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Inductive Program Synthesis by Meta-Analysis-Guided Hole
Filling

DOYOON LEE, Seoul National University, Republic of Korea
WOOSUK LEE", Hanyang University, Republic of Korea
KWANGKEUN YI, Seoul National University, Republic of Korea

A popular approach to inductive program synthesis is to construct a target program via top-down search,
starting from an incomplete program with holes and gradually filling these holes until a solution is found.
During the search, abstraction-based pruning is used to eliminate infeasible candidate programs, significantly
reducing the search space. Because of this pruning, the order in which holes are filled can drastically affect
search efficiency: a wise choice can prune large swaths of the search space early, while a poor choice might
explore many dead-ends. However, the choice of hole-filling order is largely unattended in program synthesis
literature.

In this paper, we propose a novel hole-filling strategy that leverages abstract interpretation to guide the
order of hole-filling in program synthesis. Our approach overapproximates the behavior of the underlying
abstract interpreter for pruning, enabling it to predict the most promising hole to fill next. We instantiate our
approach to the domains of bitvectors and strings, which are commonly used in program synthesis tasks. We
evaluate our approach on a set of benchmarks from the prior work, including SyGuS benchmarks, and show
that it significantly outperforms the state-of-the-art approaches in terms of efficiency thanks to the abstract
abstract interpretation techniques.

CCS Concepts: « Software and its engineering — Programming by example; Automatic programming;
« Theory of computation — Abstraction; Program analysis.

Additional Key Words and Phrases: Program Synthesis, Programming by Example, Abstract Interpretation
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3776694

1 Introduction

Inductive program synthesis is a powerful technique that automatically generates programs from
input-output examples, enabling the automation of various programming tasks [6, 30, 31, 35].

A popular approach to inductive program synthesis is to construct a target program via top-down
enumeration which enumerates partial programs with missing parts (holes) and then gradually
fills these holes to construct a complete program. Top-down enumeration is often integrated with
bottom-up enumeration that generates complete subexpressions for each hole (hence bidirectional
synthesis), allowing the synthesis engine to explore the search space more efficiently [6, 13, 23, 38].
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The power of inductive program synthesis based on top-down enumeration comes from the ability
to prune the search space using abstraction-based techniques. These techniques overapproximates
all possible behaviors of candidate partial programs with all possible hole fillings, allowing the
synthesis engine to eliminate infeasible partial programs that cannot satisfy the specification no
matter how the holes are filled.

While abstraction-based pruning is a powerful technique, an important question which has been
largely overlooked in the program synthesis literature is how to choose the order of hole-filling
during the search.

The order of hole-filling can drastically affect search efficiency: a wise choice can prune large
swaths of hopeless candidate programs early, while a poor choice might explore many dead-ends.
However, most existing approaches either fill holes in a fixed order (e.g., left-to-right, depth-first,
or bottom-to-top) or use heuristics that do not take into account the underlying abstraction-based
pruning method used in the synthesis engine. For example, consider a task of synthesizing a
program that triples the gap between two integers x and y (i.e., the output is (x — y) X 3) where the
input-output examples are {x = 4,y = 1} > 9. Suppose we have a partial program with three holes:
(0 — O) x O, and the synthesis engine checks the feaibility of the partial program by performing
the parity analysis that determines whether the partial program can produce an odd output. If we
always fill the leftmost hole first, the synthesis engine will generate partial programs like (x—0O) xO
for which the parity analysis cannot determine the feasibility of the partial program, since the
rightmost hole can be either odd or even. If we fill the rightmost hole first, however, the synthesis
engine will generate partial programs like (O — 0O) X 2 for which the parity analysis can determine
that the partial program is infeasible (i.e., it cannot produce an odd output), allowing the synthesis
engine to prune the search space early by discarding numerous infeasible partial and complete
programs derivable from the discarded candidate.

By ignoring the possibility of good hole-filling orders, existing approaches often end up exploring
large portions of the search space that could have been pruned early, or waste time on deriving
inconclusive analysis results that do not help the synthesis engine to prune the search space (e.g.,
performing parity analysis on (x — O) X O wastes time).

Our Approach. Our key insight is that the order of hole-filling can be guided by analyzing the
behavior of the synthesis engine’s abstract interpreter, which is used to prune infeasible candidate
programs during the search. From now on, we refer to this analysis as meta analysis and the
analysis for pruning infeasible candidate programs as underlying analysis. We first hypothetically
fill each hole in a considered partial program, and predict the result of the underlying analysis on
the hypothetical candidate with the hole filled. If the meta analysis tells us that the hypothetical
candidate may be determined prunable (infeasible) by the underlying analysis, we can choose the
hole to fill first, so that the synthesis engine can prune the search space early. On the other hand, if
the meta analysis tells us that the hypothetical candidate can never be determined prunable by the
underlying analysis, we can search for other holes to fill first. If the meta analysis tells us that no
matter which hole we fill first, the underlying analysis can never report prunability, we can choose
any hole to fill first without performing the underlying analysis because the underlying analysis will
not help us prune the search space anyway.

We have applied this idea to the recently proposed bidirectional synthesis algorithm SimBA [38]
that uses a forward-backward abstract interpreter to prune infeasible candidate programs. To
this end, we have designed a meta analysis that analyzes the behavior of the underlying forward-
backward abstract interpreter and an algorithm that chooses the order of hole-filling based on the
result of the meta analysis. The original StmBA algorithm fills holes in a fixed order (leftmost first),
which is not necessarily optimal for the underlying analysis. In contrast, our algorithm fills holes in

Proc. ACM Program. Lang., Vol. 10, No. POPL, Article 52. Publication date: January 2026.



52:3

an order that is determined by the meta analysis, which can significantly reduce the search space
and improve the synthesis performance. We have designed a meta analysis for the bitvector domain,
which is already supported by SimBA, and also a meta analysis for the string domain, which was
not supported by SimBA. To support the string domain, we have extended SiMBa by adding a new
forward-backward abstract interpreter for strings.

As a result, we have implemented a new synthesis engine Hope! and evaluated it on a set of
SyGuS benchmarks from the prior work on the domain of bitvectors and strings. Our experimental
results show that Hopk significantly outperforms state-of-the-art synthesis engines, including
SimBA, DUET [23], and SyNTHPHONIA [13]. Also, we have conducted an ablation study to show that
the meta analysis is indeed effective in guiding the hole-filling order, by showing that the synthesis
performance of HOPE is significantly worse when the meta analysis is disabled.

Contributions. We summarize our contributions as follows:

e A novel and general approach to inductive program synthesis that uses meta analysis to
guide the order of hole-filling during the search: Unlike existing synthesis algorithms that
uses a fixed order of hole-filling or heuristics that do not consider the underlying analysis,
we determine hole-filling order based on the underlying abstract interpreter’s behavior.

o A highly efficient meta analysis that analyzes the behavior of the underlying forward-
backward abstract interpreter: We devise an efficient meta analysis that can determine
whether a candidate with a hole hypothetically filled can be determined infeasible by the
underlying analysis, allowing the synthesis engine to choose the order of hole-filling that
can prune the search space early. Also, the meta analysis can determine whether the under-
lying analysis will not help prune the search space, allowing the synthesis engine to avoid
performing the underlying analysis on candidates that will not be pruned.

o A highly precise and efficient abstract domain for strings: We have designed a new abstract
domain for strings equipped with precise and efficient forward and backward abstract opera-
tors, which is used not only to prune infeasible candidates during the synthesis, but also as
the underlying analysis for the meta analysis.

e Implementation and evaluation of our algorithm: We have implemented our algorithm in a
new synthesis engine HopE and evaluated it on a set of SyGuS benchmarks from the prior
work on the domain of bitvectors and strings. Our experimental results show that Hope
significantly outperforms state-of-the-art synthesis engines, including SiMBA, DUET, and
SYNTHPHONIA.

2 Overview of Our Approach

We illustrate our method on the problem of synthesizing a string manipulating function f that
takes first and last names as input (denoted x and y) and returns the initials of the names as output?.

This problem is represented in SyGuS language, which formulates a synthesis problem as a
combination of a syntactic specification and a semantic specification. The syntactic specification
for f is the following grammar:

"non I "non

S - x|y|". string parameters and constants
| ConCat(S,S,S) | CharAty(S) string operators

where S is the start non-terminal symbol, "_." is a space character, ConCat(sy, sz, $3) concatenates
three strings sy, 2, and s3, and CharAt,(s) extracts the first character of the string s. As the semantic

Hole-filling Order Prediction for Efficient synthesis
2This problem is is a variant of a problem in the SyGuS benchmark suite [29].
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specification, we assume only a single input-output example is given: f("Jan", "Kotas") = "J.K".
A solution to this problem is f(x,y) = ConCat(CharAty(x),".", CharAty(y)).

Forward-Backward Abstract Interpretation-Based Synthesis. We use a bidirectional synthesis
algorithm that combines top-down and bottom-up search strategies. It first constructs a partial
program with holes via top-down enumeration, and then fills the holes with components (i.e.,
complete subexpressions) generated via bottom-up enumeration. During this process, we use
a forward-backward abstract interpreter to prune infeasible candidates. The forward abstract
interpreter computes an over-approximation of the set of all possible outputs of a partial program
(by considering holes placeholders for aribtrary expressions of the appropriate type), and the
backward abstract interpreter computes a necessary precondition (i.e., a condition that must hold
for the candidate to produce the desired output) for each hole.

Suppose we have a partial program with three holes *:

ConCat(O, O, O) (1)

where O is a hole that can be filled with an expression of type string. Then, suppose we have a
set C of components that can be used to fill the holes obtained by bottom-up enumeration. In this
example, C contains the following components:

{x,y,".","_", CharAt(x), CharAt(y)}.

We fill the holes in the partial program (1) with the components in C one by one. For example,
suppose we fill the leftmost hole O with x obtaining the following candidate:

ConCat(x,O,0O) (2)

Then, we perform the forward abstract interpretation on this candidate to compute an over-
approximation of the set of all possible outputs of the candidate. We use the suffix abstraction [8] to
over-approximate all possible string outputs of the candidate by representing them as the longest
common suffix of the string outputs. ¢ In this domain, € (the empty string) is the top element
meaning any string that ends with € (i.e., all strings).

The forward abstract interpretation on (2) computes € as the suffix abstraction of the possible
outputs of the candidate. That is because the other holes that can be filled with any string expressions
will affect the suffix representation of the possible outputs, but they are yet to be filled. Then, we
check if this abstraction subsumes the desired output " J.K" (i.e., the desired output is a possible
output of the candidate). If not, the candidate is determined infeasible and discarded. In this case, €
does subsume "J.K", and thus the candidate (2) is determined feasible.

Please note that the candidate (2) is actually infeasible, because it can never produce the desired
output "J.K" (the output will always be of the form " Jan" followed by some string). However, the
imprecision of the suffix abstraction leads to the false positive.

Next, we proceed to perform backward abstract interpretation to compute necessary precon-
ditions for the other holes to be filled. Because the desired output ends with "K", the backward
abstract interpreter computes the necessary precondition "K" for the rightmost hole, which means
that the hole must be filled with an expression that evaluates to a string ends with "K".

This necessary precondition is used to identify the components that can be used to fill the last
hole. For example, the component "." cannot be used to fill the rightmost hole but CharAt,(y) can
be used.

3We exhaustively enumerate all possible partial programs by applying the production rules of the grammar to the start
non-terminal up to a certain depth. In this example, we assume we only generates a single partial program for simplicity.
“In the actual implementation, we use a more precise abstract domain for strings, but we use the suffix abstraction here for
simplicity.
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By these bidirectional abstract interpretations, the search space is pruned by

e discarding infeasible candidates that cannot produce the desired output, and
e discarding components that cannot be used to fill the holes.

Hole Filling Orders in Existing Approaches. The most popular approach to hole filling is to fill the
holes in a fixed order. The leftmost-first order is the most common choice. However, this order is
not always optimal for the underlying abstract interpreter. For example, if we fill the leftmost hole
first, we generate the candidate (2) and the forward abstract interpretation on it cannot determine
infeasibility because of the other remaining holes. Then, we will proceed to fill the other holes
assuming the candidate can be feasible, wasting time on infeasible candidates.

In contrast, if we choose the rightmost hole, for example, we may generate the candidate

ConCat(o,o,"_"). (3)

Then, the forward abstract interpretation computes "_" as the suffix abstraction of the possible
outputs of the candidate, realizes that the candidate can never produce the desired output "J.K",
and determines it infeasible. This example shows that the order of hole filling should be chosen
being aware of the underlying abstract interpreter to prune the search space effectively.

Meta Analysis. Our key insight is that the order of hole filling can be guided by predicting the
behavior of the underlying abstract interpreter.

To overapproximate all possible behaviors of the underlying abstract interpreter, we introduce
a simple abstract domain D* = {MustT,May ¥} where MustT means that the underlying abstract
interpreter will always return T (e in the suffix abstraction) on a candidate, and May ¥ means
that the underlying abstract interpreter may not return T on a candidate (but it may return T as
well). This domain is simple enough to make our meta analysis lightweight and efficient, which is
crucial for our approach because the cost of the meta analysis should not outweigh the cost of the
underlying abstract interpreter. °

The domain D* has forward and backward abstract operators that soundly overapproximate the
behavior of their underlying counterparts. For example, the forward abstract interpretation with D
computes MustT for ConCat(x, O, 0) since the underlying forward abstract interpreter will always
return T on this candidate, and the backward abstract interpretation with D* computes May ¥
for the necessary precondition of the hole O in ConCat(CharAt,(x), ".", O) since the underlying
backward abstract interpreter can infer the suffix abstraction of O as "K" to produce the desired
output "J.K".

Meta-Analysis-Guided Hole Filling. Now we explain how to use the meta analysis to guide the
order of hole filling. Given the partial program (1), we want to know which hole to fill first. To this
end, we hypothetically fill each hole and generate three candidates:

ConCat(m, O,0) (4)
ConCat(O, @, O) (5)
ConCat(O, O, @) (6)

where @ represents a hole that is hypothetically filled with some component. By “hypothetically
filled”, we mean that we do not actually fill the hole, but rather analyze the underlying abstract
interpreter’s behavior assuming the hole is filled with an arbitrary component. The abstract
semantics of @ in the meta analysis is May ¥ because the @ symbolizes a complete expression

5In our implementation, we use this simple domain D* for bit-vectors, but we use D* x I* for suffix abstraction of strings
where I = {Con, Bnd, Unb} represents an abstraction of string lengths: constant length, bounded length, and unbounded
length. In this example, we use the simple domain D* for ease of explanation.
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without any holes in it, and the underlying abstract interpreter will never return T for it as there is
no unknown part in it.

Then, we perform the forward meta analysis on the above candidates (4)-(6). The following
process summarizes the meta analysis on the candidates:

e For candidate (4), the forward meta analysis computes MustT as the suffix abstraction of the
candidate because the last hole can be filled with any string expression, which makes the
suffix abstraction T.

e For candidate (5), the forward meta analysis computes Must T for a similar reason as the first
candidate.

e For candidate (6), the forward meta analysis computes May ¥ as the suffix abstraction of the
candidate because the last hole @ will determine the suffix abstraction of the candidate, and it
will not evaluate to T in the underlying analysis because a complete expression will evaluate
to a non-empty string.

Next, we perform the backward meta analysis on the candidates (4)-(6). The backward meta
analysis on (4) computes May ¥ as the necessary precondition for the entire candidate because it
should evaluate to the desired output " J.K" whose suffix is definitely non-empty. Then, it proceeds
to compute the necessary precondition for the other sub-expressions (including the other holes) in
the candidate. For example, the necessary precondition for the rightmost hole is MustT. That is
because we need information about the middle hole to determine the necessary precondition for
the rightmost hole, and the middle hole is not determined yet. In this manner, the backward meta
analysis computes the necessary preconditions for all the sub-expressions of the candidates (4)-(6).

After the forward and backward meta analyses, we obtain the forward analysis result and the
backward analysis result for each subexpression in each candidate. We refer to each subexpression
as a position of it: € denotes the root position of the candidate, and the positions 1, 2, and 3 denote
the first, second, and third subexpressions of the root position, respectively. The following table
summarizes the results.

Candidate | Position | Results of the Forward & Backward Meta Analyses

€ (MustT, Mayf)
1 (May]‘, MustT)
(4) 2 (MustT,MustT)
3 (MustT,MustT)
€ (MustT, May]()
1 (MustT, May]‘)
(5) 2 (May7,MustT)
3 (MustT,MustT)
€ (May7,May7)
1 (MustT,MustT)
(6) 2 (MustT,MustT)
3 (May]‘, MustT)

Given the above results, now we are ready to determine the order of hole filling. We can see that
the candidate (6) may lead to the best pruning effect. Because the meta forward analysis result of
the root position is MayF; it means that the underlying abstract interpreter may not return T on
the candidate. The meta backward analysis result of the root position is also May ¥, which means
there may be a non-trivial necessary precondition for the root position. Recall the candidate 3. Its
underlying forward analysis result is "_" (non-T), and the desired output is " J.K" (also non-T).
There is no intersection between the two, which means that the candidate can never produce the
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desired output "J.K". The meta analysis result of the root position indicates the possibility of such
a situation, choosing the rightmost hole is the best choice to fill first.

If we do not choose the rightmost hole to fill first, filling the middle hole first is the second best
choice. The reason is as follows: though the forward analysis result of the root position is Must T
(i.e., the candidate cannot be pruned by the intersection of the suffix abstraction and the desired
output), the backward analysis result of the rightmost hole is May 7. We may infer a non-trivial
necessary precondition for the rightmost hole, which can lead to pruning the search space by
limiting the components that can be used to fill the rightmost hole.

Choosing the leftmost hole to fill first is the worst choice because the forward analysis result
of the root position is MustT, and the backward analysis results of the other remaining holes are
both MustT. This means that not only we cannot prune the candidate but also we cannot infer any
non-trivial necessary precondition for the other holes.

We use the following ranking hierarchy to determine the order of hole filling:

e Rank-1 positions: The positions with hypothetical filling that lead to May ¥ as the forward
analysis result and May ¥ as the backward analysis result at any position. Filling these positions
first is the best choice because it may lead to the best pruning effect by discarding the entire
candidate and all candidates that can be derived from it.

e Rank-2 positions: The positions with hypothetical filling that leads to Must T as the forward
analysis result and May ¥ as the backward analysis result at any other hole’s position. Filling
these positions first is the second best choice because it may lead to a non-trivial necessary
precondition for the other holes, so that the search space can be pruned by limiting the
components that can be used to fill the other holes.

e Rank-3 positions: The positions that are neither Rank-1 nor Rank-2. Filling these positions
first is the worst choice because it cannot lead to any pruning effect, and the search space
will be explored in a less efficient way.

In our example, the rightmost hole is a Rank-1 position, the middle hole is a Rank-2 position, and
the leftmost hole is a Rank-3 position.

If there are no Rank-1 and Rank-2 positions, we can choose any Rank-3 position to fill first and
importantly, we do not need to perform the underlying analysis after filling the hole because it
will not help prune the search space anyway. This way, we avoid fruitless analysis on candidates
that will not be pruned (for more details of the meta analysis and ranking process for this example,
please refer to Examples 4.1 and 4.3 in §4).

3 Problem Definition

We define the problem of finding a good hole-filling strategy in example-based program synthesis.

3.1 Preliminaries

Regular Tree Grammar. A regular tree grammar is a tuple G = (N, %, S, §) where N is a finite set
of nonterminal symbols; ¥ is a ranked alphabet; S € N is the start nonterminal; and ¢ is a finite set
of productions of the form Ny — oW(Ny, - - -, N;) where each N; € N is a nonterminal and o is
a k-ary function symbol in .

A partial program P is a tree possibly containing nonterminals, and each subtree of P can be
identified with a position in P (denoted by Pos(P)). A position in a partial program P is a string
over the alphabet of natural numbers where the empty string e denotes the root position of P and
for a position p, the position p - j denotes the j-th child of the node at position p (where - is the
concatenation operator). We will denote by P |, the subprogram of P at position p and by P[p « 1]
the program that is obtained from P by replacing the subprogram at position p with t. Given a
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partial program P, we denote by Holes(P) the set of all positions in P where a nonterminal appears,
i.e., Holes(P) = {p € Pos(P) | P |,€ N}. We will use the term hole to refer to a nonterminal in a
partial program. A program P’ can be derived in one step from P if there exists a production rule
Ny — oD (Ny, - -+, N;) such that replacing Ny in P with 0¥ (Ny, - -+, N;) - denoted by P — P’.
We say that a partial program P’ is derived from another partial program P in zero or more steps
(denoted by P —* P’) if P’ can be obtained from P by applying a sequence of productions.

Given an RTG G, we say a partial program P is complete if it does not contain any holes, i.e.,
Holes(P) = 0. We use L(N) to denote the set of all complete programs that can be derived from a
nonterminal N in G, hence L(G) = L(S) is the set of all complete programs that can be derived
from the start nonterminal S in G.

Example-based Syntax-Guided Synthesis. An example-based syntax-guided synthesis (SyGuS)
instance is a tuple (G, &) where G is a regular tree grammar and & is a set of input-output examples.
The goal is to find a program P satisfying a given specification &. Programs must be written in a
language L(G) described by a regular-tree grammar G. The specification is a set of input-output
pairs & = U;"zl{ij — 0;} where i; and o; are values. Assuming each program P in L(G) has a
deterministic semantics [ P]), the goal is to find a program P such that [P] (i) =oforalli+> 0 € &
(denoted P [ &).

3.2 Synthesis with Abstract Interpretation-based Pruning

We consider a generic synthesis algorithm that uses abstract interpretation to prune the search space.
Algorithm 1 describes the algorithm that takes as input an example-based SyGuS instance (G, &)
and an abstract interpreter A. The algorithm maintains a queue Q of partial programs, initialized
with sketches generated by a sketch generator INITIALSKETCHES(G) (line 2). The algorithm also
maintains a component map C that maps each nonterminal N to a set of components that can be
used to fill holes in N (line 3). The algorithm then repeatedly explores the queue Q (lines 6 — 18). In
each iteration, the algorithm generates new components for each nonterminal N in the grammar
G (line 5). Then, it processes each partial program P in the queue Q (line 6). For each P, it first
removes P from the queue (line 7). If P is complete and satisfies the specification &, the algorithm
returns P as a solution (line 8). Otherwise, it analyzes P using the abstract interpreter A (line 10).
If the analysis determines that P is infeasible with respect to the specification &, the algorithm
continues to the next iteration (line 11). If P is feasible, the algorithm picks a position pos in P
where a hole exists (line 12). For each component ¢ in C(P |,0,) that is compatible with the analysis
result A (i.e., it does not violate any necessary precondition over the hole imposed by the analysis),
the algorithm enqueues a new partial program P[pos « c] into the queue Q (lines 14-15). If the
queue Q becomes empty, the algorithm goes back to line 5 to generate new additional components
for the next iteration to broaden the search space. The entire algorithm continues this process until
the budget is exhausted (line 19).

This generic algorithm is general enough to cover various synthesis techniques, including
top-down synthesis, bidirectional synthesis, and unrealizability proof. For example, the abstract
interpreter A can be either a forward abstract interpreter [16, 20, 32-37, 37] or a forward-backward
abstract interpreter [25, 38]. If only a forward interpreter is used, the condition on line 14 is al-
ways true, since there are no necessary preconditions over holes imposed by the analysis. If the
ADpDCoMPONENTS function is a constant function that returns a set of production rules for each
nonterminal N, the algorithm will behave like a standard top-down synthesis algorithm. If the
AppCoMPONENTS function generates complete subexpressions for each nonterminal N, the algo-
rithm will behave like a bidirectional synthesis algorithm [23, 38]. Lastly, if all the partial programs
in the queue are determined infeasible by the analysis, the algorithm can prove the unrealizability
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Algorithm 1 Abstract Interpretation-based Inductive Synthesis

Require: A SyGuS instance (G, & = U;":l{ij = 0j})

Require: Abstract interpreter ANALYZE

Ensure: A solution program P € L(G) that satisfies &
1: procedure SYNTHESIS({G, &), ANALYZE)

2: Q := INITIALSKETCHES (G)

3 C=0

4 repeat

5 C := AbpCoMmPONENTS(G, C) >C: N — P (L(G))
6: while Q is not empty do

7 remove P from Q

8 if IsComplete(P) and P |= & then return P

9: else

10: A = ANALYZE(P, &)

11: if Infeasible(P, A, E) then continue

12: pos := PickHole(P) > pos € Pos(P)
13:

14: for ¢ € C(P |pos) s.t. ~Infeasible(P[pos < c], A, E) do

15: Q :=QU{P[pos « c]}

16: end for

17: end if

18: end while

19: until the budget is exhausted
20: end procedure

of the given SyGusS problem [18, 19] assuming the soundness of the abstract interpreter A and the
completeness of the sketch generator INITIALSKETCHES(G).

Throughout this paper, we will assume that the abstract interpreter A is sound with respect to
the underlying semantics of the programs in L(G), i.e., if a program is determined infeasible by the
analysis, then it is indeed infeasible with respect to the specification &.

3.3 Problem Statement

We first define the notion of hole-filling strategies and then introduce our problem of finding an
admissible hole-filling strategy.

Definition 3.1. For a given program P € L(G), a hole-filling strategy is a function PickHole :
L(G) — Pos(P) that takes the partial program P and returns a position pos € Pos(P) where a hole
exists, i.e., P [os€ N. A hole-filling strategy may be non-deterministic if it randomly chooses one
position from multiple hole positions that are considered equally promising by the strategy.

Different hole-filling strategies can be used in Algo. 1 on line 12 to determine which hole to fill
next in a partial program P. The choice of a hole-filling strategy can significantly affect the search
space and the efficiency of the synthesis algorithm. A typical example of hole-filling strategies is
the one that always picks the leftmost hole in P. However, this strategy may not always be the best
choice, as it may not lead to the most effective search space pruning.

A hole-filling strategy determines how the holes in a partial program P are filled with components
from a current component map C. We define the notion of a hole expansion set as follows:
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Definition 3.2. A hole expansion set of a partial program P with respect to a component map C
and a position pos of a hole to be filled is defined to be

HoleExpansion(P, pos, C) = {P[pos < c] | ¢ € C(P |pos)}

The hole expansion set HoleExpansion(P, pos, C) contains all the partial programs that can be
obtained from P by filling a hole at position pos with a component ¢ from the component map C.

If a hole is filled in a way that necessary preconditions over the other holes are constraining
enough to prune the search space, we say that the hole-filling strategy is effective because our
primary goal is to prune the search space as much as possible. This notion of effectiveness can be
quantified by the pruning power of a hole-filling strategy, which is defined as follows:

Definition 3.3. Given a partial program P € L(G), a component map C, and a synthesis specifica-
tion &, the pruning power of a hole-filling strategy PickHole is defined to be

€ HoleE ion(P, pos,C) | Ip’ € L(G). AP EE
@(P, PiCkHOIe, C) = max 1- |{p oe XpanS]on( pos ) | p ( ) p_) p p | }|
pose[PickHole] (P) |HoleExpansion (P, pos, C)|

where [[PickHole] (P) is the set of all positions that may be returned by the (possibly non-
deterministic) hole-filling strategy PickHole on input P, p —* p’ means that p’ can be derived from
p in zero or more steps, and p’ |= & means that p’ satisfies the specification &.

The best hole-filling strategy is the one that maximizes the © value. Ideally, if a hole-filling
strategy has a pruning power of 1, it means that all the programs in the hole expansion set are
infeasible with respect to the specification &, hence we can discard the current partial program
P and avoid further exploration of the search space from P. On the other hand, if a hole-filling
strategy has a pruning power of 0, it means that all the programs in the hole expansion set are
determined to be feasible with respect to the specification & by the analyzer hence we cannot prune
any candidate program.

However, checking the feasibility of a partial program P with respect to the specification &
in a sound and complete manner is undecidable in general. Therefore, we use the following
approximation:

Definition 3.4. Given an abstract interpreter ANALYZE, the estimated pruning power of a hole-
filling strategy PickHole is defined to be

8(P. PickHole, C) = e - {p € HoIeExpansion(P,po?, C) | —Infeasible(p, A, E)}|
pose[[PickHole] (P) |HoleExpansion (P, pos, C)|

where A = ANALYZE(P, &) is the analysis result of the abstract interpreter ANALYZE.

Note that we use the ANALYZE function to determine if a partial program P is infeasible with
respect to the specification &.

Definition 3.5. A hole-filling strategy PickHole™ with respect to a partial program P € L(G) and
a current component map C is optimal if it maximizes the pruning power, i.e.,

VPickHole’ € L(G) — Pos(P). ©(P, PickHole*, C) > (P, PickHole’, C)
The problem of finding an optimal hole-filling strategy can be stated as follows:

Definition 3.6. At every iteration of the synthesis algorithm in Algo. 1 on line 12, given a partial
program P € L(G) and a current component map C, the problem of finding an optimal hole-filling
strategy is to find a hole-filling strategy PickHole™ of the best pruning power, i.e.,

PickHole* = arg max @(P, PickHole, C).
PickHole€ L(G)— Pos(P)
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A naive approach to finding an optimal hole-filling strategy is to enumerate all possible hole-
filling strategies and compute their estimated pruning power. This approach is infeasible in practice
because it requires to run the abstract interpreter ANALYZE for every candidate program in the hole
expansion set of every possible hole-filling strategy.

Finding a hole-filling strategy should be efficient enough not to slow down the synthesis al-
gorithm, and thus we cannot afford to compute the pruning power of every possible hole-filling
strategy.

Therefore, we relax the problem of finding an optimal hole-filling strategy to finding a hole-filling
strategy that can recognize the worst-case scenario where no pruning can be achieved regardless
of how holes are filled. We call such a hole-filling strategy admissible.

Definition 3.7. For a partial program P € L(G), a component map C, a hole-filling strategy
PickHole is admissible if it satisfies the following condition:

@(P, PickHole,C) =0 = VPickHole’ € L(G) — Pos(P). (P, PickHole’,C) = 0

If the admissible strategy shows the worst pruning power (i.e., 0), then no other strategy can
achieve better. As a contrapositive, if there exists a hole-filling strategy PickHole” whose pruning
power is not the worst (i.e., greater than 0), then the admissible hole-filling strategy PickHole is
guaranteed to have a pruning power strictly better than the worst case.

Finding an admissible hole-filling strategy is beneficial: when its pruning power is 0, the search
space cannot be pruned no matter how holes are filled. Therefore, we can safely continue the
synthesis process without performing the analysis on the hole expansion set to prune the search
space. This can significantly reduce the number of calls to the abstract interpreter ANALYZE and
speed up the synthesis process.

To summarize, we require the hole-filling strategy to be admissible and to check if the pruning
power of the hole-filling strategy is 0. The lines 12-13 in Algorithm 1 are modified as follows:

e > Lines before 12 are unchanged
pos, noprune := PickHole(P) > pos € Pos(P)
if noprune then Q := Q U {P[pos < c] | ¢ € C(P |505)}; continue
e > Lines from 14 are unchanged

The variable noprune is a boolean value that indicates whether the pruning power is 0 or not. If

noprune is true, it means that the pruning power of the hole-filling strategy is 0, and thus we can

safely continue the synthesis process without performing the analysis on the hole expansion set to
find infeasible combinations of holes and components.

In the following sections, we will present a general method for obtaining an admissible hole-filling
strategy.

4 Our Meta Analysis-based Hole-Filling Strategy

In this section, we present our abstract interpretation-based hole-filling strategy. Our method can be
instantiated to various domains of interest such as bitvector and string manipulation by providing
forward and backward abstract operators for our meta abstract domain.

We first present a top-level algorithm that uses a meta abstract interpreter to analyze the
behavior of the underlying abstract interpreter for pruning. Then, we describe the underlying
abstract interpreter and the meta abstract interpreter in detail.

4.1 Top-Level Algorithm

Our top-level algorithm for hole-filling is presented in Algo. 2. The procedure takes a partial program
P with holes and a meta abstract interpreter ANALYZE® as inputs, and returns a set of positions to
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be filled (note that it takes ANALYZE" in addition to P in contrast to the one in Algo. 1 that takes
only P). The procedure initializes two sets of positions on lines 2 and 3: (1) Rank1_positions:
filling a hole in the position with some component may lead to a candidate that is infeasible with
respect to the input-output example, and (2) Rank2_positions: filling a hole in the position with
some component may lead to a candidate in which the holes have non-trivial (i.e., not T) necessary
preconditions, and thus the components that can be used to fill the holes are pruned. If the algorithm
identifies a Rank-1 position, it returns the position because filling the hole in the position with
any component will lead to an infeasible candidate, which is the best choice for pruning. If the
algorithm identifies a Rank-2 position, it returns the position because filling the hole in the position
with any component will lead to a candidate with necessary preconditions over holes, which is
also a good choice for pruning. If neither Rank-1 nor Rank-2 positions are found, it randomly picks
a position to be filled and returns it with a boolean value indicating that the pruning power is 0.
After the initialization, the algorithm iterates over all positions in the program P with holes (line 4).
For each position pos in the program, it performs the following steps:

e It analyzes the program P with a hypothetical filling of the position pos using the meta
abstract interpreter ANALYZE" (line 5). By hypothetical filling, we mean that the position is
not actually filled with any component, but the analysis is performed as if it were filled with
some component.

o It checks if the position may lead to an infeasible candidate (line 6). If so, it adds the position
to the Rank-1 positions set (line 7).

o If not, it checks if the position may prune components (line 8) by enabling the necessary
preconditions over holes. If so, it adds the position to the Rank-2 positions set (line 9).

e If neither condition is satisfied, it continues to the next position.

If the algorithm finds any Rank-1 positions, it returns one of them (line 13) with a boolean value
indicating that the pruning power may not be 0. If it finds any Rank-2 positions, it returns one of
them (line 15) with a boolean value indicating that the pruning power may not be 0. If it does not
find any Rank-1 or Rank-2 positions, it randomly picks a position to be filled (line 17) and returns
it with a boolean value indicating that the pruning power must be 0.

The core component of the algorithm is the meta abstract interpreter ANALYZE® that analyzes the
behavior of the underlying abstract interpreter ANALYZE over the program P with a hypothetical
filling of a given position.

To describe the meta abstract interpreter in detail, we need to first describe the underlying
abstract interpreter and the component generation process we suppose in this paper. We assume
that the underlying abstract interpreter ANALYZE is a forward-backward abstract interpreter that
computes both the overapproximation of the output of a given partial program and the necessary
preconditions over missing holes for the program to be valid. The component generation process is
a procedure that generates complete subexpressions without holes according to the grammar of
the target language. It may be implemented in various ways (e.g., bottom-up enumeration).

4.2 Underlying Analysis ANALYZE

We now formally describe the ANALYZE procedure in Algo. 1 we assume in this paper. The following
description is borrowed from the work of SimBa [38]. The ANALYZE procedure is based on alternating
forward and backward analyses that can compute an overapproximation of the set of states that are
both reachable from the program entry and able to reach a desired state at the program exit [9]. In
our setting where a program is a tree, execution of a program begins at the leaves of the program
tree (constants or the input parameter variable) and proceeds up to the root. Therefore, for each
node of the program tree, a forward analysis computes an over-approximation of the set of values
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Algorithm 2 Meta Analysis ANALYZE*-Based Hole-Filling

Require: A partial program P with holes

Require: Meta abstract interpreter ANALYZE"

Ensure: A position to be filled in P and a boolean value indicating whether the pruning power is 0
1: procedure PickHoLE(P, ANALYZE")
2: Rank1_positions := 0
3 Rank2_positions := 0
4 for pos € Holes(P) do
5 AMeta - AnaLYzE* (P, pos)
6: if MaylInfeasible (P, AMet2) then
7 Rank1_positions := Rank1_positions U{pos}
8 else if MayPruneComponents (P, AM¢2) then
9 Rank2_positions := Rank2_positions U{pos}

10: end if

11: end for

12: if Rank1_positions # 0 then

13: return Pick(Rank1_positions), false
14: else if Rank2_positions # () then

15: return Pick(Rank2_positions), false
16 else

17: return Pick(Holes(P)), true

18: end if

19: end procedure

that may be computed from a subtree rooted at the node in a bottom-up manner. A backward
analysis computes an over-approximation of the set of values that may be used to generate output
desired by its parent in a top-down fashion.

For brevity, we assume that only a single input-output example i — o is given to the ANALYZE
procedure, but it can be easily extended to multiple input-output examples by performing the
analysis for each example and combining the results.

We suppose an underlying abstract domain D has a galois connection with the concrete domain D

Y .
(ie., P (D) ;; D). The ANALYZE procedure performs the iterative forward-backward analysis
ap

to obtain a map A that maps each position in P to an abstract values d.
The forward abstract semantics is characterized by the least fixpoint of the following function
F : (Pos(P) — D) — (Pos(P) — D):°

(P |p is a constant)

(otherwise) | p € Pos(P)}-

F =AX. Iy U F*(X) where IT={pr—>{ j‘_f)({P lp})

Each constant is mapped to the abstraction of the constant itself, and nonterminals are mapped to
T by F*. The forward abstract function F* is defined as follows:

T (P |pe N)
FX)={p= f*X(p-1.--.X(p-k) (Plp=f(-)arity(f) =k) |p € Pos(P)}
1 (otherwise)

®For simplicity, we assume that every occurrence of the input parameter variable is replaced with the input example value i,
which is a constant.
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where 7# denotes the forward abstract operator of an operator f. It takes abstract values of
arguments and returns a resulting abstract value.

The backward abstract semantics is characterized by the greatest fixpoint of the following
function B : (Pos(P) — D) — (Pos(P) — D):

B=)X.IgNB*(X) where Ig={p { f‘rﬁ({o}) Ez;tzeizme) | p € Pos(P)}.

The final state 7 maps the root position to the abstraction of the output example (i.e., ap({0}))
and every other position to T. The backward abstract function B* is defined as follows:

B#(X) — {p — {_{?(X(P’),X(p’ c1),- - ’X(p/ -k)) (p =p/ -, P |P'=f("')’arity(f) =k) |P c POS(P)}

(otherwise)

where ?f denotes the backward abstract operator of an operator f. It takes an abstract value of the
result and abstract values of arguments, and returns an abstract value of the i-th argument, which
corresponds to the necessary precondition for the i-th argument to satisfy the input-output example.
The intersection of the forward and backward abstract semantics is computed by obtaining
the limit of the following decreasing chain defined for all n € N until the chain converges [9]:
X0 = Ifp F, X2 = gfp AX. X?" 1 B(X), and X>™*2 = [fp AX. X>™*1 1 F(X).
The ANALYZE procedure is defined as follows:

ANALYZE(P, i+ 0) = {p — A(p) | p € Pos(P), A = lim X"}.

The procedure Infeasible(P, A, i — 0) on line 11 in Algo. 1 checks if any position p € Pos(P) is
determined to be unreachable from the entry of the program P (i.e., Infeasible(P, A,i — o) =3p €
Pos(P). A(p) = Lp).

4.3 Meta Analysis ANALYZE"

In this section, we define abstract domains for meta analysis that can be used to analyze the behavior
of analysis for pruning and derive the best hole-filling strategy.

Suppose that the abstract domain for the underlying analysis is D. The meta abstract domain
D¥ = {L,MustT,May ¥} where L is the bottom element, MustT represents the top element of the
underlying abstract domain D, and May¥ represents elements that may not be the top element of
D (also may be the top element hence May¥ represents the set of all elements in D). The galois

N Yb# A N
connection P (D) &——— D" between the meta abstract domain D* and the underlying abstract
D{é#

domain D is specified by the following concretization function: yp. (L) = 0, yp.(MustT) = {T},
and yp. (May¥) = D.

The meta abstract interpreter ANALYZE" (P, pos) also performs the iterative forward-backward
analysis to obtain a map A* that maps each position in P to an abstract value in D*. The forward
abstract semantics is characterized by the least fixpoint of the following function F* : (Pos(P) —
D*) — (Pos(P) — D*):

May¥ (P |p is a constant or p = pos)

# _ # ) pht # _
F*=2X. IGL.I_I F™(X) where IT_ {p— {J_ (otherwise)

| p € Pos(P)}.
Each constant is mapped to MayF since it may not be the top element of the underlying abstract
domain D. Note that the position pos is also mapped to May ¥ since it is a hypothetical position to
be filled, and thus it may not be the top element of the underlying abstract domain D. Nonterminals
(except pos) are mapped to MustT by F**,
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The forward abstract function F** is defined as follows:

MustT (P |p€ N),p # pos
F*X) = {p = FHX(p -1, X(p- k) (Plp=f()arity(f)=k) | p € Pos(P)}
L (otherwise)

N
where f* denotes the forward abstract operator of an operator f.

The backward abstract semantics is characterized by the least fixpoint of the following function
B* : (Pos(P) — D*¥) — (Pos(P) — D¥):

May¥ (p=c¢)

MustT (otherwise) | p € Pos(P)}.

B =AX. I UB*(X) where I}={pw {
The final state 7, g maps the root position to MayF since the output of the root position should
overapproximate the abstraction of the output example (i.e., 2y ({0})) and every other position to
MustT. The backward abstract function B is defined as follows:

i = ?f#(X(P,)sX(p/l)"X(P,k)) (p:p’l’P| ’=f(“')’arity(f)=k)
BT (X) ={p— {MustT (otherwise)p | p&Pos(P)}

where (f_?# denotes the backward abstract operator of an operator f. It takes an abstract value of
the result and abstract values of arguments, and returns an abstract value of the i-th argument,
which corresponds to the necessary precondition for the i-th argument to satisfy the input-output
example.

As done in the underlying abstract interpreter, we compute the intersection of the forward
and backward abstract semantics by obtaining the limit of the following increasing chain defined

for all n € N until the chain converges: Xt = Ifp 77, X#m = Ifp AX. X#*" U 8#(X), and
X4 Ifp AX. X (X). The meta abstract interpreter ANALYZE" is defined as follows:

p € Pos(P), A%, = ff#(ﬂ#),}

Anaryze® (P, i+ o) = {p > (AL(p), AL (p)) AL = B (AY)

where A* = limy,_e0 X*"

The notable difference from the underlying abstract interpreter is that the meta abstract inter-
preter computes a pair of abstract values (ﬂ; (p), A (p)) for each position p € Pos(P), where ﬂ;
is an overapproximation of the results of the forward analysis and A7 is an overapproximation of
the results of the backward analysis computed during the iterative forward-backward analyses.
The reason we compute a pair of abstract values is as follows: the underlying abstract interpreter
may determine infeasibility of a program by checking if the analysis result is L (i.e., unreachable)
for some position p € Pos(P). Such the bottom element can be derived by the intersection of the
forward and backward analyses (e.g., assuming that our underlying abstract domain is the interval
domain, if the forward analysis computes [1, 2] and the backward analysis computes [3,4] for a
position, then the intersection is L since there is no common value between the two sets). However,
the meta abstract interpreter does not compute the bottom element L for any position because
it is based on the coarse abstract domain that does not keep track of any information about the
concrete values of the program. Therefore, we approximate the bottom element in the underlying
analysis by the pair (May ¥, May F) in the meta analysis, which indicates that the position may not
be the top element of the underlying abstract domain D in both forward and backward analyses

(e, Ly € yp:(MayF M May.7)).

Example 4.1. We illustrate how the meta abstract interpreter ANALYZE* works for the overview
example in §2. Suppose we have the following forward abstract operator for string concatenation
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ConCat: ConCat##(a?, ag, ag) = ag where a’;, a*;, a§ € D* are abstract values for the first, second, and
third arguments of ConCat, respectively. The operator simply returns the abstract value of the third
argument as the result. That is because if the third argument is the top (non-top resp.) element
in the underlying analysis, then the result is also the top (non-top resp.) element regardless of
the values of the first and second arguments. Similarly, suppose we have the following backward
abstract operator for ConCat:

%
MayF ifaf #MustT Aaf #MustT  ConCatj’(af,df,af) =MustT

MustT otherwise & onCat*(af,af,a’) =MustT
Next, we describe how the meta abstract interpreter ANALYZE" analyzes the candidate programs
(4), (5), and (6) with hypothetical hole-fillings in §2.

For the candidate program (4) with the hypothetical filling of the hole at position 1, the initial
and final states are as follows:

ng_: {e—> L, 1> MayF 2 1,3 1} I} = {e > MayF]1 > MustT,2 > MustT,3 - MustT}.

-
ConCat?*(a}, df, a}) = {

With these initial and final states, x# = Ifp F* is computed as {€ > MustT,1 +— MayF;2 —
MustT,3 + MustT}. Next, Xt = Ifp AX. x#° L B*(X) is computed as {€ — MayF; 1 +— MayF;2

MustT, 3 > MustT}. Next, X#Z = Ifp AX. X#l U F*(X) is computed as the same as X#l, and thus
the chain converges. Therefore, the meta abstract interpreter ANALYZE® returns (A%, ﬂg) where

— .
A =111 F##(X#z) = {e > MustT, 1+ MayF;2 +> MustT,3 > MustT}

«— .
Ay = Ié L B##(X#Z) = {€ — MayF,1 > MustT,2 - MustT, 3 > MustT}.

For the candidate program (5) with the hypothetical filling of the hole at position 2, the initial
state 7% is {e = 1,1+ 1,2 — May¥;3 — 1} and the final state is the same as the previous case.

F o

With these initial and final states, X* = Ifp F* is computed as {¢ — MustT,1 — MustT,2
MayF; 3 — MustT}. Next, X#l = Ifp AX. X#O L B%(X) is computed as {€ — MayF; 1 — MayF;2 —
MayF;3 +— MustT}. Next, X#Z = Ifp AX. X#l U F*(X) is computed as the same as X#l, and thus
the chain converges. Therefore, the meta abstract interpreter ANALYZE* returns (A%, ﬂg) where

AL = TEUF(XF) = {e > MustT, 115 MustT, 2 > MayF;3 > Must T}

«—, .

A = Ig L B##(X#z) = {e — MayF;1 — MayF;2 — MustT,3 — MustT}.

Lastly, for the candidate program (6) with the hypothetical filling of the hole at position 3,
the initial state I;_ is{e » 1,1 —» 1,2 — 1,3 — May¥} and the final state is the same
as the previous case. With these initial and final states, x* = Ifp F* is computed as {e >
MayF;1 +> MustT,2 +— MustT,3 +— Mayr}. Next, X#l = Ifp AX. X#O U B%(X) is computed as
{€e > May¥;1 > MustT,2 +— MustT,3 > May¥}. Next, x# = Ifp AX. x#' UF*(X) is computed as
the same as X #1, and thus the chain converges. Therefore, the meta abstract interpreter ANALYZE?
returns (A}, Aj) where

— .
A = I;;u F##(X#z) = {e > MayF,1 > MustT,2 > MustT,3 > MayF}
Ay =T} U <]?‘”’E(X"*z) ={e— MayF,1 — MustT,2 — MustT,3 — MustT}.

The soundness of the meta abstract interpreter is guaranteed by the following theorem.

THEOREM 4.2. For a given example-based SyGuS problem (G, E), for every program P € L(G),
position p € Pos(P), and hole position pos € Holes(P), if F** and B are sound with respect to F* and

n

B* respectively, then ANALYZE(P, 8)(p) € yps (A" where A* = limy,_,0o X*.
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ProoF. Available in the supplementary material. O

4.4 Determination of Rank of Positions

The meta abstract interpreter ANALYZE* computes a pair of abstract values AMet3(p) = (AL(p),
A (p)) for each position p € Pos(P) when pos € Holes(P) is hypothetically filled. Using the pair
of abstract values, we can determine the rank of a position as follows:

¢ Rank-1 position: A hole position pos is a Rank-1 position if filling the hole position may
lead to an infeasible candidate, which is determined by the condition

3p € Pos(P). AMR(p) = (May:F; MayF). (7)

This means that there exists a position having L p in the underlying analysis. The bottom
element can be derived only by the intersection of the forward and backward analyses neither
of which computes the top element at the position.

¢ Rank-2 position: A hole position pos is a Rank-2 position if filling the hole position may
prune components, which is determined by the condition

3p € Holes(P)\{pos}. AM(p) = (Must T, May 7). (8)

This means that there exists a hole position p’ other than pos (which is already filled hypothet-
ically) for which the underlying backward analysis computes a non-top element, indicating
that filling the position with any component may lead to a candidate that has non-trivial
necessary preconditions over the other holes.

The procedures MaylInfeasible(AM?) and MayPruneComponents(AM¢®?) in Algo. 2 check the
conditions (7) and (8), respectively.

Example 4.3. In Example 4.1, for the candidate program (6) with the hypothetical filling of the
hole at position 3, AMet3(e) = (MayF;May¥), thereby satisfying the condition (7). Therefore, the
position 3 is determined to be a Rank-1 position. For the candidate program (5) with the hypothetical
filling of the hole at position 2, AM®(1) = (MustT,MayF), thereby satisfying the condition (8).
Therefore, the position 2 is determined to be a Rank-2 position. For the candidate program (4) with
the hypothetical filling of the hole at position 1, neither condition (7) nor (8) is satisfied. Therefore,
the position 1 is not assigned any rank.

If the meta abstract interpreter ANALYZE* is sound with respect to the underlying abstract
interpreter ANALYZE, then the following theorem holds:

THEOREM 4.4. Ifthe meta abstract interpretation A* is sound with respect to the underlying abstract
interpretation A, then the procedure PickHole is guaranteed to be an admissible hole-filling strategy.

Proor. Available in the supplementary material. O

4.5 Optimizations

4.5.1 Filling Multiple Holes. So far, for ease of exposition, we have described the hole-filling
strategy for dealing with a single hole at a time. However, in practice, it is often beneficial to
consider multiple holes at once to improve the efficiency of the analysis.

To see the necessity of filling multiple holes simultaneously, consider a partial program of form
O+ O+ O where O can be filled with any integer expression. No matter which hole is filled first,
the underlying analysis will not be able to neither prune components for the other remaining
holes nor determine infeasibility of candidates; candidates with a single hole filled have too many
possibilities in their behavior. If we fill two holes simultaneously, however, we can infer a necessary
precondition for the third hole, which can lead to pruning components for the hole.
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To choose multiple holes to fill simultaneously, we modify Algo. 2 to consider subsets of holes
rather than individual holes at each iteration of the loop in lines 4-11. Instead of iterating through
single holes h € Holes(P), the loop iterates through subsets H C Holes(P) of increasing size
|H| = 1,2, ... until the maximum size of the subset is reached. The meta analyzer ANALYZE® is then
called with the program P and the subset H of holes to analyze the behavior of the program with
hypothetical filling of all holes in H. In addition, Algo. 2 keeps track of a set of sets of holes instead
of a set of holes and returns a set of holes as output. In our implementation, we use the maximum
number of holes to be filled simultaneously as a parameter of the algorithm and we set it to 3 by
default, which is sufficient for most cases.

4.5.2  Incremental Meta Analysis. Instead of starting from scratch, our meta analyzer reuses pre-
viously computed intermediate results and selectively updates only those parts of the program
that are affected by the changes. Because the changes are hypothetical fillings of holes, the meta
analyzer updates the analysis results only for the holes that are hypothetically filled in the current
iteration and computes the analysis results starting from the holes using the worklist algorithm.

4.6 Instantiations to String and Bitvector Manipulation

In this section, we present how to instantiate the generic hole-filling strategy to the domains of
bitvectors and strings, which are commonly used in program synthesis tasks.

Because of the space constraints, we only present some noteworthy points of our abstract
domains. The full details of our abstract domains are available in the supplementary material.

4.6.1 Notations. For the theory of strings and bitvectors, we follow the standard syntax and
semantics of the string operators described in the SMT-LIB v2.0 standard [3]. For an interval [/, k],

we denote Ib([/, h]) and ub([/, h]) as the lower and upper bounds of [I, k] respectively. [/, h] denotes

h — 1. Also, we will denote @ as the standard interval operation for an operation @ on integers.
4.6.2 Abstract Domain for Fixed-Width Bitvectors.

Abstract Domain for the Underlying Abstract Interpretation. We use the same abstract domain as
in the prior work [38]. The domain is a reduced product of three abstract domains: bitwise domain
for tracking the value of each bit of a bit-vector independently, and signed / unsigned interval
domains for representing intervals of signed / unsigned bit-vectors. We refer the reader to the prior
work [38] for more details.

Abstract Domain for Meta Analysis. The meta abstract domain for the bitvector domain is D*
described in §4.3.

The forward and backward abstract operators for the meta abstract domain are described in
Fig. 1 and Fig. 2, respectively. In the following, we explain some salient features of the operators.

e The forward abstract operators for bvand and bvor return May ¥ if either of the inputs is
May ¥, and Must T otherwise. This is because the forward abstract operators in the underlying
analysis for these functions may yield a non-top abstract value even if either of the inputs is
top, and the output is top only if both inputs are top. This is captured by the meta abstract
operators as well.

e The backward abstract operator for bvand in the bitwise domain captures the behavior of
the underlying analysis as follows: For example, for each abstract bit of the result, if the bit
is 1, we can infer that the corresponding bit of the first operand is 1 as well. If the result is
non-top, we can infer that the first operand is non-top as well.

The following theorem states that the meta abstract operators are sound with respect to the
underlying abstract operators in the bitvector domain.
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For f € {bvneg, bvnot} For f € {bvxor, bvadd, bvsub}
?## (a*) = Ma}’]z (a* = MBY}K) ?’## (a,b*) = MBYJZ (a* = May;f Ab* = Man)
D#¥ MustT  (otherwise) D MustT  (otherwise)

For f € {bvand, bvor, bvmul, bvsdiv, bvlshr, bvshl} For f € {bvurem, bvsrem}

7## (a*,b*) = Ma)’f (a" = May]( Vb= May;l") ?## (a*,b*) = Ma)’]l " = Ma}’]l)
D¥FYT MustT  (otherwise) DFY MustT  (otherwise)
Fig. 1. Forward abstract operators in the bitvector domain for meta analysis

For f € {bvand, bvor} (7#5* , is similar.) For f € {bvxor,bvadd, bvsub} (?g‘# , is similar.)
T (F* 1) = May;f (rf = Man) Cun (" b*) = May]‘ (rf = Mayf Ab* = Mayf)
Dt1Y MustT  (otherwise) Dt1Y MustT  (otherwise)

Fig. 2. Backward abstract operators in the bitvector domain for meta analysis (selected)

THEOREM 4.5. The meta abstract operators in Fig. 1 and Fig. 2 are sound with respect to the
underlying abstract operators in the bitvector domain.

Proor. Available in the supplementary material. O

4.6.3 Abstract Domains for Strings.

Abstract Domain for Underlying Analysis. Our abstract domain for strings is a also reduced
product domain. Let ¥ be a finite set of characters, and ¥ = X U {x} be the set of characters
including a wildcard character * that represents an unknown character. The following set will be
used to represent the abstract domain for strings:

CE (s iy [sestien)
where I is the set of intervals of the form [/, h] where [ € N and h € N U {co}. The first component
s represents a prefix or suffix of strings, and the second component i represents an upperbound on
the length of the strings, hence the lowerbound cannot be a negative number.

Our abstract domain is a reduced product of the following domains.

e Prefix domain with length ((P, Ep, Up, Mp)): a domain that tracks the prefix of a string and an

upperbound on the length of the string where P = C. Each abstract element is of the form (s, i)
where s € X represents the prefix of strings it abstracts and i € I represents the range of the

Y, N
length of the strings it abstracts. The galois connection $ (X*) ;, P is defined as follows:

ap
def def 0 . (i=10,0])

ap(S) = (LCP(S), [fmin, fmax]), yp(s.i) = {{sle/=] -t |t e} (ub(i) = c0)

{s[e/*] -t | Ib(i) < |t] < ub(i),t € *} (otherwise)

where LCP(S) is the longest common prefix of the strings in S and £, = minges |s| and
fmax = MaXses |s|. )

o Suffix domain with length ({(S,Cg, Lg, M¢)): a domain that tracks the suffix of a string and an

upperbound on the length of the string where $ = C. The domain is similar to the prefix

domain with length with the only difference that it tracks the suffix of a string instead

Y3 .
of the prefix. The galois connection P (X*) a‘:S S is defined as follows: a¢(S) def
S
dor 0 (i=10,0])
(LCS(S), [min, max]), v4(s ) = S {t-sle/+] |tes) (ub(i) = c0)

{t - s[e/*] | Ib(i) < |t| < ub(i),t € =*} (otherwise)
where LCS(S) is the longest common suffix of the strings in S.
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C0r1—Cat)ﬁ3((p1, i), (p ia)) { (p1 - p2. i1 +1iz)  (if i7 is constant)

(p1, 11 +1 i2) (otherwise) -
m;((ﬁl,h), Lu]) = { EZp[(l‘,{f?;"At(Pl,k) [ <k<u}) [11]) Egtge:vli(el)l))
StrToIntZ((p,i)) = [Lu]

where | = StrToInt(p[e/x] - StrToInt(0)Pd-Isl)
u = (StrToInt(p[e/+]) +1) x 104PD-Isl _ 4

Fig. 3. Forward abstract operators in the prefix domain (selected)

ConCat’, ((p,1),(pa,i2)) = (SubStr(p,0,Ib(i) - ub(iz)),i -1 i2)
- . _ ~ (SubStr(p,0,1b(i) — ub(i1)),i —r i1y (if i1 is constant)
ConCat;’Z((P, i), (p1.i1)) = { (e,i—1ip) ' ' (othlerwise)
— ) _ (L p, [1+1b(i),00])  (ifl =u)
CharAt‘;’l((p,z),[l,u]) = { (e, [1,o0]) (otherwise)
[min I, max ] (if i; is constant)

—, . .
CharAty, ,({p. i), {p1.i1)) = { [IndexOf* (py, p,0), ub(i) — 1]  (otherwise)
where I = {Index0Of*(p1,p, k) | 0 < k < |p1]}
o, [pl lusll)  (s] = lus])
(& [lls], |us|]) (otherwise)
where I = IntToStr(l), us = IntToStr(u), and p = LCP(ls, us)

StrToInt#ﬁl([l,u]) = {

Fig. 4. Backward abstract operators in the prefix domain (selected)

The above two domains are combined to form the product abstract domain D = P x S. The galois

Y R
connection P (X*) &———= D can be constructed in a straightforward manner by combining the

galois connections of the individual domains.

Now we define forward and backward abstract operators. Any cases not mentioned in the full
definitions are handled by the default operator which returns the bottom element of the domain if
any of the arguments is the bottom element and returns the top element otherwise.

Fig. 3 and Fig. 4 depict the forward and backward abstract operators for the prefix domain,
respectively. Some features of the backward abstract operators are as follows:

—

o The forward abstract operator ConCat? concatenates two prefixes and add their intervals. If
the first prefix is constant, it adds the interval of the second prefix to the interval of the first
prefix.

_
o The backward abstract operator StrToInt¥ takes a given interval result [/, u] to a prefix p

such that the prefix p is the longest common prefix of the string representations of the lower
and upper bounds of the interval [ and u.

Abstract Domain for the Meta Analysis. We will denote D* as the abstract domain for our meta
analysis for a domain D for underlying analysis.

The domain D* for our meta analysis for strings is defined as a reduced product P* x §* where

both P* and $* are defined as C* x I* where C* = {L,MustT,MayF} and I def {L,Con,Bnd, Unb}.

The domain C* is the set of abstract elements for the prefix and suffix domains, and I* is the set
of abstract elements for the length domain. The order between the abstract elements is defined
as follows: L Cs MustT Ea MayF and L Cp Con Ty Bnd Ty Unb. The galois connections

A Yp# X N Yg# N
P (P) ;, P* and P (S) ;, S* is defined as follows (only the concretization functions
0{1_3# as#
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— . . p*opt, it +pif) (i* =Con)
ConCatg;((pf,zf),(p;‘,l;)) { P1OPy 1t I 1

(p?, i+ i3) (otherwise)

(May]‘, Con)  (pf= May)" A i* = Con)

(MustT,Con) (otherwise)
StrToIntg «p*i*)) = i*upBnd

_—
Charat®, ((p}. i}).i")

Fig. 5. Forward abstract operators in the prefix domain for meta analysis (selected)

i PP 3 (MustT,i* — i5) (i} =Unb)
ConCaty, (0% 1. Pz )) - = { (i —p i) (otherwise)
Sk ok o\ ok (MustT,i* — if) (i} = Unb)
ConCatp, , (P10 (p1 110) { (P, —p i) (otherwise)

¥ _ 4 _
mg’l(@#, i), i) { (May]/, Unby  (p*= May)/ A if = Con)

(MustT,Unb) (otherwise)
i* Ly Bnd

{ <May](, Con)  (i* =cCon)

Charats, , (p" ), (P} 7))

StrToInt’, ((p".i"))

(Mayf, Bnd)  (i* =Bnd)
(MustT,Unb) (otherwise)

Fig. 6. Backward abstract operators in the prefix domain for meta analysis (selected)

are shown, assuming P/S consistently denotes either P or S):

def def A oA
Yprg (L) T {1} ypese(MustT) = {(e,[0,00])},  ype /g (MayF) = P/S
def def
yr(L) T {1}, yw(Con) F {[nn] |neN},
ye(Bnd) C {[Lu] |1 <wlueN}), ye(Unb) 21

The above two domains are combined to form the product abstract domain D* = P* x $*. The

A YpH# A
galois connection P (D) & D* can be constructed in a straightforward manner by combining
(2455

the galois connections of the individual domains.
Fig. 5 and Fig. 6 depict the forward and backward abstract operators for the prefix domain in the
meta analysis, respectively.

e The forward abstract operators ConCat#pi and ConCatz’: concatenate two prefixes/suffixes
and add their intervals. If the length of the first prefix/suffix is constant, the two prefixes/-
suffixes are concatenated and their length intervals are added (the operator © simulates the
concatenation of two prefixes/suffixes in the meta analysis, where © is defined as follows:
a © b = May¥’if a = MayF or b = May ¥, otherwise a ©® b = MustT).

e The forward abstract operator StrToInt%’ reflect the fact that multiple string representations
of integers of a constant or bounded length can be represented by a bounded interval.
Therefore, if the length of the prefix is constant or a bounded interval, the result is a bounded
interval. Otherwise, the result is an unbounded interval.

5 Evaluation

We have implemented our approach in a tool called Hope’ which consists of 14K lines of OCaml
code and employs Z3 [11] as the constraint solving engine.
This section evaluates HOPE to answer the following questions:
Q1: How does HopE perform on synthesis tasks from a variety of different application domains?
Q2: How does HoPE compare with existing state-of-the-art synthesis tools in terms of scalability?
Q3: How effective is the meta analysis in guiding the hole-filling order?

"Hole-filling Order Prediction for Efficient synthesis
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All of our experiments were run on a machine with an Intel 19-13900hx 2.2GHz CPU and 64GB
of RAM within a 60-second timeout per synthesis problem.

5.1 Experimental Setup

Benchmarks. We collect benchmarks from two domains: string and bitvector manipulation. They
are from the benchmarks used for evaluating the DUET, S1MBA, and SYNTHPHONI1A, which are the
state-of-the-art synthesis tools for bitvector and string synthesis, respectively.

The string benchmarks comprise 337 problems that come from the existing two benchmark
suites: DUET and HARDBENCH.

e The DUET benchmark contains 205 string manipulation problems, consisting of 108 problems
from the SyGuS competition and 97 additional benchmarks from StackOverflow and ExcelJet.
e The HARDBENCH benchmark [13] includes 132 challenging string transformation problems
involving heavy case-splitting.
There is another benchmark suite called PrRose benchmark that has been used to evaluate
FrasaFI1LL++ [6] and SYNTHPHONIA [13], which contains 354 problems. However, we do not include
it in our evaluation for the following reason. The problems require grammar constructs (beyond
SyGuS interchange format (SyGuS-IF)) that our approach does not currently support such as date,
time, and floating-point operations. Even if we restrict to problems using only supported constructs,
the remaining problems are too easy for all solvers, including ours, to solve.
The bitvector benchmarks comprise 1,294 problems that come from three established benchmark
suites: BITvEC-cOND, DEOBFUSsC, and HACKER’S DELIGHT.

e The BiTvic-coND benchmark contains 750 tasks of synthesizing conditional bitvector pro-
grams from input-output examples. The problems involve complex case-splitting.

e The DEoBFUsc benchmark [38] consists of 500 problems focused on deobfuscation tasks,
where the goal is to synthesize simplified equivalent expressions for obfuscated bitvector
operations.

e The Hacker’s DELIGHT (HD) benchmark includes 44 problems of synthesizing bit-twiddling
hacks.

Compared Synthesizers. We compare HoPE with state-of-the-art synthesis tools in both domains.
For string synthesis, we compare HopPE against: DUET and SYNTHPHONIA-G.

e DUET employs a bidirectional search strategy that combines bottom-up enumeration with
top-down propagation to recursively decompose a given synthesis problem into multiple
subproblems.

e SYNTHPHONIA-G is a grammar-constrained version of the full SyYNTHPHONIA tool, which
implements a concurrent synthesis approach that orchestrates deductive and enumerative
processes asynchronously. It supports not only various string operations but also date, time,
and floating point operations. We limit the grammar of SYNTHPHONIA-G to use only string
operations compatible with SyGuS-IF. SYNTHPHONIA can use multithreading, but we disable
it to ensure a fair comparison with the other SyGuS-based tools.

For bitvector synthesis, we compare HOPE against two state-of-the-art tools: DUET and SimMBA.

e SiMBA employs a forward-backward analysis approach for bitvector synthesis. Because
Hopg’s bitvector synthesis implementation is based on SIMBA, it can be regarded as a variant
of Hopk that does not use meta analysis.

While there is another state-of-the-art tool DRYADSYNTH-BV for bitvector synthesis [12], we
do not include it in our comparison for the following reason. DRYADSYNTH-BV employs various
techniques to enhance enumeration, including term-graph-based enumeration, example-guided
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Uniquely Solved Problems by Each Solver Uniquely Solved Pr by Each Solver (Bitvector)
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(a) # Uniquely solved in the string domain (b) # Uniquely solved in the bitvec domain

Benchmark # Solved Time (Average) Time (Median)
category Hore [ DuUET [ SYNTHPHONIA-G H [ D [ S H [ D [ S
Harp 91 23 42 | 13.01 2.0 30.82 | 4.56 | 0.06 | 40.88
DuEet 203 186 202 1.11 0.38 6.71 | 0.03 | 0.02 0.22
Overall 294 209 244 | 4.79 0.56 10.86 | 0.06 | 0.02 0.56

(c) Statistics for the solving times for the string domain.

Benchmark # Solved Time (Average) Time (Median)
category Hore [ Duet | SivBa H] D[ S[ H] D] S
HD 43 35 42 2.85 295 | 236 | 0.12 | 0.13 | 0.16
DEoBFuUSC 462 384 452 2.62 4.48 1.63 | 0.11 | 0.15 | 0.14
BrrVec-ConD 670 619 533 | 12.68 | 10.18 | 6.23 | 1.10 | 2.92 | 147
Overall 1175 1038 1027 | 8.36 7.83 | 4.05 | 0.31 2.2 | 0.34

(d) Statistics for the solving times for the bitvector domain.

Fig. 7. Main result comparing the performance of Hope, DUET, SimBA, and SYNTHPHONIA-G on string and
bitvector synthesis benchmarks.

filtration, and large language model guidance. It also utilizes a carefully designed enumeration
order based on term graph size and syntactic ordering rules. These techniques could be integrated
with our tool since they are complementary and orthogonal to our approach. However, since we do
not have the integration in our prototypical implementation, we do not include DRYADSYNTH-BV
not to confuse the reader with the comparison of different aspects of synthesis techniques.

5.2 Comparison to Existing Synthesizers

We evaluate HOPE on all the benchmarks and compare it against DUET, SIMBA, and SYNTHPHONIA-G.
For each instance, we measure the running time of synthesis using a timeout of 60 seconds.

The results are summarized in Fig. 7, which shows the number of problems solved by each
synthesizer and the average solving time for each benchmark suite. Fig. 7c and Fig. 7d show the
overall statistics for the string and bitvector domains, respectively. The average underlying-analysis
times are 1.48s (string) and 5.43s (bitvector), while the average meta-analysis times are 1.38s (string)
and 0.83s (bitvector). The average program sizes synthesized are 23.2 (string) and 107.1 (bitvector).
Fig. 7a and Fig. 7b show the number of uniquely solved problems in the string and bitvector domains,
respectively.

Overall, Hope outperforms the other baselines in both domains in terms of the number of
problems solved. As shown in Fig. 7c, for the string domain, HopE solves 294 out of 337 string
synthesis problems (87.2%) outperforming SYNTHPHONIA-G which solves 244 problems (72.4%)
and DUET which solves 209 problems (62.0%). For the bitvector domain, as shown in Fig. 7d, HopE
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Fig. 8. Comparison between HopE and the other baseline solvers in the string domain.
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Fig. 9. Comparison between Hope and the other baseline solvers in the bitvector domain.

solves 1,175 out of 1,294 bitvector synthesis problems (90.8%) outperforming SiMBA which solves
1,098 problems (84.9%) and DUET which solves 1,014 problems (78.3%).

HopeE solves hard problems that the other baselines cannot solve. As can be seen in Fig. 7a and
Fig. 7b, in terms of the number of uniquely solved problems, HoPE uniquely solves 47 problems
in the string domain outperforming SYNTHPHONIA-G which uniquely solves only 4 problems and
DuEeT which uniquely solves no unique problems. In the bitvector domain, HoPE uniquely solves
76 problems outperforming StmBA which uniquely solves no problems and DUET which uniquely
solves 51 problems.

Fig. 8 and Fig. 9 show the cactus plots for the string and bitvector domains, respectively. The
cactus plots show the cumulative solving time of each synthesizer, with the x-axis representing the
number of problems solved and the y-axis representing the cumulative solving time in seconds.
As can be seen in the cactus plots, HOPE consistently outperforms the other synthesizers in both
domains, solving more problems within the time limit and with lower cumulative solving time.

In terms of average solving time, HOPE is not the fastest one. This is because HoPE solves more
difficult problems than the other tools at the cost of longer average solving time and incurs some
overhead due to the meta analysis.

Result in Detail. We study the results in detail for both domains, focusing on specific problem
types and analyzing the performance of Hope compared to the baselines. Table 1 shows the detailed
results on randomly chosen 15 problems (3 for each). The results indicate that HoPE outperforms
the other baselines in terms of the number of problems solved and the solving time across different
problem types. The cost of meta analysis pays off by the fact that HoPE is always faster than SimBa,
which can be regarded as Hope without meta analysis for the bitvector domain. The time spent
for meta analysis(T4+) ranges from >0.01s to 7.9s, which is not significant compared to the overall
solving time in most cases, demonstrating the efficiency of our lightweight meta analysis.
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Table 1. Results for 15 randomly chosen benchmark problems (3 for each category), where Time gives
synthesis time, T4 gives time spent for underlying analysis, T4+ gives time spent for meta analysis, and |P|
shows the size of the synthesized program (measured by number of AST nodes).

Benchmark Benchmark SIMBA DueT SP-G HorE
category Time |P| | Time |P| | Time |P| | Time Ta Ty |P|
research_author4 - - TO TO 9.29 316 0.02 134
Harp profiles_pricel - - TO 51.40 364 | 10.76  4.06 0.23 172
research_year2 - - 0.09 23 | 17.03 35 0.07 0.00 0.01 22
univ_1-long-repeat.sl - - 0.01 7 0.08 7 0.02 0.00 0.00 7
DueT stackoverflow1.sl - - 0.02 11 1.94 9 0.03 0.00 0.00 17
univ_4_short.sl - - TO 26.57 75 | 1991 11.09 1.97 82
hd-02-d0-prog 0.13 5 0.10 5 - - 0.09 0.36  0.00 5
HD hd-09-d0-prog 0.18 9 0.15 9 - - 0.21 0.16 0.01 9
hd-20-d0-prog 39.75 15 TO - - -1 2412 6.01 2.90 15
target_116 0.13 11 0.46 15 - - 0.10 0.21  0.00 11
DEeoBrusc target 57 0.12 11 1.50 9 - - 0.09 0.29  0.00 11

target_32 TO TO - - - TO

75_1000 45.07 94 28.19 13 - - 20.53 9.24 2.64 77
BirVEc-ConDp | 82_100 TO 2.48 270 - - | 4413 476 7.86 618
51_10 0.26 11 1.75 11 - - 0.17 0.20 0.00 11

Summary of Results. HOPE solves a wide range of synthesis problems across both domains,
demonstrating the effectiveness of its meta analysis-based hole-filling strategy.

5.3 Efficacy of Meta Analysis-Based Hole-Filling

We now evaluate the effectiveness of the meta analysis-based hole-filling strategy in Hope. We
compare the performance of HopE against its variant without the meta analysis-based hole-filling
strategy, denoted as HOPE ™. For the string domain, we only use the HARDBENCH benchmark for the
ablation study, since there are no significant differences in performance on the DUET benchmark.
For the bitvector domain, we use all benchmarks for the ablation study.

Fig. 10 shows the results of the ablation study. Table. 10c shows the overall statistics for the
ablation study, and Fig. 10a and Fig. 10b show the cactus plots for the string and bitvector domains,
respectively. In total, HOPE solves 161 additional problems compared to Hope™, demonstrating the
effectiveness of the meta analysis-based hole-filling strategy.

Summary of Ablation Study Results. The ablation study confirms that the meta analysis-based
hole-filling strategy significantly improves the synthesis performance of HopE in both domains.

5.4 Discussion

Using a More Precise Abstract Domain for Meta Analysis. In our current implementation, we use
a lightweight abstract domain for meta analysis to minimize overhead. To explore if there are
potential benefits of a more precise abstract domain, we conducted preliminary experiments using a
more precise abstract domain for meta analysis in the bitvector domain. We implemented a variant
where the meta-analysis uses the same abstract domain as the underlying analysis. Specifically,
each hole is hypothetically filled by abstracting the output values of all possible components into
an element of the underlying abstract domain. The hole’s rank is then computed by performing
the underlying analysis with this hypothetical hole-filling. Because the meta-analysis domain
and underlying analysis domain coincide, this variant represents the most precise meta-analysis
possible. We evaluated it on 46 Hacker’s Delight problems and found it solved 3 fewer problems and
required 1 second longer on average than our original tool. The result suggests that while a more
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Fig. 10. Result for the ablation study.

precise meta-analysis can in principle offer a better hole-filling strategy, the overhead outweighs
the benefits in practice.

Impact of Multi-Hole Filling. As explained in §4.5, we fill multiple holes simultaneously to
improve efficiency. To see how the maximum number of holes filled at a time affects performance,
we have performed additional experiments for the string benchmarks. We have compared three
configurations: (1) one hole at a time, (2) up to three holes at a time, and (3) up to five holes at a
time. The best performance was achieved with up to three holes, solving 294 tasks in 4.79 seconds
on average. Filling one hole at a time solved 251 tasks in 6.60 seconds, while filling up to five holes
solved 292 tasks in 6.21 seconds. This demonstrates a clear trade-off: filling multiple holes helps by
pruning infeasible candidates earlier. However, filling too many holes at once incurs combinatorial
explosion in the space of hole-component combinations, leading to slower synthesis.

Case Study on Meta Analysis Guidance. To illustrate how meta analysis guides hole-filling order,
we present a case study on the bitvector synthesis problem hd-20-d5-prog from the Hacker’s
Delight benchmark. This problem is difficult due to its large solution size (20 nodes in its syntax
tree). The solution contains the subexpression (x & (—x A x)) >> 2, which can be synthesized from
the partial program O >> 0.

S1MBa fills the leftmost hole first, but the underlying analysis cannot infer any useful precondition
for the remaining hole in this case. By contrast, our meta-analysis instead identifies that filling
the second hole first is more promising: if the shift amount (the second hole) is instantiated to a
constant, the underlying backward analysis can propagate a useful precondition back to the first
hole (by shifting the desired output leftward by the chosen constant). This guidance enables more
efficient synthesis of the full expression by pruning infeasible components for the first hole earlier.
As a result, HopE solves this benchmark in 58.97 seconds, while SIMBA times out.

6 Related Work

Hole-Filling Strategies in Program Synthesis. Though deciding which hole to fill next during
top-down synthesis significantly affects the search efficiency, the choice of hole-filling order is
often overlooked in program synthesis literature. To the best of our knowledge, our work is the
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first to propose a generic hole-filling strategy that can improve the effect of an underlying pruning
method in a synthesis engine. The most common approach is to fill holes in a fixed order, such as
left-to-right [7, 20, 24, 38], depth-first [2, 23], or bottom-to-top [16]. This simple approach can lead
to inefficient search as already shown in §2,§5. NEo [15] uses statistical models to predict the most
promising hole to fill next. While this approach can adapt to the problem at hand, statistical models
are not aware of the pruning method used in the synthesis engine, which can lead to suboptimal
hole-filling orders in terms of pruning the search space. FLASHMETA [30] leverages user-provided
inverse semantics of operators usable in the synthesis task to determine the hole-filling order.
Inverse semantics are functions that take a result and return a set of possible inputs that can
produce the result, enabling an efficient top-down search. It extracts a dependency graph from the
structure of inverse semantics It creates a directed acyclic graph over parameters of the operator,
which FlashMeta uses to determine hole filling order via a topological sort. While this approach is
effective, it requires the user to provide inverse semantics for each operator, which is not always
feasible (not all operators have inverse semantics, and even if they do, it can be difficult to efficiently
compute them). In contrast, thanks to the generality of abstract interpretation, our method is
generally applicable to target languages possible with operators that do not have inverse semantics.

Abstract Interpretation in Program Synthesis. A number of approaches have used abstract inter-
pretation to prune the search space in various domains [16, 20, 25, 32-37, 37, 38]. These approaches
have focused only on overapproximating the behavior of candidate programs. In contrast, our
approach overapproximates not only the behavior of candidate programs but also the behavior of
the pruning method used in the synthesis engine to maximize its effect during the search.

Abstract? Interpretation. Abstract? interpretation [10] (shortly A1), also called meta-abstract
interpretation, applies abstract interpretation to abstract interpretation-based program analyses.
A?] aims to overapproximate the sequence of fixpoint iterates of an abstract interpreter. It has been
used to explain the prior work on, for example, improving the precision of widening [5, 22] and
automatic variable packing in relational abstract domains [4, 17, 27]. Our approach also can be seen
as a form of A%I, where we overapproximate the final fixpoint of the underlying analysis rather
than the sequence of fixpoint iterates.

Abstract Domains for Strings. There has been a number of abstract domains for strings, including
domains using prefixes, suffixes, and character sets [8]. To the best of our knowledge, none of these
domains are equipped with backward abstract operators, which are essential for our approach
to work. There are also more complicated abstract domains for strings based on finite state au-
tomata [26], regular expressions [28], pushdown automata [21], parse stacks [14], and relational
domains [1]. These domains are more precise than our domains, but their abstract operators are
also more expensive to compute. Our domains are designed to be simple and efficient, while still
being able to capture the essential properties of strings needed for program synthesis.

7 Conclusion

We have presented a novel hole-filling strategy for inductive program synthesis that leverages
abstract interpretation to guide the order of hole-filling. Our approach uses a lightweight meta
analysis that overapproximates the behavior of the underlying abstract interpreter for pruning,
enabling it to predict the most promising hole to fill next. The experimental results show that
our approach significantly outperforms the state-of-the-art approaches in terms of efficiency by
pruning the search space early.
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