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1 INTRODUCTION

The right programming language can make or break a software project. Source-to-source transla-
tion or transpilation refers to the task of (usually at least partially automatically) migrating soft-
ware from one language to another. For languages designed accordingly (like Typescript, which
transpiles to JavaScript), this is a tricky, but generally tractable problem.

However, transpilation across arbitrary high-level programming languages is often complex, re-
quiring significant manual labor and expertise on top of partial tool support [47, 51]. As a result,
the process is often highly laborious and costly. According to media reports [25], the Common-
wealth Bank of Australia spent over $750 million to replace its core banking infrastructure built
in COBOL with Java. Similarly, Swedish bank Nordea has reportedly invested over €1.3 billion in
overhauling its entire technology infrastructure. Traditional approaches to transpilation are costly
because they are rule-based. Transpilers require programmers to manually look at the code and
establish correspondences between the source and target language APIs.

By contrast with rule-based transpilers, there is increasing recent effort on training source code-
oriented language models (LMs) for transpilation [5, 61, 62]. The idea is to use language models
to aid developers transpiling small code snippets [8], thus speeding up and easing the transpila-
tion process. Language models for source code translation are analogous to those used for natural
language translation, a rich and established area of research [3, 69, 76]. However, key differences
between the two tasks intrinsically limit how well LM-based source-to-source transpilers can be
expected to perform. First, natural language translation works best when models can be trained on
pairs of translated texts [36]. Unfortunately, there are vanishingly few bilingual pairs of software
projects [22]. Instead, LM-based transpilation typically relies on unsupervised methods [61, 62],
effectively using syntactic similarity to learn code transformations. General purpose language mod-
els like Codex [4] offer promising opportunities to learn transpilation models using few- or one-
shot techniques [4, 7], from a very small number of contextual examples. Nonetheless, language
models for transpilation have already been evaluated and shown to outperform even commercial
alternatives based on traditional transpiler technology [61].

Second, natural language is blessedly tolerant of minor errors—the human brain naturally cor-
rects any number of grammatical or spelling errors [6]. In source code, however, small syntactic
mistakes like misplaced parentheses will prevent code from running altogether. Despite captur-
ing code-structure reasonably well, the code generated by machine learning models (whether for
transpilation or other tasks [8, 26]) can be spurious, ranging from general syntax errors, like ref-
erencing undefined variables, to semantic imprecisions, like calling the wrong APIL Developers
dislike (and distrust) tools that make unpredictable or “silly” mistakes [29]. For LM-based transpi-
lation to reach mature practical utility, its output must be more robust and accurate [75].

We argue that stochastic methods like language models can and should collaborate with more
traditional program analyses to provide stronger assurances and enhance the usability of the pro-
duced code. This collaboration can take many forms depending on the task at hand, e.g., using
compiler errors to improve a code generation model [35] or embedding hard constraints into lan-
guage generation [49].

In this article, we propose to post-process transpiled code generated by machine learning mod-
els to enhance the quality of the model’s output before returning it to users. We frame the post-
processing step as a program repair (APR) problem [38]. Several key ideas underlie our contri-
bution. First, the original program being translated provides a rich source of information. It effec-
tively provides a reference solution for the problem, albeit in a different programming language.
This provides an oracle for desired behavior that can be used to both inform and check syntactic and
semantic fixes for the transpiled program.
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Fig. 1. Overview of BATFIx architecture. BATFIX takes as input a source file in the source language (e.g., Java)
and a machine translation to a target language (e.g., C++) obtained from a language model. For each function
pair in the file, BATF1x computes a control flow matching of statements in that function. Using the original
source file, the buggy transpiled function, the matching statements, and a set of random inputs, BATFIx
computes statements that are likely to be buggy in the translation and replaces them with placeholders.
Finally, the synthesis component searches for statements to fill the placeholders until it finds a combination
such that the source and target functions yield the same input on the random inputs.

Second, although languages vary in their particulars, we observe that central commonalities
exist between them, especially within broad paradigms (like across imperative languages). These
commonalities can be exploited for analysis, transformation, and repair [68]. Our intuition is that
two programs, one transpiled from the other, typically display similar control flow. Beyond syntac-
tic hints from a compiler, divergences between program traces of the reference and transpiled
programs can pinpoint good repair sites.

Third, given that control flow should be similar, it is possible to establish mappings between the
statements of the two programs and use those mappings to inform repair synthesis. Statement map-
pings provide important clues to a synthesizer to help replace incorrect statements with corrected
versions. The idea is to enumerate and test potential replacements that are semantically or syntac-
tically close to the statements of the original program, accounting for the language shift. Previous
APR techniques demonstrate that syntactic similarity to the original buggy program can improve
success [45], an insight we adapt to transpilation.

We instantiate these insights in BATFix (Bugs After Transpilation Fix).! BATFIx is a novel
approach that can augment LM-based transpilation by leveraging program repair and synthesis to
fix the source code generated by these models. BATF1x (Figure 1) takes as input the original pro-
gram, the target program generated by the machine translation model, and a set of corresponding
sample inputs for both the source and target programs. At a high level, BATFIx uses compiler error
messages and divergences in the control flow on equivalent inputs to replace syntactically and
potentially semantically incorrect statements with placeholders. In contrast to conventional Auto-
mated Program Repair techniques [38], BATF1x introduces a novel approach to fault localization
using execution traces and a new synthesis approach for fixing buggy statements. Both approaches
are guided by source-level control flow mappings. In particular, BATFIx uses mappings between
source-level control flow statements and diverging inputs to pinpoint where and when during the ex-
ecution the transpiled program starts to behave erroneously. Moreover, the control flow matching
allows us to use approximate mapping between the statements of the two programs to inform an
enumerative program synthesis [23] that constructs replacement code for those placeholders.

!While bats use echolocation to determine the location of objects BATFIx combines novel takes on fault localization and
program synthesis to locate and repair code produced by LM-based transpilation.
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BaTtFix focuses on fixing programs transpiled across broadly imperative programming lan-
guages, a wide-ranging use case in practice. Our evaluation focuses on fixing programs transpiled
from Java and Python to C++. Although much of the machinery is language-agnostic, elements
of the frontend and code generation, in particular, are by necessity language-specific, and so we
make this choice to ease the implementation burden for our prototype. We expect that the ap-
proach should generalize across other pairs of broadly imperative-style programming languages.
We present results on a set of benchmark programs from three state-of-the-art machine transla-
tion models: TRANSCODER [61], TRANSCODER-ST [62], and OpenAI’s Copex [4]. More powerful
recent models do improve on their predecessors (i.e., CoDEX produces fewer buggy transpiled pro-
grams than TRANSCODER). Interestingly, BATFIx ends up fixing a higher percentage of the buggy
program’s output by the better models, because better models still cannot contend with the types
of semantic issues more traditional analyses are well-suited for. Indeed, our results show that BaT-
Fix can fix as many as 50% of the buggy programs generated by OpenAI’s CODEX on a dataset of 56
programs transpiled from Java to C++, with syntax and semantic errors. Preliminary results also
show that we can fix 22% of the bugs from Python to C++ on a dataset of 109 buggy programs.

In summary, we make the following contributions:

— BarFix, a novel approach to repairing the output of machine translation models that is
language-agnostic.

— An approach using Maximum Satisfiability (MaxSAT) to map control flow nodes between
the original and transpiled programs.

— A new, iterative fault localization approach based on execution traces and control flow
matching.

— An evaluation on three datasets of programs with errors transpiled from Python and Java
to C++, using three state-of-the-art machine translation models.

2 MOTIVATION AND OVERVIEW

Assume a developer, Alex, needs to transpile an existing codebase from Java and Python to C++
to improve performance. Unfortunately, Alex is unfamiliar with C++ and decides to use GitHub
Copilot [20] (an Al-based code tool) to help with the task. Alex approaches this transpilation task
as a refactoring problem, manually transpiling each source file on a function-by-function basis. To
do this, Alex right-clicks each function in the source file to invoke Copilot, to attempt to translate
it to C++. As an example, consider the source code shown in Listing 3, which Copilot translates to
C++ as shown in Listing 4. Alex inspects and manually tunes the translation before accepting it.

Alex demonstrates the use case we envision for language-model-based transpilers. In practice,
developers treat transpilation as a refactoring task, combining manual effort with refactoring
tools [77], rather than using end-to-end transpilers. Al tools for code transpilation have been re-
cently proposed and drawn attention, but their impact on developers’ workflow and productivity
is unclear [75]. Resistance towards Al tools for code generation spawns from two significant chal-
lenges. First, often it is harder for programmers to understand than to write the code. Studies
[67, 75] have shown that code suggestions from Al are often not useful because they are hard to
understand. Second, code generated by Al tools can be unreliable and contain bugs, ranging from
easily spottable syntax errors to subtle semantic bugs that cause developers’ distrust [16, 34]. In-
deed, one of the biggest barriers to the adoption of Al tools for code generation is the lack of tools
to help users edit, debug, and repair code generated by these models [67]. The second problem (the
reliability issue) is the problem we aim to address.

In this article, we propose a post-processing step for LM-based tools for code translation to en-
hance their reliability and prevent them from returning hard-to-debug code. The use case for tools
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Listing 1. Java source code Listing 2. Buggy C++ transpilation
1 int f(int start, int end, int 1 int f(int start, int end, int arr[]1){
arr[1){ 2 map<int, int> mp;
2 var mp = new HashMap<(...)>(Q); 3 for (int i=start; i<=end; i++)
3 for (int i=start ; i<=end ; i++) 4 mplLarr[il] = ...;
4 mp.put(arr[il, ...) ; 5 int count = 0;
5 int count = 0; 6 for (auto it : mp)
6 for (var e: mp.entrySet()) 7 if (it.first == arr[i]) // bug
7 if (e.getKey() == e.getValue()) 3 count++;
8 count++; 9 return count;
9 return count; 10 3}
10 3}

Fig. 2. Example of a Java source code and the buggy transpilation generated by Transcoder. There are two
bugs in this transpilation: (1) variable i in line 7 is undefined, and (2) even if i was defined, the if condition
of line 7 would still be wrong.

like Copilot remains the same (no extra information is necessary from the user). It is important to
note that model-based transpilation differs significantly from traditional transpilers. Traditional
transpilers, such as Java2C# [27], operate with a predetermined set of API mappings and execute
program transformations deterministically. Language models, however, do not rely on a fixed map-
ping but generate translations based on patterns learned from data. This introduces a level of unpre-
dictability and the potential for novel errors in the transpiled code. However, they have the benefit
of being able to help translate small snippets between arbitrary programming languages without
relying on any compiler infrastructure. Moreover, machine-learning based transpilers have been
shown to outperform commercial alternatives based on traditional transpiler technology [61].

Thus, our idea is to add a consistency check to code generated by language models and auto-
matically repair it when necessary. Before detailing our approach, we first illustrate the two major
categories of mistakes language models make in transpilation tasks: syntax and semantic errors.
Recall the code example from earlier as shown in Listing 1. Transpiling the code in Listing 1 us-
ing TRANSCODER (a language model explicitly trained for transpilation) yields the C++ program
shown in Listing 2. This translation is almost correct but contains two problems. First, the variable
i is undefined in line 7. Second, the condition is incorrect (even if i were defined, it should read
(it.first == it.second)). In this case, the bug is easy to spot, as the code does not parse; however,
mistakes can sometimes be even more subtle. For example, consider the following code snippet
from a source file in Python as shown in Listing 3: Transpiling this using Copilot yields the C++
program shown in Listing 4. Although the C++ code is syntactically correct, it is not semantically
equivalent to the Python code. Notice that the variable table is uninitialized but used in line 8. This
results in undefined behavior, since the variable’s value can be arbitrary.

Our tool, BATFIX, can fix both syntax and semantic errors that language models make. BATFIx
takes as input the source program, its proposed translation to the target language, and a set of valid
inputs (obtained, for instance, from differential testing techniques). Next, we provide an overview
of the steps BATFIx takes to repair the translation.

Fault Localization. The first step in fixing transpiled output is to identify the buggy lines of code.
In our use case, this task is facilitated by access to a correct program (despite being in a different
language). Our insight is that we can significantly outperform existing fault localization [1] ap-
proaches by leveraging the code in the source program to guide the search for faulty statements
in the corresponding translation. BATFIx identifies (potentially) spurious statements in two ways:
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Listing 3. Python source code
1 def f_gold (m, n, x):
2 tab = [[0] * (x + 1) for i in
range(n + 1)1]

3 for j in range(1, min(m+1, x+1)):

4 tab[11[j]1 = 1

5 for i in range (2, n+1):

6 for j in range(1, x+1)

7 for k in range(1, min(m+1,
iN:

8 tab[i1[j1 +=

9 tab [i-11[j-k]

10 return tab[-1][-1]

N o oA w N

D. Ramos et al.

Listing 4. C++ translation of Listing 3
int f_filled(int m,int n,int x) {
int tab[n+1]1[x+1]; // fault of omission
for(int j=1; j < min(m+1,x+1); Jj++)
tab[11[j] = 1;
for(int i=2; i<n+1
for(int j=1; j<x+1;
for(int k=1;
k++)
tab[i1[j] += tab[i-11[j-kI;
return tab[nl[x]; }

i++)
)
k < min(m+1,3);

Fig. 3. Example of a Python source code and the buggy transpilation generated by Copilot. The problem

with this code is that the table variable is uninitialized.

(1) Syntax-directed fault localization. If the translated program does not compile, then we
start by using compiler error messages to identify potentially non-compliant statements. For
instance, Clang [65] reports the following message when attempting to compile the code in
Listing 2: “use of undeclared identifier i”. BATFIX works at the source-line level, and thus
marks the entire if condition as potentially spurious.

(2) Trace-driven fault localization. If the translated program compiles, then BatFix com-
putes a set of test-cases by running random inputs on the original source program. If the
transpiled program yields a different output on at least one of the inputs (i.e., one test case
fails), then we use control flow divergences to localize implicated statements. BATFIx com-
putes execution traces consisting of a set of program states (i.e., source code line and vari-
able content) for both programs on the failing test-cases. We use an approximate matching
of these traces to find where execution diverges.

This second approach benefits from additional illustration. For example, consider the execution
of the Java program in Listing 1 on a failing test case:

Source Line: 2

State: start = @; end = 31; arr =
Source Line: 3
State: start = 0; end = 31; arr =
Source Line: 4
State: i = 0; start = 0; end = 31;

Each step in each trace naturally maps to a corresponding node in the associated program’s
control-flow graph (CFG) by looking at the Program Counter (PC). The key technical detail
instead lies in computing a mapping between the control-flow graphs of the source and translated

programs. The idea is to walk both control-flow graphs simultaneously according to the execution
traces, while asserting that every time we move one step, the executions do not diverge in either
control flow or local variable values. If the execution diverges because the nodes diverge, then
we assume that the faulty statement is the conditional statement that most closely preceded the
current step. For example, consider the Java trace for the program in Listing 1 takes the if branch
from line 7 to 8, but the corresponding trace in C++ buggy program jumps from line 7 to 6. In
this case, we say that the bug is in the conditional in line 7. If the execution diverges because two
values diverge, then we mark the last executed statement as buggy.
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BaTFix replaces each identified buggy statement with a code placeholder. BaATF1x attempts to
repair as many identified suspicious locations at once as it can identify using these fault localization
procedures.

Synthesis. The goal of the synthesis component is to assign concrete statements to each place-
holder such that all test cases pass. We again leverage the mapping between the CFGs of the
source and translated programs to accomplish this, because the mapping suggests what the cor-
rect statement might “look like” for each placeholder. In our running example, the faulty statement
is (it.first == arr[il), and from the control flow matching, we get that its corresponding state-
ment in Java is (e.getkey()== e.getValue()). This suggests that the placeholder should contain an
equality comparison. BATF1x leverages this information to guide the synthesis/repair process. In
particular, it generates an abstract sketch, like foo1l == foo2, where fool and foo2 are abstract (and
should be concretized). The synthesis process uses this sketch and hints from the local context in
the translated code to explore concrete statements satisfying this sketch, seeking an instantiation
that causes (more) tests to pass. BATF1x can do this for multiple faulty statements at once.

We provide details on each component in subsequent sections. Because both the fault local-
ization and synthesis steps rely on the approximate control-flow matching between source and
translated programs, we describe that step first (Section 3). We then discuss the fault localization
(Section 4) and synthesis (Section 5) components in turn, before turning to evaluation (Section 6).

3 CONTROL-FLOW MATCHING

An essential step in BATF1X is to match the source-level control-flow graphs (CFGs) of the origi-
nal program with the translated program. This mapping informs both fault localization (Section 4)
and synthesis (Section 5). Because the programs are in different languages, we do not expect these
CFGs to match one-to-one; instead, single blocks or statements in one program may map to many
blocks or statements in the other and vice versa. In this section, we propose constructing these
mappings using Maximum Satisfiability [39] to match the control flow between the two programs.

Maximum Satisfiability (MaxSAT) is the optimization version of the well-known Proposi-
tional Satisfiability (SAT) problem, with applications in software analysis [63]. Given a conjunc-
tion of propositional clauses, the goal of MaxSAT is to find an assignment to the problem variables
that satisfies the maximum number of clauses. In this article, we assume a more general MaxSAT
formulation where clauses are classified as hard or soft. Let ¢ and ¢, denote the hard and soft
clauses in a MaxSAT formula, respectively, where each soft clause ¢; € ¢ is associated with a
positive integer weight w; that represents the cost of not satisfying it. Here, the goal is to find an
assignment that satisfies all hard clauses and minimizes the total weight of unsatisfied soft clauses.

Let G; = (V1, E1) and G, = (V2, E2) be two directed graphs that represent the control flow of two
programs to match. Figure 4 shows the CFGs from Listings 1 and 2. To match program structure
across control flow, we build the graph of the Strongly Connected Components (SCC) of each
graph [11]. Let chc = (VISCC, Efcc) and chc = (VZSCC, E;CC) be the directed graphs of the SCCs
of G; and G;. Clearly, both GIS €C and G;CC form a tree. Our idea is to encode the SCCs of the CFGs
in a MaxSAT formula to match CFG statements. For our running example, Figure 5 shows a partial
mapping for the SCCs for the CFGs. Nodes with just one statement in the matching generated by
the model (for example, P3 to Q3) are immediately matched with each other. SCCs with more than
one statement (e.g., P2 to Q2) are unrolled and matched in the subsequent iteration.

To formalize the graph matching problem in a MaxSAT formula, we further define the prede-
cessors and successors of a node in the graph as follows: For every edge (u,v), u is a predecessor
of v and v is a successor of u. Let p(u) denote the set of nodes in any path from the root to node
u, and let s(u) denote the set of nodes in any path from node u to a leaf. Next, we define the set of
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Fig. 4. Simplified version of the control-flow graphs from the example of Figure 2, with a partial SCC graph
matching. To complete matching, we need to solve a new MaxSAT problem for blocks P, and Q3.

P; : B0-3 0, : B0-3

P, : B4 — B6 (SCC)

Q, : B4 — B7 (SCC)

P3ZB7 Q3:BS

P, : B8 Q4 : B9

Fig. 5. Initial SCC graph matching for the control-flow graphs in Figure 4.

possible matchings between the nodes in the two trees. For each pair of nodes u and v such that
ue Vlscc and v € VZSCC, we define a Boolean variable x,,,, denoting whether u and v are matched
(xuy» = 1) or not (xy, = 0). After defining the possible node matches, a MaxSAT formula can be
built such that each solution corresponds to a valid matching between the two graphs.

Figure 6 presents the MaxSAT model. The hard clauses (1) and (2) ensure that all nodes in each
graph match at least one node from the other graph. Clauses (3) and (4) ensure that if two nodes u
and v match, then no predecessor of node u can match a successor of node v and vice versa. Clauses
(5) and (6) assert that successors of two matching nodes must either match with each other or the
parent node. Formally, clauses (5) ensure that if there is a match between nodes u and v, and u does
not match any of the successors of v, then the successors of u can only match either with node v
or any of its immediate successors. Clauses (6) are analogous in the other direction.

Finally, to find an optimal matching, the soft constraints are defined as trying to minimize the
number of matches between nodes of the two trees. This is achieved using soft clauses in (7), where
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Fig. 6. MaxSAT graph matching model.

w(u, v) denotes the cost of matching nodes u and v. In BATF1X, we define the cost of matching nodes
u and v as the edit distance between the code of the two nodes.

In Figure 5, the nodes in the SCC P, are matched with nodes in the SCC Q,. Hence, the match
of the nodes inside each SCC still needs to be determined. However, each SCC only has one node
with incoming edges from previous nodes in the tree in our context. Let this node be the root of
the SCC. Necessarily, if there is a match between two SCCs, then the roots must match. Thus, B4:
mp.entrySet() and B4: it != mp.end() are matched with each other.

To match the remaining SCC nodes, the roots of both SCCs are removed (breaking the SCC), and
the same matching procedure is applied. To preserve the structure of the subgraphs, we substitute
the root of the SCCs with two separate nodes: Start and End. In Figure 7, we show the resulting
subgraphs after replacing the root nodes with the Start and End nodes. Figure 7(c) shows the
matching between the nodes in the subgraphs. Notice that nodes Bs and Bg in Figure 7(a) are
matched against their counterparts in Figure 7(b) due to their syntactic similarity, whereas End
from P, matches both it++ and End from Q, (i.e., it++ does not have a real matching statement,
as expected).

4 FAULT LOCALIZATION

The task of identifying bugs in code is known as fault localization [55, 73]. Traditional approaches
to fault localization, like Spectrum-based Fault Localization (SBFL) [1, 13, 31] rely on metrics
such as the number of times a line of code is executed in failure vs. passing test cases to pinpoint
which statements are the most likely to be faulty. However, our task differs from the traditional
SBFL setting. First, we aim to fix programs that may contain syntax errors. Fault localization meth-
ods tend to focus on code that compiles and runs. Second, and more importantly, our problem
statement means BATFIx has access to significantly more information than in the general fault
localization formulation, by way of the reference program. Therefore, our methods for fault local-
ization differ substantially from traditional methods (and outperform them in our setting, as we
show in Section 6).
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Start Start
Start
B5 B5
B5
Start 0: it->first == arr(i)

/ B6 B6

B5 B6
0: entry.getKey() == entry.getValue() 0: count++
B6 B7 End B7
0: count++ 0: it++ .
End End

End

(a) Java subgraph corresponding  (b) C++ subgraph correspondingto  (c) Second iteration of the MaxSAT
to the SCC P; from Figure 4(a). the SCC Qy from Figure 4(b). matching for P, and Qs.

Fig. 7. Subgraphs of the control-flow graphs from Figure 4. The subgraphs correspond to the nodes P2 and
Q> in the original SCC graph. The entry point to the SCCs is broken down into two nodes, Start and End.

Table 1. Types of Syntax Errors that BaTFix Can Address

Type # Description Example Error Message

- 1 Small typos the compiler can automatically recover from “no template named “Vector’; did you mean ‘vector’?”
_% 2 References to unknown/undeclared types “unknown type name ‘Integer”

= 3 Type declaration does not match assignment “cannot initialize a variable of type ‘int’” with ..

M~ 4 Random keyword (public, static) “expected unqualified-id (public)”

< 5 Use of undeclared identifiers (function and variable names) “use of undeclared identifier ‘x™

E% 6 Other errors that the compiler can bound (start-end) “cannot convert ‘std::pair(const int, int)’ to ‘int”

4.1 Syntax Errors

LM-based code generation often produces code that does not compile due to syntax errors of all
stripes [8]. For many transpiled programs, BATF1x’s first task is thus to modify it so it compiles,
while minimizing the chances of introducing new mistakes. Compiling is necessary to run the
program (such as on its tests cases) as well as to construct control-flow graphs and other structures
necessary for semantic localization and synthesis. Recovering from syntax errors without human
input is a notoriously ambiguous and difficult task [66].

Table 1 lists two families of syntax errors we attempt to fix:

— Rule-based Syntax Corrections. These are simple errors that can be fixed with a set of
rules. Error types #1-#4 belong to this category. The compiler can automatically recover
small typos, (e.g., type #1) by using the suggested fixes. For type #2 errors, we use a set of
static rules and type inference. For example, if the function argument are undefined, then
we use types from the test cases to infer the corresponding type. Type #3 errors are fixed
using the keyword “auto” to match type declarations. Type #4 errors are fixed by removing
public and static keywords.

— Placeholder-driven Syntax Corrections. For syntax errors that cannot be fixed via
straightforward rules, BATF1x replaces the buggy statements with placeholders to be
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ALGORITHM 1: FaurtLocALzATION(S, 7, M, C)

Input: S: source program, 7 : buggy transpiled program, M: control-flow matching model, C:
test cases

Output: c: code block at which the execution diverged

1: Fs, Fg := GETTRACE(S, C), GETTRACE(7,C)

2: M := GETMATCHINGBLOCKS(M, Fs, F7)

3. for each (A/TS o A/Trr) € Mdo

4: if DIVERGES(MS, M}) then

5

6

7

-

return Mqs
end if
: end for

replaced via synthesis (Section 5). For instance, for error type #5, we declare an uninitial-
ized new variable “x”, leaving initialization to the synthesis phase. Type #6 errors are other
types of placeholder-driven errors that the compiler can pinpoint and tell where they start
and end (e.g., if the condition does not parse). Since the compiler can bound the faulty code,
we can replace it with a placeholder by, e.g., synthesizing a new condition.

There are other types syntax errors that we do not attempt to tackle, such as imbalanced brack-
ets, multiple undefined user objects, or syntax errors that generate ambiguity. In these cases, the
compiler may not return enough information for BATFIX to succeed. Insights or techniques from
prior work in automatic repair of compilation errors [24, 48] could likely supplement our approach.
Although not explored in this article, large language models like GPT-4 could also be used to fix
such syntax errors.

4.2 Semantic Errors

Beyond syntax errors, LM-transpiled programs can also contain semantic errors, like the faulty
if condition in Listing 2 of Figure 2. BATFIx assumes the original program is correct and relies
on test inputs to identify behavioral divergences (that is, the output of the original program is
assumed correct; a transpiled program that gives a different output for the same input is assumed
buggy). We assume these test inputs are given and leave integration with techniques that can, e.g.,
automatically generate differential tests to future work. BATFIx uses these test inputs to construct
execution traces and then uses the CFG matching model (Section 3) to identify points in the target
code where execution diverges from the source program.

Algorithm 1 shows the pseudocode of our fault localization procedure. Our key insight is to
consider a failing test case of the transpiled code and to find the code block for which the execution
of the program diverges from the original source program. There are two possible ways in which
the program diverges:

(1) the control flow diverges (e.g., if condition evaluates to true in the source program and to
false in the buggy program); (2) matching variables have different values after the execution step”

To determine when a program diverges, we traverse the CFG of the transpiled code progressively
and compare the current (mapped) CFG node and variable values between the transpiled and the
original program until we find one of these two divergence scenarios.

Our fault localization procedure takes as input the source code of the original program S, the
buggy transpiled program 7-, the control-flow matching model M, and a set of test cases C gen-
erated from user provided sample inputs. We execute both programs and store their execution

2We assume that when a program diverges, it will no longer converge.
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trace for a failing test of the transpiled program (line 1). An execution trace T of a program P is a
sequence of states si, s, . . ., Sp, Where each state s; contains information on the source code line
and the values of each variable for each code block. Using the control-flow matching model, we
compute the matching blocks between the execution traces (line 2). Matching blocks are analyzed
following the topological order of the CFG to ensure that we find the first block where a diver-
gence occurs. For each matching block, the D1verGes function (line 4) checks if the control flow
diverges, i.e., if both programs are following the same execution path such as in if-else statements.
It also checks if the equivalent variable values diverge in the same code block. If either of these
cases occurs, then the fault location procedure returns the code block of the transpiled code where
the divergence occurred (line 5).
Note that, in general, block matching will not necessarily be one-to-one and may even be many-

to-many. For example, consider the following toy program in C++:

int dpl[nl;

for (int i = @; i < n; i++) dpl[i] = i;
And its corresponding translated Python:

dp = [i for i in range(n)]

The CFG matching model maps all CFG nodes of the C++ program to the only node of the
Python program, and the variable dp can only be compared between the programs after the for
loop completes, which the block matching procedure ensures. In practice, state-of-the-art tran-
spilation models maintain variable names in translation, and our matching assumes this for state
comparison. If this were not the case, then our fault localization would require mapping between
variables.

5 PROGRAM SYNTHESIS

Given a set of test cases and a mapping between the statements of the original source code S
and the buggy transpiled code 77, our synthesis engine automatically generates code to replace
all the placeholder statements in 7~ created during fault localization (Section 4). The output of the
synthesis component is a correct version of the transpiled code 7 (i.e., passes all test cases).

BaTFix uses program sketching [64] to synthesize replacement code for placeholders. Program
sketching takes as input a specification and an incomplete program with placeholders (or “hole”)
and automatically finds a replacement for each hole in the program such that the program satisfies
the specification. Here, the specification is a set of test cases that are used to check the correctness
of the transpiled code. Note that the buggy code 7~ may have multiple placeholders.

We present our synthesis engine in Algorithm 2. BATF1x starts by identifying spurious code
blocks (Line 1) as described in Section 4. Next, we follow the standard approach [18, 59] to program
sketching: (1) sketch generation and (2) program enumeration.

5.1 Sketch Generation

Each spurious statement is replaced with a generic placeholder (Line 2). Consider that FaurtLo-
CATIZATION returns the code block corresponding to an if condition such as the one presented in
the motivating example in Listing 2 of Figure 4. The buggy condition is replaced by a placeholder
condition if(function#0). To improve the structure of our sketch, we refine the sketch using infor-
mation from the CFG matching as follows: For each spurious placeholder, we get its corresponding
correct statement in the source program. The corresponding statement is then abstracted to gen-
erate a refined sketch for the generic placeholder that matches the structure of the original code
(Line 4). The refined sketch constrains the number of possible statements that the synthesizer
will need to enumerate. For example, consider the source and transpiled programs in Listing 2 of
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Figure 4. In this case, the only spurious statement is it.first == arr[i], and its corresponding state-
ment in the source program is e.getkey()== e.getvalue(). We abstract this statement by replacing
both e.getkey() and e.getvalue() with placeholders, resulting in the refined sketch if(function#
== function#2), which replaces the placeholder if(function#®) in our initial sketch.

ALGORITHM 2: SYNTHESIZE(S, 7, M, C)

Input: S: source program, 7 : buggy transpiled program, M: control-flow matching model, C:
test cases
Output: 7: fixed transpiled code
1: 5 : = FaurtLocaLizaTioN(S, 7, M, C)
2: P : = GENERATESKETCH(T, 5)
3: for each s € §do
4 P := REFINESKETCH(P, M[s])

5. end for

6: while SEARCHSPACENOTEXHAUSTED(?) do
7: T'.=P

8: for each s € s do

9: (0, f) := GETVARSFUNSINSCOPE(T ’, 5)
10: 7 := FILLSKETCH(T ', 5, T, f)

11: end for

12: if PAssALLTESTS(7/, C) then

13: return 7'’

14: else if PAssMoreTEsTs(7’, C) then

15: return SYNTHESIZE(S, 7', M, C)

16: end if

17: end while

5.2 Program Enumeration

After generating and refining the sketch, BATF1x needs to fill in the placeholders in the sketch to
synthesize concrete programs. BATFIx starts by collecting the variables and functions available
in the scope of each statement that needs to be replaced (Line 9). These variables and functions
will be used to generate new statements. For example, for the program in Listing 2 of Figure 4
and the placeholder if(function#1 == function#2) in Line 7, the available variables are start, end,
arr, mp, count, e, and the available functions are the fields and methods associated with objects
defined in the scope (e.g., mp.insert, e.first, e.second, etc) and a set of functions from the stdlib
(e.g., sort, max, min, etc). These variables and functions are used to fill the placeholder for that
statement (Line 10). We repeat this process for all statements that need to be replaced to generate
a concrete program.

We use an exhaustive enumeration to fill all placeholders in the sketch (Line 10). There are only
two kinds of placeholders: variable placeholders and function placeholders. Variable placeholders
are replaced with concrete variables that are available in the statement’s scope. For function place-
holders, we need to constrain (1) which functions to consider and (2) how to fill the arguments.
To reduce the search space, we only consider functions whose arity does not differ more than
one from the corresponding function call. To fill function arguments, we search for arguments
that type-check and are compliant with the function type signature. To limit the search space, we
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Table 2. Number of Programs BatFix Fixes from a Total of 698 Programs
Transpiled from Java to C++

Java Programs
Model w/ Syntax Errs. w/ Sem. Errs
Fixed Total Fixed Total

Stx only Stx + Sem

TRANSCODER 26 (28.0%) 8 (8.6%) 93 20 (52.6%) 38
TRANSCODER-ST 5 (11.6%) 6 (14.0%) 43 23(59.0%) 39
CODEX 4(16.7%) 3(12.5%) 24 21(65.6%) 32

only consider the variables or methods associated with the variables when filling in each function
argument. This avoids arbitrary applications that could lead to unbounded recursive calls.

Once all the holes in the sketch are filled, we test the concrete program against the test cases
(Line 12). If the program passes all test cases, then we return the repaired program to the user. If
the concrete program 7' passes more tests than before but not all of them, then it is possible it
requires more changes to be fully repaired. In this case, we call synthesize again (Line 15) using
T as our starting point. This will call the fault localization procedure (Line 1) with a new failure
test, which may lead to a new divergence point. This process is repeated until either the space of
all possible programs is exhausted or a concrete correct program is found.

6 EVALUATION

We evaluated our approach on three datasets of buggy programs obtained by transpiling Java and
Python to C++ using three different machine translation models, TRANSCODER [61], TRANSCODER-
ST [62], and Open AI's CoDEx [8]. Our evaluation aims to answer the following research questions:

RQ1. How successful is BATF1X in fixing transpilations between syntactically close languages?
RQ2. Does BATFIx generalize to different transpilation models?

RQ3. Does BATFIx generalize to different languages?

RQ4. How does BATF1x’s fault localization compare to spectrum-based fault localization (SBFL)?
RQ5. What kind of bugs can BatFix fix and what are its limitations in bug fixing?

RQ6. How does BATFIX’s compare with state-of-the-art large language models for bug fixing?

6.1 Benchmarks and Implementation

6.1.1 Benchmarks and Models. We evaluate BATF1Ix on buggy transpiled programs produced by
three different machine learning models: TRANSCODER [61], TRANSCODER-ST [62], and CopEx [8].
TrANSCODER and TRANSCODER-ST are machine translation models trained for transpilation be-
tween between Java, C++, and Python with 311M parameters. CoDEX is OpenAl’s large language
model for general source code tasks, with 12B parameters. We use the benchmark program set
collected by Roziére et al. [61] to evaluate TRANSCODER and TRANSCODER-ST. This benchmark is
a parallel corpus of functions in Java, C++, and Python gathered from GeeksForGeeks [19] of im-
plementations of well-known algorithms with between 2-45 lines of code; the benchmark also
provides a testing framework for these programs. For Java, we use each model to attempt to tran-
spile each of the 698 Java programs to C++. We run each transpiled program on the default test
cases the benchmark provides for that program and determine whether it succeeds, or alternately
fails syntactically or runs but fails one or more of the tests.

Tables 2 and 3 summarize the number of Java and Python programs that the three models fail to
transpile, either due to semantic or syntactic errors. Given the number of programs involved, we
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Table 3. Number of Programs BAaTtFix Fixes from a Total of 465 Programs
Transpiled from Python to C++

Python Programs

Model w/ Syntax Errs. w/ Sem. Errs
Fixed Total Fixed Total
Stx only Stx + Sem
TRANSCODER 15 (7.7%) 0(0.0%) 194 17(11.8%) 144
TRANSCODER-ST 1 (2.5%) 2(1.7%) 118 30(13.7%) 218
CODEX 6(12.0%)  1(2.0%) 50 17(28.8%) 59

do not manually inspect whether programs that fail syntactically would also fail semantically if
the syntax errors were corrected. CODEX performs best at this task; TRANSCODER-ST outperforms
TRANSCODER for all tasks.

For RQ1, RQ2, and RQ4, we focus on the Java to C++ results, as they are more comprehensive;
we discuss both transpilations tasks (i.e., Java to C++ and Python to C++) in RQ3, RQ5, and RQ6,
to address language generalizability, BATFIx’s limitations and strengths, and to compare against
large language models for APR.

6.1.2 Implementation and Execution. BATF1X is implemented in C++ and integrates multiple ex-
isting tools. LibTooling [65], the C++ interface to Clang’s APL is used to (1) parse and fix syntax
errors; (2) extract contextual information in specific scopes (e.g., which variables are available in
a for loop, what functions); (3) rewrite the code generated by the synthesis engine. We also use
LibTooling to ensure that most of the code is syntactically correct and type checks. We use LLDB’s
C++ API [40] to extract program traces (i.e., execute programs step-by-step to do fault localiza-
tion). Similarly, we use JDB [28] and PDB [54] to extract program traces from Java and Python
programs, respectively. To extract CFGs, we use LibClang, Spoon [53], and staticfg [10] for C++,
Python, and Java programs, respectively. To solve CFG matching formulas, we use the Open-WBO
[42] MaxSAT solver. All results were obtained on a laptop running macOS Monterey with an Intel
Core i9-9880H, 32 GB of RAM, and a time limit of 5 minutes per program.

6.2 Results

6.2.1 RQI-2: Effectiveness & Model Generalizability. To evaluate effectiveness, we used BATF1x
to attempt to fix the buggy programs produced by the three models for the transpilation task from
Java to C++. BaTF1x was originally developed using insights from code generated by TRANSCODER;
we validate that it generalizes to other models by evaluating it on the output of two more recent
state-of-the-art models (TRANSCODER-ST and CoDEx). We consider a program “fixed” if both ref-
erence and patched programs yielded the same output on all inputs provided by the benchmark.

Table 2 shows the number of programs BaTFix could fix in the Java dataset. We split the pro-
grams into three categories: (1) programs with only syntax errors, (2) programs with both syntax
and semantic errors, and (3) programs with only semantic errors.®> BATFIx can fix 41.2% (54 out
of 131) of the buggy programs generated by TRANSCODER, 41.5% (34 out of 82) of the buggy pro-
grams generated by TRANSCODER-ST, and 50.0% (28 out of 56) of the buggy programs generated
by CopEex. Despite each model outperforming the previous one, BATFix fixes a larger percentage
of the buggy programs that the better models produce: BAaTFix fixes 52.6%, 59.0%, and 65.6% of
the buggy programs with only semantic errors generated by TRANSCODER, TRANSCODER-ST, and

3Recall that programs with syntax errors that BATFIx cannot fix may also contain semantic errors.
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Fig. 8. Values obtained from the MaxSAT optimal solutions for CFG matching. Lower values indicate a closer
match, measured using the sum of the Levenshtein distance between matching statements. The median Java
solution is 199, whereas the Python median is 266.

CoDEX, respectively. Language models are becoming more powerful: TRANSCODER-ST and CoDEX
are better at generating syntactically correct code than TRANSCODER. However, the mistakes they
still make are exactly those that BATFIx’s more traditional analyses are well-equipped to address.

6.2.2 RQ3: Language Generalizability. Although BATFIX’s conceptual approach is language-
agnostic, there is an implementation burden in creating new front/backends to support additional
languages. To validate BATFIx’s generalizability to other languages, we conducted a preliminary
evaluation on a Python to C++ task. Since Python and C++ are not syntactically similar, we expected
that BATF1x would not be able to fix as many programs as it did on the Java to C++ task. We trans-
lated a subset of 465 programs out of the 698 programs for which we had test cases for Python
using TRANSCODER, TRANSCODER-ST, and CODEX, resulting in one dataset of buggy programs for
each model. Then, we tasked BarFix with fixing the programs.

In this task, we see that BatFix 9.5% (32 out of 338) of buggy programs generated by
TRANSCODER, and 9.8% (33 out of 336) of buggy programs generated by TRANSCODER-ST. For both
models, we note that the repair rate is much higher for programs with semantic errors, likely be-
cause the programs with syntax errors are of very low quality on the Python to C++ task. However,
BatFix can fix 22.0% (24 out 109) of buggy programs generated by Copex. In this set, our success
rate is higher (28.8%) when the buggy programs only have semantic errors.

The overall percentage of fixed programs for the Python task is lower (though still within ob-
served bounds of repairability for general-purpose APR). We believe this happens for a number
of reasons. First, the quality of the translations generated by TRANSCODER and TRANSCODER-ST
is substantially lower on the Python to C++ tasks. This evidence is supported by the fact that
BatFix performs significantly better at fixing CopEx translated programs. Second, we hypothe-
size that BATFIx works best when the source and target languages are similar and the control-
flow graphs are better aligned. To substantiate this hypothesis, we assessed the quality of the
MaxSAT optimal solutions, which evaluate control flow similarity by measuring the edit dis-
tance between corresponding statements. Lower values signify a greater similarity of matching
statements, while higher values suggest considerable differences, either due to distinct language
structures or because of poor statement alignment. As depicted in Figure 8, Java data points
predominantly cluster towards the left, suggesting a higher matching quality and greater lan-
guage similarity, while Python solutions are noticeably skewed to the right, reflecting less optimal
matching.

6.2.3 RQ4: Fault Localization. We compare BATF1x fault localization procedure with traditional
Spectrum Based Fault Localization (SBFL), a family of techniques that uses test suites to rank
source code lines by a computed “suspiciousness” score. We compared to five well-studied SBFL
techniques [55], as listed in Table 4.

ACM Trans. Softw. Eng. Methodol., Vol. 33, No. 6, Article 161. Publication date: June 2024.



BatFix: Repairing Language Model-based Transpilation 161:17

Table 4. Accuracy of Each Fault Localization Method on the
Semantics Dataset from the Java to C++ Task

% Programs where the bug is localized
Method TRANSCODER TRANSCODER-ST CODEX
Tarantula [30] 15.8% 15.4%  18.8%
Ochiai [1] 28.9% 25.6%  34.4%
Op2 [50] 23.7% 28.1%  31.2%
Barinel [2] 15.8% 15.4%  18.8%
DStar! [72] 21.1% 23.1%  31.2%
BatFix 55.2% 58.97% 65.6%

We manually annotated all the buggy statements for each program in the three datasets of se-
mantically incorrect programs for the Java to C++ task.* Although this task is time-consuming, the
programs are small, and a direct manual comparison to the reference solutions allows a straightfor-
ward pinpoint of buggy lines. We associate faults of omission (i.e., lack of variable initialization)
with the variable declaration in question. We consider localization successful if the top-1 suspi-
cious line (from SBFL) or the single first identified line (for BATF1X) is one of the buggy lines (of
possibly many). Note that BATF1x typically localizes faults iteratively after repair; however, here,
we only run our own localization procedure once. Although conservative, this provides consistent,
comparable settings between SBFL and our technique.

Table 4 summarizes results, showing that BATF1x outperforms the SBFL methods. BATF1x can
locate faults due to control flow divergence, like SBFL can, but also problems due to variable initial-
izations, or buggy statements due to wrong method calls (e.g., sorting an array in increasing order
instead of decreasing), by inspecting runtime values (where SBFL only focuses on control flow).
We also note that in all cases but one (which would require a four-line repair) whenever BatFix
successfully localizes a bug, it succeeds at repair. We believe this is because both fault localization
and the synthesis depend on control-flow matching accuracy.

6.24 RQ5: Bugs BATF1x Can and Cannot Fix. First, BATFIx can produce patches that modify
multiple lines of code. This is a challenging long-standing problem in general program repair. For
instance, there were six programs transpiled with Copex from Java to C++ that BATFIx repaired
by patching two lines of code. When using TRANSCODER-ST to transpile Java to C++, there were
four programs that BATF1x repaired by patching two lines of code and two programs that required
fixing three lines of code. Similarly, when using TRANSCODER, five programs need two-lines repair
and two programs that require three-lines repair. Table 5 shows statistics regarding the number of
times each rule is triggered during the repair of syntax errors for the Java to C++ tasks.

In terms of bug types, Listing 5 shows an example of a program with incorrect variable initial-
izations that BATF1x fixes with changes to two lines of code. In this case, the program compiles,
and our fault localization procedure based on program trace pinpoints two variables that had been
incorrectly initialized: profit (Line 2) and prevdiff (Line 6). Using the values of the correspond-
ing variables from the trace of the original program (i.e., the reference solution), BATFIx correctly
initializes the variables.

Listing 6 shows another example of a bug and patch BaTF1x generated for a transpiled program
with both syntax and semantic errors. Compiling the original program using Clang (with the red
lines that start with “-”) generated the following error message at Line 3: “error: cannot initialize
a variable of type ‘char *’ with an rvalue of type ‘const char *””. This bug corresponds to one

4We did not consider the programs with syntactic errors, because SBFL requires programs to be executable and testable.
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Table 5. Number of Times Each Rule Was Triggered when Fixing
Syntax Errors for the Java to C++ Datasets

Error Type # Fixed
#1: Small typos the compiler can fix 16
#2: References to unknown/undeclared types 14
#3: Type declaration does not match assignment 10
#4: Random keyword (public, static) 14
#5: Use of undeclared identifiers 75
#6: Other errors that the compiler can bound 81

Listing 5. Transpiled program with initialization bugs Listing 6. Transpiled program with syntax errors

1 int prices (int price[], int n, int k) 1 string replace(string s, char c1,
{ char c2) {
2 int profit[k+1]J[n+1]; 2 int 1 = s.length();
3 + memset(profit, @, sizeof(profit)); 3 - char* arr = s.c_str();
4 C...) 4 + auto arr = s.c_str();
5 for (int i = 1; i <= k; i++) { 5 for (int i = @; i < 1; i++) {
6 - int prevDiff = INT_MAX; 6 if (arr[i] == c1) {
7 + int prevDiff = -2147483648; 7 - arr[i] = c2;
8 for (int j = 1; j < n; j++) { 8 + s[i] = c2;
9 prevDiff = max(prevDiff, ...); 9 } else if (arr[il == c2) {
1 (...) 10 - arr[i] = c1;
11 + s[i] = c1;
12 C...)

Fig. 9. Two source code examples of programs that BATFIx successfully repairs from the Java to C++ tasks
transpiled by TRANScODER. The programs are partially omitted due to their length.

of the syntax error rules we can fix using rule #3 from Table 1. Therefore, BATFIx replaces the type
declaration with the “auto” keyword. However, attempting to compile this program again with
the new code generates two other error messages at Line 7 and 10: “error: read-only variable
is not assignable” These are type #6 errors from Table 1. Therefore, BATFIx replaces both lines
with placeholders, generating a program with semantic errors. Subsequently, BATF1x synthesizes
appropriate replacements that comply with the test cases (Line 8 and 11).

There are instances where BATF1x falls short, primarily due to poor-quality translations or in-
adequate control-flow alignments. Figure 9 demonstrates this limitation with a Python program
(Listing 7) and its poor TRANSCODER-ST translation to C++ (Listing 8), where the model produces
an excessively long and irrelevant translation. BATFIx cannot fix such bugs, where the translation
quality is degraded, and the repair task exceeds the threshold of typical bug fixing, leading to sit-
uations where substantial portions of the code would need to be rewritten or deleted to provide
accurate functionality. In essence, BATFIX’s approach to repair is affected by both limitations of
control flow matching but also by translation quality.

6.2.5 RQ6: Comparison with State-of-the-art Large Language Models. More recently, large
general-purpose language models (LLMs), specifically in the GPT family, have been shown
very effective on code tasks. They therefore serve as an interesting baseline for BaTFix’s task,
that is, repairing the results of transpilation. As a caveat, this experiment should be interpreted
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Listing 7. Source program from the Python bench-  Listing 8. Transcoder-ST translation to C++ of the

mark set. source program in Listing 7.

1 def check(arr, n): 1 bool check(intx arr, int n) {

2 if n == 1: return True 2 if ((n == 1) || (n == 2) ||

3 arr.sort() 3 (n == 3) || (n == 4) ||

4 d = arr[1] - arr[0] 4 (n ==5) || (n == 6) ||

5 for i in range(2, n): 5 (n ==7) || (n == 8) ||

6 if arr[i] - arr[i - 1] != d: 6 (n ==9) |] (n == 10) ||

7 return False 7 (n == 11) || (n == 12) ||

8 return True 8 (n == 13) || (n == 13) (...)

Fig. 10. Python source code and corresponding C++ translation that BATFIx cannot repair. In this low-quality
translation, the model repetitively generates a never-ending if condition unrelated to the task at hand.

Chat API Prompt Template

System Message: You are a helpful assistant skilled in debugging and correcting C++ code.

User Prompt: I will give you a buggy program in C++. Your task is to find and fix the bugs.
Buggy program:

{buggy code}

For your reference, the program was transpiled from {language} from this code snippet:
{correct code}

Please enclose the answer using ‘cpp "

\

Fig. 11. Prompt template used for bug fixing in our experiments. The template incorporates dynamic place-
holders (in italics) for runtime substitution with specific values.

cautiously: There is a significant risk of data leakage, given the training dates of both GPT-4 and
GPT-3.5 with respect to the development of our dataset (which we discuss further in Section 7).
We chose GPT-3.5 as a baseline, as the risk of memorization is somewhat lower (though still ex-
istent) compared to GPT-4. We used the same bug datasets as our previous experiments (originating
from TRANSCODER, TRANSCODER-ST, CoDEXx) and tasked GPT-3.5 with the same setup as given to
BatFix (i.e., given the original program, repair the buggy transpilation). We crafted a prompt us-
ing best practices from existing research and documentation. The prompt template is as shown in
Figure 11.

Figure 12 shows the effectiveness of GPT-3.5 and BATFIx in correcting programs that were
initially translated from Java to C++ using different transpilation models. We can see that GPT-3.5
fixed 51 out of 131 programs from TRANSCODER, 44 out of 82 for TRANSCODER-ST, and 27 out of
56 for CoDEX (total numbers of buggy programs are from Table 2). We make several observations.
First, GPT-3.5 fixes a comparable number of programs for all three models in the Java to C++ task.
Second, the types of bugs that GPT-3.5 fixes differ from those that BATFIx can address (i.e., a large
portion of the errors BATFix fixes are not addressed by GPT-3. 5 and vice versa). This suggests that
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Total: 131 |

Total: 82 | Total: 56 |
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GPT Fixed Programs BatFix Fixed Programs BatFix Fixed Programs

(a) Buggy programs from (b) Buggy programs from (c) Buggy programs from CoDEXx
TRANSCODER translations TRANSCODER-ST translations translations

Fig. 12. Venn diagrams showing the number of programs fixed using BATF1x and GPT3.5 for the programs
translated from Java to C++. The buggy programs are obtained from each model, as explained in Section 7.1.
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Fig. 13. Venn diagrams showing the number of programs fixed using BATFIx and GPT3.5 for the programs
translated from Python to C++. The buggy programs are obtained from each model, as explained in
Section 7.1.

BaTF1x is at worst complementary to GPT-3.5: Their performance is comparable, but they repair
different mistakes. Additionally, GPT-3.5’s performance may be influenced by memorization (see
Section 7), and BATFIx requires significantly less computational power than GPT-3.5 (and is free).

Conversely, Figure 13 shows the effectiveness of GPT-3.5 and BatFix in correcting programs
from the Python to C++ task. We can see that GPT-3.5 fixed 218 out of 338 programs from
TRANSCODER, 235 out of 336 for TRANSCODER-ST, and 38 out of 109 for CopEex (the total num-
ber of buggy programs comes from Table 3). Here, we observe a significant discrepancy between
the performances of GPT-3.5 and BATFIx when fixing the bugs produced by TRANSCODER and
TranscoDeR-ST. This is expected, as GPT-3.5 is a more powerful model compared to the mod-
els considered in previous experiments. GPT-3.5 is unlikely to have made the same mistakes as
TraNscODER and TRANSCODER-ST in the first place. Moreover, since it has access to the original
code (as seen in the prompt in Figure 11), GPT-3.5 may simply be transpiling from scratch, instead
of trying to correct mistakes. BATF1x, however, as a formal approach, is tied to the translation qual-
ity of the original models (designed to make small changes and fix minor bugs in transpilation)
and, therefore, is not able to fix as many bugs. This is further reinforced by the fact that for CopEex,
the total number of bugs fixed by BaTFix and GPT-3.5 is similar (36 and 23, respectively), albeit
fewer in number. However, it is important to note that BATF1x is able to fix different kinds of bugs.

To better understand the types of bugs that GPT-3.5 was unable to resolve but BATFIx suc-
cessfully addressed, we conducted a manual analysis of the subset of bugs exclusively fixed by
BatFix. Specifically, we focused on the bugs uniquely addressed by BaTFix in the Java to C++
task, as shown in Figure 12, corresponding to 32 bugs from the TRANSCODER dataset, 16 from the
TrANSCODER-ST dataset, and 15 from CODEX.

ACM Trans. Softw. Eng. Methodol., Vol. 33, No. 6, Article 161. Publication date: June 2024.



BatFix: Repairing Language Model-based Transpilation 161:21

We discovered that 37 programs (58.7%) that GPT-3.5 could not fix, but BatrFix did, were re-
lated to the proper initialization of variables within the programs. Our analysis identified four
distinct patterns in the model’s behavior: (1) In some instances, GPT-3.5 either did not recognize
or overlooked the need to initialize a variable or incorrectly believed the faulty code was else-
where. For example, arrays declared on the stack in C++ are not automatically initialized to zero as
in Java, thus they need to be initialized. (2) In other cases, GPT-3.5 partially initialized variables
(e.g., only the first element of an array to 0), leading to corrupted data when using, for example, the
+= operator on uninitialized values). (3) The model occasionally attempted fixes using illegal state-
ments (e.g., initializing variable-length arrays with int arr[n] = {0}, which is not permissible in
C++). (4) GPT-3.5 also initialized variables with incorrect values. In contrast, BATF1x successfully
detected and corrected the bugs. This is expected, as these are the kind of subtle bugs that BATF1x
was designed to fix. Moreover, statically detecting that a variable is uninitialized, partially initial-
ized, or improperly initialized is something traditional approaches like BATF1x are well-suited for.
In particular, BATF1x uses mappings between the control-flow, variables, and executions traces
of the original and transpiled programs to automatically detect discrepancies in the frame of the
programs for particular inputs.

We identified 20 programs (31.7%) with syntax errors that GPT-3.5 was unable to fix. Although
we did not identify a particular trend, we noticed that often the bugs corresponded to illegal state-
ments that would be flagged by the type checker (type #3 and #6 errors from Table 1), either due to
incorrect initializations or due to type mismatches in a computation. In these cases, GPT-3.5 would
fail to correct the mistake or introduce a new one. We also noticed that GPT-3. 5 was not removing
incorrect keywords (e.g., static and public) from the function definitions, causing compilation to
fail. Inspecting the patches produced by GPT-3.5, we also noticed that in five instances GPT-3.5
did not follow instructions properly when attempting to fix syntax bugs. However, BATF1x fixed
these issues using compiler hints or replacing the faulty lines with placeholders and subsequently
finding a correct replacement for the placeholder, as detailed in Section 4.1.

Finally, in six programs (9.6%) the bugs corresponded to an incorrect computation. In these
instances, the model attempted to patch the bug but failed to either accurately locate the faulty
statement or correct it appropriately. In these cases, BATFIx managed to fix the programs by locat-
ing the bug using the trace-based fault localization approach and replacing the faulty statements
with a sketch generated from the source program.

7 LIMITATIONS AND DISCUSSION

We present the main limitations of our approach as well as avenues for future work.

7.1 Benchmarks and Models

Evaluating transpilation is difficult due to the limited availability of equivalent program pairs writ-
ten in different languages. Consequently, we rely on well-documented datasets that include eval-
uation test cases specifically designed for this type of research. For this work, we use the dataset
developed by the TRANSCODER [61] authors and are grateful to them for creating and providing
such a valuable resource.

Since the programs in our benchmark set were previously used to evaluate state-of-the-art tran-
spilation models [7, 62], the mistakes the models made are likely indicative of how the models
generally behave. Moreover, we evaluated BATFIx on the output of three different machine trans-
lation models of different sizes, and CoODEX is one of the most widespread language models for
source code (e.g., it powers GitHub Copilot [20]). Therefore, we believe that the models chosen
to generate the dataset of bugs are representative of what language models, in general, would
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produce. However, recall we limited BATFIX’s to a 5-minute timeout, suggesting larger programs
may be feasible in still-reasonable timescales.

7.2 Comparison against OpenAl GPT Family

New general-purpose large language models, including OpenAI’s GPT-3.5 and GPT-4, have shown
promising results in various code tasks, including in APR. However, evaluating these models is
challenging. They are often trained on vast quantities of data, including datasets such as Common-
Crawl [12] and The Stack [33], making them susceptible to data contamination during evaluation.

One particular challenge is their likely exposure to all publicly available datasets used for tran-
spilation and APR, making objective evaluation difficult. This issue is more pronounced in closed-
source models like the OpenAl GPT family, which are opaque in many aspects (i.e., the model
architecture and training data sources are mostly unknown). Researchers have shown that Ope-
nAlI GPT models excel in tasks such as Codeforces and HackerRank problems up to a specific
date (September 2021), but their performance significantly deteriorates afterward [60]. Moreover,
large language models’ performance has been shown to heavily correlate with their compression
ability [14]. Thus, model capability can often be mistaken for its memorization ability. To miti-
gate this problem, researchers [58] have attempted to evaluate LLMs on more recent datasets, but
this is hampered by continuous model updates (and the challenges of developing new datasets for
transpilation, in our case). For example, as of the time of publishing this article (April 2024), the
training data for GPT-4 extends up to December 2023. In contrast, the data for GPT-3.5 only goes
up to September 2021. Our dataset [19], a prominent one used for transpilation evaluation (from
2019), is part of The Stack [33], and thus it is also affected by data leakage issues.

We therefore interpret the results of our GPT-3.5 comparison cautiously and emphasize the
importance of experiments that rely on open-source models. Nonetheless, we noticed that a sig-
nificant portion of the bugs BatFix was able to fix, but GPT-3.5 could not (even with the data
leakage risk), were related to initialization issues. While it might be argued that GPT-3.5 could ad-
dress these problems with a more tailored prompt or other techniques like chain of thought [71],
BatFix is not only more cost-effective but also specifically designed to identify and correct such
errors, making it a preferable choice over more complex approaches. Thus, we believe BATFIX is
at worst complementary to GPT-3.5.

7.3 Control Flow Matching in Varied Transpilation Contexts

While BaTF1x and its fault localization approach perform well in our benchmark evaluations (par-
ticularly for the Java to C++ task), its foundational hypothesis—that similar functionalities imply
similar control flows— has limitations in complex transpilation scenarios. For example, transpiling
between languages with different threading models (like Python’s Global Interpreter Lock vs. C++’s
threading libraries) is challenging due to lack of direct equivalence in control-flow. Moreover, when
transpiling between syntactically distinct languages, finding equivalent language constructs (e.g.,
transpiling Python’s lambdas and list comprehensions to C++) is also challenging.

A potential way to mitigate some of these issues would be to first transform the code using
a set of code transformation rules to make the code more idiomatic before attempting to match
statement. We do this to a limited extent for Python to C++, such as to transform Python idiomatic
for loop structures (e.g., for i in range(n)) to classic C++ loops (e.g., for(int i = 0; i < n; i++)).
Recent work [15] has shown that Python code can be refactored to be more similar to Java before
performing code analysis. A similar approach could improve our synthesis algorithm for Python.

Although BatF1x’s basic premise may not be universally applicable, our results demonstrate it
is effective for closely related languages, such as Java and C++.
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7.4 Executing and Comparing Transpiled Code

BATF1x requires sample test inputs to decide whether the transpilation is equivalent to the source
code. The inputs used in our evaluation were automatically generated, and we used the original
program’s output as the test oracle. We believe it is reasonable to assume that for code considered
sufficiently mature to justify transpilation, a user will have an idea of expected inputs, and the orig-
inal program provides an oracle. This can be supplemented by differential testing techniques [43].

BaTF1x compares program traces across programming languages to find divergence points
where states do not match. This was not an issue for our benchmark set, because most programs
only use primitive types or standard library objects. If and when transpilation technology ma-
tures to produce user defined objects, then we expect it will be possible to compare them across
languages as compositions of primitive types.

We also assume that it is possible to run transpiled code independently of rest of the codebase.
We believe this is a reasonable assumption, as it allows for a gradual migration process, starting
with the code that has no dependencies and moving on to more complex ones. Migrations involving
circular dependencies (e.g., class A depends on class B and vice versa) would not be supported.

7.5 Fault Localization and Synthesis

If the control flow matching model is incorrect, then fault localization can fail. BATF1x currently
only asks the MaxSAT solver for the best matching model. However, asking the solver to enumerate
multiple matching models is possible. This would resemble traditional SBFL, returning a list of
potentially faulty locations, instead of just one.

Code generation similarly relies on control flow matching. In addition to the quality of the
matching model, BATFIx also relies on the similarity of statements across languages. BATFIx’s cur-
rent implementation only works if the languages are syntactically similar, since we use correspond-
ing statements structure as sketches; this is reasonable in this context where, e.g., the TRANSCODER
family is an unsupervised method that uses “anchor” tokens to translate across languages.

7.6 Generalizability

We have shown BATFix effectiveness on two transpilation tasks (Java and Python to C++) and
three language models. Although BATF1x performs better when the source and target program-
ming languages are more similar, it still performs reasonably well on Python to C++. We partially
attribute the lower repair rate for TRANSCODER and TRANSCODER-ST to the low quality of the ini-
tial translations; BATFIX’s is to some degree constrained by the quality of the starting transpiled
program, and it performs rather better on CopEx accordingly.

That said, BATFIxX can consistently repair transpilation tasks for different language models and
appears particularly effective at repairing semantic errors that are more challenging for language
model-based transpilers. Moreover, our experiments show that the types of bugs BATFIx can fix
differ from those large language models can tackle.

8 RELATED WORK

In this section, we present a brief overview of relevant prior work related to our approach.

8.1 Automated Program Repair

Automated Program Repair [38] describes techniques that aim to automatically fix bugs in pro-
grams. Similarly to BATF1x, APR tools such as GenProg [21] and ACS [74] also follow a generate-
and-validate approach, dividing the repair task into fault localization, patch generation, and testing.
However, traditionally, APR tools do not take as input a reference solution. The closest work to
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ours are References [44, 70], which take a reference solution as input, albeit in the same program-
ming language (whereas our input is in a different one). Other approaches to APR, such as S3 [37]
and Angelix [46], are semantic-based and extract constraints from test cases to substitute faulty
statements. Techniques such as DeepFix [24] and DeepDelta [48], or LLM-based approaches [17],
aim to correct syntax errors specifically; fine-tuning these kinds of neural models to the types of
mistakes made by MT-transpilers may enable BATFIx to more effectively address syntax errors.

8.2 Repairing Language Model Code

Language models for source code often treat code as regular natural language text [4, 8]. This ap-
proach is problematic because it overlooks the structured nature of code and its precise syntax. One
common problem with language models is that they cannot guarantee the correctness of the gen-
erated code. Thus, recent efforts have been made to improve the code generated by these models.
Like BatFix, Jigsaw [26] also aims to fix code generated by machine learning models, specifically
for Python code that uses the pandas API. However, our context is different, being agnostic to
libraries or APIs used.

Other approaches augment the training data of the language model with static analysis data
and compiler error messages [35]. Mukherjee et al. [49] train an NSG using weak-supervision by
leveraging information from a static analyzer to augment training data. Despite training a model
orders of magnitude smaller compared to models like Codex, NSG outperforms large language
models in terms of the number of syntax and semantic errors generated. Synchromesh [56] takes
a different approach by constraining the language models to only valid or syntactically correct
programs. Along related conceptual lines, NGST2 [41] is a framework that combines program
synthesis and machine learning for transpilation between imperative and functional languages.

Much of this work focuses more directly on reducing syntax errors; we show the value of
coupling this type of code generation with techniques that can also reason about and correct
semantic mistakes.

8.3 Fault Localization

Localizing bugs is essential to program repair. Spectrum-based fault localization (SBFL) [1, 13,
31] is a common family of approaches to this problem that uses a test suite. BATF1x goes beyond
these assumptions to leverage the existence of an input/reference solution, and we show that this
additional information benefits the fault localization task. BugAssist [32] also uses MaxSAT to
localize bugs by reasoning about program traces in passing and failing test cases but does not
leverage an alternative oracle program.

8.4 Transpilation

Using machine learning models for source-to-source transformations is becoming increasingly
popular, which supports the need for tools such as BATFix. TRANSCODER [61, 62] is one of the
most recent examples. Similarly, Reference [9] proposes to use neural networks to transpile be-
tween Coffescript and JavaScript. NGST2 [41] is a framework that combines program synthesis
and machine learning for transpilation between imperative and functional languages.

Previous work on mining API mappings across libraries could also enhance the BATFIx repair
strategy. By extracting API mappings, BATF1x could refine or prioritize the search space of poten-
tial alternative APIs to replace erroneous calls. Specifically, DEEPAM [22] learns to map between
APIs in different languages, while SOAR [52] leverages API documentation to learn API mappings.
Integrating these techniques could bolster BATF1x’s repair capabilities.
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9 CONCLUSION

Transpilation is often a laborious, manual task, and automating transpilation using machine learn-
ing for languages not specifically designed for this purpose (like Java, and C++) has been growing
in popularity. However, LM-generated code can contain subtle problems. We argue that machine
learning methods should collaborate with classical analyses to enhance usability. Indeed, while
LMs for transpilation are improving, the types of bugs that they still cannot avoid are particularly
well-suited for our paradigm. We proposed BaTF1x—a novel tool designed to fix common errors
generated by LMs. BATFIx uses a new fault localization approach that leverages the fact that we
have access to a reference solution. Our synthesis method also uses the reference solution to search
for replacements for buggy code. Our evaluation shows that BATF1x fixes 50% of buggy programs
generated from CODEX state-of-the-art transpilation model on a Java to C++ dataset and 22% on a
Python to C++ dataset. Futhermore, we have shown BATF1x works with different language models
and transpilation tasks and can repair programs that require patching multiple lines of code.
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We provide the source code and logs of our experiments [57].
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