learning model that takes code as
input and provides a vector in an abstract space that should represent the current state
of the execution.

In parallel, transformers [VSPT17] emerged in 2017, these are architectures that
were specifically trained for text sequence prediction. Bert [DCLT19] was the first large
model that beat a large part of natural language processing leaderboards. Until GPT-
2 [RWCT19] beat it at its own game, then came GPT-3 [BMR"20a] which was ten times
bigger and produced even better results but it was still far from being able to code mak-
ing too many syntax mistakes. Then ChatGPT was released with no paper explaining
how it works, a chat interface and an improved version of GPT-3, it was able to produce
code for quite a range of programs. This is the advent of large language models (LLMs),
which are neural networks with at least billions of parameters, usually costing millions to
train on most of the text available on internet. Last year, GPT-4 [AAA 23] was released,
and CEOs are starting to question the need to teach children how to code. While their
ability to produce code under certain conditions are great; a lot of issues remain and it
does not look like as if they will be solved anytime soon [BTK"23, KUIKZ24, LLS*24].
This account may lead the reader to believe that the only large models are the GPT fam-
ily but there are numerous others such as LLama [TLI"23], DeepSeek Coder [GZY*24],



Gemini [TAB"23], we just exposed the story through the most prominent one.

Datasets such as HumanEval [CST21], Mostly Basic Python Programs (MBPP) [AON*21]
have become the standard for evaluating the capabilities of such models in generating
code. However, it is hard to check that the generated code is correct this is why these
datasets offer tests in order to check the behaviour of the produced program. Despite this,
critics [LXWZ23| have been raised due to the incompleteness of such tests and offered
corrections by adding more tests and offered fixes because of ambiguous formulations in
natural language.

This thesis does not consider natural language specifications because of its ambiguity.

4 Examples Specifications (PBE)

Example 1.13 » Program Synthesis from Examples

Specification:

F([1,2,4]) = [1,4,16] £(19,3]) = [81,9]
F) =1 (19,5, 5,6]) = [81,25, 25, 30]

J

This the programming by examples (PBE) framework. This specification emerged
from inductive programming which was first introduced by the work of Biermann [Bie78|
with the goal of generating LISP programs from examples.

One of the main advantage in specifying from examples is that anybody can write
these kind of specifications. However, there is bias in the selection of examples. Providing
the right examples in order to get the desired program is a complex open problem. The
current approach is to ask the user to add a new example until the desired program is
generated in order to remove undesirable candidate solution programs. Another advan-
tage compared to the current NLP approach of describing the program, is that the user
do not have to describe how to solve the task, only the solution that should come out
of the program. In machine learning terms, the natural language specification is akin to
supervised learning whereas PBE is akin to reinforcement learning where we only know
the consequences that we want to bring about.

Despite previous works [LWDW03, LBCO04, DRJDLM10, SLO8| on the subject, the
boom of this specification came with the seminal paper: FlashFill [Gullla] which was
the first application of program synthesis in real life. It was used in Microsoft Excel,
and has been used by most people who have used a computer in the last 15 years. The
idea between FlashFill is to help users autocomplete their spreadsheet by selecting cells
and then dragging them to extend them upon new cells. The cells are captured and each
row is a set of inputs to produce one output, producing a PBE specification. In order
to tackle the enormous complexity of syntactic string manipulations, they use the idea
of witness functions. They are close to inverse mappings, the idea is that given a target
output a witness function gives a set of inputs that are coherent with the output. This is
an overapproximation of the preimage of the output through a given primitive. It enables
in some cases to drastically reduce the search space since only this approximation needs
to be searched. The approach was adapted to other uses in spreadsheets [GHS12,SG12,
SG16,DUB*17].

Then a second generation of approaches for PBE sprouted. With the Deepcoder [BGB*17]



paper, the community merged deep learning with search. The idea behind DeepCoder
is to have a neural network that takes as input the examples for a task and gives the
probability for each primitive that it appears in the solution program. Once the prob-
abilities are obtained, it induces a probabilistic grammar, search is performed in this
grammar according to the probabilities in order to find the best result first. The princi-
ple is that a large issue of PBE techniques rely on search, which has a hard time scaling
with the number of primitives, therefore reducing the number of primitives is key. Oth-
ers [CPS20, LMPS23] have taken up that idea and pushed it further. PCCoder [ZW18§]
introduced the idea of learning with a garbage collector, instead of viewing the program
as a functional program, one can view it as an imperative program, with one statement
per line. Then the question of dropping variables identifier from memories appear. They
learn a neural net that learns to drop identifiers from memories, this enable them to
generate longer programs than their competitors.

Another seminal paper is DreamCoder [EWN721] which takes the ideas of previous
works and goes further with bayesian wake-sleep programming. During wake, they solve
tasks of their DSL. During sleep, they learn new lambda terms functions based on the
tasks solved during wake in order to learn new primitives, this is more than just refac-
toring since this increase the expressivity of their DSL. They prove the efficiency of their
approach on various domains achieving better results; furthermore starting from only
basic functional primitives such as cons, car, cdr and map they manage to rediscover
high level primitives such as filter or nth_largest eventually learning sort. This idea
of library learning to augment expressivity is a ongoing idea that has been applied to
other contexts such as quantum circuits [SEM24].

The quality of predictions is key, for example focusing on a specific domain such as in
TFCoder [SBS22al, leads to better models. CrossBeam [SDES22| instead view program
synthesis as a process that should be guided at all steps; instead of having a model that
gives information to guide the search; the model is queried each time a new primitive of the
DSL is applied. At the cost of speed, they manage to have highly relevant combinations
of primitive leading to great results on benchmarks. LambdaBeam [SDL*24] uses the
same idea in order to build lambda terms, notoriously very hard since it usually make
the program synthesis problem explodes in complexity.

There are many different lines of work; as mentioned the quality of the predictions
is key to obtaining good performances, HySynth and others [BGK*24, LPP24] suggest
that large language models capture all the necessary information for most DSLs and are
even better than models trained solely for this purpose. FlashFill++ [CGL*23] takes
the idea of FlashFill but adds cut functions that enables to split the program synthesis
tasks into subtasks, leveraging more domain knowledge than only with witness functions.
Ideally, cut functions enable to cut the grammar to allow only coherent subprograms.
For example a cut for lowerCase would be that the input must be a string and the input
must contain all characters of the output. There is also a line of work on probabilistic
programs [MDK™ 18] which is useful in applications like biology and is so far the best
way people have found to tackle noisy data and uncertainty in the context of program
synthesis.



Chapter 2

A Generic Program Synthesis
Framework

TL;DR 2

A good overview of this chapter is Figure 2.2 which describes the full pipeline
used at a high level. We have an inductive enumerative approach. Examples are
fed into a prediction model which gives us a probabilistic grammar which enables
domain agnostic solving with cost-guided search which will be discussed in the next
chapter. The advantage of such a framework is that it is completely agnostic to the
domain in which it is used contrarily to most other approaches which require a lot
of domain specific knowledge such as deductive approaches. We describe how to
train a predictive model, the different DSLs that will be considered throughout this
manuscript. We show how we can use one prediction model for different grammars
and describe an algorithm to generate synthetic data of better quality.

This chapter will introduce the idea of genericity for program synthesis in Section 1
then we will describe the proposed solution in Section 2. The ideas described here are
present in numerous of works but they are introduced in [FLM*22].

Our contributions:

m An single prediction model that can be used to predict multiple PCFGs at a desired
granularity:.

m A better than random PBE task generation system.

Program Synthesis from examples to find a solution program contained in a CFG is
our objective. Successful approaches [Gullla] to program synthesis have been focusing
on a particular domain. In order to target a specific domain, specific techniques have
been employed. One of which is essential, is the language in which programs are written.
This is what we call a domain specific language.

Definition 2.1 » Domain Specific Language (DSL)

A domain specific language is a tuple L = (G, E) where G is a grammar that
describes syntactically the language and F is an evaluation function which describes
the semantic of the language. E takes as inputs a program P € G and an input x
and return P evaluated on x.
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The advantage of DSLs is that they provide a good trade-off between expressive power
and abstraction. The larger the language the more complex the program synthesis is.
Conversely, the smaller the programs the easier program synthesis is. Large languages
can provide us with a lot of functions making it easy to generate small programs however
their size would make the problem much harder. Most DSLs used in practice are on the
smaller side because language size is the most limiting factor.

In this thesis, we will consider a DSL syntax by its primitives that is the functions that
are provided in the DSL. Then based on the types of the functions along with the type of
the function requested for the synthesis problem, we can compile the DSL automatically
into a CFG. This process is described in Figure 2.1, the list of primitives contain both
functions and constants provided by the DSL. Then the grammar obtained when the
type request is int — int is shown on the right. That means we want to generate a
program that takes one argument of type int and returns an int. The compilation shown
here is actually quite simple, nonterminals only keep the type information. However,
more advanced compilation can be used. As seen in example 2.2, nonterminals can keep
bigrams, that is nonterminal will keep memory of the last primitive used and which
argument this nonterminal is deriving from.

List of primitives type request:
int - int

Compilation )

Usual (Python-style) syntax

if Even(varQ):
Halve(var0)

else:
Halve(Add varQ 1)

Equivalent AST representation

Figure 2.1: Compilation of a grammar from the primitives

Underneath the list of primitives in Figure 2.1, we show a sample program in a Python
style syntax and its equivalent representation as a tree, this tree representation is called
abstract syntax tree (AST), it is relevant to remember to see programs as trees.



Example 2.2 » Bigrams

Here is an example grammar where nonterminals correspond to bigrams:

, ) =+ (+0)U, (+1)) (, 0) = -, (=0), (-1
(I, (+,0) =+, (+0)I, (+1) I (+0)—= -, (-0)U, (1))
(I, (+> 1)) - _([7 <_?0))(I> (_> 1))
(Z, (=,0) =+, (+0), (+,1)) T (1) =+, (+0), (+,1))
(£, () = vary Z, () =1
(I, (+,0)) — varg (I, (+,1)) — varg
(I, (+,0)) — 1 (I, (+,1)) — 1
(I, (—,0)) — varg (I, (—,1)) = varg
Z, (=,0) =1 Z, (= 1)—1

We start with (I, ()) where we can use both + and —, then if we chose a + since
(I, (+,1)) does not allow + then + is forced to be left associative. If we choose
— then both (I, (—,0)) and (/, (—,1)) do not allow for — so we can only use
+. All nonterminals lead to 1 and vary which corresponds to the input given to
the program. While the grammar is much more verbose, we see that with a larger
grammar we could express some constraints such as left associativity or forbidding
the use of a — after a —.

1 Domain Agnostic Framework

The goal of this thesis is to tackle domain agnostic techniques for program synthesis. That
means that all techniques should be useful and general enough so that they can be used
for any domain. This brings about a lot of issues. There are a lot of different domains in
which program synthesis can be applied: string manipulations [Gullla, DUBT17], data
completion scripts [WDS17], graphic programs [ERSLT18], symbolic regression [UT20],
quantum circuits [SEM24], etc.

Deductive Program Synthesis During the 1990’s the research community was look-
ing at transformations from high level specifications [WB89,Gon98, GGGS86]. The advent
of inductive logic programming was simultaneous [Sha82, Qui90, Mug91]. It enabled to
answer basic reasoning questions from a base of facts along with logic relations.



Example 2.3 » Prolog Questions

This example is taken from [CKPR73] and translated in english.

Input:
EVERY PSYCHIATRIST IS A PERSON .
EACH PERSON THEY ANALYSE IS SICK .
*JACQUES IS A PSYCHIATRIST IN *MARSEILLES.
IS *JACQUES A PERSON?
WHERE IS *xJACQUES?
IS *JACQUES SICK?

Answer:
YES
IN MARSEILLE
I DO NOT KNOW

Every single phrase is translated into first order logic. The first two phrases enable
us to deduce knowledge, they are implications. Then the phrase about Jacques
gives us facts. From this data, a deducer is called to reason on the questions asked
in order to answer them.

This led Bundy to work on the automation of inductive proofs [Bun88,1B96, Bun99]
which are programs thanks to the Curry-Howard equivalence [H"80,Cur34]. This is what
the works of Manna and Walding [MW80] exactly do, they propose to solve program
synthesis as theorem proving; this is the emergence of deductive program synthesis. This
was also linked to intuitionist type theory [ML82, HML75].

This led to dramatic improvements in the 2000s. Proof assistants were developed such
as Coq [CH85] or Isabelle [Pau94]. Program synthesis distinguished itself a bit more from
theorem proving with the landmark paper describing SyGus [ABJT13]. Given a syntax
and a logical specification in the SyGus format, you need to find a program satisfying
the specification in the given syntax. The syntax specification is actually a context-free
grammar; more precisely we have found that in practice it is always a det-CFG. In order to
solve these tasks, people use SMT solvers such as z3 [DMBO§] or yices [DDM06]. With the
SyGus competitions [AFSSL16a, AFSSL16b, AFSSL17] pushing forward the development
of such tools; highly performant tools were developed like EUSolver [ARU17] which was
state of the art in 2017. That culminated with cvedsy [RBN'19] which uses cved as a
subroutine [BCD*11]. With specific subroutines for cved for fast and smart enumerations
of relevant program candidates, they won the subsequent competitions. The focus of a
part of the research community has now shifted towards mixing deductive approaches
with neural approaches.

While these techniques are promising; a few key properties are that the semantic
should be encodable in first order logic. Users must be able to know how to reason about
the semantics of the language, which is in fact a high requirement. Most developers do
not how to write first order logic specifications. We will rely on less information but that
comes at a cost: when translating in first order logic is possible, deductive approaches
will be the best choice; but in the more general case, we need another approach. As a side
note, some subroutines that we improve upon are shared with the deductive approaches.



2 One Solution: Cost Guided Search

Examples processing

_ rediction
embedding P 1;10 del

probabilistic

grammar orammar
5'c £

Compilation ,
Solution program

Figure 2.2: Cost-Guided Search Program Synthesis Pipeline

Instead of adding more bias by providing more information, we choose a cost guided
approach which is so far the most generic approach to program synthesis. The idea
behind cost guided search is to enumerate programs and check if they are a solution to
the problem, until a solution is found. In order to do that we must be able to check if
a program is a solution. The specification is given as examples, therefore we only need
to check that the program agrees on the examples. In order to do that we need to be
able to evaluate a program, since we have a DSL that comes with semantic, then we can
evaluate programs.

Remark 2. Notice that enumeration will never terminate on infinite grammars, this
means that this approach cannot offer a proof that there is no solution. Furthermore, we
will see that even on finite grammars, chances are that there are so many programs that
it will not terminate in reasonable time even if we were to only enumerate semantically
unique programs.

Enumerating programs is a brute force approach. The order in which programs are
enumerated is key to the performance of such methods. Therefore we will view this as if
enumeration was guided by an oracle cost function, this is why this is called cost-guided
search.



Definition 2.4 » Probabilistic CFG (PCFG)

A probabilistic context-free grammar is a CFG where each production rule is tagged
with a real in [0; 1]. Given a nonterminal n € N, then the sum of all tags from this
nonterminal sums up to 1.

This leads us to obtain the pipeline described in Figure 2.2. First, examples are
processed in order to give a prediction which will be used to order programs for the
enumeration. Second, the primitives along with the syntax rules are used in order to
compile a grammar. Finally, the grammar is combined with the prediction model to
obtain a probabilistic grammar which will be used by the cost guided search. In this
context, we call them probabilistic grammar but this is a special case of cost grammars,
however in the following all our algorithms will treat the probabilistic grammar as if it
were a cost grammar, it is easier conceptually to see this as a probabilistic grammar than
a cost grammar.

2.A Prediction model

List of primitives

type request:
string - string

Compilation )

Probabilistic Grammar

0.4:

&7 7 0.5:
‘\’A‘:\’A 0.1
S AR AL ) 0.2:
Prediction 0.2:

0.1:
0.4:
0.1:

probabilities for
derivation rules

Figure 2.3: Hlustration of the prediction model.

This prediction process is illustrated in Figure 2.3. In other words, it defines a prob-
abilistic distribution over programs, and the prediction model is trained to maximise the
probability that a solution program is generated. This effectively leverages the prediction
power of neural networks without sacrificing correctness: the prediction model biases the
search towards most likely programs but does not remove part of the search tree, hence
— theoretically — a solution will be found if there exists one. This transforms the context-
free grammar representing programs in a probabilistic context-free grammar, which is a
stochastic process generating programs.



Let us briefly explain the framework for building a prediction model. First, we start
with an input grammar. Then we have an abstraction of the grammar for the model. That
is as in DreamCoder [EWN™21] we may want to predict only the presence of a primitive
or we may want to predict the probability of deriving primitives in context [FLM*22].
This choice is streamlined by this abstraction, it is a function that maps the nontermi-
nals to a set of symbols. The prediction model will learn probabilities for this set of
symbols and then when producing a probabilistic grammar, all nonterminals mapping
to the same symbol will share the same probability. Therefore the abstraction enables
to adjust the granularity with which we want to learn probabilities. Notice that the
abstraction can only lower the granularity it cannot increase it. In the following, we will
only have two types of abstractions: one equivalent to DreamCoder [EWNT21] to predict
at program level the presence of a primitive and one that do not lose any information
from the grammar, that is it predicts in context, with bigrams, the probabilities of using
primitives [FLM*22]. There is one thing we choose to not predict, it is the usage of
arguments of the task, their presence is likely to be mandatory and in context since it is
likely the first time we have done this task we have little to no prior information in the
usage of arguments therefore we choose to set their probability to 0.2 which is quite high
to ensure their usage.

In order to be able to use a single model per DSL we need to be able to tackle
multiple grammars since a grammar corresponds to a single program type. For example,
on Figure 2.3, we showed only the grammar for the type request string — string, but we
could consider types string — string — string or string — regexp, a concrete example
can be seen in example 2.5.

Example 2.5 » Two grammars from the same DSL

Let us take the following grammar with type request int — int:

I -+ 11 I ——-11
I — x I —1
I —2 I —3

and the grammar with type request string — string — int:

I—+11 I —1

I — length S I — parselnt S
S—++S5S S — substring S I 1
S = xg S =z

These two grammars are part of the same DSL. Another version of these grammars
of limited depth is to make a product of the nonterminals with the depth so far: we
start at (I, 0) then at each derivation rule that is not a constant we increase the
number by 1 until we reach the limit where we only allow constants. For brevity,
we only show the first one with depth limited to 3:

Vde 0,2, (I, d)—+ I, d+1) I, d+1) (I, d)—— (I, d+1) (I, d+1)

Vd € [0,3], (I, d) — xg (I, d) —1
Vd € 0,3], (I, d) — 2 (I, d)—3




To tackle this, we just need to use the abstraction on all of the grammars provided at
the same time, given the type request we can decode the correct grammar without any
ambiguity. The prediction model might produce probabilities for symbols that do not map
to any nonterminals for the requested grammar but we can just ignore that information.
The two last concepts are illustrated through example 2.6. It shows that both abstractions
offer a trade-off, predicting the primitive presence is easy and requires few data but
provides very limited information for the search whereas the second abstraction offer a
lot of information for the search but is much harder to predict and requires more data
for training.

Example 2.6 » Abstractions and predictions

Considering the grammars of example 2.5 with depths limited to 3 and that we want
to use a single model, then the abstraction that only predict probability presence
would yield:

X—=+11 X—=—-11

X =1 X =2

X =3 X — length S

X — parselnt S X — substring S I I
X—=4+58

Our notation indicates that for each production rule in the above a probability
is computed, note the disappearance of variables. Note that while there are two
primitives that share the same name they are not merged since they take arguments
of different types and produce different types, to be merged these have to match.
Furthermore, since all the nonterminals have been renamed to the same symbol
without the depth information all that information is lost. Using the same notation
as previously, the abstraction that do not lose any information, i.e. the identity
abstraction, would yield the following rules to be predicted:

vd € [0,2], (I, d)—>+ (I, d+1) (I, d+1)

vd e [0,2], (I, d) = — (I, d+ 1) (I, d+1)

vd € [0,2], (I, d) — length (S, d+1)

vd € [0,2], (I, d) —>parse]nt (S, d+1)

vd € [0, 3], (I, d) —

vd € [0, 3], (I, d) —

vd € [0,3], (I, d) —

vd € [0,2], (S, d) — (S d+1) (S, d+1)

Vd € [0,2], (S, d) — substring (S, d+1) (I, d+1) (I, d+1)

There is a huge contrast between the two abstractions, for the first abstraction
there are 10 rules to predict while for the latter there are 30 rules to predict.

J

Following [EWN*21, FLM*22], we build a prediction model in the form of a neural
network: it reads embedding of the examples and outputs probabilities on the derivation
rules of the grammar representing all programs. Figure 2.4 describes our architecture



with an example of how the model looks like when there are only two examples.

In order for the prediction model to work on our examples, they need to be converted
to a vector of float. Examples are one-hot encoded, that means we need a lexicon de-
scribing all the symbols in our vocabulary, and that we have special symbols reserved to
indicate that we move to the output of the example or to the next argument of the input.
Then all examples are padded to be of matching length. Once they are one-hot encoded,
they go through an embedding layer. Now for each of the k& examples we have one vector
of floats. To manage this variable number of examples we feed them sequentially in a one
layer LSTM [HS97]. After this step we now have a single vector which we can feed to a
simple stack of two linear layers with ReLLU activations [Fuk69]. Finally, we end up at
the last layer which given the grammars and the abstraction will automatically produce a
vector of the matching size. The log softmax is applied on a abstracted symbol level and
not directly on the vector. More precisely, it is applied at the symbol level so that we get
probably distributions in the log space. This means that given a type request we produce
a log probabilistic grammar after a normalisation procedure to ensure probabilities sum
up to 1 since we need to add variables which we did not include. For learning, we can
simply maximise the log probability of generating the solution program, which can easily
be computed using our log probabilistic grammar.

The architecture shown is not random. We tried improving the program synthesis
performance by:

= swapping the LSTM with a GRU [CvMG™14] or a RNN [RHWS6],
m increasing the number of linear layers,

m changing the activations functions,

m changing the weight initialisations.

But none of the changes above offered significant performance changes, decreasing the
size of the current network however has a negative impact on performances, therefore
the current architecture is quite robust to changes. This is also a negative result in the
sense that we do not manage to provide enough information to the network in order to
improve its performances. An idea was to use attention [VSPT17] a mechanism that is
key to the success of LLLMs but preliminary experiments showed no improvements so we
did not pursue the idea further. Our conclusion is that the encoding of our examples is
of poor quality, we did not have the time to look into improving it but an emerging idea
in the field is to leverage LLM tuned on code generation, they should be able to embed
correctly code even if they are from a DSL and that means they are capable to extract
relevant information out of their encoding and embeddings. One example could be using
the embedding part of StarCoder2 [LLAT24] a subpart of the network that is relatively
small compared to the full network and use it instead of our embedding.

Training A main issue is training because of the lack of data. Most existing datasets
were either written by humans therefore have few tasks or they have been randomly
generated and are of poor quality. It is known that the quality of the examples is of
major importance [CMF*20]. In order to tackle this issue, we built a pipeline in order
to generate synthetic tasks of better than purely random quality. First, we start from
the test dataset, one written by humans and of relatively high quality, this will be our
assumption.



We learn probabilistic grammars for each type request in the original dataset empiri-
cally if solutions are present otherwise we will use uniform probabilistic grammars. What
we mean by learning here is the empirical mean among all the solutions for this type
request, see example 2.7.

Example 2.7 » Empirical Learning

Consider the following three tasks fi, fa, f3:

fi(1) =2 fi(2)=3
fo(4) = -1 f2(9) =4
f3(4) =2 f3(7) =2
The solutions would be:
def f1(x):
return x + 1
def f2(x):
return x - (1 + 3)
def f£f3(x):
return 2

Then empirically for examples we would generate int uniformly in the range [—1, 4]
and the grammar we would sample programs from is, if we learn from a grammar
with no bigrams nor depth information:

I3 4TI IS —T1
= 153

notice that the grammar is not normalised, we would need to divide by the sum so
by 9. An argument that can be made is that a long program contributes more than
smaller ones in which case we can normalise by the size of the program (viewed as
a tree). For example, f; has size 3 therefore it contributes % to +,1 and 3.

. J

Simultaneously, we also capture a lexicon of all symbols contained in the dataset. For
numbers, we capture the minimum and maximum value and will assume that all values
within that range are allowed. For lists, we capture the empirical distribution of lists
lengths. Given these distributions we can sample inputs of certain types and we can
sample programs. This learning for numbers and lists lengths is the only domain specific
technique employed, the rest is domain agnostic. Example 2.7 describes this process.

Generating synthetic data of better quality Generating a dataset of better quality
than random is quite hard since we assume no knowledge of the specific domain since
we are targeting a domain agnostic technique. We describe an algorithm that tries to
improve the quality of the tasks by ensuring that they are unique up to their input output
signatures. Now let us describe Algorithm 1. First, SAMPLEINPUTS(Nezampies, Minputs)
sample n;pputs set of inputs with each containing nezampies €xamples. All programs should
share the same inputs and be mainly differentiated by their outputs, enabling the model
to grasp deeper semantics. At the same time the inputs should not be constant that is



why we produce nppus different of such sets. Then we try up to 100 times to get the
desired number of programs, that are unique with respect to their outputs. To do so
UNIQUEPROGRAMSBYOUTPUTS(I, P, E) evaluates all programs of P on all inputs in [
with E, if two programs match we put them in the same equivalence class, then only
one program per class is returned. Finally, MAKETASKS(P, I, E') is an abstraction that
constructs the tasks objects with the given data.

Algorithm 1 Tasks Generation

procedure GENERATETASKS(Neyampless Minputss Masks, £0: evaluator)
I < SAMPLEINPUTS(Nezampiess Minputs)
P+ 0
for 7 =0 to 100 do
P <+ P USAMPLEPROGRAMS(nyasks — |P|)
P < UNIQUEPROGRAMSBYOUTPUTS(/, P, E)
if |P| > nyasks then
return MAKETASKS(P, I, F)
end if
end for
return MAKETASKS(P, I, F)
end procedure

3 DSLs

Now that everything has been defined, we will introduce the DSLs that will be used
throughout all of this thesis.

3.A DeepCoder or Integer List Manipulation

DeepCoder [BGBT17] is an integer list manipulation DSL, it has specific versions of classic
functional operators such as MAP, FILTER. It is thus rather large containing nearly 40
primitives without any constants. It contains the following primitives:

primitives {
"HEAD": "int list -> int",
"TAIL": "int list -> int",
"ACCESS": "int -> int list -> int",
"MINIMUM": "int 1list -> int",
"MAXIMUM": "dint 1list -> int",
"LENGTH": "int 1list -> int",
"COUNT[<0]": "int list -> int",
"COUNT[>0]": "int list -> int",
"COUNT[EVEN]": "int list -> int",
"COUNT[ODD]": "int list -> int",
"SUM": "int list -> int",
"TAKE": "int -> int 1list -> int list",
"DROP": "int -> int 1list -> int 1list", # drop n elements
"SORT": "int list -> int list",
"REVERSE": "int 1list -> int 1list",
"FILTER[<O0]": "int list -> int 1list",
"FILTER[>0]": "int 1list -> int 1list",



"FILTER[EVEN]": "int list -> int list",

"FILTER[ODD]": "int 1list -> int list",

"MAP[+1]": "int list -> int list",

"MAP[-1]": "int 1list -> int list",

"MAP [*2]": "int list -> int 1list",

"MAP[/2]": "int 1list -> int list",

"MAP[*-1]": "int list -> int list",

"MAP [*%2]": "int list -> int list",

"MAP[*3]": "int list -> int list",

"MAP[/3]": "int 1list -> int 1list",

"MAP [*4]": "int list -> int 1list",

"MAP[/4]1": "int 1list -> int 1list",

"ZIPWITH[+]": "int list -> int list -> int list", # zip with
combine two lists, by applying
the operator to each element

"ZIPWITH[-]": "int 1list -> int list -> int list",

"ZIPWITH[*]": "int list -> int list -> int list",

"ZIPWITH[min]": "int list -> int list -> int 1list",

"ZIPWITH[max]": "int 1list -> int list -> int list",

"SCANIL[+]": "int 1list -> int list", # does the same as zip with
but both arguments are the same

list

"SCAN1L[-]": "int list -> int list",

"SCAN1IL[*]": "int 1list -> int 1list",

"SCAN1L [min]": "int list -> int list",

"SCAN1L [max]": "int list -> int list"

3.B DreamCoder or List Manipulation

DreamCoder [EWNT21] contains many DSL, but we will mainly be targeting the list
manipulation DSL, it is very generic and contain polymorphic functions which are sup-
ported by their framework and is supported by all of our tools. The polymorphic types

are denoted

with a ’, here there is only two: ’a and ’b. It is usually a harder DSL

than DeepCoder usually because a lot of relevant tasks need the introduction of lambda
expressions to be solved. It contains the following 32 primitives including 6 constants:

primitives = {
"cons": "’a -> ’a list -> ’a 1list",
"car": "’a list -> ’a",
"cdr": "’a list -> ’a list",
"empty?": "’a list -> bool",
"max": "int -> int -> int",
"min": "int -> int -> int",
"gt?": "int -> int -> bool",
"le?": "int -> int -> bool",
"not": "bool -> bool",
"if": "bool -> ’a -> ’a -> ’a",
"eq?": "int -> int -> bool",
"kx": "int -> int -> int",
"+": "int -> int -> int",
"-": "int -> int -> int",
"length": "’a list -> int",
"range": "int -> int list",

llmap n :

"(’a -> ’b) -> ’a list -> ’b 1list",




"iter": "int -> (’a -> ’a) -> ’a -> ’a",

"append": "’a -> ’a list -> ’a list",

"unfold": "’a -> (’a -> bool) -> (’a -> ’b) -> (’a -> ’a) -> ’b
list",

"index": "int -> ’a list -> ’a",

"fold": "’a list -> ’b -> (’a -> ’b -> ’b) -> ’b",

"is-mod": "int -> int -> bool",

"mod": "int -> int -> int",

"is-prime": "int -> bool",

"is-square": "int -> bool",

"filter": "(’a -> bool) -> ’a list -> ’a list",

"o": "int",

"1": "int",

"2": "int",

l|3ll: llintll’

"4 "int",

"5": "int",

3.C String Transformations

This string transformation DSL is adapted from SyGus [ABJ"13], enables string and int
manipulation, it also uses polymorphic types but to a lesser degree. Indeed, ’a[string
|int] indicates a polymorphic type that can only be instantiated into a string or an
int. It contains the following primitives:

primitives = {
"concat": "string -> string -> string",
"replace": "string -> string -> string -> string",
"substr": "string -> int -> int -> string",
"ite": "bool -> ’alstringlint] -> ’alstringl|int] -> ’alstring|int]"

>

"int2str": "int -> str",
"at": "string -> int -> string",
"lower": "string -> string",
"upper": "string -> string",
"str2int": "string -> int",
"+": "int -> int -> int",
"=": "int -> dint -> int",
"len": "string -> int",
"indexof": "string -> string -> int -> int",
"firstindexof": "string -> string -> int",
"x": "int -> int -> int",
"%": "int -> int -> int",
"=": "Jalstringlint] -> ’alstringlint] -> bool",
"contains": "string -> string -> bool",
"prefixof": "string -> string -> bool",
"suffixof": "string -> string -> bool",
">". "int -> int -> bool",
"<": "int -> int -> bool",
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Chapter 3
Cost Guided Search

TL;DR 3

This chapter describes enumeration algorithms, we show there has been tremendous
progress in enumeration algorithms in the last few years. Algorithms that enumer-
ate programs in order of non-decreasing cost are called best-first search algorithms.
We first introduced HEAP SEARCH the first bottom-up best-first search algorithm
with logarithmic delay. The delay is the complexity between enumerating the *®
program and the next, it is a major indicator of the performance of the algorithm.
Then BEE SEARCH was proposed by others, it also had logarithmic delay, intro-
ducing new insights and became the new state of the art. We investigate whether
there exist best-first search algorithms with constant delay, also called
“no-delay”. We answer this question positively by constructing the first no-delay
best-first search algorithm called ECO SEARCH and demonstrate the effectiveness
of ECO SEARCH in two classical domains.

This chapter focuses on the search part of the cost-guided search also called best-
first search. That is it is assumed that a probabilistic grammar as been obtained (see
Chapter 2 Section 2.A for how to).

Best-first search algorithms explore the space in the exact order induced by the cost
function: this significantly reduces the portion of the program space to be explored.
Since the A* algorithm [LHANIS]|, several best-first search algorithms have been con-
structed [SBS22b, EWN'21, FLM 22, AL23].

The major issue of best-first search algorithms is that they slow down over time.
This is because in order to ensure optimality they need to consider a growing frontier of
potentially next-to-be-generated programs in their data structures, which quickly become
enormous. The notion of delay captures this behaviour: it quantifies the amount of
compute required between outputting two programs. The first best-first search algorithm
had logarithmic delay [LHAN18].

We will first discuss enumerative approaches describing in chronological order HEAP
SEARCH, BEE SEARCH and ECO SEARCH. The content of this chapter is close to our
published work [FLM*22] and a submitted work on ECO SEARCH.

Our contributions:

m A theoretical framework called distribution-based search for evaluating and com-
paring search algorithms in the context of cost guided search.
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m HEAP SEARCH the first bottom-up best-first search algorithm with logarithmic
delay.

m ECO SEARCH the first no-delay best-first search algorithm and it is much more
performant than current alternatives.

m Comprehensive experiments showcasing their performance and their scaling laws.

In the following we will be talking about probabilistic grammars instead of cost gram-
mars but the same arguments apply.

To make our pseudocode as readable as possible we use the generator syntax of
Python. In particular, the yield statement is used to return an element (a program
in our case) and continue the execution of the code.

The PCFG obtained through the probability measure defines a probabilistic distri-
bution D over programs. We make the theoretical assumption that the program we are
looking for is actually sampled from D, and construct algorithms searching through pro-
grams which find programs sampled from D as quickly as possible. Formally, the goal is
to minimise the expected number of programs the algorithm outputs before finding the
right program.

We write A(n) for the n'™ program chosen by the algorithm A; since A may be
a randomised algorithm A(n) is a random variable. The performance (A, D) of the
algorithm A, which we call its loss, is the expected number of tries it makes before
finding x:

(A, D) =E,wp [inf{n e N : A(n) = z}].

Definition 3.1 » Loss Optimal

An algorithm A* is loss optimal if (A*, D) = inf 4 (A, D), the algorithm is also called
a best-first search algorithm.

Let us state a simple fact: an algorithm is loss optimal if it generates each program
once and in non-decreasing order of costs. Depending on D constructing an efficient
loss optimal algorithm may be challenging, pointing to a trade off between quantity and
quality: is it worth outputting a lot of possibly unlikely programs quickly, or rather invest
more resources into outputting fewer but more likely programs?



Example 3.2 » Loss Optimality

To illustrate the definitions let us consider the distribution D over the natural
numbers such that D(n) = Qn%; it is generated by the following PCFG:

S =5 f(S) ; S—=?u,
when identifying n with the program f™(z). Let us analyse a few algorithms.

m The algorithm A; enumerates in a deterministic fashion the natural num-
bers starting from 0: Aj(n) = n. Then (4;,D) = > . &tk = 2. This
enumeration algorithm A; is loss optimal.

m The algorithm Ay samples the natural numbers using the distribution D. For
n > 0, the value of E [inf{n’ : Ay(n’) = n}| is 2""!: this is the expectation of

2n+1

the geometric distribution with parameter s7tr. Then (Ag, D) = 37 o 5557 =

0o. Hence the naive sampling algorithm using D has infinite loss.

m The algorithm Az samples the natural numbers using a distribution that we
call VD defined by vVD(n) = ——~—L+. For the normalisation factor, note
14+v2 5
that Zn>0 271% =1 + \/5
- 2

For n > 0, the value of E [inf{n’ : A3(n/) =n}] is (1 + v/2)2"= : this is the
expectation of the geometric distribution with parameter ﬁi%ﬂ Then
2"%

n+1
<A37 D) = ano (lﬂ{#
= (14+v?2) > n>0 2@
= (1++/2)?~5.83.

As we will prove in a more general statement next chapter (Chapter 4 Theo-
rem 4.1), the algorithm Aj is loss optimal among sampling algorithms. Sur-
prisingly it is not much worse than the loss optimal algorithm, yet offers many
advantages: it is much easier to implement, and requires no memory at all.
Last but not least in the case of PCFG it can be implemented using a new
probabilistic labelling of the PCFG inducing D.

J

A number of enumerative methods have been investigated in previous works [MTG 13,
BGB*17,LHANI18,ZW18]. They proceed in a top-down fashion, and can be understood
as ways of exploring the tree of leftmost derivations of the grammar as illustrated in
Figure 3.1.

We will present three bottom-up loss optimal search algorithms. HEAP SEARCH was
our initial contribution in [FLM™22], then BEE SEARCH was proposed in [AL23] by Levis
Leli and Saqib Ameen and then we proposed ECO SEARCH merging the advantages of
both HEAP SEARCH and BEE SEARCH. An overview is available on Figure 3.2 which
gives a very high level overview of the different algorithms. A key element in the design of
such enumeration algorithms is how they consider the frontier, that is the set of programs
which maybe the next program to enumerate: that is the next closest in terms of cost.
This process of choosing from the set of candidates is what is basically responsible for
the delay of such algorithms. Ideally the smaller it is, the better, because that means less
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candidates to check. The logarithmic delay is quite natural since this process is close to
sorting, because at each step we will add new candidates and get the minimum in terms
of cost. Indeed, over n steps we have sorted through a larger set and have found the n
smallest elements. This is what we had first with A*, then with HEAP SEARCH in order
to speed up the process, the sorting was made separate for each color, they represent
different nonterminals of the grammar. While this does not change the complexity this
led to a practical speed-up since the sets of candidates are smaller for each nonterminal.
Then BEE SEARCH did not distinguish between nonterminals however it did find a way
to dramatically reduce the number of candidates while still being correct, again this does
not change the delay. In fact splitting again with the nonterminals, which correspond
to ECO SEARCH without buckets still give us the natural logarithmic delay. In order
to beat this logarithmic delay, we figured that actually you can put these candidates in
buckets of candidate programs of equivalent costs. So you can just work with buckets
instead of programs. The buckets are denoted by the numbers 1, 2 and 3 on the figure.
In practice, there may be millions of buckets, but the number of buckets is a property of
the grammar: it is a constant that is fixed as the number of program grows. This is the
key insight that will lead us to constant delay with EcO SEARCH.

Ab b

* with delay O(logn) HEAP SEARCH with delay O(logn)
BEE SEARCH with delay O(logn) Eco SEARCH w/o buckets with delay O(logn)

Eco SEARCH with delay O(1)

Figure 3.2: Overview of the frontiers as seen by different enumeration algorithms. n is
the number of programs enumerated.

Bottom-up search starts with the smallest programs and iteratively generates larger
programs by combining the smaller ones generated by the algorithm. Historically, only
A* from [?] was a loss optimal search algorithm.



ry: str — ‘Hello’ cost: 1.1
ry : str —  ‘World’ cost: 2.0
rs: str — cast(int) cost: 4.4
ry: str — concat(str, str) cost: 5.3
rs : int — var cost: 1.8
r¢ . int — 1 cost: 3.3
r; 1 int — add(int, int) cost: 5.3

Figure 3.3: The DSL we use as running example (rules are numbered for future references,
and costs are explained below).

Let us write D for the distribution induced by a PCFG. For a program z, we say that
x’ is the ‘successor of x’ if it is the most likely program after z, meaning D(z) > D(a')
and there are no programs z” such that D(x) > D(2”) > D(z’). For a non-terminal 7" in
the grammar, the ‘successor of x from 7" is the most likely program after x among those
generated from 7. We define ‘predecessor of 2" and ‘predecessor of x from 7" in a similar
way.
To make things concrete, let us consider a small example. Our DSL manipulates
strings and integers, hence it uses two types: string and int. It has three primitives:
cast: int -> string
concat: string -> string -> string
add: int -> int -> int
Let us add some constants ‘Hello’, ‘World’: string and 1: int. We also add
a variable var: int. The class of programs of type int -> string is generated by
the CFG given in Figure 3.3, which uses two non-terminals, string and int, with the
former being initial. Here in this grammar ‘Hello’ is a the program of minimal cost for
the nonterminal str then its successor would be ‘World’. For the nonterminal int, the
first few programs are in ascending cost order: var, 1, add(var, var) and then both
add(1, var) and add(var, 1) have similar cost so any of them can be enumerated first
but the other has to be the successor of the first.
For readability in our examples, we will use some abbreviations: S = string, ] =
int, H = ‘Hello’, and W = ‘World’.

Pre-generation cost functions As we will see, our algorithms will be able to work
with general cost functions. However, in many cases cost functions are of a special nature:
they are computed recursively alongside the grammar and induced by defining cOsT(r)
for each derivation rule r (see Figure 3.3 for an example). Note that cOST(r) can be any
positive real number. Consider a program P = f(Py,...,Px) generated by the derivation
rule r: X — f(Xy,...,Xx), then

CcOST(P) = COST(r) + Z COST(P;).

What makes pre-generation cost functions special is that they do not depend on execu-
tions of the programs, in fact they do not even require holding the whole program in
memory since they are naturally computed recursively.



1 Computing programs of minimal costs

As a warm-up, we need a procedure to compute for each non-terminal X a program of
minimal cost. Note that this is well defined because costs are positive, and that we do
not require to compute all minimal programs, just a single one. The pseudocode is given
in Algorithm 2. The algorithm simply propagates the minimal programs and costs found
across derivation rules, and repeats the propagation as long as it updates values. A simple
analysis shows that the number of iterations of the while loop (line 9) is bounded by the
number of non-terminals in the grammar, so the algorithm always terminate. In practice
the number of iterations is often much smaller.

Algorithm 2 Computing programs of minimal costs

: for X non-terminal do
MINCOST(X) o0
MINPROG(X) < L

end for

for r : X — a derivation rule do
if cosT(r) < MINCOST(X) then

MINCOST(X) < cosT(r)
MINPROG(X) < a
end if
end for

H
@

11: updated < True
12: while updated do

13: updated <— False

14: for r : X — f(Xy,...,X}) derivation rule do

15: ¢ + cosT(r) + S5 MINCosT(X;)

16: if ¢ < MINCOST(X) then

17: MINCOST(X) « ¢

18: MINPROG(X) <« f(MINPROG(X), ..., MINPROG(X))
19: updated < True

20: end if

21: end for

22: end while

2 Heap Search

The HEAP SEARCH algorithm was the first bottom-up best-first search algorithm with
logarithmic delay. The only previous algorithm was A* [LHAN18] with logarithmic delay
but it was top-down. A key idea behind HEAP SEARCH is also to introduce structures
for each nonterminal instead of shared structures. Another massive advantage of HEAP
SEARCH contrarily to others is that it is bottom-up, this allow to leverage this structure
to introduce practical optimisations in the evaluation or in the elimination of branches
of programs.
The HEAP SEARCH algorithm maintains three objects:



m SEEN: stores all programs seen so far. Note that seen is not the same as generated,
as we discuss below.

m for each non-terminal X, HEAPy is a heap of programs, using as value the costs of
the programs. Programs in HEAPx are seen but are yet to be generated.

m for each non-terminal X, SUCCESSORPROGRAM x stores the successors of programs,
that we define now. Concretely, it is a mapping from programs to programs.

Let us explain the difference between seen and generated. The programs that are
yield line 4 of Algorithm 4 are generated. When a program is inserted (using the function
INSERT), it is seen. It is sitting in some heap waiting for its turn to be generated.

Let us fix a non-terminal X, and P, P’ two programs generated by X. We remember
that P’ is a successor of P if cOST(P) < cOST(P’) and there does not exist P” generated
by X such that cosT(p) < cosT(P”) < cosT(P’). In other words, P’ has minimal cost
among programs of higher cost than P generated by X.

The main function is COMPUTESUCCESSOR in Algorithm 4: given a program P gen-
erated by X, it computes a successor of P. It works as follows: either a successor was
already computed (therefore stored in SUCCESSORPROGRAMy ), in which case it is sim-
ply returned, or it was not. In the second case, as we will argue, the minimal element of
HEAPy is a successor, so we return it, let us call it P’. The goal of the lines 10-16 is to
update the data structures, adding potential successors of P’. What the invariant of the
algorithm shows is that the successor of P’ falls in one of two categories:

m it is already in HEAP Y,

m it is obtained from P’ by replacing one of its argument by its successor (for the
corresponding non-terminal).



Algorithm 3 Heap Search: initialisation

SEEN: set of programs
for X non-terminal do

HEAPy: heap of programs

SUCCESSORPROGRAMx: mapping from programs to programs
end for

=

function INSERT(P, X):

8: add P to HEAPy with value cOST(P)
9: add P to SEEN

10: end function

11: for r: X — f(Xy,..., Xy) derivation rule do
12: P « f(MINPROG(X}),..., MINPROG(X}))
13: INSERT(P, X)

14: end for

15: for X non-terminal do

compute MINPROG(X) a program of minimal cost from X for each non-terminal X

16: COMPUTESUCCESSOR( L, X) > | is a dummy program

17: end for

Algorithm 4 Heap Search: main loop

1. P+ L > 1 is a dummy programme
2: while True do

3: P < COMPUTESUCCESSOR(P, S) > S is the initial non-terminal
4: yield p

5. end while

6: function COMPUTESUCCESSOR(P, X ):

7 if SUCCESSORPROGRAM (P) is defined then

8: return SUCCESSORPROGRAM x (P)

9: else

10 P’ < poP(HEAPY)

11: SUCCESSORPROGRAMx (P) < P’

12: P = f(P1,...,Pg) > P’ is generated by X — f(Xq,...
13: for i from 1 to k£ do

14: P, <~ COMPUTESUCCESSOR(P;, X;)

15: P! < f(P1,...,PL, ..., Pg)

16: if P/ not in SEEN then

17: INSERT(P/, X)

18: end if

19: end for
20: return p’
21: end if

22: end function




Example 3.3 » Heap Search example

We consider the grammar and associated costs defined in Figure 3.3. In a sin-
gle iteration, Algorithm 2 finds MINPROG(S) = H,MINCoST(S) = 1.1 and
MINPROG(I) = var, MINCOST(/) = 1.8. During initialisation, we perform in-
sertions of the following programs:

H, W, concat(H, H), cast(var), var, 1, add(var, var),

and then run COMPUTESUCCESSOR(L,S) and COMPUTESUCCESSOR(.L, ). At
this point, the data structures are as follows, with costs indicated below programs:

SUCCESSORPROGRAMg(L) = H, SUCCESSORPROGRAM/ (L) = var

Heapg = { W cast(var),concat(H, H)}
2.0 6.2
Heap; = { 1  jadd(var,var)}
3.3 e
SEEN = {H,W, concat(H, H), cast(var), var, 1, add(var, var) }

Let us analyse the first four calls:

1. COMPUTESUCCESSOR(_L, S) returns H, already computed during initialisa-
tion.

2. COMPUTESUCCESSOR(H, S): we pop W from HEAPg,  set
SUCCESSORPROGRAMg(H) = W, and return W.

3. COMPUTESUCCESSOR(W, I): we pop cast(var) from HEAP;, let us call it
P’ and set SUCCESSORPROGRAM(IW) = P’. Before returning p’, we need
to update the data structures, lines 12 to 16. We run COMPUTESUCCES-
SOR(var, ), which pops 1 from HEAP/, sets SUCCESSORPROGRAM/(var) = 1,
and returns 1. We consider cast(1), currently not in SEEN, so it is inserted.
After this update the heaps are as follows:

Heaps = {concat(H, H),cast(1)}
——— ——
75 7.7
Heap; = {add(var,var)}
8.9

4. COMPUTESUCCESSOR(cast(var), S): we pop concat(H, H) from HEAPg, let
us call it P’ and set SUCCESSORPROGRAMg (cast(var)) = P’. Before returning
P’, we need to update the data structures, lines 12 to 16. We run COMPUTE-
SUCCESSOR(H, I), which itself calls COMPUTESUCCESSOR (var, S). The lat-
ter returns 1, and the former add(var, var), after inserting add(1, var) and
add(var, 1) (to HEAP; and SEEN). We consider concat(add(var, var), H) and
concat(H, add(var, var)), and insert them both.

Theoretical Aspects The following lemma gives the correctness of the HEAP SEARCH
algorithm.



Lemma 3.4 » Heap Search is loss optimal

For any non-terminal X and program P’ generated from X, if we have already
run COMPUTESUCCESSOR(P, X) for any program P’ preceding P (among those
generated from X) then COMPUTESUCCESSOR(P, X) outputs the successor of P
from X

Proof. Suppose the lemma is not true and consider the first time where it fails, on say,
input (P, X). At line 7, (P, X) was not computed before and therefore the algorithm
branches out to line 9. Saying that the algorithm fails is equivalent to say that line 10
fails, meaning that P" = pop(HEAPY) is not the successor of program from X. Let us
denote by y the correct successor. There are two cases which can lead the algorithm
the failure:

m First case: P’ is a program with higher probability than y. In this case, it means
that P’ was already the output of a previous query to COMPUTESUCCESSOR
(because (P, X) is the first query for which the algorithm fails, so programs with
higher probability than y have already been output before). Thus the program
P’ was pop at least two times from HEAPy, one time when P’ was the correct
output of a query, and another time when the program failed: this is not possible
since we push programs only once into the heaps thanks to the condition at line
16.

m Second case: P’ has a smaller probability than the probability of y. In this
case, it means that y was not in HEAPx when the algorithm performed a pop
at line 10 (otherwise y would have pop since y has higher probability than p’).
Suppose y = f(P1,...,Py), generated by the derivation rule X — f(Xq,..., X}).
If all p; are maximal (meaning that they don’t have a predecessor from X;) then
f(P1,...,Pg) is pushed in HEAPy during the initialization procedure (line 13 of
Algorithm 3) so the algorithm cannot fail because of this case. Therefore there is
at least one P;, say w.l.o.g Py, which has a predecessor P} from X;. Consider the
program f (P}, Pg,...,Px); this program has higher probability than y and there-

fore has been seen before. Thus f(COMPUTESUCCESSOR(P}, X1),Po,...,Pk)
was added to HEAPx because of line 17. To conclude, observe that
f(COMPUTESUCCESSOR(P}, X1),Pa,...,Py) = f(P1,Pa,...,Px) so y has previ-

ously been added to HEAP.

O

Lemma 3.5 » Heap Search has delay O(logi) for computing the i** the

1th

program from the i — program.

Fix any non-terminal X. Suppose that we have already generated the first ¢ pro-
grams generated from X (meaning that if p is the j-th program for j < ¢, then P
is a key of the hash table SUCCESSORPROGRAM y and SUCCESSORPROGRAMx ()
is the (j + 1)-th program generated from X). Then computing the successor of the
i-th program has a running time of O(log ).




Proof. First observe that COMPUTESUCCESSOR can call recursively several others
successor computations. However, for any non-terminal symbol X there is at most
one call of the form ComputeSuccessor(p, X) which leads the algorithm to branch
out to line 9 and thus to possibly rise other queries. Indeed, this case happens only
when the successor of P has not been computed yet (otherwise the query stops at line
8); this can happen for at most one program for any fixed symbol X: the last program
from X already seen in any execution of the algorithm. Forgetting about recursive
queries, the running time of a query going through line 9 is given by the pop and push
operations (line 10 and 17). The number of pops and pushs is at most m+1 where m is
the maximal arity of a function in the grammar. Moreover, each such operation costs
a running time of O(log |HEAP7|), so the total time for the query is O(log |HEAPT|).
Overall, the total running time is bounded by

> O(log [HEAP|).
X

To conclude, observe that when we query the successor of the i-th program generated
from X, the size of HEAPx is bounded by m - ¢ since we push at most m programs
during any COMPUTESUCCESSOR not already computed before. m

Limitations of Heap Search

There are two limitations of HEAP SEARCH:

m The first is the structure of recursive calls when updating the data structures, which
insert a lot of programs. More precisely, the issue is that these programs are added
to the data structures although they are not generated yet, because they may have
much larger costs. In other words, when generating a program of cost ¢, HEAP
SEARCH needs to consider many programs that have costs potentially much larger
than c. This makes the algorithm very memory hungry.

m The second is that it needs to explicit build all the programs it considers, again
very heavy on memory consumption.

3 Preliminary Experiments

We report results on DSLs from DeepCoder [BGB™17] and DreamCoder [EWN*21]. Both
target the classic program synthesis challenge of integer list processing programs, but
with different properties. DeepCoder’s DSL is larger and more specialized, with around
40 high-level primitives, and does not use polymorphic types, while DreamCoder’s is
smaller and more generic, with basic functional programming primitives such as map,
fold, unfold, car, cons, and cdr, etc., for a total of around 20 primitives. Both DSLs are
compiled into finite depth CFGs with minimal syntactic constraints generating programs
of depth up to 6.
The search algorithms under consideration are:

» THRESHOLD from [MTG"13]: iterative-deepening-search, where the threshold that
is iteratively deepened is a bound on program description length (i.e. negative log
probability),
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Figure 3.4: Comparing all search algorithms on random PCFGs

m SORT AND ADD from [BGB*17]: an inner loop of depth-first-search, with an outer
loop that sorts productions by probability and runs depth-first-search with the top
k productions for increasing values of k,

m A* from [LHANIS|: best-first-search on the graph of (log probabilities of) tree
derivations,

m BEAM SEARCH from [ZRFT18]: breadth-first-search with bounded width that is
iteratively increased.

As well as our new algorithms: HEAP SEARCH and SQRT SAMPLING (which we will
discuss later in Chapter 4).

All algorithms have been reimplemented and optimised in the codebase to provide a
fair and uniform comparison.

Random PCFGs

In this first set of experiments we run all search algorithms on random PCFGs until a
timeout, and compare the number of programs they output and the cumulative proba-
bility of all programs output.

To obtain random PCFGs from the CFGs we sample a probabilistic labeling with an
exponential decrease (this is justified by the fact that machine-learned PCFGs feature
exponential decrease in transition probabilities). In this experiment the initialization cost
of each algorithm is ignored. The results presented here are averaged over 50 samples
of random PCFGs, the solid lines represent the average and a lighter color indicates the
standard deviation.

Figure 3.4 shows the results for all algorithms in a non-parallel implementation. On
the lhs we see that HEAP SEARCH (almost always) has the highest cumulative probability
against both time and number of distinct programs. Note that since A* and HEAP
SEARCH enumerate the same programs in the same order they produce the same curve
in the right hand side of Figure 3.4 so we did not include A*.



o Heap Search
A*

number of programs
(=)
o
w
1

=

o
IS
1

1071 100 101
time (in seconds)

Figure 3.5: Comparing HEAP SEARCH and A*

To compare A* and HEAP SEARCH we refer to Figure 3.5, showing that HEAP SEARCH
generates 2.35 times more programs than A*, consistently over time. The larger variations
for A* are due to the manipulation of a single heap of growing size, requiring frequent
memory reallocations. The difference in performance can be explained by the fact that
A* uses a single heap for storing past computations, while HEAP SEARCH distributes this
information in a family of connected heaps and hash tables.

Machine-learned PCFGs

In this second set of experiments we consider the benchmark suites of hand-picked prob-
lems and sets of I/O. We extracted 218 problems from DreamCoder’s dataset [EWN™21].

We train a neural network to make predictions from a set of I/O. Our neural network
is composed of a one layer GRU [CvMG™14] and a 3-layer MLP with sigmoid activation
functions, and trained on synthetic data generated from the DSL. The details of the ar-
chitecture and the training can be found in Section 2.A. Our network architecture induces
some restrictions, for instance the types of the programs must be int list -> int list;
we removed tasks that did not fit our restrictions and obtained a filtered dataset of 137
tasks. For each task we run every search algorithm on the PCFG induced by the neu-
ral predictions with a timeout of 100s and a maximum of 1M programs. Unlike in the
previous experiments the initialization costs of algorithms are not ignored.

Figure 4.1 shows the number of tasks solved within a time budget. HEAP SEARCH
solves the largest number of tasks for any time budget, and in particular 97 tasks out
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Figure 3.6: Comparing all search algorithms on the DreamCoder reduced dataset with
machine-learned PCFGs

of 137 before timeout. The comparison between THRESHOLD and A* is insightful: A*
solves a bit more tasks than THRESHOLD (85 vs 83) but in twice the time.

Table 3.1 shows for each algorithm how many programs were generated per second.
Recall that HEAP SEARCH and A* generate the same programs in the same order. Overall
in these experiments HEAP SEARCH is 6 times faster than A*.

Since HEAP SEARCH follows a bottom-up approach we save on program evaluations
in two ways: partial programs are evaluated along the search, and the results are cached.
On the other hand A* is a top-down enumeration method so every new program has to
be evaluated from scratch.

Finally, we want to see how HEAP SEARCH improves with the quality of the pre-

Table 3.1: Number of programs generated

Algorithm Number of programs generated
HEAP SEARCH 38735 prog/s
THRESHOLD 25381 prog/s
DFS 20281 prog/s
SQRT SAMPLING 14020 prog/s

A* 6071 prog/s




dictions. According to the properties of HEAP SEARCH, we expect that the better the
predictions the faster tasks are solved since HEAP SEARCH is loss optimal. In order to
show this, we ran HEAP SEARCH on the reduced DreamCoder dataset with a timeout
of 5 minutes and kept the tasks where a solution was found since some tasks cannot be
solved with our DSL. Then we trained a neural network on this new reduced set with
the solutions found. At different epochs of the training we checked how fast and how
many tasks HEAP SEARCH could solve with the predictions of the network with a time-
out of 30 seconds and a limit of 1M programs. We plot on Figure 3.7 the number of
tasks solved with respect to total time used by HEAP SEARCH after different number of
training epochs with the uniform PCFG as a baseline. We clearly observe the expected
outcome, as the number of training epochs grows and the neural networks learn to better
predict the solutions, HEAP SEARCH dramatically decreases the time required to solve
the tasks. While this may be true for every algorithm, loss optimal algorithms like HEAP
SEARCH benefit the most from it.
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Figure 3.7: Evolution of time and tasks solved by HEAP SEARCH at different epochs of
the training of a machine-learning PCFG predictor on a reduced DreamCoder dataset

4 Bee Search

BEE SEARCH [AL23] is the work of Saqib Ameen and Levis Leli. It also has logarithmic
delay and is also bottom-up, its structure offers better advantages than HEAP SEARCH
for techniques such as observational equivalence. The key insight behind BEE SEARCH



is the cost tuple representation which we will explain later. To get a complete picture of
Eco SEARCH, our no-delay best-first search algorithm, it is relevant to understand BEE
SEARCH. The algorithm maintains three objects:

m GENERATED: stores the set of programs generated so far, organised by costs. Con-
cretely, it is a mapping from costs to sets of programs: GENERATED|c| is the set of
generated programs of cost c.

m INDEX2COST: alist of the costs of the generated programs. Let us write INDEX2COST =
[c1, ..., ¢, then ¢; < -+ < ¢, and GENERATED|¢;] is defined.

m QUEUE: stores information about which programs to generate next. Concretely, it
is a priority queue of cost tuples ordered by costs, that we define now.

Definition 3.6 » Cost Tuple

A cost tuple is a pair consisting of a derivation rule r : X — f(Xy,...,Xs) and
a tuple n = (ny,...,n;) € N*. For derivation rules r : X — a, cost tuples are
of the form (r,0). A cost tuple represents a set of programs: (r,n) represents
all programs generated by the rule r where the i*" argument is any program in
GENERATED[INDEX2CO0ST[n;]]. The cost of a cost tuple ¢t = (r,n) is defined as

k
00sT(t) = cosT(r) + » | INDEX2COST[n].
=1

Cost tuples are an efficient way of representing sets of programs. A cost tuple is a pair
consisting of a derivation rule r : X — f(X1,..., X}) and a tuple n = (ny,...,n;) € N*.
For derivation rules r : X — a, cost tuples are of the form (r,}). A cost tuple represents
a set of programs: (r,n) represents all programs generated by the rule r where the 7"
argument is any program in GENERATED[INDEx2Co0ST[n;]]. The cost of a cost tuple
t = (r,n) is defined as

k
00sT(t) = cosT(r) + »  INDEX2COST[n].
=1

The main function of BEE SEARCH is OUTPUT: a single call to OUTPUT generates
all programs represented by the cost tuple ¢ found by popping QUEUE. Let us consider
the case of a cost tuple t = (r : X — f(Xy,...,Xk),n : (n1,...,nk)), the pseudocode
addressing this case is given in Algorithm 5. The idea is to fetch all programs p; in
GENERATED|[INDEX2CO0ST[n;]] and to form the programs f(Py,...,Ps). The issue is here
that not all such programs are derived from the grammar: we additionally need to check
whether each p; was generated from X; so we can apply the rule r : X — f(X7,..., Xy).
This means that many programs are discarded at this step, and it may even happen that
no program is generated by a call to OUTPUT.

The original authors prove that BEE SEARCH is also loss optimal.



Algorithm 5 The generation part of BEE SEARCH

10:
11:

1:
2
3
4
5:
6.
7
8
9

function ouTpPUT():
(skip part of the code)
t=0r:X— f(X1,...,Xg),n:(ny,...,ng))

for py,..., Py in Hle GENERATED[INDEX2COST[n;]] do
if for all ¢ € {1,...,k}, p; is generated by X; then
P« f(P1,...,Pk)
add P to GENERATED|c]
yield p
end if
end for

end function

Algorithm 6 Bee Search: initialisation

1: GENERATED: mapping from costs to sets of programs

10:

INDEX2CO0ST: list of costs
QUEUE: priority queue of cost tuples ordered by costs

¢ < minimal cost of a program
add ¢ to INDEX2CoOST

for r : X — f(Xy,..., X}) derivation rule do
t < (r,(0,...,0))
k times
COST(t) «— coST(r) + k x ¢
add t to QUEUE with value COST(t)
end for




Algorithm 7 Bee Search: main loop
1: while True do

2: OutpruUT()

3: end while

4: function ouTpPUT():

5: t < POP(QUEUE) > generates all programs represented by ¢
6: ift=(r:X —a,0) then

7 ¢ < cosT(r) > computes COST(t)
8 if ¢ # INDEx2Co0sT[—1] then

9: add ¢ to INDEX2COST © the last generated program did not have cost ¢
10: GENERATED|c] < ()

11: end if

12: add a to GENERATED|(]

13: return a

14: elset=(r: X — f(X1,....,Xg),n: (ng,...,ng))

15: ¢ + cosT(r) + 31, INDEX2COST[n,] > computes COST(t)

16: if ¢ # INDEx2Co0sT[—1] then

17: add ¢ to INDEX2C0OST © the last generated program did not have cost ¢

18: GENERATED|c| < )

19: end if

20: for py,..., Py in Hle GENERATED[INDEX2COST[n;]] do > generates
programs

21: if for all i € {1,...,k}, p; is generated by X; then

22: P < f(Py,...,Pg)

23: add P to GENERATED|(]

24: yield p

25: end if

26: end for

27 for i from 1 to k£ do > updates the data structure

28: n <—n

29: n; —n; +1

30: if ¢ = (r,n’) not in QUEUE then

31: coST(t') + ¢+ INDEX2CO0ST[n;] — INDEX2COST[n,] > efficient
computation of cosT(t')

32: add t’ to QUEUE with value cosT(t')

33: end if

34: end for

35: end if

36: end function




Example 3.7 » Bee Search example

We consider the grammar and associated costs defined in Figure 3.3. The minimal
cost of a program is 1.1, so we set INDEX2C0ST = {1.1}. During initialisation, we
add the following cost tuples:

(Tlv ®)> (7“2, (Z))? (T3v (0))> (T47 (07 0))> (T57 (Z))a (r6> (Z))v (7”7, (Oa O))

At this point, the queue is as follows, with costs indicated below cost tuples:

QUEUE = {(r1,0), (15,0), (r2,0), (r¢, D), (73, (O)),\(m, (0, O)Z,ST7, (0, O)),}
e e

~\

1.1 1.8 2.0 3.3 5.5 7.5 7.5

Let us analyse the first calls to OuTPUT:
r1,0) and add H to GENERATED|1.1].

(r1,0)
(r5,0), add 1.8 to INDEX2COST and var to GENERATED[1.8].
(r9,0), add 2.0 to INDEX2COST and W to GENERATED[2.0].
(76, 0)

4. We pop (rg,0), add 3.3 to INDEX2COST and 1 to GENERATED|[3.3]. At this
point we have INDEX2CosT = {1.1, 1.8, 2.0, 3.3}.

5. We pop (rs, (0)), of cost cosT(rs) + INDEX2C0sT[0] = 4.4+ 1.1 = 5.5. We
try generating programs: GENERATED[INDEX2Co0ST[0]] = {H}. Since H is
not generated by I, the rule r3 does not apply, and the algorithm does not
generate programs at this step. We then update the data structure, adding
(r3, (1)) to QUEUE with cost 5.5 + 1.8 — 1.1 = 6.2. At this point, the queue
is as follows, with costs indicated below cost tuples:

—~

0,0))}

N /

QUEUE = {(r3, (1)), (14, (0,0)), (r,

6.2

ot

7.

ot

6. We pop (r3, (1)), of cost cOST(r3)+INDEX2COST[1] = 4.441.8 = 6.2. We try
generating programs: GENERATED[INDEX2COST[1]] = {var}. The program
var is generated by S, so the algorithm generates cast(var). We then update
the data structure, adding (r3, (2)) to QUEUE with cost 6.2+ 2.0 — 1.8 = 6.4.
At this point, the queue is as follows, with costs indicated below cost tuples:

QUEUE = {(r3, (2)),\(7@, (0, O))j, \(m, 0, 0))}}

—~

6.4 7.

ot
ot

Limitations of Bee Search

The main limitation of BEE SEARCH is that there may be calls to OUTPUT where the
algorithm does not generate any program, as in the fifth iteration in our example.

Implementation Details Line 30 was cleverly written another way by the original
authors as a way to generate exactly once each successor in the cost tuple space, with



the following condition: if n’[i] > 1: break which avoids any check and is sound.

Practically both the original authors implementation and our implementation must
round the costs in order not to have too many instances of cost tuples that do not
correspond to any program.

5 Eco Search

Eco SEARCH is the first no-delay best-first search algorithm and follows a similar struc-
ture as the two previous algorithms. We present the four key ideas behind ECO SEARCH:
cost tuple representation, per non-terminal data structure, frugal expansion, and buck-
eting. The full pseudocode is given in Algorithm 11.

Eco SEARCH makes use of the cost tuple representation introduced by BEE SEARCH
but combines it with the second key idea introduced by HEAP SEARCH: per non-terminal
data structure. Let us apply this philosophy and define the data structures for Eco
SEARCH. It maintains three objects for each non-terminal X:

m GENERATED: stores the set of programs generated from X so far, organised by
costs. Concretely, it is a mapping from costs to sets of programs: GENERATED x |[c|
is the set of generated programs of cost c.

m INDEX2CO0STy: a list of the costs of the generated programs from X. Let us write
INDEX2COSTx = [c1, ..., ¢, then ¢; < -++ < ¢, and GENERATED x|[¢;] is defined.

m QUEUEy: stores information about which programs to generate next. Concretely,
it is a priority queue of cost tuples ordered by costs, that we define now.

We naturally adapt the definition as follows. A cost tuple represents a set of programs:
(r,n) represents all programs generated by the rule r where the i*® argument is any
program in GENERATED x [INDEX2COST; [n]].

This makes the generation part in ECO SEARCH very efficient, solving the limitation
discussed above in BEE SEARCH. In Algorithm 8 we spell out part of the function
ouTPUT, which takes as input a non-terminal X and a natural number ¢ (and becomes
recursive). To formulate its specification let us write for a non-terminal X the set of costs
c1 < ¢ < c3 < ... of all programs generated from X, we say that ¢, is the f-smallest cost
for X. The output of oUTPUT(X, /) is the set of all programs generated from X with
(-smallest cost.

Algorithm 8 The generation part in ECO SEARCH

: function ouTPUT(X,¢):
(skip part of the code)
t=0r:X— f(X1,...,Xg),n:(n1,...,ng))
for py,..., P in [[_, ouTPUT(X;, n;) do
P+ f(P1,...,Pk)
add P to GENERATEDx (]
yield p
end for
end function




5.A Frugal expansion

We have presented the data structures of ECO SEARCH, the way it generates programs,
and the specification of its main function ouTPUT. We now focus on the update part
of ouTPUT. The third key idea is frugal expansion, which addresses the main issue
with HEAP SEARCH: the number of recursive calls to OUTPUT. Indeed, to maintain the
invariants on the data structures, we need to add cost tuples to the queue. As fleshed out
in Algorithm 9, for a tuple n : (n,...,ng) we consider the k tuples obtained by adding
1 to each index: n’ : (nq,...,n; +1,...,ny) for each ¢ € [1, k.

The issue is that this happens recursively as written in Algorithm 8, leading to many
recursive calls. Two things can happen for a call to ouTPUT(X, ¢):

m Either the result was already computed (if INDEX2C0STx[(] is defined) and its
answer is read off the data structure;

= Or it was not, and we perform some recursive calls as described in Algorithm 9.

The key property of frugal expansion is that when calling ouTPUT(X, ¢), for each non-
terminal Y, at most one recursive call ouTpPuT(Y, ) falls in the second case.

Algorithm 9 Update part in ECO SEARCH

1: function ouTpuT(X,¢):
2 (skip part of the code)
3 t=0r:X— f(X1,...,Xk),n: (n1,...,ng))
4 (skip generation part of the code)
5: for i from 1 to k do
6 n' +—n

7 n; —n;+1

8 if ¢ = (r,n’) not in QUEUEy then

9 if n; not in INDEX2COSTY, then

10: ¢’ < COST(PEEK(QUEUEY,))

11: INDEX2CO0STx;, [n)] + ¢

12: end if

13: add ' to QUEUEy with value cosT(t)
14: end if

15: end for
16: end function

At this point we have a simplified version of ECO SEARCH: as we will see in the
experiments, it already outperforms HEAP SEARCH and BEE SEARCH, but it does not
yet have constant delay. We will later refer to this algorithm as “EcO SEARCH without
bucketing”.

5.B Bucketing

To introduce our main innovation, we need to state and prove some theoretical properties
on the costs of programs induced by pre-generation cost functions. First some terminol-
ogy: let us fix a non-terminal X, and P, P’ two programs generated by X. Remember,
that P’ is a successor of P if cOST(P) < cOST(P’) and there does not exist P” generated
by X such that cosT(p) < cosT(P”) < cosT(P’). In other words, P’ has minimal cost
among programs of higher cost than P generated by X. Note that a program may have



many successors, but they all have the same costs. We write cosT-succ(p) for the cost
of any successor of p.
We first prove that successors in the cost tuple spaces are close in the cost space.

Lemma 3.8 » The difference in cost between successors is bounded

There exists a constant M > 0 such that, for any non-terminal X and for any
program P and its successor P/, both generated by X, we have cOST(P')—COST(P) <
M.

Proof. Let F be the set of all programs generated by some non-terminal, with the
following properties:

(*) Any non-terminal appears at most once along any path from the root to a leaf
in the derivation tree of the program,

(**) The programs in F have a successor.

First, observe that F is a finite set since there is a finite number of programs satisfying
property (*). Therefore we can define the constant

M = mag_({COST—SUCC(P) — cost(p)}.
14S

Consider any node n of the derivation tree of p for which the subprogram p,, rooted at
n is in the set F. It is always possible to find such a node n because P has a successor:
starting from the root, we can always choose a child which has at least one successor
until condition (*) is satisfied. Note that as long as condition (*) is not satisfied, there
is always a child with a successor because there is a duplicated non-terminal on some
path, ensuring that the process is sound.
We now show that the cost difference between P and its successor P’ can be bounded
by M. Since P,, belongs to F, there exists a successor subprogram ] of P,, such that
COST(P},) — COST(P,) < M.
The overall program P can be thought of as being composed of two parts: the part
above n and the subtree rooted at n. When P, is replaced by P/, we obtain a program
P” for which the cost is an upper bound on the cost of the successor P’ of P. Therefore,
we have:

cosT(p’) — cosT(P) < c€OST(P") — COST(P)
= CosT(P),) — COST(P,)
< M.

]

Note that it is trivial to see that M is tight by contradiction if it is not, there exists
m < M such that the lemma holds however M is defined as

M = mag;{COST—SUCC(P) — cosT(P)}.
pPe

therefore it must be m = M which is a contradiction therefore M is tight. Furthermore,
M depends on the starting nonterminal, this implies that there are different bounds for
different starting nonterminals, intuitively if S consumes nonterminal K then Mg > M.

A consequence of Lemma 3.8 is a similar bound, this time applying to the queue in
Eco SEARCH.



Lemma 3.9 » Cost tuples in Queuey have bounded cost

There exists a bound M > 0 such that in ECO SEARCH at a any given time, for
any non-terminal X, all programs P in the queue QUEUEy satisfy:

CcOST(P) — min cosT(P') < M.

P’€QUEUE x

7

Proof. We prove the property by induction. First observe that it holds at the beginning
of the algorithm. To see that it is maintained when a program P is popped from the
queue and its successors are added, we make two observations.

m by Lemma 3.8, the cost difference between the program and its successors is
bounded by M, and

m P has minimal cost in the queue.

]

Let us make a simplifying assumption: the cost function takes integer values, meaning
w: P — Nyg. Let us analyse the time complexity of ouTPUT(X, ). As discussed above
frugal expansion implies that for each non-terminal Y, at most one call to ouTpPuT(Y, )
yields to recursive calls. Hence the total number of recursive calls is bounded by the
number of non-terminals, and we are left with analysing the time complexity of a single
call. It is bounded by the time needed to pop and push a constant number (bounded
by the maximum arity in the CFG) of cost tuples from a queue. If the queues are
implemented as priority queues, the time complexity of these operations is O(log V),
where N is the number of elements in the queue.

However, thanks to Lemma 3.9, there are at most M possible costs in the queue at
any given time. Therefore, we can implement the queues as “bucket queues” (a classical
data structure, see for instance [Tho00]). Concretely, a bucket queue is an array of M
lists, each containing cost tuples with the same cost. We keep track of the index j of the
list that contains programs of minimal cost. To pop a cost tuple, we iterate over the 5
list. To push an element that has a cost k plus from the current minimal cost, we simply
add it to the list at index (j + k) mod M. If the list at index j is empty, we increment
j mod M until we find a non-empty list. The time complexity of popping and pushing
an element in this implementation is constant.

Theorem 3.10 » Constant Delay

Assuming integer costs, ECO SEARCH has constant delay: the amount of compute
between generating two programs is constant over time.

5.C Complete Algorithm
Algorithm 10 and Algorithm 11 fully describes the algorithm.



Algorithm 10 Eco Search: initialisation

1: compute MINPROG(X) and MINCOST(X) a program of minimal cost from X and
its cost, for each non-terminal X
for X non-terminal do
GENERATEDx: mapping from costs to sets of programs
INDEX2CO0STx: list of costs
QUEUEy: priority queue of cost tuples ordered by costs
end for

=t

for r: X — f(Xy,...,X}) derivation rule do
8: ¢ + cosT(r) + S5 MINCOST(X;) > computes the cost of the (implicit)
program f(MINPROG(X}),..., MINPROG(X}))
9: add (r, (0,...,0)) to QUEUEy with value ¢
10: end for




Algorithm 11 ECO SEARCH: main loop

1:

10:

11:
12:
13:

14:
15:
16:

17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:
36:
37:
38:
39:
40:
41:

(<0

while True do
OutruT(S, )
C+—0+1

end while

: function ouTpUT(X,/¢): > generates all programs from X with (-smallest cost

if INDEX2COSTx[/] is defined then > the result was already computed and can
be read off from the data structure
return GENERATED x [INDEX2COST x[/]]
end if
t < PEEK(QUEUEY) > returns the minimal cost tuple in QUEUEy without
popping it
¢ < COST(t) > COST(t) is stored together with the cost tuple ¢
if INDEx2COSTy is empty or ¢ # INDEX2COSTx[—1] then
add c to INDEX2C0STy > the last generated program from X did not have
cost ¢
GENERATED x[c] < ()
end if
while cosT(t) = c do > we iterate as long as we find cost tuples with cost ¢ in
QUEUEy
POP(QUEUEY)
ift=(r:X —a,0) then
add a to GENERATED x|[c]
yield a
elset=(r: X — f(Xq1,...,Xp),n: (ng,...,ng))
for py,..., Py in Hle OutpUT(X;, n;) do > generates programs
P <+ f(P1,...,Pk)
add P to GENERATED x|[c]
yield P
end for
for ¢ from 1 to k£ do > updates the data structure
n < n
n; <—mn; +1
if ¢ = (r,n') not in QUEUEy then
if n; not in INDEX2Co0STy, then
INDEX2COSTx, [nj] <= COST(PEEK(QUEUEY,))
end if
CcOST(t') < cosT(t) + INDEX2COST;, [n]] — INDEX2COSTX, 1]
add t’ to QUEUEy with value cosT(t)
end if
end for
end if
t < PEEK(QUEUEy)
end while
end function




Example 3.11 » Eco Search example

We consider the grammar and associated costs defined in Figure 3.3. Algo-
rithm 2 finds MINPrROG(S) = H,MINCosT(S) = 1.1 and MINPrROG(/) =
var, MINCOST(I) = 2.0. During initialisation, we add the following cost tuples:

(7’1, @), (T27 (Z))a (7“3, (O))7 (T47 (07 0))7 (T5a ®)> (Tﬁv (Z))a (7”7, (07 O))

At this point, the queues are as follows, with costs indicated below cost tuples:

QUEUES = {(7’1, (D)a (T27 (Z))a (7”3, (0))7 (T47 (O? 0))}

1.1 2.0 6.4 7.5

QUEUE; = {(r5,0), (r¢,0), (r7,(0,0))}
——— N N——
1.8 3.3 9.3
Let us analyse the first calls:

1. GENERATE(S,0): We pop (r1,0) from QUEUEg, add 1.1 to INDEX2COSTs,
and add H to GENERATEDg/0].

2. GENERATE(S,1): We pop (r2,0) from QUEUEg, add 2.0 to INDEX2COSTg,
and add W to GENERATEDg[1].

3. GENERATE(S,2): We pop (r3, (0)) from QUEUEg and add 6.4 to
INDEX2C0STg. Line 19 triggers a call to GENERATE(/,0). During this
call, we pop (r5,0) from QUEUE;, add 1.8 to INDEX2C0ST;, and add var
to GENERATED;[0]. After the call we have GENERATED;[0] = {var}. We
now generate programs: we add cast(var) to GENERATEDg/[2].

We then update the data structure. ~ We consider (r3,(1)).  Since
INDEX2Co0sT;[1] does not exist yet we compute it: it is cosT((rg,?)) = 3.3,
so we add (73, (1)) to QUEUEg with cost 6.4 + 3.3 — 1.8 = 7.5.

4. GENERATE(S,3): We pop (r4,(0,0)) from QUEUEg and add 7.5 to
INDEX2CO0STs. Line 19 triggers a call to GENERATE(S,0), already com-
puted: GENERATEDg[0] = {H}. We add concat(H, H) to GENERATEDg[3].
We then update the data structure. We consider (74, (1,0)) and (ry, (0,1)).
Here INDEX2C0sTg[1] already exists (iteration 2.). We add (r4, (1,0)) and
(r4,(0,1)) to QUEUEg both with cost 7.5 +2.0 — 1.1 = 8.4.

We do not yet exit the while loop (line 13): the next cost tuple in QUEUEg
has the same cost ¢ = 7.5, so we also pop (r3,(1)). Line 19 triggers a
call to GENERATE(I,1). During this call, we pop (r4,0) from QUEUE,,
add 3.3 to INDEx2Co0sT;, and add 1 to GENERATED;[1]. After the call
we have GENERATED;[1] = {1}. We now generate programs: we add
cast(1l) to GENERATEDg[3]. We then update the data structure. We con-
sider (rs,(2)). Since INDEX2C0ST/[2] does not exist yet we compute it:
it is cosT((r7,(0,0))) = 9.3, so we add (rs,(2)) to QUEUEg with cost
6.44+93-33=124.




Implementation Details We use the same trick as the BEE SEARCH implementation
details to generate each cost tuple exactly once.

In practice costs are rarely integers, therefore they need to be discretized. The dis-
cretisation depends on the case. In practice, we use for a nonterminal S, the tight bound
My for that nonterminal to know the size of the bucket queue needed, however it may be
very large: in the billions. Therefore we can use the bucket factor C' which implements
buckets of size C' as a tree structure to describe the Mg different buckets, this gives a
constant cost for pop and push of O(logC). In practice, we chose arbitrarily that if
Mg < 1000 we directly use Mg otherwise we use C' = 20 unless we specify the bucket
size. Better results could be obtained if we optimised there parameters of the algorithm.

6 Experiments

To investigate whether the theoretical properties of ECO SEARCH bear fruits we ask the
following questions:

Q1: Does ECO SEARCH improve the performance of enumerative approaches on program
synthesis tasks?

Q2: How does the performance of these algorithms scale with the complexity of the
grammar?

Datasets. We consider two classic domains: string manipulations and integer list ma-
nipulations. For string manipulations we use the same setting as in BEE SEARCH [AL23]:
FlashFill’s 205 tasks from SyGuS. The DSL has 3 non-terminals, one per type. For in-
teger list manipulation we use the DeepCoder [BGB™17] dataset comprised of 366 tasks.
The DSL has 2 non-terminals, again one per type. We set a timeout of one hour or more.

The cost functions used are the same for all algorithms, following [FLM™22]. Pre-
dictions are obtained with the help of a neural network outputting probability for each
derivation rule. The neural networks are trained on the same synthetic dataset (one for
each domain). All of the details are the same as in Chapter 2.

Implementation. All algorithms are re-implemented in Python. We will open-source
the implementation upon publication. The code contains the seeds used, the cost func-
tions and all other additional minor experimental details. All experiments were run on
a 16 GB RAM machine with an Intel Xeon(R) W-1270 CPU running at up to 3.40GHz,
running Ubuntu Jellyfish (no GPUs were used). They were run on at least five different
seeds and we report the mean performance along with the 95% confidence interval.

Algorithms. We compare ECO SEARCH against the two state of the art best-first
search algorithms: HEAP SEARCH and BEE SEARCH. Since they are all bottom-up
algorithms they all use observational equivalence (pruning programs with same outputs
on all input examples). None of them have hyperparameters except for the rounding off
procedure for costs. For BEE SEARCH we follow the original implementation and round
off cost values to 1072 in log space (since our cost function are probabilities). For Eco
SEARCH we need to discretize costs, as follows. We discretize probabilities in log space
up to 107°, meaning that in these experiments two probabilitites whose ratio is larger
than 1 but less than €!© " are the same and cannot be distinguished. By default we use



bucket size 20, but we also experiment with other values, and for comparison consider
also ECO SEARCH without bucketing and in all case if the constant M needed for exact
representation, that it no bucket splitting, is less than 1000 then we instead use that
constant, those parameters were not tuned, we chosed these constant as a naive tradeoff.

Does Eco Search improve the performance of enumerative ap-
proaches on program synthesis tasks?

We run all best-first search algorithms on our benchmarks. The timeout per task is
five minutes (300s). We plot the mean cumulative time used and the 95% confidence
interval with respect to the number of tasks completed successfully on Figure 3.8 for
string manipulations and Figure 3.9 for integer list manipulations.

70000 4 —— Bee search
—— Eco search
60000 - —— Eco search w/o buckets
Heap search

50000 - P
o .
= 40000 -
W
=
= 30000 4

20000 +

10000 +

0 20 40 60 80
Tasks completed

Figure 3.8: Main results: cumulative time for completing tasks for String manipulations
from SyGuS using FlashFill’s DSL

First, for string manipulation, we observe that HEAP SEARCH is far outperformed
by other algorithms with ECO SEARCH achieving the same score in 14% of the time
it took HEAP SEARCH. This is why we did not include HEAP SEARCH in integer list
manipulation because it times out on most tasks.

Second, ECO SEARCH without buckets outperfoms BEE SEARCH. The increase in
performance is small on string manipulation with a bit less than 10 more tasks solved
but larger on integer list manipulation as it solves more than 20 more tasks compared to
BEE SEARCH. To explain why the gap in performance is different in the two domains,
we will see in the next experiment that BEE SEARCH scales poorly with the number of
non-terminals in the DSL, which is larger for string manipulation.

Finally, ECO SEARCH outperforms all other algorithms by a large margin, solving
13 more tasks on integer list manipulations and 20 more tasks than its variant without
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Figure 3.9: Main results: cumulative time for completing tasks for Integer List Manipu-
lation using DeepCoder’s DSL

bucketing. Comparing to BEE SEARCH, it reaches the same number of tasks solved in
slightly more than half the time for string manipulation and 78% of the time for integer
list manipulation, while solving at least 20 new tasks compared to BEE SEARCH on both
datasets.

Summary

Eco SEARcCH outperfoms all other algorithms including its variant without
bucketing, reaching the same number of tasks solved in 66% of the time and
solving 30% more tasks in total.

How does the performances of these algorithms scale with the
complexity of the grammar?

The goal of these experiments is to understand how well our algorithms perform on
more complicated grammars. However there is no agreed upon definition of “grammar
complexity” as different measures of complexity can be used. A bad proxy for grammar
complexity is the number of programs it generates: it is in most cases infinite, and as
a function of depth it grows extremely fast hence cannot be accurately compared. We
identify three parameters:

m The number of derivation rules;

m The number of non-terminals;
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Figure 3.10: Scaling against the three parameters: throughput and scaling laws.




m The maximal distance from a non-terminal to the start non-terminal, meaning the
number of derivation rules required to reach the non-terminal.

In our experiments we measure the performance of our algorithms for pure enumeration:
the programs are not evaluated on input examples, enumeration continues for a fixed
amount of time. For each parameter, we created parametric grammars:

m The grammar Dy has 3k derivation rules. It uses a single non-terminal S. The
primitives are: k primitives f; of arity 2, k primitives g; of arity 1, and k£ constants
h; (arity 0). The derivation rules are, for each i € [1, k]:

S— fi(S,8) ;3 S—=aq(S) ; S—h

m The grammar N, has k non-terminals, called S, ..., Sk, with Sy initial. The prim-
itives are: 2k primitives f;, g; of arity 1 and k constants h; (arity 0). The derivation
rules are, for each i € [1,k]:

S1 — fz(Sz) ;S — gi(Sl) ;o Si—= Ny

m The grammar R has k non-terminals, called Sy, ..., Sk, with S initial. The prim-
itives are: k primitives f; of arity 3, k primitives g; of arity 2, k primitives h; of
arity 1, and k constants k; (arity 0). The derivation rules are, for each i € [1, k|:

Si — fi(SithivSiJrl) ; Si — gi<Sl>Si)

For each of the three parameters, we consider two scenarios:

1. Throughput: For a fixed grammar, how many programs are enumerated as a func-
tion of time.

2. Scaling law: For a range of values of the parameter, how long does it take to
enumerate one million programs.

We plot the results for the three parameters and both scenarios on Figure 3.10.

First, we look at the evolution with the number of derivation rules. ECO SEARCH
and BEE SEARCH perform equally well, almost irrespective of the bucket size. However,
removing bucketing makes ECO SEARCH much slower. When we look at the scaling law,
the same result is observed, and more generally it seems there is little to no influence of
the number of derivation rules.

Second, looking at the number of non-terminals, for the throughput scenario the
results are the same as for the main experiments: HEAP SEARCH < BEE SEARCH <
Eco SEARCH without bucketing < ECO SEARCH. On the scaling law, we however
observe that BEE SEARCH is outperformed by HEAP SEARCH for grammars with more
than 15 non-terminals. The same growth is observed for all variants of ECO SEARCH
albeit at a slower pace. This suggests that BEE SEARCH scales badly with the number of
non-terminals: increasing the number of non-terminals 4x, BEE SEARCH takes 3x more
time, while ECO SEARCH takes only 2x more time.

Finally, looking at the distance to the starting non-terminal. BEE SEARCH is missing
since we failed to enumerate 10K programs within the timeout, even for R4. Simiarly,
HEAP SEARCH was not plotted for larger parameters because it failed to enumerate 1M
programs. For the throughput, except for the disappearance of BEE SEARCH the results
are as expected. For the scaling law, we observe that the distance has a significant impact:
Eco SEARCH takes 6x more time for Ry, compared to Ry.



Summary

Eco SEARCH scales better than alternatives in terms of number of non-
terminals and distance to starting non-terminal, and equally well as BEE
SEARCH for the number of derivation rules. Also, ECO SEARCH is relatively
robust to the choice of bucket size.

7 Related Work

Combinatorial search for program synthesis has been an active area [ASFS18|, and a
powerful tool in combination with neural approaches [CEP*21]. In particular, cost-
guided combinatorial search provides a natural way of combining statistical or neural
predictions with search [MTG"13, BGB*17].

By exploring the space in the exact order induced by the cost function, best-first
search algorithms form a natural family of algorithms. The first best-first search al-
gorithm constructed in the context of cost-guided combinatorial search was an A* algo-
rithm [LHAN18]. ECO SEARCH can be thought of as the unification of HEAP SEARCH [FLM*22]
and BEE SEARCH [AL23], both best-first search bottom-up algorithms. Best-first search
algorithms were also developed for Inductive Logic Programming [CD20].

Many recent works targeting cost-guided combinatorial search introduce a trade-off:
enumerating faster by deviating from the cost function. The first algorithm in this di-
rection is the Threshold algorithm [MTGT13], and the second the Sort & Add algo-
rithm [BGBT17], both are improved variants of a simple depth-first search approach.

Importantly, ECO SEARCH follows the bottom-up paradigm, where larger programs
are obtained by composing smaller ones [URD*13]. Bottom-up algorithms have been suc-
cessfully combined with machine learning approaches, for instance the PC-Coder [ZW1§],
Probe [BPP20], TF-Coder [SBS22b], and DreamCoder [EWN*21]. In these works, ma-
chine learning is used to improve combinatorial search, while BusTLE [OSB*21] and
Execution-Guided Synthesis [CLS18] use neural models to guide the search process itself.
Alternatively, CROSSBEAM [SDES22] and LambdaBeam [SDL*24] leverage Reinforce-
ment Learning for this purpose.

Interestingly, LambdaBeam can solve many tasks that LLMs cannot solve thanks
to its ability to perform high-level reasoning and composition of programs. Together
with recent approaches using LLMs for guiding combinatorial search [LPP24,LE24]|, this
motivates developing better and better algorithms for cost-guided combinatorial search.

8 Futures

With EcO SEARCH we have finished the theoretical development of enumeration algo-
rithm for cost grammars, it is not possible to do better than no-delay. However, it is
still possible to improve the performance of enumeration algorithms. Our experiments
reveal an important gap: combinatorial search algorithms suffer large drops in perfor-
mance when increasing the complexity of the grammar. In many cases the grammar
remains small and this limitation is not drastic. However, recent applications of program
synthesis use large or even very large grammars, for instance [Hod24| constructs a very
large DSL towards solving the Abstraction Reasoning Corpus [Chol9]. We leave as an
open question to construct best-first search algorithms that can operate on such large
DSLs.



Another direction for future work is memory. Currently, ECO SEARCH and its prede-
cessors need to remember all previously enumerated programs. For example, on a 11th
generation i7 running ECO SEARCH on the grammars used in the scaling law experi-
ments, 2 minutes suffice to fill 16GB of memory. For program synthesis, the evaluation
of programs takes most of time which in most tasks makes the problem less crucial, but
that is not the case for all tasks and eventually memory becomes an issue on all tasks
with large enough timeouts. This memory issue also appears with the bottom-up eval-
uation which needs to remember previously evaluated programs. My conjecture is that
these enumerations algorithms can be adapted to use a fixed amount of memory in the
sense that they need to remember a fixed number of programs, but the programs could
be arbitrarily large. Perhaps this could also be used for bottom-up evaluation. The end
goal being constant delay and constant number of programs but we have doubt that it
is possible for generic PCFGs. A large issue is the size of the frontier of possibly next-
to-be-generated programs which grows indefinitely and that we would have to limit. We
believe this could be achieved for more structured PCFGs.

Finally, all these algorithms are nor parallelised, it is not trivial to parallelise them,
and if they could be the improvements would be great. Of great interest is to parallelise
the evaluation since this is most likely the bottleneck but at some point, enumeration will
come back to being the bottleneck. So how can we use multiple processors to parallelise
these approaches?



Chapter 4

Parallel Search

TL;DR 4

The future of computing is a parallel one. However, as described previously enumer-
ative algorithms are complex and rely on advanced data structures. An alternative
are sampling algorithms, they boast an impressive property: they are memoryless
making them the perfect fit for parallel search. We introduce SQRT SAMPLING a
sampling algorithm that is optimal in the best first search sense defined last chapter.
Despite this facility to parallelise it is not a very effective search approach in prac-
tice. Another direction we propose is splitting the grammar into sub grammars and
enumerating them independently. Splitting the grammar enables speeding up the
search proportionally to the number of processors used. We describe an algorithm
that works on finite grammars describing a finite number of programs.

First, in Section 1 we explore the space of sampling algorithms which have natural
advantages in a parallel context. Then in Section 2 we tackle the idea of splitting the
grammar to divide the search space into multiple subspaces making the parallelisation
easy. This section is an extract of our work [FLM™'22].

Our contributions:

B SQRT SAMPLING the optimal best-first search algorithm among sampling algo-
rithm.

m The grammar splitter an algorithm that enables splitting a grammar into sub gram-
mars as way to easily parallelize the search independently of the algorithm used.

Note In this chapter we will only consider probabilistic grammars but cost grammars
can be transformed into probabilistic grammar.

1 Sampling

A sampling algorithm takes random samples from a distribution D’; what is both a
strength and a weakness is that a sampling algorithm is memoryless: a weakness because
the algorithm does not remember the previous draws, which means that it may draw
them again, but also a strength because it uses very little space and can be very easily
implemented.
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In the case of sampling algorithms, we identify algorithms with distributions. The
following theorem shows a dichotomy: either there exists a loss optimal sampling algo-
rithm among sampling algorithms, and then it is characterised as the ‘square root’ of the
distribution, or all sampling algorithms have infinite loss.

Theorem 4.1 » Loss Optimal Sampling

Let D a distribution over a set X. If 3" _ . \/D(z) < oo, the distribution vD
defined by

JD(z) = VP&
( ) ZyEX \/D(y)

is loss optimal among all sampling algorithms. If Y° . \/D(xz) = oo, for all
sampling algorithms D’ we have (D', D) = oc.

Proof. Let D' be a distribution. For an element z, the expectation of the number of
tries for D’ to draw x is ﬁ: this is the expectation of success for the geometric

distribution with parameter D’(x). It follows that

(D',D) =E,p [ﬁ} =Y g((g;))

zeX

Let us assume that ) _. +/D(x) < oo. Thanks to Cauchy-Schwarz inequality we

have:
(Teex VD) = (Toex /28 VD))

D(x
S (szX D/((:t:))) ’ (Z D/(x)>
zeX
—_———
D(a) -
= ZxEX D' (z)*

2
We note that (v/D, D) = (erx \/D(CC)) , so the previous inequality reads (D', D) >

(vVD, D). Thus VD is loss optimal among sampling algorithms, and if it is not defined,
then for any D’ we have (D', D) = oo. O

Theorem 4.1 characterises the loss optimal sampling algorithm, but does not explain
how to implement it. The following result answers that question.

Theorem 4.2 » Effective Construction of the Square Root Distribution

If D is defined by a PCFG and v/D is well defined, then we can effectively construct
a PCFG defining v'D.

The PCFG for v/D is obtained from the PCFG for D by taking the square root of
each transition probability, and then globally renormalising.

1.A Implementation details

The construction follows two steps: first construct a weighted CFG that recognises vD
and then normalise it into a PCFG using [Chi99]. The normalisation requires computing



the partition function Z defined by

Z(S) = > D(P).

P generated from S

In general the partition function can be computed by solving a system of polynomial
equations. This is easier in our case since we restrict ourselves to acyclic PCFGs. We did
not implement the general case.

Our implementation of SQRT SAMPLING uses the Alias method [Wal77|, which is
an efficient data structure for sampling from a categorical distribution. We associate to
each non-terminal an Alias table, reducing the task of sampling a derivation rule with n
choices to sampling uniformly in [1,n] and in [0, 1]. Furthermore, we have optimised the
implementation using Cython.

1.B Experiments

This section takes the same experiment as the one described in Section 3, however we focus
solely on SQRT here, as such we do not duplicate the figures. We report results on DSLs
from DeepCoder [BGB™17] and DreamCoder [EWNT21]. Both target the classic program
synthesis challenge of integer list processing programs, but with different properties.
DeepCoder’s DSL is larger and more specialized, with around 40 high-level primitives,
and does not use polymorphic types, while DreamCoder’s is smaller and more generic,
with basic functional programming primitives such as map, fold, unfold, car, cons, and
cdr, etc., for a total of around 20 primitives. Both DSLs are compiled into finite depth
CFGs with minimal syntactic constraints generating programs of depth up to 6.
The search algorithms under consideration are:

m THRESHOLD from [MTG"13]: iterative-deepening-search, where the threshold that
is iteratively deepened is a bound on program description length (i.e. negative log
probability),

m SORT AND ADD from [BGBT17]: an inner loop of depth-first-search, with an outer
loop that sorts productions by probability and runs depth-first-search with the top
k productions for increasing values of k,

m A* from [FMBDI8|: best-first-search on the graph of (log probabilities of) tree
derivations,

m BEAM SEARCH from [ZRFT18]: breadth-first-search with bounded width that is
iteratively increased.

As well as our new algorithms: HEAP SEARCH (from Chapter 3) and SQRT SAMPLING.
All algorithms have been reimplemented and optimised in the codebase to provide a
fair and uniform comparison.

Random PCFGs

In this first set of experiments we run all search algorithms on random PCFGs until a
timeout, and compare the number of programs they output and the cumulative proba-
bility of all programs output.



To obtain random PCFGs from the CFGs we sample a probabilistic labeling with an
exponential decrease (this is justified by the fact that machine-learned PCFGs feature
exponential decrease in transition probabilities). In this experiment the initialization cost
of each algorithm is ignored. The results presented here are averaged over 50 samples
of random PCFGs, the solid lines represent the average and a lighter color indicates the
standard deviation.

Figure 3.4 shows the results for all algorithms in a non-parallel implementation. On
the lhs we see that HEAP SEARCH (almost always) has the highest cumulative probability
against both time and number of distinct programs. Note that since A* and HEAP
SEARCH enumerate the same programs in the same order they produce the same curve
in the right hand side of Figure 3.4 so we did not include A*.

The results show that SQRT is clearly not the bets algorithm but despite being the
only sampling algorithm there its performance seems relatively close to that of HEAP
SEARCH.

Machine-learned PCFGs

In this second set of experiments we consider the benchmark suites of hand-picked prob-
lems and sets of I/O. We extracted 218 problems from DreamCoder’s dataset [EWN™21].

We train a neural network to make predictions from a set of I/O. Our neural network
is composed of a one layer GRU [CvMG™14] and a 3-layer MLP with sigmoid activa-
tion functions, and trained on synthetic data generated from the DSL. The details of
the architecture and the training can be found in Chapter 2 Section 2.A. Our network
architecture induces some restrictions, for instance the types of the programs must be
int list -> int list; we removed tasks that did not fit our restrictions and obtained
a filtered dataset of 137 tasks. For each task we run every search algorithm on the PCFG
induced by the neural predictions with a timeout of 100s and a maximum of 1M pro-
grams. Unlike in the previous experiments the initialization costs of algorithms are not
ignored.

Figure 4.1 shows the number of tasks solved within a time budget. HEAP SEARCH
solves the largest number of tasks for any time budget, and in particular 97 tasks out of
137 before timeout. The comparison between THRESHOLD and A* is insightful: A* solves
a bit more tasks than THRESHOLD (85 vs 83) but in twice the time. SQRT SAMPLING
performs just a bit worse than A* despite being a sampling algorithm, however it is still
far from other algorithms.

Table 4.1 shows for each algorithm how many programs were generated per second. It
is interesting to compare the rates of SQRT SAMPLING and A*: although SQRT Sam-
PLING generates over two times more programs, their overall performances are similar.
This can be explained in two ways: SQRT SAMPLING may sample the same programs
many times, while A* enumerates each program once and starts with the most promising
ones according to the predictions.

1.C Futures

The comparison of SQRT was done with HEAP SEARCH since then enumerative algo-
rithm have been made a lot faster putting SQRT out of the picture. Despite the advan-
tage of SQRT being easily parallelisable, this is not sufficient for large grammars, indeed
a large issue it also that it is memoryless and sample often programs already enumerated.
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Figure 4.1: Comparing all search algorithms on the DreamCoder reduced dataset with
machine-learned PCFGs

We tried combining it with unique randomizer [SBS20b] in order to not enumerate twice
the same program but we failed to make it better than the base SQRT algorithm. Future
directions, include speeding-up the sampling to catch up with enumerative approach and
finding a way to avoid sampling similar programs too many times.

2 Grammar Splitting

As explained previously, program synthesis is equivalent to combinatorial search which
bottlenecks on compute, this is why harnessing parallel compute environments is the
key. Accordingly, we have taken care to design and evaluate extensions of our algorithms

Table 4.1: Number of programs generated

Algorithm

Number of programs generated

HEAP SEARCH
THRESHOLD
DFS

SQRT SAMPLING

A*

38735 prog/s
25381 prog/s
20281 prog/s
14020 prog/s
6071 prog/s
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Figure 4.2: The grammar splitter: a balanced partition with quality a = 2—35 =1.2.

which can metabolize these compute resources through multiprocessing.

We introduce a new algorithm called the grammar splitter, which partitions a finite
PCFG into a balanced family of £ sub-PCFGs. We say that a PCFG is finite when
it contains a finite number of programs. FEach of the k& sub-PCFG can be searched
independently making it perfect for a parallel approach. In fact, the scaling is thus
linear with number of sub-PCFG assuming we have a computing unit per sub-PCFG.
Furthermore, this approach works with any search algorithm at no additional cost but
a preprocessing step. The output of the grammar splitter is illustrated in Figure 4.2:
the white PCFG is split into 4 sub-PCFGs. The nodes represent nonterminals and the
numbers on the edges represent the probabilities of the derivation rules.

There are two key properties:

m non redundancy: the space of programs is partitioned into k£ subspaces. This implies
that the different processors do not carry out redundant work and that all programs
are generated,

m balance: the k program subspaces are balanced, meaning that their mass probabil-
ities are (approximately) equal. This implies that all processors contribute equally
to the search effort.

A split is a collection of partial programs, for instance map (* 2) HOLE and fold
+ HOLE HOLE, it induces a PCFG. A set of k£ incomparable splits yields a partition of
the PCFG. Let us write « for the quality of a partition, defined as the ratio between the
maximum and the minimum probability mass of a split. We are looking for a balanced
partition, 7.e. one for which the quality « is close to 1.

Our algorithm finds a balanced partition through a hill climbing process: at each
point the algorithm either looks for an improving swap or a refinement. In the first case,
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Figure 4.3: Simplified overview of the grammar splitter algorithm

the action of an improving swap is to transfer a partial program from one split to another,
and its goal is to lower the quality coefficient. In the second case, we consider the partial
program with maximal probability in a split and refine it: for example map (* 2) HOLE
could be replaced by map (* 2) var0 and map (* 2) (filter HOLE HOLE) enabling us
to make more precise adjustments to the splits.

The pseudocode of the grammar splitter is given in Algorithm 12 using two procedures:
split and find improving swap. The split procedure describes at a high level how our
grammar splitter works. The find improving swap procedure is here to provide a clear
method of finding an improving swap or refinement. The pseudocode is quite extensive
so Figure 4.3 gives a high level overview of the loop in the algorithm.

Algorithm 12 Grammar splitter

procedure SPLIT(G: PCFG, nsplits: number of splits, qgesirea: target quality)

Create an initial splitting SPLITS
maxsgespurs probability mass(sG)

Q< — —

.. minggespums probability mass(sG)

while a > agesireq dO

1:
2
3
4
5: if an improving swap exists then
6
7
8
9

Update SPLITS with the improving swap

max,Gespurs probability mass(sGQ)

Q<= minggespuirs probability mass(sG)
else
: Find the partial program with largest probability P
10: Replace P in its split with its children
11: end if
12: end while
13: return SPLITS

14: end procedure




Algorithm 13 Grammar splitter: find improving swap

procedure FIND IMPROVING SWAP(G: PCFG, SPLITS)

o maxsgespuirs Probability mass(sG)

minggesprirs probability mass(sG)
af — « > best improving swap «

s < None > best improving swap
L + ARGMAXgespurs probability mass(sG)
Sort SPLITS by increasing probability mass
for all sG € SpriTs \ {L} do
for all P" € L do
for all P € G do
f < Compute new « with SWAP(L, sG, P, P’)
if f < a* then
o+ 3
s < SWAP(L, sG, P, P')
end if
end for
f < Compute new « with GIFT(L, sG, P’)
if § < a* then
o+ [
s < GIFT(L, sG, P’)
end if
end for
end for
[ +— ARGMINgesprrs Probability mass(sG)
Sort SPLITS by decreasing probability mass
for all sG € SpriTs \ {L,[} do
for all P € sG do
for all P €1 do
f « Compute new « with Swapr(l, sG, P, P’)
if § < a* then
af
s < Swap(l, sG, P, P')
end if
end for
S + Compute new o with GIFT(sG, [, P)
if § < a* then
o« f3
s < GIFT(sG, [, P)
end if
end for
end for
return s
end procedure
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Figure 4.4: Number of programs enumerated with respect to time sued in a log-log scale

2.A Experiment

In our experiment, we initialized the splitting as follows: we split the node with highest
probability until the total number of nodes is greater than the number of splits required,
then assign one node to each split, and the remaining nodes to the last split. We also
limited the search of an improving swap or refinement to the most probable split and
the least probable split unlike in the find improving swap procedure where all splits are
considered. Finally, in all of our experiments agesireq = 1.05.

We take five random PCFGs and measure the speed-ups obtained with the grammar
splitter. We do not report on running SQRT SAMPLING in parallel which would simply
sample using the same PCFG on multiple CPUs. Indeed this naive approach performs
poorly in comparison, since thanks to the grammar splitter two CPUs cannot generate
the same program. We report the results on Figure 4.4 and observe the linear speed-up
obtained is the same as the one claimed. The results are shown in Figure 6, where we
count programs with repetitions. We see that for SQRT SAMPLING the scale-up is linear,
and it is mostly linear for HEAP SEARCH with an acceleration from the 0.2s mark. This
acceleration can be explained in two ways: first, each sub-PCFG is shallower since it is
split thus it is faster to enumerate program from it, second, once all the successors have
been computed HEAP SEARCH is a simple lookup table. At the end of the experiment,
SQRT SAMPLING has generated 2.8 times more programs with 6 CPUs than with 2
CPUs, whereas HEAP SEARCH has generated 7.6 times more programs with 6 CPUs
than with 2 CPUs.



2.B Futures

The main issue with this approach is that this does not apply to grammars which are not
finite. Indeed, in these grammars, you can loop to the same nonterminal, which is the
source of the infinite number of programs. Perhaps there are reasonable adaptions that
sacrifice part of the speed-up but still enable to parallelise part of the process. Inspirations
from work on regular languages [AM23] in which they split regular languages into disjoint
languages is a good start point. This is an interesting direction of future work.



Chapter 5

Runtime Filtering

TL;DR 5

Most grammars contain semantically redundant but syntactically different pro-
grams, while these programs are eliminated thanks to observational equivalence
techniques. These programs are enumerated and evaluated for each task whereas
most of these redundancies are due to properties of the DSL not of the task. We
propose checking semantic equivalences of the programs of a DSL, this enables us
to build a tree automaton that will be able to filter these programs. We introduce
a process to generate automatically these equivalent programs and then compile
them into a tree automaton. Finally, this tree automaton is transformed into an
unambiguous CFG which is enumerated. This leads us to propose a pre-processing
step for a grammar, that can be done once and for all, that enables at runtime to
speed up the search by only enumerating non redundant programs without evalu-
ating them.

Facing an application domain, the first task in designing a program synthesis approach
is to define a programming language. In most cases, a domain specific language (DSL)
is preferable over a generic one such as Python or C. Indeed, by further specifying what
constructs can be used, we make the program synthesis problem easier: the space of
programs is smaller, hence more manageable. This observation led some years ago to
the celebrated notions of program sketching [Sol08,Sol13] and templates [SGF13], which
revolutionised modern program synthesis: the idea is to restrict the program by specifying
its syntactic structure and leaving holes to be filled. This is task specific: each task
requires writing a dedicated sketch or template. The goal of this paper is to push this
idea further: runtime filtering works at the DSL level in order to reduce the space of all
programs. This work will be submitted soon.

Our contributions:

= A method to automatically generate equations between syntactically different but
semantically equivalent program from a DSL. It relies on techniques and insights
from rewriting theory.

m A method that compiles equations of a DSL to filter syntactically redundant pro-
grams at runtime in constant time. It is rooted in regular tree languages and tree
automata models.
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List of primitives type request:
int - int

Compilation )

Usual (Python-style) syntax

if Even(varQ):
Halve(var0)

else:
Halve(Add varO 1)

Equivalent AST representation

Figure 5.1: A simple grammar for representing a DSL. In this simplified example, the
two non-terminals of the grammar are the atomic types ‘int” and ‘bool’.

m Combining both methods enables us to have a pre-processing algorithm that can
prune a large part of observational equivalent programs without the need for eval-
uation

m We perform an experimental evaluation. The first part of the experiments focus on
the gain of runtime filtering in isolation and the second integrates these methods
in a program synthesis pipeline evaluated in two application domains.

To define a DSL the user specifies a set of primitives to be used. We refer to Figure 5.1
for an illustration: there are 10 primitives (4 are constants) for manipulating integers
and boolean values, spelled out on the left hand side. Let us further specify that we
are interested in programs of type int — int; to represent all such programs the long-
adopted approach is to use a context-free grammar (CFG), on the right hand side. An
example program is given in the bottom of the figure, on the left in a standard syntax,
and on the right as a tree generated by the grammar (called Abstract Syntax Tree, AST).
We call compilation the process of constructing the grammar representing all programs.
Although rather transparent on the example above because the grammar only verifies
that programs type correctly, it can become much more involved as we will see.

Runtime filtering.

As illustrated above, the first property ensured by the grammar is that it only generates
well-typed programs. However, the grammar also generates a lot of useless or redundant
programs. Let us illustrate this with some examples, where we use P,Q,R to represent
generic programs:



1. The program 0+1 is useless: it does not use the input variable Var0;
2. The program Double (Halve(P)) is redundant: it is equivalent to P;

3. The programs Add (Add(P,Q) ,R) and Add(P, Add(Q,R)) are equivalent, so one of
them could be disposed of;

4. The programs Add(P,Q) and Add(Q,P) are equivalent.

The starting point of this work is the (experimental) observation that the redundancy in
the space of programs significantly slows down program synthesis tools. This observation
was made in several places in the program synthesis literature, see e.g. [BHD'18, CLS19,
SA19] and the related works section. To address this, let us define runtime filtering as
the task of improving a DSL by reducing as much as possible the number of useless and
redundant programs. Runtime filtering is meant as a preprocessing step, to be performed
once for each DSL. Our goal in this paper is to define methods for runtime filtering and
evaluate them experimentally.

Rules. We illustrate our rules-based approach on the examples above.

1. Requiring that the input variable Var0 must be used at least once rules out the
program 0+1;

2. Forbidding the pattern Double (Halve) rules out Double (Halve(P));

3. Forbidding the pattern Add(_,Add) rules out programs associating addition to the
right;

4. Choosing between Add(P,Q) and Add(Q,P) would imply ordering all programs,
which context-free grammars cannot do. As we will see, our techniques cannot
handle this redundancy.

In this paper, we consider two scenarios for specifying rules: either they are input by a
user together with the set of primitives, or they are automatically generated. We will
make use of the notions of CFG in this work, we invite the reader to freshen up on that
if there is an issue in comprehension.

1 A Motivating Example

Let us consider a DSL consisting of Boolean formulas. The primitives are the binary
operators And, Or and the unary Not, and the Boolean variables are Var0,Varl. Let us
fix bool — bool as type request, then the class of programs of this type is generated by
the following grammar with a single non-terminal bool:

bool = And(bool, bool) | 0r(bool, bool) | Not(bool) | Var0 | Varl

This grammar generates a lot of redundant programs: one of many examples is And(Var0, Var0),
which is equivalent to Var0. As a first step towards simplifying this grammar, we would
like to enforce that all formulas are in Conjunctive Normal Form (CNF). It would not be



too hard to directly write a CFG generating such formulas, but our approach is instead
to write rules:

G—(0rAnd ) ; G-(0r _And) ; G—(Not { And,Or })

The first two rules specify that (globally, meaning anywhere in the program) And cannot
be an argument of Or and the third one that And and Or cannot be arguments of Not. The
output of a compilation algorithm using these two rules could be the following grammar,
which generates formulas in CNF.

bool; = And(bool;, booly) | 0r(booly, booly) | Not(bools) | Var0 | Varl
booly, = 0r(booly, booly) | Not(bool;) | Var0 | Varl
bool; = Not(bools) | Var0 | Var1

There are still a lot of equivalent programs generated by this grammar. One could
consider the following rule further reducing symmetries:

G—(And And )

It specifies that (globally) the first argument of And cannot be And, in other words
that And is associated to the right: the formula And(And(yi,¢2),¢s) is replaced by
And (1, And (w9, 3)). Many other properties can be ensured, for instance that Or as-
sociates to the right, that Not is not composed twice, and so on.

The first point of this example is to show that simple rules can significantly reduce
the number of redundant programs found in a DSL. Although one could directly write a
CFG ensuring some simple properties such as CNF and associativity of And to the right,
it becomes very quickly tedious from a user’s perspective, especially when combining
many properties on large CFGs. Instead, we believe that it is relatively easy to write
rules. Our compilation algorithm (see Section 4) constructs a minimal CFG from the set
of primitives and the set of rules. Better still: some rules can be automatically generated,
as we will do in Section 3.

This example also illustrates that rules can be of two different types. The first set of
rules aim at enforcing a normal form (here CNF), which is a design choice of the user.
The last rule is derived from an equation: And(And(y1,¢2),¢3) = And(e1, And(ps, ©3)),
which holds for all formulas. We will automate the generation of the second type of rules.

2 Syntax

The syntax we propose is conceptually similar to sketches [Sol08,So0l13] and templates [SGF13],
with some differences that we discuss below. Let us write I' for the set of primitives and
variables. Rules are manipulating sets of primitives:

NSet = {fi,...,fx} | _

where f1,..., fr are from I' and _ represents any symbol. As a shorthand we write f
instead of {f}. Rules are defined using the following grammar:

Rules = (NSet Rules;...Rules;)
| G Rules
| —Rules
| #[Rules|>
| #[Rules| <y



where k£ and N are constant integers. For the special case where £ = 0 we remove the
parenthesis: {f, g} instead of ({f, g}).

Let us give intuitive definitions first. The rule (f {g,h} _) specifies that the program
starts with f and that the first argument of that particular f is g or h, not constraining
the second argument. Adding G makes the rule global: the rule G—(f {g,h} ) specifies
that for each occurrence of f, its first argument cannot be g nor h. The rule #[Var0|>;
specifies that Var0O appears at least once. The rule #| ]<1o says that the whole program
has size at most 10.

Formally, the semantics of a rule R is a set of programs [R], defined inductively. For
a program P, we write P’ C P if P’ is a subprogram of P.

Forarule R=FR,...Ry:
[[R]]:{P:f(Pl,,Pk.)fEFandPZEﬂRZ]]}
For a rule R = —R':
[R] ={P: P ¢[R]}
For arule R=G R :
[R] ={P:VP'C PP €[R]}.
For a rule R = #[R']>y,
[R]={P:|{P"C P:P e[R]} <N}
For a rule R = #[R'|<n,
[R]={P:{PPC P: P e€[R]} >N}

The design of our syntax was guided by simplicity; although expressive enough for
most use cases, it could be extended. As a counterexample: the (arguably not very
useful) rule that some primitive f appears an even number of time cannot be written in
our syntax. To put this remark in a wider perspective: as we will show in Section 4, all
rules defined in our syntax induce regular tree languages, but conversely some regular
tree languages cannot be defined in our syntax. For completeness, in our implementation
we also allow the user to input rules directly as CFGs, so that rules can express all regular
tree languages.

Let us compare our syntax to sketches and templates. They all follow the same
principles: a partial program is specified, and the holes can be filled by programs drawn
from a given regular expression. In sketches, the regular expressions are limited: they
only use concatenation, choice, and optional, but no Kleene star nor counting. Our syntax
has a higher expressivity thanks to the global semantics and counting capabilities, and
the natural interleaving between global and local rules. However, let us emphasise that
the main difference between our work and program sketching and templates is not in the
exact syntax, but rather in their applications: sketches and templates are task-specific,
while the aim of our rules are to work at the DSL level to reduce the space of all programs,
as a preprocessing step.

3 Generating Valid Equations

Some rules are design choices to be made by the user, for instance the rule #[Var0]s;
specifying that VarO appears at least once, or the rule #[ ]|<o limiting the size of the
whole program to 10. However, a great number of rules can be automatically generated:



those induced by equations. Formally, an equation is a pair of equivalent programs, for
instance Double (Halve(Var0)) = Var0O. Extrapolating, we obtain that for all programs
P of output type bool, we have that Double (Halve (P)) = P. Here it is clear that it P is
always preferable to Double (Halve(P)). To materialise this, we create a rule rejecting
the latter but not the former, which here is naturally:

G—(Double Halve)

However not all equations can be oriented in this way: for instance the equation
Add(Var0,Varl) = Add(Varl,Var0) says that addition is commutative. One can show
that orienting this equation would imply defining a total order over all programs. More
generally, turning equations into a terminating and confluent rewriting system is one of
the oldest and most fundamental problem in rewriting theory and still actively inves-
tigated nowadays: we refer to the excellent textbook for references and classical algo-
rithms [BN98]. Here we do not tackle the general problem as we will not be able to turn
all equations into rules, our focus is to give a practical solution in our specific framework.

Let us first describe our approach at a high level. The first step is to define a partial
well order on all programs, meaning an order which does not contain infinite descending
chains. Intuitively, rules forbid programs which have smaller equivalent programs, hence
the absence of infinite descending chains imply termination. Our algorithm follows three
steps:

1. We enumerate all programs where each variable appears at most once, up to some
fixed depth and some fixed number of variables;

2. We check for program equivalence amongst all generated programs;

3. For each equation found where one program is larger than the other one, we add a
rule to forbid the larger program;

We now give more technical details.

A partial well order on programs. We need an order on programs in order to
decide whenever presented with an equation P = ) which of P or () we want to forbid.
Let us introduce an order on I' the set of primitives and variables. First, we consider
an arbitrary total order on primitives, and augment it by stipulating that variables are
minimal elements. Importantly, all variables are incomparable. Writing P1,P2, ... ,Pn
the set of primitives, the order on I' is:

VarO
Varil <Pl <P2<---<Pn

We then define a partial order on programs lexicographically, where |P| is the size of a
program, meaning its number of primitives and variables:

|P| < [P'], or
PPt |P| = |P'|, let us write P = f(Py,...,P), P ' =g(P],...,P))
f<g, or

f:g,Pl:P{,...,Pi_lzpi/_l,lji<Pi/



The partial order < is well-founded and context-preserving.

m Well-founded. There are no infinite descending chains of programs with
respect to <, meaning P, > P, > Py > .. ..

» Context-preserving. For all programs P < P’ and ) a program with
a single hole, then Q[P] < Q[P'], where Q[P] is the program obtained by
replacing the hole in @) by P, and similarly for P’.

J

Proof. We prove well-foundedness. Towards contradiction, consider an infinite de-
scending chain. First look at the sequence of sizes: it is a non-increasing sequence of
natural numbers, hence eventually constant. Thus without loss of generality we can
assume that all programs in the infinite descending chain has the same size. However
the lexicographic order induced by a partial order is a well partial order over trees of
fixed size, a contradiction.

The context-preserving property is clear. O

Enumeration of small programs. The exact task at hand is the following: we fix
ourselves a target size and a target number of variables, and set to generate all pro-
grams where each variable appears at most once of size and number of variables under
the respective targets. We use off-the-shelves enumeration algorithms for deterministic
grammars, and since the goal is to generate a few hundred or thousand programs we do
not need advanced data structures or algorithms.

Equivalence checking. Once we have a set of programs, we check whether any of
them are equivalent. Program equivalence may be hard to solve, but it can be efficiently
approximated, or at least it is in practice easy to determine that two programs are not
equivalent: we evaluate the programs on a set of inputs that is either sampled or scrapped
from a dataset. If two programs agree on all inputs, depending on the DSL we can use
either an SMT solver or a theorem prover to determine whether the programs are indeed
equivalent. Note that false positives, meaning pairs of non-equivalent programs declared
equivalent, would lead to unsound equations. Each pair of (properly) equivalent programs
yields a valid equation.

Turning equations into rules. To turn the equation P = P’ into a rule, we need
to determine whether P < P’ or P < P. Note that it may be the case that nei-
ther of these hold: for instance, in the equation Add(VarO,Varl) = Add(Varil,Var0)
there are no orders between VarO and Varl. If P < P’, we create a rule of the
form G—P’. On an example: start from the equation, Add(Var0,Add(Vari,Var2)) =
Add (Add(Var0,Varl) ,Var2) the lefthand term is smaller than the righthand term (be-
cause Var0 < Add), so this induces the rule G—(Add Add ).

We emphasise here a subtle technical point: we only generate programs where each
variable appears once because equations such as VarO-Var0 = 0 cannot be encoded in
CFGs. Indeed, this equation requires checking that the two arguments of - are equal,
much beyond the power of CFGs (more precisely: the corresponding set of trees is not a
regular tree language, see the next section for definitions).



Theorem 5.2

The algorithm is sound and semantic-preserving. Let C the class of programs
over the set of primitives and variables I'. We let £ denote the class of equations
produced by the algorithm, and R the class of rules induced by the equations. We
write [Clor = {P € C: VR € R, P € [R]} the class of programs modulo the rules
in 'R.

m Sound. Every equation of £ is valid in C.

m Semantic-preserving. For every program P € C, there exists an equivalent
program P’ € [C]kg.

However, the algorithm is not complete, in the sense that it does not remove all
equations: they may exist P, P’ € [C].r with P = P'.

Proof. Soundness is by construction of the algorithm. To prove the semantic-
preserving property, we define a rewriting system: for each equation P = P’ € &£
where P < P’, we define the rewrite rule P* < P. This rewriting system preserve
equivalence of programs, and it is terminating because the order < is well founded and
context-preserving. For each program P € C, let us write [P] for the normal form of P
with respect to this rewriting system. Then P is equivalent to [P] and [P] € [C]wg. O

4 Compilation Algorithm based on Tree Automata

We start this section by a discussion on what the compilation algorithm is expected
to achieve. As we will see, this will condition the class of CFGs we will use. We have
defined above (see Chapter 1) two grammar models: deterministic and non-deterministic,
abbreviated det-CFG and ND-CFG. Let us introduce a third one: we say that a CFG
is unambiguous (U-CFG) if it is non-deterministic but satisfies that all trees have at
most one derivation, that it is to say, as explained previously it can locally ambiguous
despite being non ambiguous. Clearly, a deterministic CFG is also unambiguous, but the
converse does not hold: unambiguity makes CFGs much more expressive. For instance,
there is no det-CFG generating all trees of size at most 15, but there is a U-CFG doing
that. Let us list the properties we require from a grammar model to be useful in our
compilation algorithm.

Expressiveness. We require the existence of an algorithm for compiling the rules de-
fined in our syntax into grammars. We have

det-CFG C U-CFG = ND-CFG.

Further, U-CFG and ND-CFG recognise the well studied and robust class of regular
tree languages. In that sense, det-CFGs are strictly less expressive than the other two
models, which are equivalent. A concrete example witnessing the strict inclusion: det-
CFGs cannot express ‘the set of trees of size at most 15 This is a strong blow on the
expressivity requirement, and it disqualifies deterministic grammars for our compilation
algorithm, since we cannot compile the rule #| ]<;5. Note that a finer analysis would
include succinctness: indeed all tree languages realised by a ND-CFG can be realised by
a U-CFG, but they may be exponentially larger.



Model Expressive  Minimisation = Enumeration

det-CFG
U-CFG
ND-CFG

Minimisation. We require the existence of an algorithm transforming a grammar into
an equivalent minimal one. This is necessary for compiling a large number of rules and
avoiding combinatorial explosion, furthermore as seen in Chapter 3, enumerative ap-
proaches struggle with more complex grammars. Det-CFGs can be efficiently minimised
with textbook algorithms, but no minimisation algorithm is known for U-CFGs and an
efficient algorithm is unlikely to exist: minimisation of unambiguous automata over words
is already NP-complete [BMO0S].

Enumeration. We require the existence of efficient search algorithms applicable to
program synthesis. Typical approaches include enumeration, constraint solving, and
sampling. Most existing algorithms [MTG"13, BGB™17, FMBD18, ZRF*18, FLM*22]
assume grammars to be either deterministic or unambiguous, and become very inefficient
for non-deterministic CFGs. Intuitively, this is because they all enumerate derivation
trees. For both deterministic and unambiguous grammars, derivation trees are in one-to-
one correspondence with programs, but for non-deterministic grammars many derivation
trees can correspond to the same program, inducing a lot of redundant work.

The table above summarises the situation. The situation seems desperate, but it
is not: our key insight is to use a different model. Deterministic bottom-up tree au-
tomata (DBTA), will be used to compile rules. Once all rules are compiled into a DBTA,
we transform it into a U-CFG which we will enumerate. HeapSearch was defined for
det-CFGs. Its extension to U-CFGs is not very complicated, although computationally
slightly more expensive. Let us quickly define a DBTA.

Definition 5.3 » Deterministic Bottom-up Tree Automaton (DBTA)

A deterministic bottom up tree automaton A on the alphabet ¥ is a tuple (S, A, F)
where:

m S is the set of states
m F' C S is the set of final states

m A is a set of transition functions for each arity of the letters in 3. For §, € A
of arity k, we have d, : ¥ x S7 X -+ x S — S as the transition function.

A tree is accepted if by using rewriting rules of appropriate arity from A in a
bottom-up manner it can be rewritten as a state s € F. Since we consider here
deterministic automata, each tree has at most one run.




Example 5.4 » DBTA example

Let us look build a DBTA from a CFG. Here is the grammar for boolean expressions
of three variables:

S—o>NASS S—-VvVS§SS
S—-=8 S—)$1
S-)xg S-)xg

Building the DBTA that recognises this grammar is quite easy, here are the tran-
sitions:

S+ ANSS S+<VvVS§SS
S-S5 S <« 1
S<—x2 S<—133

We have one state S that is final.

J

Example 5.5 » DBTA parsing

Let us take the DBTA from Example 5.4 and parse the following expression that
does belong to our grammar:

A\
\// \—|
FAN]
First, we start from the leaves and apply the transition function:
AN
\// \—l
S/ \S k‘S'
then we apply transitions depth by depth according to the state in the leaves:

A

/\

S S

which leaves us with the single state S since S is final, this tree is recognised by
the automaton.

v

We construct a compilation algorithm using Deterministic Bottom-up Tree Automata
(DBTA). The technical properties of DBTA that we will rely on are the following:



m DBTA are expressive enough to express all rules.

m DBTA can be effectively minimised.

m Reversing a DBTA yields an equivalent (finite family of) U-CFG, see Lemma 4.
m There are efficient enumeration algorithms for U-CFGs.

The theory and practice of tree automata has reached a mature level, in particular the
following are by now standard results (we refer to [CDGT08] for an excellent textbook).

Theorem 5.6 » Essential Properties of DBTA |

DBTA recognise the class of regular tree languages, in particular they are closed
under all Boolean operations. They can be efficiently minimised.

More concretely, our compilation routine is based on the following lemma.

Let I" be a set of primitives and variables, and 7 a type request.

m There exists a DBTA A such that L(A) is the set of all programs using I" of
type 7.

m For every rule R, there exists a DBTA A such that L(A) = [R].

7

The proof of the lemma, consisting in encoding rules in DBTASs, is a routine work
that we do not expand further on here. Rules are compiled one by one as illustrated in
Algorithm 14, interleaved with the minimisation algorithm to keep the automaton small.
Let us show why DBTAs are as expressive as U-CFGs by showing how to go from one to

Algorithm 14 Compilation algorithm

procedure COMPILATION(T', 7, R)
A < DBTA representing all programs using I' of type 7
for R € R do
Apr < DBTA representing [R]
A+ ANAg
Minimise A
end for
return A
end procedure

the other.
Lemma 5.8 » Equivalence between DBTA and U-CFGs

Given a DBTA, we can compute a finite family of U-CFGs such that the languages
of the U-CFGs are pairwise disjoint and their union is the language of the DBTA.

The idea is to ‘reverse’ the DBTA: a DBTA processes the tree from leaves to the root,
by reverting the arrows we obtain a non-deterministic process generating trees from the
root to the leaves. The fact that the bottom-up process is deterministic implies that each



tree has at most one derivation, hence the non-deterministic top-down process is actually
unambiguous.

Proof. For each accepting state of the DBTA, we construct a U-CFG as follows. The
set. of non-terminals is the set of states of the DBTA, the initial non-terminal is the
accepting state under consideration, and the rules are:

q— f(q,...,q) when d(q1,...,q f) =q.

Derivations of the constructed U-CFGs are in one-to-one correspondence with runs of

the DBTA. [l [l

We therefore obtain a compilation algorithm satisfying all three requirements dis-
cussed earlier:

m The compilation of rules are performed on DBTAs.
m Minimisation are performed on DBTAs.
m The DBTA is ‘reversed’ into a finite family of U-CFGs

® Enumeration is performed on these U-CFGs.

5 Experiments
We perform experiments to answer the following questions:

(Q1) How efficient is runtime filtering in removing redundant and useless programs from
a DSL?

(Q2) How much automatically generated rules contribute to the efficiency of runtime
filtering?

(Q3) Does runtime filtering enable better performance in a program synthesis pipeline?

Environment. We use the same setup as previously, see Chapter 2, using HEAP
SEARCH as the enumeration algorithm.

List programming. We re-implemented DreamCoder’s list manipulation DSL [EWNT21],

it has 33 primitives. It is inspired by DeepCoder’s DSL [BGB*17], a classic in program
synthesis. The original dataset contains 217 tasks, we keep a subset of 126 tasks that can
be solved with our DSL by programs of depth at most 5.

Tower Building. We re-implemented DreamCoder’s tower building DSL [EWNT21],
it has 24 primitives. Our DSL is quite different, we illustrate it on an example program:

IfY (True):
IfX (x >= y):
Block(1x3)
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Figure 5.2: llustration for the Towers DSL: four randomly generated towers.

This program does not follow the exact syntax used in the code but it shows the general
structure. We impose that programs start with IfY, followed by IfX. To evaluate a
program, we iterative run the program on all X values, and then on all Y values, yielding
the following program (n is a parameter for the size of the tower):

For(y in range(n)):

If (True):
For(x in range(n)):
If (x >= y):

Block(1x3)

This program builds a tower similar to the right most one in Figure 5.2.

In all experiments we compare two compilation algorithms: the first is a baseline
without rules, that we call det-CFG, and the second uses rules and the compilation
algorithm through DBTA, we refer to it as U-CFG since it has the same expressivity
despite being different objects conceptually they are the same here.

5.A Runtime filtering in Isolation

Towards answering (Q1), we compare the number of programs in both DSLs. To better
appreciate scalability issues we perform this experiment for different values of maximum
depth of the programs. Towards answering (Q2) and understanding the contribution
of automatically generated equations, we perform an ablation study. The results are
presented in Table 5.1 and Table 5.2, more statistics are available in the appendix.

Table 5.1: Number of programs and respective proportions (prop.) with respect to max-
imum depth in the List Programming DSL with type ‘int list — int list”

depth det-CFG (no rules) U-CFG (prop., no equations) U-CFG (prop.)
3 8.77e+04 1 0.83
4 3.34e+16 0.99 0.51
d 9.20e+52 0.98 0.13
6 4.79e+165 0.93 0.0015
7 4.14e+-510 0.78 107°




Table 5.2: Number of programs and respective proportions (prop.) with respect to max-
imum depth in the Tower Building DSL.

depth det-CFG (no rules) U-CFG (prop., no equations) U-CFG (prop.)
3 9.12e+-03 0.047 0.047
4 6.20e+4-09 0.017 0.0078
d 7.80e+21 1075 10-¢
6 2.81e+46 1078 10712
7 7.24e+95 10716 1072

Interpretation The simplification power of runtime filtering increases with
depth. This is explained by the fact that larger programs are more likely to be simplified
by rules. For the List Programming DSL in Table 5.1, there are only equations. However
for the Tower Building DSL in Table 5.2, most of the reduction is driven by user-defined
rules since we have strong requirements on the structure of the program. The contrast
is drastic between the Tower Building DSL where rules dictate a very strict structure
for programs enabling powerful runtime filtering and the List Programming DSL where
there is no structure and only equations implying a smaller impact of runtime filtering.

5.B Runtime filtering for Program Synthesis

Including runtime filtering in the program synthesis pipeline reveals the multi-dimensionality
of (Q1): removing redundant program comes at the price of constructing larger (in the
number of nonterminals) grammars, hence potentially slower enumeration. The adap-
tation of HEAP SEARCH to U-CFGs is quite straightforward but requires memorising
derivations used and therefore is slower.

In the Programming by Example scenario, a task is a set of pairs of one input and
one output, and the goal is to find a program satisfying all pairs. To train our prediction
model we randomly generate a dataset of 2,500 tasks. We then train one prediction
model. We try solving the 126 selected tasks (all tasks that can be solved on the List
Programming DSL with maximum depth 5) with a timeout of 60 seconds for each task.

Results and interpretation. On Figure 5.3, we plot the number of tasks solved by
our models with respect to cumulative time. Out of 126 tasks, only 106 are solved by
either of the two models. While it takes the U-CFG model close to 450s to solves 104
tasks it takes more than 800s for the det-CFG model to solve 97 tasks. So not only
does runtime filtering enables solving more tasks, but it also enables solving
them faster. We observed that the det-CFG enumerates about 450,000 programs per
minute, whereas this number drops to 360,000 programs per minute for the U-CFG. This
slower enumeration speed can be explained by the fact that the U-CFG grammar is larger
and that HEAP SEARCH is slower over U-CFGs than over det-CFGs. Despite a slower
enumeration speed, removing redundant programs pays off for wallclock comparisons.
Figure 5.4 further explains the large gap between the two models. Although the
enumeration speed of the U-CFG model is 80% that of the det-CFG (450k vs 360k), it
enumerates only 4 times less programs. Thus despite enumeration being slower for U-
CFGs there is a clear speed-up when solving tasks using the U-CFG grammar. We note
that this observation already holds at depth 5, suggesting that it would be even more
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Figure 5.3: Number of tasks solved with respect to cumulative time on the set of all
solved List Programming tasks

important for larger depths (reachable using larger timeouts).

6 Related work

The main inspiration for this work is the idea of program sketching [Sol08] and tem-
plates [SGF13], which brought to program synthesis the crucial idea of putting syntactic
restrictions on the program to be found. Whereas these techniques are task-specific, our
approach works at the level of the DSL and as a preprocessing step: the goal is to construct
a reduced DSL with less redundant and useless programs. In that sense, it is closer to DSL
learning, which is the task of learning a DSL from basic principles: this very ambitious
goal was spearheaded by DreamCoder [EWN™21]. But runtime filtering does not invent
new primitives in the way that DSL learning does: it rather inspects the interactions of
the existing primitives in order to optimise their compositions. Other works have con-
sidered automatically generating equations satisfied by programs [SFA17, CSH10]. The
specificity of our approach is to consider rules that can be compiled in grammars. Smith
and Albarghouthi [SA19] make use of much more complicated equations directly within
the search algorithm. Nye et al [NHTSL19] have explored learning to infer program
sketches instead of equations, using a seq2seq model.

Another close line of work to ours is pruning techniques for program synthesis, which
aim at improving search by ruling out entire subtrees. For instance, Wang, Dillig, and
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Figure 5.4: Number of tasks solved with respect to cumulative number of programs
enumerated on the set of all solved List Programming tasks

Singh [WDS18] use abstraction refinement techniques to describe larger and larger DSLs
throughout the search. Interestingly, their approach is also based on Bottom Up Tree
Automata. There are key differences: first, runtime filtering is a preprocessing step,
whereas pruning operates and integrates with the search. Note that this means that
these two techniques can be easily combined. Second, the use of tree automata is for
equating programs having the same outputs on particular inputs, which is orthogonal
to our use of tree automata for compiling rules. Allowing the users to specify syntactic
restrictions on the programs has been investigated in [PGIY20], whose goal is to lift
the Read-Eval-Print Loop model to Read-Eval-Synth Loop: through interactions, the
programmer further specifies its intent. Again the key difference is that the specifications
are given at runtime, while the focus of runtime filtering is to provide a processing step
for reducing DSLs before solving any synthesis task.

7 Futures

The two main paradigms for reducing the search space for program synthesis are pruning
and sketching. We introduced runtime filtering, where the goal is to reduce a DSL through
rules, as a preprocessing step. Our technical contributions are a compilation algorithm
together with an algorithm for automatically generating rules. Through evaluations in
two application domains we have demonstrated the effectiveness of runtime filtering in a



program synthesis pipeline. We believe that runtime filtering can have an even broader
impact on program synthesis through the developments of more powerful compilation
algorithms. The potential of learning equations (instead of automatically generating
them) is very appealing and could further simplify DSLs. We hope that this work triggers
new ideas for runtime filtering. This paper focuses on the theoretical aspects of runtime
filtering. A more user-based approach would be useful to understand the kind of rules
programmers would like to use for simplifying DSLs. We leave that for future work.






Chapter 6

Knowledge Powered Programs

TL:DR 6

Some program synthesis require external knowledge, that is not found neither in
the task nor in the DSL, we call this knowledge-powered program synthesis. We
describe three different levels of complexity of such tasks. We also explain why
LLM fail on these kind of tasks. We propose a solution: WikiCoder that solves the
first level of difficulty. By leveraging a knowledge graph containing the relevant
information, it splits a task into subtasks and try to solve each subtask in parallel
with both the classic program synthesis pipeline and queries to the knowledge
graph.

This chapter tackles the task of adding external knowledge to programs and is mainly
an extract from one of our published work [MFM23|. FEzternal knowledge is knowledge
that is not included in the DSL. Furthermore, this knowledge is often related to the
current example. Let us consider as an example the following task:

f("17", "United States") = "17 USD"
f("42", "France") = "42 EUR"

Solving this task requires understanding that the second inputs are countries and mapping
them to their currencies. This piece of information is not present in the examples nor
the DSL and therefore no program synthesis tool can solve that task without relying on
external information. In other words, a solution program must be knowledge-powered!

An example knowledge-powered program yielding a solution to the task above is given
below in a Python-like syntax:

def f(x,y):
return x + " " + CurrencyOf (y)

It uses a function Currency0f obtained from an external source of knowledge.

First, we motivate the need for external knowledge in Section 1, then we develop
different milestones for knowledge-powered program synthesis in Section 1.A. We discuss
the failures of LLMs in Section 2 and then propose a solution that solves part of the
problem in Section 3 which we evaluate in Section 4 and finally we discuss outlooks in
Section 5.

Knowledge-powered program synthesis extends classical program synthesis by tar-
geting knowledge-powered programs. The challenge of combining syntactical manipu-
lations performed in program synthesis with semantic information was recently set out
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by [VLG21a]. They discuss a number of applications: string manipulations, code refac-
toring, and string profiling, and construct an algorithm based on very large language
models (see Section 5).

Our approach is different: the methodology we develop relies on knowledge graphs,
which are very large structured databases organising knowledge using ontologies to allow
for efficient and precise browsing and reasoning. There is a growing number of publicly
available knowledge graphs, for instance Wikidata.org, which includes and structures
Wikipedia data, and Yago [TWS20, HSBW13], based on Wikidata and schema.org. We
refer to [HBC*21] for a recent textbook and to [Hog22] for an excellent survey on knowl-
edge graphs and their applications, and to Figure 6.1 for an illustration.

The recent successes of both program synthesis and knowledge graphs suggest that
the time is ripe to combine them into the knowledge-powered program synthesis research
objective.

Our contributions:

m We introduce knowledge-powered program synthesis, which extends program syn-
thesis by allowing programs to refer to external information collected from a knowl-
edge graph.

m We identify a number of milestones for knowledge-powered program synthesis and
propose a human-generated and publicly available dataset of 46 tasks to evaluate
future progress on this research objective.

m We construct an algorithm combining state of the art machine learned program
synthesizers with queries to a knowledge graph, which can be deployed on any
knowledge graph.

m We implement a general-purpose knowledge program synthesis tool WikiCoder and
evaluate it on various domains. WikiCoder solves tasks previously unsolvable by
any program synthesis tool, while still operating at scale by integrating state of the
art techniques from program synthesis.

1 The Need for External Knowledge

When considering knowledge-powered programming by examples, we do not change the
problem, only the solution: instead of classical programs performing syntactic manip-
ulations, we include knowledge-powered programs. To illustrate the difference, let us
consider the following two tasks.

f("Paris") = "I love P"
f("Berlin") = "I love B"

g("Donald Knuth") = "DK is American"
g("Ada Lovelace") = "AL is English"

The first is a classical program synthesis task in the sense that it is purely syntactical,
it can be solved with a two-line program concatenating “I love ” with the first letter
of the input. On the other hand, the second requires some knowledge about the input
individuals, here their nationality: one needs a knowledge-powered program to solve this
task. Since almost all program synthesis tools perform only syntactical manipulations of



the examples (we refer to Section 5 for an in-depth discussion), they cannot solve the
second task.

Knowledge-powered programming by examples goes much beyond query answering:
the goal is not to answer a particular query, but to produce a program able to answer
that query for any input. This is computationally and conceptually a much more difficult
problem.

For concreteness we introduce some terminology about knowledge graphs, and refer
to Figure 6.1 for an illustration. Nodes are called entities, and edges are labelled by a
relation. Entities are arranged into classes: “E. Macron” belongs to the class of people,
and “France” to the class of countries. The classes and relations are constrained by
ontologies, which define which relations can hold between entities. The de facto standard
for querying knowledge graphs is through SPARQL queries, which is a very powerful and
versatile query language.
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Figure 6.1: Hlustration of part of a knowledge graph.

1.A Milestones

We identify three independent ways in which semantic information can be used. They
correspond to different stages for solving a task:

m preprocessing: the first step is to extract entities from the examples;
m relating: the second step is to relate entities in the knowledge graph;
m postprocessing: the third step is to process the information found in the knowledge

graph.

How much preprocessing to extract entities? Let us consider two tasks.

f("Aix, Paris, Bordeaux") = "Paris"
f ("Hamburg, Berlin, Munich") = "Berlin"
g("President Obama") = "Obama"

g("Prime Minister de Pfeffel Johnson") = "de Pfeffel Johnson"



In the function £ the goal is to extract the second word as separated by commas: this is
a purely syntactic operation. In the function g we need to remove the job title from the
input: this requires semantic knowledge, for instance it is not enough to use neither the
second nor the last word.

How complicated is the relationship between entities? We examine two more

tasks.

f("Paris") = "France is beautiful"
f("Berlin") = "Germany is beautiful"
g("Paris") = "Phone country code: 33"
g("Berlin") = "Phone country code: 49"

The function f relates two entities: a city and a country. One can expect that the
knowledge graph includes the relation CapitalOf, which induces a labelled edge between
“Paris” and “France” as well as “Berlin” and “Germany” (as in Figure 6.1). Note that
it could also be the relation City0f. More complex, the function g requires crossing
information: indeed to connect a city to its country code, it is probably required to
compose two relations: CapitalOf and PhoneCode. In other words, the entities are related
by a path of length 2 in the knowledge graph, that we write CapitalOf-PhoneCode. More
generally, the length of the path relating the entities is a measure of complexity of a task.

How much postprocessing on external knowledge? Let us look again at two
tasks.

f("Paris") = "Country’s first letter: F"
f("Berlin") = "Country’s first letter: G"

g("President Obama") = "BQr@ck"
g("Prime Minister Johnson") = "BOrils"

For the function £, the difficulty lies in finding out that the external knowledge to be
search for relates “Paris” to “France” and “Berlin” to “Germany”, and then to return
only the first letter of the result. Similarly, for g, before applying a leet translation we
need to retrieve as external knowledge the first name. In both cases the difficulty is that
the intermediate knowledge is not present in the examples.

The three steps can be necessary, the most complex tasks involve at the same time
subtle preprocessing to extract entities, complicated relationships between entities, and
significant postprocessing on external knowledge.

1.B Motivating Examples

We illustrate the disruptive power of knowledge-powered program synthesis in three ap-
plication domains.

General knowledge The first example, which we use throughout the paper for illus-
trations, in the dataset and in the experiments, is to use the knowledge graph to obtain
general facts about the world, such as geography, movies, people. Wikidata and Yago
are natural knowledge graphs candidates for this setting. This domain is heavily used for



query answering: combining it with program synthesis brings it to another level, since
programs generalize to any input.

Grammar exercises The second example, inspired from [VLG21b], is about language
learning: tasks are grammar exercises, where the goal is to write a grammatically correct
sentence. Here the knowledge graph includes grammatical forms and their connections,
such as verbs and their different conjugated forms, pronouns, adjectives, and so on.
Generating programs for solving exercises opens several perspectives, including generating
new exercises as well as solving them automatically.

Advanced database queries In the third example knowledge-powered program syn-
thesis becomes a powerful querying engine. This scenario has been heavily investigated
for SQL queries [WCB17,ZBCW22], but only at a syntactic level. Being able to rely on
the semantic properties of the data opens a number of possibilities, let us illustrate them
on an example scenario. The knowledge graph is owned and built by a company, it con-
tains immutable data about products. The database contains customer data. Crossing
semantic information between the database being queried and the knowledge graph al-
lows the user to generate complex queries to extract more information from the database
including for instance complex statistics.

2 The Failures of LLMs

This section is not in our original paper, it was added due to the fact that LLMs have seen
a tremendous improvements since the experiments were conducted, however we still give
basic arguments againts LLMs that reveal to still be true despite the recent advances.
LLMs fail on knowledge powered tasks for multiple reasons that are particular to these
tasks.

First, they fail because first and foremost they need to be able to do program synthesis
which means generating code. Generating the missing answers is easier for them than
generating code. Generating code is important in most production use, because it enables
users to ensure that the answer is related to their intent. That is code enables trust while
answers despite easier to generate for LLMs are black boxes.

Second, continuing on trust, LLMs suffer from hallucinations [RSD23], hallucinations
are lies in the sense that they are incoherent with provided data or generated data that
is not present. One such example of incorrect data is: ‘ Yuri Gagarin was the first person
to land on the Moon.” which is wrong since it is Neil Armstrong. An example of created
data is: ‘Unicorns were documented to have roamed the plains of Atlantis around 10,000
BC, where they were considered sacred creatures and were often associated with royalty.’
which is hallucinated since Atlantis did not exist. Third, they are not consistent with
relations of objects. They also fail in the paradigm of relating objects in both directions:
A is related to B but B is also related to A. This is called the reversal curse [BTK"23].
One such example is that LLMs can answer correctly the question: ‘Who is Tom Cruise’s
mother?” but asking the reversed question that is “Who is the son of Mary Lee South?’,
LLMs fail to answer that her son is Tom Cruise.

Finally, their knowledge is fixed at a given time, while when thinking about practical
use cases, the most likely one is spreadsheets a la Flashfill where users want to talk about
local knowledge relevant to their local entity such as employees, clients, etc. These data
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Figure 6.2: WikiCoder pipeline.

are volatile in the sense that they may change rapidly from one day to another. Using
techniques for fetching data from trusted sources such as retrieval augmented generation
(RAG) [LPP*20] for LLMs do not enable to bridge the gap since LLMs fail to be factual.

3 WikiCoder

WikiCoder is a general-purpose grammar-based program synthesis tool, it was developed
in Python integrating state of the art program synthesis techniques. It is publicly available
on GitHub as part of our code on the branch wikicoder. The main functionality of
WikiCoder is to solve programming by examples tasks: the user inputs a few examples
and WikiCoder synthesizes a knowledge-powered program satisfying the examples. The
programming language is specified as a domain specific language (DSL), designed to solve
a common set of tasks. WikiCoder supports a number of classical DSLs, including towers
building [EWNT21], list integer manipulations [BGB'17], regular expressions, and string
manipulation tasks a la FlashFill [Gulllb]: our experiments report on the latter DSL. It
follows almost the same pipeline described in Chapter 2, WikiCoder is divided into three
components: compilation, examples processing, and search, as illustrated in Figure 6.2
and discussed in the next three sections. This is very different from LLM architectures,
which is based on auto-regressive very large models directly generating code.

3.A Compilation

As explained previously, the DSL is specified as a list of primitives together with their
types and semantics.



The DSL we use in our experiments is tailored for string manipulation tasks a la
Flashfill [Gullla]. For the sake of presentation we slightly simplify it. We use two
primitive types: STRING and REGEXP, and one type constructor -> to create functions.
We list the primitives below, they have the expected semantics.

$ : REGEXP # end of string

. : REGEXP # all

[C_1+ : STRING -> REGEXP # all except X

[~_]+$ : STRING -> REGEXP # all except X at the end

compose : REGEXP -> REGEXP -> REGEXP

concat : STRING -> STRING -> STRING
match : STRING -> REGEXP -> STRING

# concat_if: concat if the second argument (constant)

# is not present in the first argument
concat_if : STRING -> STRING -> STRING

# split_fst: split using regexp, returns first result
split_fst : STRING -> REGEXP -> STRING

# split_snd: split using regexp, returns second result
split_snd : STRING -> REGEXP -> STRING

In the implementation we use two more primitive types: CONSTANT_IN and CONSTANT _QUT,
which correspond to constants in the inputs and in the output. This is only for improving
performances, it does not increase expressivity. Some primitives are duplicated to use
the two new primitive types.

3.B Examples processing

A preprocessing algorithm produces from the examples three pieces of information: a
sketch, which is a decomposition of the current task into subtasks, a set of SPARQL
queries for the knowledge graph, and an embedding of the examples for the prediction

model.
Common to all examples
Paris
Berlin ——
Warsaw —>
Paris —— France Paris —— 33
Berlin —> Germany =t “code:” Berlin — 49
Warsaw ——> Poland Warsaw —— 48
SPARQL query yields: SPARQL query yields:
CapitalOf CapitalOf-PhoneCode

Figure 6.3: Example of the preprocessing algorithm.



Preprocessing algorithm Figure 6.3 illustrates the preprocessing algorithm in action.
The high level idea is that the algorithm is looking for a shared pattern across the different
examples. In the task above, “ code: ” is shared by all examples, hence it is extracted
out. A naive implementation is to look for the largest common factor between the strings,
and proceed recursively on the left and on the right. The process is illustrated with
Algorithm 15, which produces a list of constants from a list of strings. This procedure
is applied to both the inputs and outputs independently to create sketches. Thanks to
these constants the task is split into subtasks as illustrated in Figure 6.3 where we have
split the task into two subtasks: CapitalOf and CapitalOf-PhoneCode. To solve each
subtask we query the knowledge graph with the inputs and outputs. If no path is found,
we run a regular — syntactical — program synthesis algorithm.

7

Algorithm 15 Constant extraction

procedure GETCONSTANTS(S = (Sk)ke[1,n] : strings)
if there is an empty string in S then
return empty list
end if
factor <— longest common factor among all strings in S
if len(factor) < 2 then
return empty list
else
Stett < prefix of factor in S
Liesy < GETCONSTANTS(S)eft)
Sright < suffix of factor in S
Lyight < GETCONSTANTS(Sright)
return L + factor 4 Lyigns
end if
end procedure

Generated SPARQL queries The SPARQL queries are generated from the examples after
preprocessing. Once we have the constants with Algorithm 15 of the inputs and outputs,
we can split the inputs and outputs in constant parts and non-constant parts, only the
non-constant parts are relevant. For each non-constant part in the outputs, we generate
queries from the non constant part of the inputs which should map to this non-constant
part of the output. Since relations may be complex, that is “Paris” is at distance 1 from
“France” but “33” is two relations away from “Paris”, we generate SPARQL queries for
increasing distances up to a fixed upper bound. Here is the query at distance 2, that we
execute for the example in Figure 6.3 with CapitalOf-PhoneCode:

PREFIX w: <https://en.wikipedia.org/wiki/>
SELECT 7p0 7pl WHERE {

w:Paris 7p0 7o0_1 0 .

?70_1 0 7p1 w:33 .

w:Berlin 7p0 70_2 0 .

70 2 0 7pl w:49 .

w:Warsaw ?p0 70_3_0 .

70_3_0 7pl w:48 .



Notice that intermediary entities make an apparition in order to accommodate for longer
path lengths. The output of the above query would consist of two paths: City0Of-PhoneCode
and CapitalOf-PhoneCode.

As disambiguation strategy (inspired by [ZSC*22]) we choose the path with the least
number of hits across all examples, called the least ambiguous path. In this example
there is no preferred path since both paths lead to a single entity for each example. As an
example of this disambiguation strategy, let us consider paths from “33” to “Paris”: there
are two paths, PhoneCode0f-Capital and PhoneCode0f-City. The least ambiguous path
is PhoneCode0f-Capital since PhoneCode0f-City leads to all cities of the country.

To find the least ambiguous path, we need to count the number of hits, which is done
using more SPARQL queries. Here is a sample query to get all entities at the end of the
path CapitalOf-PhoneCode from the starting entity “Paris”:

PREFIX w: <https://en.wikipedia.org/wiki/>
SELECT ?dst WHERE {

w:Paris w:CapitalOf 7e0 .

7e0 w:PhoneCode 7dst .

We count the number of results for all examples to get the number of hits for a path.

3.C Search

As presented in Chapter 2, the prediction model assigns to each candidate program
a likelihood of being a solution to the task at hand. WikiCoder uses HEAP SEARCH
(see Chapter 3). The candidate programs use the results of the SPARQL queries on the
knowledge graph to be run on the examples.

4 FEvaluation

We perform experiments to answer the following questions:
(Q1) Which milestones as described in Section 1.A can be achieved with our algorithm?

(Q2) How does WikiCoder compare to GPT-3 and Codex, the algorithm powering Copi-
lot based on very large language models?

(Q3) Can a knowledge-powered program synthesis tool operate at scale for classical
purely syntactic tasks?

4.A Environment

The dataset along with the code for the experiments are available publicly on GitHub on
the same repository. We favoured simplicity over performance as well as clear separation
into independent components as described above.



Benchmark suite Since there are no existing datasets to test the new aspects intro-
duced in Section 1.A, we created one ourselves. The dataset is comprised of 46 tasks
in the spirit of the FlashFill dataset [Gulllb]. Some of the tasks are inspired or ex-
tracted from [VLG21b], they are tagged as such in our code. Each task requires external
knowledge to be solved and is labelled with 3 metadata:

m preprocessing for entity extraction: 0 if the inputs are already the sought entities,
1 if a syntactical program is enough to extract them, and 2 otherwise;

m complexity of the relationships between entities : 0 when no relation from the
knowledge graph is needed, 1 for simple (single edge in the knowledge graph), and
2 for composite;

m postprocessing on external knowledge: 0 if the knowledge is used without postpro-
cessing, and 1 otherwise.

This induces 8 categories, we provide at least 4 tasks for each category.

Knowledge graph For simplicity and reproducibility, we use a custom-made small
knowledge graph for the experiments. We provide SPARQL queries to construct the knowl-
edge graph.

Experimental setup All our experiments were performed on a consumer laptop (MSI
GF65 Thin 9SE) with an intel i7-9750H CPU working up to 2.60GHz on a single thread.
The operating system is Manjaro 21.3 with linux kernel 5.17.5-1. The code is written in
Python 3.8.10. The framework used for the SPARQL database is BlazeGraph 2.1.6 The
code made available includes all the details to reproduce the experiments, it also includes
the exact version of the Python libraries used.

Prediction Model The details are similar to those described in Chapter 2 Section 2.A.
Our prediction model is close to the one in Chapter 2 Figure 2.4 except the LSTM was
replaced with a classic RNN, this change however does not impact performances.

The prediction model is trained on a dataset of 2500 tasks for 2 epochs with a batch
size of 16 tasks. The tasks were generated with the following process: a program was
sampled randomly from a uniform probabilistic context-free grammar, then inputs are
randomly generated and run on the program. We used the Adam optimiser with a cross
entropy loss to maximise the probability of the solution program being generated from
the grammar.

4.B Results on the new dataset

WikiCoder solves 18 out of 46 tasks with a timeout of 60 seconds. Let us make more
sense of this number:

m Since our algorithm does not perform postprocessing on knowledge, none of the
16 tasks involving knowledge postprocessing were solved. Thus only 30 tasks are
within reach of our algorithm.

m Among the 30 tasks, for 19 of them the inputs are directly the sought entities.
WikiCoder solves 12 out of these 19 tasks, most failed tasked are not solvable with
our DSL.
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Figure 6.4: WikiCoder performance on our new dataset

m In the remaining 11 tasks, the entities can be retrieved using syntactic manipula-
tions. WikiCoder solves 6 out of these 11 tasks.

m Digging deeper for the last case, the fault lies in all remaining 5 cases with the pre-
processing algorithm, which fails to correctly decompose the task and formulate the
appropriate SPARQL queries. However, when provided with the right decomposition,
WikiCoder solves all 5 tasks.

The results can be visualised on Figure 6.4. The takeaway message is: WikiCoder solves
almost all tasks which does not involve knowledge postprocessing, and when it does not
the main issue is entities extraction with the preprocessing algorithm.

4.C Comparison with Codex and GPT-3

At the time the experiments were conducted only GPT-3 was available, ChatGPT just
had been released during the review process. It is not easy to perform a fair comparison
with Codex and GPT-3 as they solve different problems. There are two ways these models
can solve programming by examples tasks. The experiments were performed on OpenAl’s
beta using the Da Vinci models (the most capable) for GPT-3 and Codex, with default
parameters.

Using Codex: as code completion, provided with examples as docstring. This makes
the problem very hard for Codex for two reasons: first, it was trained to parse specification
in natural language, possibly enriched with examples. Providing only examples is a
very partial specification which Codex is not used to. Second, Codex does not use a
domain specific language, but rather general purpose programming languages such as
Python and C. This implies that the program might be wrong in different ways: incorrect
syntax, typing issues, or compilation errors. For the reasons above, in this unfavourable
comparison Codex solves only the 5 easiest tasks.

There are two ways of using GPT-3: query answering or code completion. For query
answering, we feed GPT-3 with all but the last examples, and ask it to give the output
for the input of the last example:

Query:
f("France") = "I live in France"
f("Germany") = "I live in Germany"

f("Poland") = "I live in Poland"



f("New Zealand") = ?
Output:
f("New Zealand") = "I live in New Zealand"

The weakness of this scenario is that GPT-3 does not output a program: it only answers
queries. One consequence is that the correctness test is very weak: getting the right
answer on a single query does not guarantee that it would on any input. Worse, not
outputting a program means that the whole process acts as a black-box, giving up on the
advantages of our framework (see related work section) and program synthesis in general.

Using GPT-3/ChatGPT as code completion: the prompt is to generate a Python
function that satisfies the following examples. This fixes the weakness of not outputting
a program with query answering. However, on tasks that require a knowledge graph, the
answer is either a succession of if statements or using a dictionary which is semantically
equivalent to the if statements. In some sense, the system having only partial knowledge,
it does not attempt to generalise beyond the given examples.

GPT-3 performs very well in the query answering setting, solving 31 tasks out of 46.
Only 2 tasks were solved by WikiCoder and not by GPT-3, and conversely 11 by GPT-3
and not by WikiCoder. GPT-3 only solves 3 tasks involving knowledge postprocessing:
in this sense, WikiCoder and GPT-3 suffer from the same limitations, they both struggle
with knowledge postprocessing.

4.D Results on FlashFill

To show that WikiCoder operates at scale on classical program synthesis tasks, we test
it against the classical and established FlashFill dataset. The results are shown on Fig-
ure 6.5 (displaying cumulated time), WikiCoder solves 70 out of 101 tasks with a timeout
of 60 seconds per task, on par with state of the art general purpose program synthesis
tools. Only 85 tasks can be solved with our DSL.

4.E Limitations

To show the limitations of our approach, we discuss some counterexamples.

Entities extraction Our preprocessing algorithm looks for the longest shared pattern
of length at least 2 in the examples. Let us consider the following example:

f("France") = "I live in France"
f("Germany") = "I live in Germany"
f("Poland") = "I live in Poland"

The longest pattern is naturally “I live in ”, however another pattern occurs, unexpect-
edly: “an” appears in each country’s name. When using our preprocessing algorithm this
leads to a wrong sketch. Adding a fourth example would remove this ambiguity if the
country name does not include “an”. A related example would be if all examples include
year dates in the same millennium, say all of the form “20XX”: then “20” appears in each
example, but it should not be separated from XX.

Knowledge postprocessing None of the tasks involving knowledge postprocessing
were solved. Indeed, if the entity to be used is not present in the example, it is very
hard to guess which one it is. Natural candidates are entities in the neighbourhood of
the starting entity. Our approaches to this challenge have proved inefficient.
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Figure 6.5: WikiCoder solves 70% of FlashFill tasks

4.F Examples of Programs

To show that the programs generated are clear and interpretable by humans, we show
a few of them translated into Python equivalents. Here is the first example where two
relations are needed:

// Examples:

f("France") = "French, capital:Paris"

f("Germany") = "German, capital:Berlin"

f("China") = "Chinese, capital:Beijing"

f("New Zealand") = "New Zealander, capital:Wellington"

// Generated program:
def f(x: str) -> str:
a label (follow_edges_from(x, "demonym"))
b =", capital:"
c label (follow_edges_from(x, "isCapitalOf"))
return a + b + ¢

We present another example where a relation at distance 2 is needed:

// Examples:

f("Paris") = "The phone country code is 33"
f("Berlin") = "The phone country code is 49"
f("Detroit") = "The phone country code is 1"
f("Chihuahua") = "The phone country code is 52"

// Generated program:

def f(x: str) -> str:
a = "The phone country code is "
b = label(follow_edges_from(x, "CityOf", "phoneCode"))

return a + b



5 Discussion

5.A Related work

The closest related work is [VLG21b]: the tool FlashGPT3 solves knowledge-powered
program synthesis with a completely different approach: instead of querying a knowledge
graph, FlashGPT3 uses a large language model (GPT3 [BMR™20b]) to get external
knowledge. FlashGPT3 is shown superior to both program synthesis tools and GPT3
taken in isolation, and achieves impressive results in different domains. There are three
advantages of using a knowledge graph over a large language model:

m Reliability: the synthesized program is only as reliable as the knowledge source
that it uses. To illustrate this point, let us consider the task

f("Paris") = "France"
f("Berlin") = "Germany"

GPT3 needs very few examples to predict that £ ("Washington")= "United States
" but it might fail on more exotic inputs. On the other hand, querying a knowledge
graph results in setting £ = Country0f implying that the program will correctly
reproduce the knowledge from the graph. Although GPT3 has achieved extraordi-
nary results in query answering, it is still more satisfactory to rely on an established
and potentially certified source of knowledge such as Wikipedia.

m Explainability: the constructed program has good explainability properties: the
exact knowledge source it uses can be traced back to the knowledge graph and
therefore effectively verified.

m Adaptability: knowledge-powered program synthesis can be deployed with any
knowledge graph, possibly collecting specialised or private information which a
large language model would not know about.

Other knowledge-powered program synthesis tools Most program synthesis tools
work at a purely syntactical level. However, some included limited level of semantic
capabilities for domain-specific tasks: for instance Transform-data-by-example (TDE)
uses functions from code bases and web forms to allow semantic operations in inductive
synthesis [HCG™18], and APIs were used for data transformations [BSMK17].

Knowledge graphs A growing research community focuses on creating, maintaining,
and querying knowledge graphs. The most related problems to our setting are query by
example, where the goal is either to construct a query from a set of examples [JKL*16,
MSS17], and entity set expansion, aiming at expanding a small set of examples into a
more complete set of entities having common traits [ZSCT22].

5.B Contributions and Outlook

We have introduced knowledge-powered program synthesis, extending program synthesis
by allowing programs to rely on knowledge graphs. We described a number of milestones
for this exciting and widely unexplored research objective, and proposed a dataset to
evaluate the progress in this direction. We constructed an algorithm and implemented a



general-purpose knowledge-powered program synthesis tool WikiCoder that solves tasks
previously unsolvable. Our tool can only address about one third of the dataset; we
believe that solving the whole dataset would be an important step forward towards de-
ploying program synthesis in the real world.

The most natural continuation of this work is to use very large language models for
knowledge-powered program synthesis. As discussed above, how can we retain the proper-
ties of our framework with knowledge graphs: reliability, explainability, and adaptability,
while leveraging the power of very large language models?






Chapter 7

Futures of Program Synthesis

In this chapter, in Section 1 we summarise what has been tackled in this manuscript,
then we discuss future directions in Section 2.

1 This thesis

First with Chapter 1, we have presented the program synthesis problem and the main
specifications framework: logic, natural language and examples. This thesis focuses on
programming by examples, that is the specification are given as examples of input and
outputs pairs and the space of programs is described by a grammar giving us functional
programs. We restrict ourselves to context-free grammars. We also introduced the nec-
essary notions of different CFGs needed.

In Chapter 2, we introduced the concept of domain specific language, but argued for
the development of domain agnostic techniques for program synthesis. Then we intro-
duced our domain agnostic framework based on feeding the examples into a prediction
model which enables us to produce a probabilistic grammar. This grammar gives us a
total order over programs, this order is used to guide the search, this is what we call
cost-guided search. We have shown that in practice this prediction model is usually a
neural network, and that they are a lot of issues in training them notably due to the lack
of data, this is why current endeavours look at using encoding parts of LLM for program
synthesis in order to solve these problems.

Chapter 3 starts from this grammar and describes best-first search algorithms: al-
gorithms that enumerate programs in order of increasing cost. We introduced HEAP
SEARCH which was the first bottom-up logarithmic delay best-first search algorithm.
The delay translates the complexity of enumeration between enumerating the i*" pro-
gram and the next. HEAP SEARCH follows a bottom-up approach which enables it to
fully leverage bottom-up evaluation techniques. Then BEE SEARCH [AL23] was devel-
oped by other authors which improved upon HEAP SEARCH and introduced the idea of
cost tuple representation. Then we investigated whether we can build a constant delay,
or no-delay, best-first search algorithm. We successfully built ECO SEARCH the first no-
delay best-first search algorithm. It combines ideas of HEAP SEARCH and BEE SEARCH
to achieve better performances and with the help of a non trivial theoretical analysis we
showed that using bucket priority queues enables us to achieve constant delay. We have
also shown that practically ECO SEARCH outperforms its competitors by a good margin.
Looking back before this thesis the best best-first search algorithm was A* [LHANI1S]
with logarithmic delay and now the chapter is closed with a no-delay best-first search
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algorithm ECO SEARCH, it is not possible to do better than constant delay, however it
is still possible to make faster algorithms.

Chapter 4 investigates approaches to parallelise the search process. First, we looked at
sampling algorithms which have the nice property of being memoryless thus making the
parallelisation trivial. We introduced SQRT SAMPLING a sampling algorithm that is best
among the the sampling algorithm in order to minimise the expected number of samples
to draw before finding a solution. Despite such advantages it fails to be competitive with
HeAP SEARCH. We also looked into the idea of splitting the grammar into disjoints
grammars: we would simply have to search one disjoint grammar per processor. The
advantage of such a method is that it is agnostic to the algorithm used. We introduced
the grammar splitter algorithm which can take a finite grammar and split it into multiple
disjoint grammars and showed it works in practice.

In Chapter 5, we tackled compiling language semantic properties into filters. More
precisely, pruning such as observational equivalence eliminates a lot of redundant pro-
grams at runtime after evaluation. However, the evaluation is costly, and a large part of
these redundancies are due to semantic properties of the DSL not of the task at hand.
Therefore we developed a method to automatically generate these redundant programs;
and then we showed how to compile them in a DBTA then transform it into a U-CFG,
these redundant programs can be pruned without being evaluated at minimal cost. In
fact, we show in our experiments that despite slower enumeration speed due to the more
expressive U-CFGs, it improves solving time and the number of tasks solved.

Chapter 6 tackled the idea of introducing knowledge in programs. This is what we
defined as knowledge powered program synthesis. This knowledge is of course not present
in the DSL and we view as a relational knowledge. We show that knowledge powered
program synthesis has three major difficulty levels. With the help of a knowledge graph
containing the necessary knowledge, we described a tool-agnostic approach in order to
solve the first difficulty level.

2 Futures directions

We will discuss more general directions for program synthesis than what has been covered
in the chapters. On a larger scale, program synthesis has seen a growing interest by the
research community over the last years and we believe this will continue to grow. Our
conjecture is that in a few years, program synthesis methods will be drastically more
powerful than current state of the art methods, and our methods will look like child’s

play.

One synthesiser to synthesise them all The dream of domain agnostic efficient
program synthesis seems even more out of reach than before in the sense that even with
Eco SEARCH it is still unreachable to enumerate all programs of depth 5 in minutes for
a simple DSL like DeepCoder. An idea that has emerged within the community and that
we share is the idea of making a meta program synthesiser. To have a generic program
synthesis approach, the meta program synthesiser would generate a program synthesis
pipeline specific to the domain. Albeit no one knows how to do this, perhaps a first step
is looking at a language of search procedures as a first step towards this goal.



LLM Combining classic algorithms with LLMs correctly is a hot topic of interest. It
seems that everyone is working on a version of that, yet it seems as if no one managed
to have resounding success. LambdaBeam [SDL*24] and CrossBeam [SDES22] are ap-
proaches that adapt very well to LLMs with strong oracles choosing the next step. Other
works such as [LPP24] look at replacing the prediction model with a LLM. Ideas have
merged to design the DSL or to augment the DSL with the help of a LLM. There are
many relevant directions and most of them are unexplored. Specifically, LLMs are good
at solving known tasks but struggle to invent new algorithms whereas classic program
synthesis approach do not suffer an increase in difficulty for generating novel programs,
a better metric of difficulty would be program size. This naturally look as if combining
both would yield tremendous advantages.

Evaluation A key issue in program synthesis is the evaluation, the more advanced the
domains are the more expensive it usually becomes. Despite techniques such as observa-
tional equivalence, sketching, runtime filtering, it is way faster to enumerate than to test
programs. It remains an open question whether we can develop other domain agnostic
techniques or at least quite generic techniques that enable us to dramatically speed up the
evaluation. Perhaps another interesting direction is to look into the automated synthesis
of more efficient evaluators.

Reward-Guided program synthesis The main approach when tackling program syn-
thesis tasks where we want to optimise a reward of the program has been evolutionary
search [RLSL20]. This is a more general case of program synthesis that has not been
explored much. This is also very interesting in the case of reinforcement learning, can we
solve reinforcement learning by working only with programs as controllers? As of now,
works have either focused on extracting a program from a neural network [VMS*18] or
with co-learning with a neural network [VLYC19] in order to ensure the neural network
is not too far from a program.






Other works

During my PhD, I had the chance to work on various other topics, some of which led
to publications, some others currently under review. With the objective of having one
cohesive unit for my thesis, these were not included in the manuscript. Below, is a brief
summary of these projects.

Statistical Comparison of Algorithm Performance Through Instance Selection
This work has led to two published work [MAF*21, AMH22]. Empirical performance
evaluations, in competitions and scientific publications, play a major role in improving
the state of the art in solving many automated reasoning problems, including SAT, CSP
and Bayesian network structure learning (BNSL). To empirically demonstrate the merit
of a new solver usually requires extensive experiments, with computational costs of CPU
years. This not only makes it difficult for researchers with limited access to computational
resources to test their ideas and publish their work, but also consumes large amounts of
energy. We propose an approach for comparing the performance of two algorithms: by
performing runs on carefully chosen instances, we obtain a probabilistic statement on
which algorithm performs best, trading off between the computational cost of running
algorithms and the confidence in the result. We describe a set of methods for this purpose
and evaluate their efficacy on diverse datasets from SAT, CSP and BNSL. On all these
datasets, most of our approaches were able to choose the correct algorithm with about
95% accuracy, while using less than a third of the CPU time required for a full comparison;
the best methods reach this level of accuracy within less than 15% of the CPU time for
a full comparison.

Benchmark Minimization for Efficient Software Variant Ranking This work
with Mathieu Acher is under review. Benchmarking is a common practice in software
engineering to assess the qualities and performance of software variants, coming from
multiple competing systems or from configurations of the same system. Benchmarks are
notably used to compare and understand performance of variants, to fine-tune software,
to detect regressions, or to design new software systems. The execution of benchmarks
to get a complete picture of software variants is highly costly in terms of computational
resources and time. In this paper, we propose a method to reduce the computational cost
of benchmarks while still effectively ranking software variants. Our method strategically
retains the most critical tests and applies bisection sampling together with a divide-and-
conquer algorithm to efficiently sample among relevant remaining tests. We experiment
with datasets and use cases from LLM leaderboards, SAT competitions, and configurable
systems for performance modeling. Our results show that our method outperforms base-
lines based on random or greedy search, even when operating over a subset of variants
or with an authorized ranking error. By employing this approach, we can reduce the
computational cost of benchmarks by 20% with no loss and up to 99% with small losses.
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Theoretical foundations for programmatic reinforcement learning This work
is under review [SFM24]. The field of Reinforcement Learning (RL) is concerned with
algorithms for learning optimal policies in unknown stochastic environments. Program-
matic RL studies representations of policies as programs, meaning involving higher order
constructs such as control loops. Despite attracting a lot of attention at the intersection
of the machine learning and formal methods communities, very little is known on the
theoretical front about programmatic RL: what are good classes of programmatic poli-
cies? How large are optimal programmatic policies? How can we learn them? The goal
of this paper is to give first answers to these questions, initiating a theoretical study of
programmatic RL.

Re-evaluating Metamorphic Testing of Chess Engines This joint work with Axel
Martin, Djamel Eddine Khelladi and Mathieu Acher is under review. This study aims
to confirm, replicate and extend the findings of a previous article entitled ‘Metamor-
phic Testing of Chess Engines’ that reported inconsistencies in the analyses provided by
Stockfish, the most widely used chess engine, for transformed chess positions that are
fundamentally identical. Initial findings, under conditions strictly identical to those of
the original study, corroborate the reported inconsistencies. However, the original article
considers a specific dataset (including randomly generated chess positions, end-games,
or checkmate problems) and very low analysis depth (10 plies, a ply refers to a single
turn taken by one player in a game. Two plies, one from each player, together constitute
a complete move, corresponding to 5 moves). These decisions pose threats that limit
generalizability of the results, but also their practical usefulness both for chess players
and maintainers of Stockfish. Thus, we replicate the original study considering this time
(1) positions derived from actual chess games, (2) analyses at appropriate and larger
depths, and (3) different versions of Stockfish. The replication results show that the
Stockfish chess engines demonstrate significantly greater consistency in its evaluations.
The metamorphic relations are not as effective as in the original article, especially on
realistic chess positions. We also demonstrate that, for any given position, there exists a
depth threshold beyond which further increases in depth do not result in any evaluation
differences. We perform an in-depth analysis to identify and clarify the implementation
reasons behind Stockfish’s inconsistencies when dealing with transformed positions. A
first concrete result is thus that metamorphic testing of chess engines is not yet an effec-
tive technique for finding faults of Stockfish. Another result is the lessons learned through
this replication effort: metamorphic relations must be verified in the context of the do-
main’s specificities; without such contextual validation, they may lead to misleading or
irrelevant conclusions; changes in parameters and input dataset can drastically alter the
effectiveness of a testing method.
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