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A proper code evaluation metric (CEM) profoundly impacts the evolution of code generation, which is an important research
field in NLP and software engineering. Prevailing match-based CEMs (e.g., BLEU, Accuracy, and CodeBLEU) suffer from
two significant drawbacks. 1. They primarily measure the surface differences between codes without considering their
functional equivalence. However, functional equivalence is pivotal in evaluating the effectiveness of code generation, as
different codes can perform identical operations. 2. They are predominantly designed for the Ref-only input format. However,
code evaluation necessitates versatility in input formats. Aside from Ref-only, there are NL-only and Ref&NL formats, which
existing match-based CEMs cannot effectively accommodate. In this paper, we propose CodeScore, a large language model
(LLM)-based CEM, which estimates the functional correctness of generated code on three input types. To acquire CodeScore,
we present UniCE, a unified code generation learning framework, for LLMs to learn code execution (i.e., learning PassRatio
and Executability of generated code) with unified input. Extensive experimental results on multiple code evaluation datasets
demonstrate that CodeScore absolutely improves up to 58.87% correlation with functional correctness compared to other
CEMs, achieves state-of-the-art performance, and effectively handles three input formats.

CCS Concepts: » Software and its engineering — Software creation and management; - Computing methodologies
— Artificial intelligence.

Additional Key Words and Phrases: Code Evaluation, Code Pre-trained Language Model, Code Generation.

1 INTRODUCTION

Automatic evaluation of code generation is significant and promising in the fields of natural language processing
(NLP) and software engineering. Due to the great potential of code generation in reducing development costs
and revolutionizing programming modes, both industry and academia have devoted substantial attention to it
(5,9, 29,35, 52, 60]. Code generation has achieved remarkable developments in the past few years [10, 14, 22, 27? ],
but CEMs still need to catch up. It is challenging to evaluate the competitiveness of various approaches without
proper CEM, which hampers the development of advanced techniques for code generation. A range of code
generation subtasks would benefit from valid code evaluation, including code completion [16, 32], code translation
[50, 68], code search [1, 53], etc. Therefore, research on code evaluation is necessary and should be put on the
agenda.

Some commonly used match-based CEMs treat code as text, such as BLEU [39] and Accuracy, which focus on
basic and lexical-level features. They compute scores mainly based on n-gram co-occurrence statistics. CodeBLEU
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def bubbleSort(arr): Reference Code (a)
n = len(arr)
for i in range(n):
for j in range(@, n-i-1):
if arrl[jl > arr[j+1]:

= (a) bubbleSort([5,3,2,1,4]) = [1,2,3,4,5]

arr[jl, arrl[j+1] = arr[j+1]1, arr[jl
def bubbleSort(arr): Generated Code (b)
n = len(arr) = (b) bubbleSort([5,3,2,1,4]) - error
for i in range(n): . _
for j in range(@, n-i-1): BLEU(a,b) = 0.961
if arrljl =larr[j+1]: *  CodeBLEU(a,b) = 0.884
arr[jl, arrl[j+1] = arr[j+11, arr[jl
def sortBubble (Nums): Generated Code (c)

num_len = len(Nums)
for iiéz ;agg‘iégum—le")- *  (c) sortBubble([5,3,21,4]) = [1,2,345]
for i in range(num_len - 1 - j): = BLEU(a,c) = 0.204
if Nums[i] > Nums[i+1]:
Nums[il, Nums[i+1] = Nums[i+1], Nums[i] | = CodeBLEU(a,c) = 0.265
sign = True
if not sign:
break

Fig. 1. Results of evaluating the generated code implementing bubble sort using different CEMs. BLEU and CodeBLEU score
the truly functional correct code (c) lower than the incorrect code (b).

[48] additionally takes into account the structure of code, i.e., abstract syntax tree and data flow. However, the
preceding CEMs have deficiencies in identifying code relationships, because code is mainly evaluated based on
functional correctness rather than exact/fuzzy match to reference code, and match-based CEMs cannot account
for the large and complex space of code functionally equivalent to reference code [20]. For example, in Fig. 1,
code (a) and code (b) have a much higher similarity of tokens or structures than code (c). However, through
execution, we realize that code (a) and code (c) are different renderings of the same function. By contrast, the
execution result of code (b) differs dramatically from both other codes, and code (b) even fails to compile. As a
result, merely measuring the similarity of token/structure is insufficient for code evaluation.

LLMs pre-trained on code have demonstrated outstanding results in code generation tasks [5, 7, 8, 14, 29],
which are fundamentally dependent on exceptional code comprehension. Excellent code comprehension is a
crucial element for facilitating code evaluation. We hypothesize that LLMs pre-trained on code possess the ability
to evaluate code. However, due to the training strategy of predicting the next token according to context, they
lack awareness of evaluating code for functional correctness. Our objective is to instruct LLMs to evaluate code
effectively in terms of functional correctness.

Another issue that requires resolution is that the existing match-based CEMs are exclusively confined to the
Ref-only (consider only reference code) input format. This restriction presents three inherent disadvantages.
First, for any code generation task, the correct solutions are not finite, but rather, they are inexhaustible. In this
context, the provided reference code merely represents one correct solution among a vast multitude. Therefore,
it is overly narrow to compare the generated code solely with one correct solution. Second, they neglect the
natural language (NL) description, which is a rich repository of information and a real requirement source. Third,
these metrics are unusable in the absence of a reference code. This situation is quite commonplace in real-world
evaluations where a correct solution is not always readily available. It is similar to code grading techniques in
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education, where grading often needs to be flexible and adaptable to different solutions that may not have a
single correct answer. Therefore, expanding the input format of CEM is necessary.

In this paper, we propose an effective LLM-based CEM, called CodeScore, which measures the functional
correctness of generated codes on three input formats (Ref-only, NL-only, and Ref&NL). To obtain CodeScore,
we present a code evaluation learning framework, UniCE, for tuning LLMs to estimate execution similarities
with unified input. Specifically, we finetune LLMs to learn PassRatio and Executability of generated code, where
Executability is devised to distinguish between compilation errors and output errors for code with PassRatio
equal to 0. Generally, codes exhibiting higher functional correctness will pass more test cases, thereby achieving
a higher PassRatio !. Consequently, for unexecutable codes, the model tends to assign scores approaching zero.
In contrast, for codes demonstrating superior functional correctness, the model is likely to assign higher scores.
CodeScore has the following advantages: 1) CodeScore has excellent evaluation performance, which achieves
state-of-the-art performance correlation with functional correctness on multiple code evaluation datasets. 2)
CodeScore provides three application scenarios (Ref-only, NL-only, and Ref&NL) for code evaluation with unified
input, while traditional CEMs only consider Ref-only. Our major contributions can be summarized as follows:

e We propose an efficient and effective LLM-based CEM, CodeScore, that accommodates the functional
correctness of generated codes from an execution viewpoint.?

e We present UniCE, a unified code evaluation learning framework based on LLMs with unified input,
which assists models in learning code execution and predicting an estimate of execution PassRatio.

e We construct three code evaluation datasets based on public benchmark datasets in code generation,
called APPS-Eval, MBPP-Eval, and HE-Eval, respectively. Each task of them contains an NL description,
several reference codes, 10+ generated codes, and 100+ test cases.t

e CodeScore substantially outperforms match-based CEMs and LLM-based EMs, and achieves state-of-the-

art performance on multiple code evaluation datasets.

2 BACKGROUND & RELATED WORK

In this section, we first introduce code generation, and then discuss code evaluation based on three types of EMs,
including Match-based CEMs, Execution-based CEMs, and LLM-based EMs.

2.1 Code Generation

Code generation technology can automatically generate source code for software, achieving the purpose of
machine-driven programming based on user requirements. Due to the rapid growth of code data and the
continuous improvement of deep learning model capabilities, using deep learning for program generation
has become the mainstream research direction [21, 31, 35, 43, 54, 58, 60, 65]. In recent years, the rise of pre-
training techniques has provided new momentum for code generation. For example, studies like CodeT5 [57]
and UniXcoder [15] pre-train models for completing code generation tasks. As the number of model parameters
increases, researchers have observed the phenomenon of performance emergence in large language models (LLMs).
. LLMs such as AlphaCode [29], CodeGen [36], WizardCoder [33], ChatGPT [37], CodeGeeX [66], Starcoder [28],
and CodeLlama [49] have demonstrated promising code generation performance. Currently, code generation
technology and tools have been widely adopted in software development, such as Copilot [5], significantly

INote that, although PassRatio varies across different test cases, it tends to yield a higher PassRatio for high-quality code, since we generate a
large number of test cases. This phenomenon is somewhat akin to the process of human feedback. Despite the inherent variability in scores
assigned by different human evaluators, the overarching trend remains consistent.

2https://huggingface.co/dz1/CodeScore

3https://github.com/Dingjz/CodeScore

4https://github.com/YihongDong/CodeGenEvaluation
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enhancing the efficiency of developers. Assessing the quality of generated code has remained a critical problem
in the development of code generation technology, directly influencing its advancement and evolution.

2.2 Code Evaluation

Match-based CEMs. Besides these commonly used BLEU [39], Accuracy, and CodeBLEU [48], some niche
CEMs [41] are also applied to code evaluation, e.g., METEOR [3], ROUGE [30], and CrystalBLEU [12]. However,
these aforementioned match-based CEMs merely measure the surface-level differences in code and do not take
into account the functional correctness of the generated code.

Execution-based CEMs. They attempt to handle these issues by running tests for generated code to verify its
functional correctness [17, 18, 25]. However, they come with several caveats: 1) It assumes that test cases have
been given and all dependencies have been resolved. For each code generation task, supplying adequate test
cases is a burden in practice, and the dependencies required vary from task to task. 2) Enormous computational
overhead needs to be afforded. All generated code requires execution separately for each corresponding test case,
which leads to enormous CPU and I/O overhead. 3) Execution with isolation mechanisms. The generated code
could have some security risks, such as deleting files on the disk or implanting computer viruses, especially if the
training data of code generation models is attacked. In a word, they are usually costly, slow, and insecure, which
are often unavailable or ineffective in real-world scenarios.

LLM-based EMs. Effective evaluation of generated results is hard for both text and code generation. They
likewise face the same issue of poor evaluation metrics (EMs). A recent popular trend in evaluating text generation
is the design of automatic EMs based on LLMs. A part of LLM-based EMs [44, 45, 56] follows COMET [46] to
learn high-quality human judgments of training data, which is a problem for code evaluation to obtain. Another
part relies on LLM extracting token embeddings to calculate scores like BERTScore [63], such as [47, 51, 61, 64].
A concurrent work named CodeBERTScore [67] tries to use the same way as BERTScore with LLM pre-trained
on code. However, they do not teach LLMs to learn code evaluation effectively, in other words, LLMs are still
confused about how to evaluate code. Therefore, they exhibit suboptimal performance in code evaluation, as
evidenced by our experimental results.

3 METHODOLOGY

In this section, we first introduce our proposed CEM CodeScore, and then describe a unified code evaluation
learning framework (i.e., UniCE), which is used to yield the CodeScore.

3.1 CodeScore

For a code generation task p € P, let the test case set of p as Cp, = {(Zpc, Opc) }cec,, a set of paired test case
input 7, . and test case output O, . Although the potential program space can be boundless, test cases permit
automatic evaluation of code generation capability. Thus, in contrast to most other text generation tasks, human
judgment is not always necessary for code generation.

We measure the functional correctness with PassRatio € [0, 1], which is defined as

. 1
PassRatio = @ Z I{Eval (gp, Zpc) = Op.c} - (1)

ceCyp

where | - | indicates the element number of a set, I {-} is an indicator function, which outputs 1 if the condition is
true and 0 otherwise, and Eval (g, ) represents an evaluation function that obtains outputs of code g, by
way of executing it with 7, . as input.

ACM Trans. Softw. Eng. Methodol.
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1. Ref-only (g + 1) 3.Ref&NL (g +7 +n)
1. def first_repeated_char(strl): 1. def first_repeated_char(strl):
2 for index,c in enumerate(strl): 2 for index,c in enumerate(stril):
3. if stri[:index+1].count(c) > 1: 3. if strl[:index+1].count(c) > 1:
4 return c 4 return c
2. NL-only (g + n) Write a python function to find the first repeated

character in a given string.

Generated code (g)
. Reference code (r)

B NL description (n)
Write a python function to find the first repeated
character in a given string.

Fig. 2. Examples of three input formats for code evaluation.

Our framework UniCE can learn existing CEMs, including PassRatio and Passability °. In this paper, we choose
PassRatio since we want to study execution similarity and continuous PassRatio can better reflect the execution
similarity of different codes than binary Passability. In the case of generated code with PassRatio equal to 0, we
also use binary Executability to distinguish whether the generated code can be executed successfully with all
given test cases, and thus measure its quality:

1, if code is executable,

()

Executability = {0 otherwise

Given a unified input sequence x that admits the following three types, as shown in Fig. 2:

1. Ref-only (g + r): Generated code concatenated with its reference code,
2. NL-only (g + n): Generated code concatenated with its NL description of requirements,
3. Ref&NL (g + r + n): Generated code concatenated with both its reference code and NL.

UniCE yields a scalar CodeScore € [0, 1] and a binary number Exec:
(CodeScore, Exec) = UniCE(x), (3)

where Exec = 1 if g can be executed successfully with all given test inputs otherwise 0, UniCE is our proposed
learning framework, and details of UniCE are presented in Section 3.2.

We encourage UniCE to learn code execution (i.e., PassRatio and Executability) by minimizing loss function £,
which consists of two components:

L=Lc+ L, 4)

SPassability is defined as |C}T [leec, I {Eval (gp, Zp,c) = Opyc}-

ACM Trans. Softw. Eng. Methodol.
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1.def bubbleSort(arr):
|\ LLM [ 2 n = len(arr)
i ] | 3 for i in range(n): i
1 - i i . . for j in range(®, n-i-1): i
\ | 5 if arr[j]l[>]arr[j+1]: b
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! Input Sequence (g + r and/or n) |
I
L

Fig. 3. Diagram of UniCE, where the left side of the figure shows its model architecture, and the right side of the figure
shows the example (case in Fig. 1) of input and output.

where L focuses on predicting PassRatio, and L on predicting code execution correctness. L¢ and L are

defined as:
L¢ = (CodeScore = PassRatio)?, (5)

Lg = —log p(Exec | Executability), ©)

where L measures the squared difference between the predicted CodeScore and the actual PassRatio. Lg
represents the negative log of the conditional probability of Exec given its Executability. The conditional probability
is modeled as:

p(Exec), if Executability = 1,

p(Exec | Executability) = { (7)

1 — p(Exec), otherwise,

where p(Exec) is the predicted probability of successful execution.

3.2 UniCE

UniCE relies on LLMs to extract representations of x and can work with existing pre-trained LLMs. A detailed
illustration of the UniCE framework is presented in Fig. 3.

3.2.1 Pooling Layer. For LLMs, the pooling layer plays a critical role in enhancing the model’s ability to capture
and utilize information more effectively. The work [46, 55, 63] shows that exploiting information from different
layers of LLM generally results in superior performance than only the last layer. Therefore, following the work
[40], we pool information from different layers by using a layer-wise attention mechanism and the final embedding
of a token t can be computed as:

]
e =y ) erh, ®)
k=1

where [ indicates the number of layers, and y and h* are trainable weights.

ACM Trans. Softw. Eng. Methodol.
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3.2.2  Unified Embedding. We require an efficient and comprehensive representation to encapsulate the unified
input sequence x. Generally, there are two standard methods to extract the representation of x, i.e., averaging all
token embeddings and using the first token embedding. While the first method is straightforward and includes
information from all tokens, it may dilute the significance of more critical tokens and introduce extraneous noise.
The first token of our base models is specifically designed to be a summary token®. Moreover, the work [42, 56]
also proves the superiority of using the first token embedding compared to averaging all token embeddings in
various applications. Thus, we employ the final embedding of the first token ef;,,; as the representation of the
unified input sequence x.

3.2.3 Unified training. In UniCE, ef;s; is fed to a feed-forward neural network to output a score and/or a category.
To unify three evaluation input formats into UniCE, we apply multi-task learning for training. Specifically, for
each step, we assign three sub-steps for three input formats, yielding £R¢f, £NL and £Ref+NL yespectively. A
Ref&NL data can be regarded as three input format data to yield three losses, while Ref-only and NL-only data
can only compute the corresponding £LR¢/ and £N!. The final learning objective of UniCE is to minimize £UY":

-£Uni :LRef+LNL+_£Ref+NL7 (9)

where £R¢f, £NT and L£Rf*NL are compute via Eq. 4 using corresponding format data as input.

4 EVALUATION
We aim at answering the following research questions (RQs):

e RQ1: What is the performance of CodeScore on code evaluation tasks, compared to other EMs?

e RQ2: Can Exec effectively identify whether a generated code can be executed when all dependencies are
met?

e RQ3: What is the contribution of LU™ to UniCE for three input formats, compared to their respective
losses?

e RQ4: How reasonable are the evaluations of CodeScore and other EMs from a human perspective?

e RQ5: How do CodeScore and other EMs performon code evaluation tasks in a practical scenario?

Our five RQs aim to evaluate the efficacy and practicality of our approach compared to existing EMs. RQ1
and RQ4 assess our approach against current EMs through experiments and human evaluations, ensuring a
comprehensive analysis from both quantitative and qualitative perspectives. RQ2 and RQ3 involve ablation
studies to pinpoint the individual and combined impacts of our approach’s main components. RQ5 evaluates our
approach’s real-world applicability through case studies.

4.1 Experiment Setup

In this section, we introduce datasets, baselines, correlation evaluation, and implementation details.

4.1.1 Datasets. We construct three public datasets (named APPS-Eval, MBPP-Eval, and HE-Eval) for code
evaluation based on three public benchmark datasets in code generation, i.e., MBPP [2], APPS [18], and HumanEval
[5].

To construct each code evaluation dataset, we first follow primitive NL and reference code in each corresponding
base dataset. Then, for each paired NL and reference code in a code evaluation dataset, we generate an average of
20+ codes (generated from various LLMs, including CodeGen 350M&16B [36], InCoder 1B&6B [14], and CodeX
13B&175B [5]. For HE-Eval dataset, we also consider the latest state-of-the-art LLMs including StarCoder 15.5B

®During the pre-training of our base models (such as CodeBert, GraphCodeBert, and UniXcoder), the first input token is typically the

CLS token (short for “classifier”), which enables the model to consider global contextual information during the encoding process through
self-supervised learning methods. Therefore, the representation of this first token is usually used to represent the entire input sequence.

ACM Trans. Softw. Eng. Methodol.
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Table 1. Statistics of datasets (part 1).

Dataset Examples Num Avg Num / Task Avg Length

Train Dev Test NL RefCode GenCode Extended (Original) TestCase NL RefCode GenCode
APPS-Eval 267,162 33,395 33395 1 13 32 181 (13) 263.8 86.3 76.8
MBPP-Eval 15,679 3,000 3,000 1 1 24 102 (3) 15.5 32.5 26.7
HE-Eval - - 4221 1 1 26 108 (8) 61.9 244 41.6

Table 2. Statistics of datasets (part 2).

Dataset AvgPassRatio Pass@1

Train Dev Test Train Dev Test

APPS-Eval 03196 0.1814 0.1790 0.0315 0.0007 0.0011
MBPP-Eval 0.2832 0.2571 0.2890 0.0674 0.0494  0:0760
HE-Eval - - 0.3695 - - 0.1591

[28], CodeLlama 34B [49], and GPT-4 [38] besides the aforementioned LLMs.) according to NL and additionally
build an average of 100+ correct test cases according to reference code. To obtain these test cases, the following
steps were implemented:

1) Infer the type of input from pre-existing test cases.

2) Enumerate a collection of inputs constrained by the type of input and task.

3) Feed the input into the original correct code and get the output by execution (We assume that all external
dependencies including third-party libraries have been installed correctly).

Finally, we label each matched NL, reference code, and generated code by executing the generated code with
all corresponding test cases to compute PassRatio via Eq. 1. Statistics of the datasets are presented in Table 1 and
Table 27. As demonstrated in Table 1 and Table 2, there are notable disparities in the distributions of NL, RefCode
(Reference Code), GenCode (Generated Code), and test cases across the three datasets. Specifically,

e APPS-Eval has 267,162 training examples and 33,395 examples each for dev and test sets. Each task
typically includes1 NL, 13 RefCode, and 42 GenCode, with average token lengths of 263.8 for NL, 86.3 for
RefCode, and 76.8 for GenCode. Extended test cases average 181 per task, compared to the original 13.
The AvgPassRatio for train, dev, and test sets are 0.3196, 0.1814, and 0.1790, respectively, while Pass@1
are 0.0315, 0.0007, and 0.0011, respectively.

e MBPP-Eval has 15,679 training examples and 3,000 examples each for dev and test sets. Each task
typically includes 1 NL, 1 RefCode, and 24 GenCode, with average token lengths of 15.5 for NL, 32.5 for
RefCode, and 26.7 for GenCode. Extended test cases average 102 per task, compared to the original 3. The
AvgPassRatio for train, dev, and test sets are 0.2832, 0.2571, and 0.2890, respectively, while Pass@1 are
0.0674, 0.0494, and 0.0760, respectively.

e HE-Eval has 4,221 test examples. Each task typically includes 1 NL, 1 RefCode, and 26 GenCode, with
average token lengths of 61.9 for NL, 24.4 for RefCode, and 41.6 for GenCode. Extended test cases average

"For each generated code, we employ extended test cases of the corresponding task to compute its PassRatio and Passability. We compute the
average number of PassRatio and Passability, i.e., AvgPassRatio and Pass@1, on the train, dev, and test sets of each dataset and display them
in Table 2.

ACM Trans. Softw. Eng. Methodol.
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108 per task, compared to the original 8. The AvgPassRatio for the test set is 0.3695, while Pass@1 is
0.1591.

4.1.2  Baselines. We select typical match-based CEMs, LLM-based EMs, and execution-based CEMs as baselines.
We present each type of EMs as below.
Match-based CEMs include BLEU [39], Exact Matching Accuracy (Accuracy), CodeBLEU [48], and Crystal-
BLEU [12], specifically:
e BLEU [39] is calculated based on n-gram, and the fluency and correctness of generated code are expressed
by calculating the proportion of n consecutive tokens in the correct code, where n is usually set to 4 (i.e.,
BLEU-4). Considering that shorter codes usually have higher BLEU values, a penalty item is introduced to
BLEU as:

n
BLEU = BP - exp (Z Om logpm) ,
m=1

o 1, Iy =1,
7\ bt <l

where BP represents the penalty item, [, represents the length of generated code, I, represents the length of
reference code, and w,, and p,, represents the weighted coefficient'and precision of m-gram, respectively.
e Accuracy indicates the percentage of exact matches between generated code and reference code.
e CodeBLEU [48] additionally takes into account the structure of code; which absorbs the advantages
of BLEU in n-gram matching, and further injects code syntax through abstract syntax tree and code
semantics through data flow.

CodeBLEU = « - BLEU+f - BLEU,eight
+ 8- Matchgg + ¢ - Matchgy,

where a, f, § and { are weights (usually set to 0.25, as well as in this paper), BLEU,,¢ign; is a weighted
BLEU with different weights for various tokens, Match,; is syntactic AST matching, which explores
the syntactic information of the code, and Match,y is semantic dataflow matching, which considers the
semantic similarity between generated code and reference code.
e CrystalBLEU [12] is a metric that calculates BLEU by reducing the noise caused by trivially shared
n-grams, such as ‘(" and .
LLM-based EMs contain two well-known and widely used text EMs (BERTScore [63] and COMET [46]) and a
concurrent work (CodeBERTScore [67]), specifically:

o BERTScore [63] is an automatic evaluation metric for text generation, which computes a similarity
score for each token in the generated sentence with each token in the reference sentence with contextual
embeddings of BERT [6].

1 T 1 .
Rpgrr = — Z maxXx; Xj, Ppgrr = — Z maxx; Xj,
|X| XjEX |X| S~ Xi€X
X;€X X;€

., PErT - Rpgrr

Fggrr = 25— ——.

Pggrr + RBERT
Following the setting in [63], we compute BERTScore with inverse document frequency computed from
test sets.

e COMET [46] provides a text EM by learning human judgments of training data, which leverages cross-

lingual pre-trained language modeling to predict the quality of generated text more accurately.

ACM Trans. Softw. Eng. Methodol.



10 « Dongetal.

e CodeBERTScore [67] is a concurrent work that tries to use the same way as BERTScore with LLM

pre-trained on code.

Execution-based CEM refers to AvgPassRatio [18].

e AvgPassRatio [18] is defined as the average proportion of test cases that generated codes g,,s pass:

1 1
AvgPassRatio= — » — I{Eval (g, Lpc) = Opcis (10)
|P|I;JICP|C; { (P PC) PC}
P
where | - | indicates the element number of a set, I(-) is an indicator function, which outputs 1 if the

condition is true and 0 otherwise, and Eval (g,, 7, ) represents an evaluation function that obtains outputs
of code g, by way of executing it with 7, . as input.

As mentioned above, continuous PassRatio (the item of AvgPassRatio) can better reflect the execution similarity
of different codes than binary Passability (the item of Pass@1 8). Therefore, in this paper, we mainly compare the
correlation between CodeScore and AvgPassRatio in Execution-based CEMs.

The input format of the proceeding baselines is Ref-only and each of them except COMET is in the range of 0

to 1.
Table 3. Correlation comparison of functional correctness on APPS-Eval dataset.
Method Value 7 rs T rp 1 MAE | Execution Time |
Match-based CEM
BLEU [39] 0.0094 0.1055 0.1156 0.0959 0.1164 1.0 X (26.0s)
Accuracy 0.0001 0.0079 0.0095 0.0196 - 0.1 X
CodeBLEU [48] 0.2337 0.1035 0.1533 0.1085 0.2005 7.8 X
CrystalBLEU [12] 0.0242 0.0906 0.1347 0.0887 0.1709 0.3 X
LLM-based EM
BERTScore [63] 0.8629 0.0916 0.1375 0.0718 0.6874 56.7 X
COMET [46] 0.0165 0.0904 0.1126 0.1187 0.1751 84.0 X
CodeBERTScore [67] 0.7583 0.1219 0.1801 0.1323 0.5885 27.8 X
CodeScore
Ref-only (g + 1)
UniCE with £Ref 0.1996 0.4760 0.6473 0.6620 0.1202 33.7 %
UniCEwith £ 104977 05033 06693 06929 _ _ou28 U7
NL-only (g + n)
UniCE with £N* 0.2035 0.4679 0.6359 0.6855 0.1189 379 %
UniCEwith L7 02016 04901 06486 06905 _ ou20 "7
Ref&NL (g + r + n)
UniCE with £R/+NL 01837 0.3865 0.5419 0.6152 0.1274 442 %
UniCE with £U" 0.1820 0.5275 (] 40.56%) 0.7040 (] 55.07%) 0.7210 (T 58.87%) 0.1044 '
Execution-based CEM
13 test cases per task 0.0978 0.3360 0.4108 0.4987 0.1327 1.5k x
181 test cases per task  0.1790 - - - - 20.7k X
8Pass@1 [25] is defined as the percentage of gps that pass all test cases of the corresponding p:

ﬁ Zpep |C}7 ﬂcecp I {Eval (8> Ip,c) = Op,c} , where Pass@1 is a more stringent CEM, also known as Strict Accuracy.
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Table 4. Correlation comparison of functional correctness on MBPP-Eval and HE-Eval datasets.

Method MBPP-Eval HE-Eval
Value rs T Execution Time | Value rs T Execution Time |

Match-based CEM
BLEU [39] 0.1186 0.1784 1.0 X (0.87s) 0.2436 0.0987 1.0 X (1.96s)
Accuracy 0.0004 0.0299 0.1 % 0.0011 0.0456 0.1 X
CodeBLEU [13] 0.1827 0.2902 5.0 X 0.3452 0.3308 6.3 X
CrystalBLEU [12] 0.0295 0.1645 0.3 X 0.0427 0.2171 0.4 X
LLM-based EM
BERTScore [63] 0.8842 0.1522 62.0 X 0.9008 0.1214 57.5%
COMET [46] -0.5001 0.2681 69.0 X 0.0879 0.1437 58.2X
CodeBERTScore [67] 0.7863 0.2490 449 X 0.8091 0.3196 47.4 X
CodeScore
Ref-only (g + 1)
UniCE with LRef 0.2975 0.5864 0.3426 0.5671
UniCE with £U" 0.3253 0.5999 172 0.4257 0.6378 30.2x
NL-only(g+n)
UniCE with £NF 0.3364 0.4492 0.4985 0.5634

: o T Uni 12.6 X 30.6X
UniCE with £ 0.3327 0.5719 0.5624 0.6215
Ref&NL (g +rin) T To oo aEoomsmomooooooooooo
UniCE with £Ref*NL 02905 0.5926 0.4059 0.5965
UniCE with £U% 0.3247 0.6027 (] 31.25%) Y & 0.4731 0.6597 (] 32.89%) 32.9%
Execution-based CEM
8 test cases per task 0.2670 0.6826 1.0k X 0.5994 0.6981 1.9k x
108 test cases per task  0.2890 - 287k % 0.3695 - 21.7k %

4.1.3 Correlation Evaluation. We use three major correlation coefficients in statistics (i.e., Kendall-Tau(7),
Spearman R (ry), and Pearson R (r,) to evaluate the correlation between each EM and functional correctness.
Furthermore, we use Mean Absolute Error (MAE) to assess the absolute error between them.

e Kendall-Tau (7) [23] is a statistic used to measure the ordinal association between two measured data:

_ Concordant — Discordant

¥ = Concordant + Discordant’ (11)
where Concordant indicates the number of occurrences that two evaluation data M' and M? exist either
both Mll > M} and Ml.2 > M]2 or both le < M]1 and Ml2 < M]?, and Discordant indicates the number of
occurrences opposite to Concordant.

e Spearman R (1) [34] is a nonparametric measure of rank correlation (statistical dependence between
the rankings of two data):

. cov(R(MY), R(M?))

N

(12)
O'R(MI)O'R(MZ)

where R(M') and R(M?) represent the rankings of M! and M?, cov(, -) means the covariance function,
and oy means the standard deviation of M.
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e Pearson R (rp) [4] is a measure of linear correlation between two data:

cov(M?, M?
r, = SYMLMY) (13)
OM10M2
e Mean Absolute Error (MAE) is a measure of errors between paired data:
N a1 2
. | M — M
MAE= l—1| 1 li, (14)
N
where | - | means the absolute-value function.

4.1.4 Implementation Details. In this paper, UniXcoder [15] is employed as the base LLM of UniCE, which has
the similar parameter size of LLMs in BERTScore [63] and COMET [46], and larger LLMs can usually lead to
better results. We format the input sequences as “[CLS] g [SEP] r [SEP] n [SEP]”, where [CLS] and [SEP] are
the special tokens in vocabulary, and we replace g, r, and n with the generated code, reference code, and NL
description, respectively. For the balance of three input formats during the training process, we first sample an
NL along with its corresponding generated code and reference code. They are then employed to construct data in
three formats: Ref-only, NL-only, and Ref&NL. Finally, these formats are combined for training UniCE. In all
experiments of this paper, we train UniCE on the train set of APPS-Eval. We fine-tune UniCE on the train set
of MBPP-Eval only when we specially mention it in our paper. We train UniCE with Adam [24] optimizer on a
single GPU of Tesla A100-PCle-40G. Empirically, the learning rate is set t0 0.001 and the training epoch is set to
5. The feedforward neural network of UniCE consists of 3 linear transitions with the hyperbolic tangent (Tanh)
activation functions, where the corresponding output dimensions are 3,072, 1,024, and 2, respectively. The input
token length is limited to 1024. To mitigate the instability of model training, we exhibit the average performance
of UniCE running five times.

4.2  Experimental Results

4.2.1 RQI: Effect of CodeScore. As illustrated in Table 3, CodeScore exhibits a significantly stronger correlation
with functional correctness than existing match-based CEMs and LLM-based EMs, which display weak or
extremely weak correlations with Ground Truth on APPS-Eval. Compared with the top-performing EM among
other EMs, CodeScore achieved absolute improvements of 40.56%, 55.07%, and 58.87% on 7, 75, and r,, respectively.
With an r¢ value greater than 0.6; it is evident that there is a strong correlation between CodeScore and Ground
Truth. Furthermore, CodeScore has the lowest MAE compared to other EMs. The execution time of CodeScore
is similar to other LLM-based EMs and slightly longer than existing Match-based CEMs. However, compared
to the 20.7kx, 28.7kx, and 22.1kXx execution time of execution-based CEMs in three code evaluation datasets,
CodeScore reduces execution time by three orders of magnitude. We also find that computing execution-based
CEMs for codeevaluation with a small number of original test cases is insufficient. They have a significant
reduction in correlation coefficients compared to using larger extended test cases. In cases where test cases are
rare or low-quality, such as on APPS-Eval, the correlation between our CodeScore and Ground Truth even far
exceeds that of execution-based CEMs.

We also sought to determine the generalizability. In Table 4, we utilize CodeScore, trained on APPS-Eval, to
evaluate the code in MBPP-Eval and HE-Eval with fine-tuning and zero-shot settings, respectively. It is important
to note that the distributions of NL, RefCode, GenCode, and test cases across these three datasets are quite
different’, as evidenced by their respective statistics shown in Table 1 and Table 2. Table 4 reveals the effectiveness

The average length of NL, RefCode, and GenCode across these three datasets are quite different. The average length of NL in APPS-Eval is
263.8, which far exceeds MBPP-Eval (15.5) and HE-Eval (61.9). The trend of the average length of RefCode and GenCode is similar to NL. For
the Average Number of test cases per task, APPS-Eval is extended from 13 to 181, while MBPP-Eval and HE-Eval are extended from 3 and 8 to
102 and 108 respectively.
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of CodeScore on MBPP-Eval and HE-Eval. Remarkably, CodeScore continues to achieve the best correlation
compared to other match-based CEMs and LLM-based EMs in these two settings.

Table 5. Correlation comparison of functional correctness with different base models on HE-Eval dataset.

Method Value 7 rs T rp T MAE |  Execution Time |
CodeScore (UniCE with £Y™)

UniXcoder 0.4731 0.4997 0.6597 0.6486 0.2179 1.00 X
CodeBert 0.4809 0.4675 0.6236 0.5622 0.2344 0.98 X
CodeGraphBert 0.4597 0.5073 0.6728 0.6480 0.2281 1.07 X

We conduct the experiments of UniCE based on different code pre-trained models; including CodeBert,
CodeGraphBert, and UniXcoder. The results of the experiments are presented in Table 5: We did not observe
obvious biases when choosing different base models. One trend we observed is that the better the model’s ability
to understand the code, the more accurate it is in evaluating the code.

Another intriguing finding is that the quality of CodeBLEU inversely correlates with code length. In other
words, the longer code, the poorer correlation between CodeBLEU and Ground Truth. This is likely due to the
fact that longer codes tend to incorporate more variations in their syntactic structure. Therefore, for longer codes,
the evaluation effect of CodeBLEU gradually degrades to BLEU.

Summary of RQ1: CodeScore outperforms match-based CEMs and LLM-based EMs in terms of correlation
with functional correctness, even on datasets that it was not trained on. Moreover, CodeScore operates at a
speed three orders of magnitude faster than execution-based CEMs.

PRECISION

F1 SCORE

ACCURACY

0.92 0.93 0.94 0.95 0.96 0.97 0.98

APPS-Eval m MBPP-Eval m HE-Eval

Fig. 4. The performance of Exec on APPS-Eval, MBPP-Eval, and HE-Eval datasets.
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4.2.2  RQ2: Effect of Exec. We also evaluate the performance of Exec on APPS-Eval, MBPP-Eval, and HE-Eval
datasets, as shown in Fig. 4. The experimental results indicate that Exec demonstrates remarkably high performance
in terms of Precision, F1 Score, and Accuracy. Through a comprehensive analysis of all datasets, we find that our
approach’s performance on the APPS-Eval dataset is inferior to that on the MBPP-Eval dataset. This discrepancy
is primarily due to the higher complexity and length of problems in the APPS-Eval dataset compared to those in
MBPP-Eval. Furthermore, the performance on the HE-Eval dataset is the poorest, because our approach has not
been trained on this dataset. Nevertheless, our approach’s performance across various metrics on the HE-Eval
dataset exceeded 90% in the zero-shot setting, indicating its effective transferability to unseen datasets. These
results prove that using UniCE to learn code execution is effective for code evaluation.

Summary of RQ2: The Exec component in our approach demonstrates extremely high Precision/F1 Score/Ac-
curacy in determining whether the code can be executed when all dependencies are met.

4.2.3 RQ3: Effect of LY. As observed from Tables 3 and 4, our proposed £U" demonstrates enhancements
across all input formats when compared to their respective losses on APPS-Eval, MBPP-Eval,and HE-Eval datasets.
With changes in the input format, both the correlation coefficients and MAE between CodeScore and Ground
Truth also vary. Generally, the Ref&NL input format yields superior results, which shows that accommodating
NL has a positive effect on evaluating the generated code, while the traditional Ref-only input format omits the
valuable information in NL. Additionally, according to the Avg Length data presented in Table 1, we discovered
that the execution time of CodeScore exhibits a linear, positive relationship with the input length. Regardless
of the input formats, our proposed CodeScore provides a commendable evaluation of generated code. This is
attributable to the fact that £Y™ aids in training a code evaluation model with a unified input.

Summary of RQ3: The component £U™ in our approach shows positive effects across different input formats.

4.2.4 RQ4: Human Evaluation. In this section, we conduct a human evaluation to gauge the validity of our
CodeScore. Considering the costliness of human evaluation, we select only five representative EMs for this task,
namely, CodeScore, CodeBLEU, BERTScore, CodeBERTScore, and Ground Truth (i.e., PassRatio). All of these EMs
are continuous and range from 0 to 1. In accordance with previous work [17] and our experimental setup, we
manually assess the validity of each EM in gauging the functional correctness of the generated code. The score
for this evaluation is an integer ranging from 0 to 5, where 0 denotes poor and 5 signifies excellent performance.

The human evaluation is.conducted on the Python dataset HE-Eval. We randomly select 100 samples '° from
this dataset, each consisting of natural language descriptions, reference code, and generated code. These samples
are scored using five EMs, resulting in a total of 100*5 data pairs. We invite ten computer science PhD students,
each with over three years of experience in Python development, to serve as evaluators. The 500 code snippets
are divided into 10 groups, with each questionnaire containing one group. We randomly list the generated code
with reference code and NL and the corresponding EM score on the questionnaire. Each group is evaluated
anonymously by one evaluator, and the final score is the average of all evaluators’ scores. Evaluators are allowed
to search the Internet for unfamiliar concepts.

We present the results of the human evaluation in Table 6. Remarkably, our proposed CodeScore significantly
outperforms all other EMs. Relative to these, CodeScore shows an improvement of at least 54.6% in the human
evaluation. All p-values are substantially less than 0.005 !, underscoring that these improvements are statistically
significant.

1Considering the workload of the evaluators, we choose a moderate sample size of 100. Too many samples would exceed the evaluators’

capacity.
1The smaller the p-value, the less likely it is that the results are due to random factors.
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Table 6. Human evaluation for functional correctness.

EM Reasonableness of Evaluation
BERTScore [63] 1.3+0.4
CodeBLEU [48] 2.1+05
CodeBERTScore [67] 2.2+0.7
CodeScore 3.4 (154.6%) £0.3
Ground Truth 4.6 0.2

Summary of RQ4: Human evaluation indicates that CodeScore shows significant improvements over previous
representative EMs.

4.2.5 RQ5: Case Study. Fig. 5 displays a selection of generated codes and their corresponding EM scores (as
per Section 4.2.4) on MBPP-Eval dataset. It becomes evident that CodeBLEU, BERTScore, and CodeBERTScore
each exhibit unique issues. From these examples, we glean the following insights: 1) CodeBLEU tends to assign
relatively low scores to generated code, even when the code is functionally correct. Furthermore, it appears to
favor generated codes that maintain structural consistency with the reference code. For instance, even though
Generated Code I1I.2 is functionally correct, it receives a lower CodeBLEU score than III.1, which is fundamentally
incorrect. 2) Both BERTScore and CodeBERTScore have a propensity to award relatively high scores to generated
code, even when the code is essentially flawed. Additionally, they often assign lower scores to better generated
codes. For example, Generated Code II/II1.2 has a lower BERTScore thanII/II1.1, and Generated Code 1.2 has a lower
CodeBERTScore than I.1. In contrast, CodeScore performs admirably in all of these scenarios. Our CodeScore
aligns more closely with Ground Truth compared to other EMs. Moreover, the various formats of input have
little impact on CodeScore’s scorings, indicating that CodeScore can effectively make judgments based on natural
language and/or reference code, adapting to different input formats.

We further examine Exec’s capabilities through a case study. We find that Exec can effectively discriminate the
cases of successful and unsuccessful compilation, especially sensitive to some errors that lead to compilation
failures. A representative example is shown in Figure 6, where in Generated Code 1, the code with mismatched
parentheses is recognized by Exec, and in Generated Code 2, the code with multiple nested parentheses is not
misidentified by Exec.

Summary of RQ5: Through case studies, we find that our approach does not have the problems faced by
previous EMs and is effective in evaluating the functional correctness and compilability of generated code.

5 THREATS TO VALIDITY

There are two major threats to the validity of our work. 1) Threats to external validity concern the quality of
experimental datasets and the generalizability of our results. We evaluated our approach using three public
code generation datasets, which are considered mainstream benchmarks in the field and have been utilized
extensively in prior research [19, 20, 28, 33, 59, 62]. Given their widespread use, we believe that the findings
derived from these datasets offer a reasonable degree of generalizability and could potentially extend to other
datasets. 2) Threats to internal validity involve the impact of hyperparameters and instability characteristics
of deep learning models. Deep learning models exhibit a certain sensitivity to hyperparameter settings. In our
approach, we conduct a small-range grid search on hyper-parameters using a distinct validation subset. The same
set of hyperparameters is consistently applied across all datasets and compared with various baselines, achieving
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NL Write a function to find numbers divisible by m and n from a list of bers using lambda function.
def div_of_nums(nums,m,n):
Reference Code result = list(filter(lambda x: (x % m == @ and X % n == @), nums))
return result
Generated Code I.1 3¢ Generated Code 1.2 "
def div_of_nums(nums,m,n):
ans = [] CodeScore: 0.4159 . CodeScore: 0.9971
for n in nums: CodeScore (NL-only): 0.4946 def div_of_nums(nums,m,n): CodeScore (NL-only): 0.8323
if nwm == 0: CodeScore (Ref-only): 0.3982 ) return [x for x in nums CodeScore (Ref-only): 0.9631
ans.append(n) | CodeBLEU: 0.2283 if x % m == 0 and x % n == 0] = CodeBLEU: 0.2456
return ans BERTScore: 0.8862 BERTScore: 0.9005
CodeBERTScore: 0.8615 CodeBERTScore: 0.8484
(a) Case |
NL Write a python function to check whether the given two numbers have same number of digits or not.
def same_Length(A,B):
while (A > 0 and B > 0):
A=A/ 10;
Reference Code B =B/ 10;
if (A ==0 and B == 0):
return True;
return False;
Generated Code I1.1 3§ Generated Code 11.2 3¢
def same_Length(A,B):
if len(str(A))==len(str(B)):
CodeScore: 0.1272 return True CodeScore: 0.5712
def same_Length(iterable, n): CodeScore (NL-only): 0.0962 else: \ CodeScore (NL-only): 0.6442
p = (n-1) xiterable CodeScore (Ref-only): 0.1540 try: CodeScore (Ref-only): 0.5419
return p CodeBLEU: 0.1383 float(str(str( B))) CodeBLEU: 0.1744
BERTScore: 0.8542 except ValueError: BERTScore: 0.8454
CodeBERTScore: 0.7021 return False CodeBERTScore: 0.7816
: else:
return False
(b) Case 1l
NL Write a function to return true if the given number is even else return false.
def even_num(x):
if Xx%2==0:
Reference Code return True
elset
return False
Generated Code Il.1 $§ Generated Code 1.2 &
def even_num(n,count = 0):
if (n == 0): CodeScore: 0.3590 CodeScore: 0.9904
return False CodeScore (NL-only): 0.4350 def even_num(x): CodeScore (NL-only): 1.0000
if (count % 2 == 101): CodeScore (Ref-only): 0.2988 return True if x % 2 == CodeScore (Ref-only): 0.9710
return (n % 2 == 3)  CodeBLEU: 0.3582 else False CodeBLEU: 0.3421
else: BERTScore: 0.8882 BERTScore: 0.8665
return (2 * n - 1) + CodeBERTScore: 0.7764 CodeBERTScore: 0.8345
(n%s4-1)>1
(c) Case lll

Fig. 5. Case study of different EMs. For each case, the second generated code is superior to the first one.

favorable performance consistently. Even with the same hyper-parameters, deep learning models still encounter
instability issues due to factors such as the random initialization of model parameters and the random shuffling
of training data. Therefore, in our experiments, we run UniCE 5 times and report its average performance. For
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NL You'll be given a string of words, and your task is to count the numberof boredoms. A boredom is a sentence that
starts with the word "I". Sentences are delimited by '.", '?' or 'I".

def is_bored(S): [

import re
Reference Code sentences = re.split(r'[.?!]\sx', S) ‘
return sum(sentence[@:2] == 'I ' for sentence in sentences)
Generated Code 1 3¢ Generated Code 2 "
def is_bored(S): def is_bored(S):
return ['I' in i for i in S.split(' ') return len(filter(lambda x: x[@] == 'I', S.split()))
Exec: 0 Exec: 1

Fig. 6. Case study of Exec.

fairness, we also run other LLM-based metrics five times with their public source code and provide the average
performance.

6 DISCUSSION

While we have demonstrated that CodeScore is an effective LLM-based metric for code evaluation, we acknowledge
that it still has certain limitations.

e First, learning code execution for code evaluation requires collecting a certain amount of data, including
sufficient test cases, generated codes, reference codes, and NL descriptions. However, collecting this data
is far less expensive than performing human evaluation.

e Second, in this paper, CodeScore is more suitable for evaluating function-level code in Python. Nevertheless,
our work establishes the viability of code evaluation based on UniCE, and this approach can feasibly be
extended to other scenarios. We aim to broaden CodeScore to encompass a wider range of codes in our
future work.

e Third, employing CodeScore for code evaluation entails additional computation and time. However, we
maintain that this is still within an acceptable range, considering the benefits it provides in terms of the
accuracy and reliability of code evaluation.

7 CONCLUSION AND FUTURE WORK

In this paper, we have proposed a code evaluation learning framework based on LLMs with a unified input,
which we refer to as UniCE. UniCe is designed to learn the code execution of generated code. In response to the
imprecise evaluations provided by existing match-based CEMs and LLM-based EMs, we introduced CodeScore
based on UniCE, which is an effective CEM to measure the functional correctness of generated code. Furthermore,
our CodeScore can be applied to three application scenarios (Ref-only, NL-only, and Ref&NL) for code evaluation
with a unified input. This is in contrast to traditional CEMs, which typically only consider the Ref-only scenario.
To validate CodeScore, we constructed three code evaluation datasets (i.e., APPS-Eval, MBPP-Eval, and HE-Eval),
which correspond to three popular benchmark datasets in code generation (i.e., MBPP, APPS, and HumanEval).
Experimental results affirm the efficacy of CodeScore, which achieves state-of-the-art performance on multiple
code evaluation datasets.

We hope this work sheds light on future work in the direction of LLM-based code evaluation. Our code evalua-
tion dataset can serve as a benchmark for evaluating the functional correctness of generated code. Furthermore,
our work can be applied to facilitate the training of code generation models by providing positive feedback.
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A DETAILS OF TABLE 4
We provide the detailed information of Table 4 in Tables 7 and 8.

Table 7. Correlation comparison of functional correctness on MBPP-Eval datasets.

Method Value 7 rs T rp T MAE | Execution Time |
Match-based CEM
BLEU 0.1186 0.1253 0.1784 0.1422 0.2827 1.0 X (0.87s)
Accuracy 0.0004 0.0257 0.0299 0.0345 - 0.1 %
CodeBLEU 0.1827 0.2063 0.2902 0.2896 0.2738 5.0 X
CrystalBLEU 0.0295 0.1645 0.2338 0.1021 0.2856 0.3 X
LLM-based EM
BERTScore 0.8842 0.1076 0.1522 0.1136 0.6271 62.0 X
COMET -0.5001 0.1900 0.2681 0.2167 0.8157 69.0 X
CodeBERTScore 0.7863 0.1757 0.2490 0.2180 0.5596 44.9 X
CodeScore
Ref-only (g + r)
UniCE with .[:Ref 0.2975 0.4362 0.5864 0.5896 0.2267
UniCE with £U™ 0.3253  0.4473 (] 24.10%) 0.5999 0.5962 0.2253 172 %
"NL-only (g+m) oo am e
UniCE with £NF 0.3364 0.3206 0.4492 0.4992 0.2640
UniCE with £U™ 0.3327 0.4178 0.5719 0.5837 0.2309 126 x
" Ref&NI L7(g7+7r7+7n5 7777777777777777777777777777777777777777777777777777777
UniCE with £LRef+NL 0.2905 0.4377 0.5926 0.5997 0.2251 207 %
UniCE with £U™ 0.3247 0.4466 0.6027 (7 31.25%) 0.6054 (] 31.58%) 0.2230 :
Execution-based CEM
8 test cases per task 0.2670 0.5921 0.6826 0.6478 0.1440 1.0k x
108 test cases per task 0.2890 - - - - 28.7k x
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Table 8. Correlation comparison of functional correctness on HE-Eval datasets.

Method Value 7 rs T rp T MAE | Execution Time |

Match-based CEM

BLEU 0.2436 0.0669 0.0987 0.0998 0.3178 1.0 X (1.96s)

Accuracy 0.0011 0.0397 0.0456 0.0486 - 0.1 %

CodeBLEU 0.3452 0.2369 0.3308 0.3147 0.2966 6.3 X

CrystalBLEU 0.0427 0.1577 0.2171 0.2006 0.3398 0.4 X

LLM-based EM

BERTScore 0.9008 0.0893 0.1214 0.1155 0.5655 57.5%

COMET 0.0879 0.0916 0.1437 0.1279 0.6169 58.2%

CodeBERTScore 0.8091 0.2208 0.3196 0.3021 0.5012 47.4 x

CodeScore

Ref-only (g + 1)

UniCE with £Ref 0.3426 0.4305 0.5671 0.5575 0.2382

UniCE with £Un 0.4257 0.4842 0.6378 0.6269 0.2268 @
"NL-only (g+n) oo e e

UniCE with £NF 0.4985 0.4277 0.5634 0.5639 0.2474 o

UniCE with £Un 0.5624 0.4718 0.6215 0.6270 0.2327 )
"Ref&NL (g +r+n) oo

UniCE with £Ref+NL 0.4059 0.4529 0.5965 0.5864 0.2267

UniCE with £Un 0.4731 0.4959 (1 25.90%) 0.6597 (] 32.89%) 0.6486 (7 33.39%) 0.2179 32.9%

Execution-based CEM

8 test cases per task 0.5994 0.5682 0.6981 0.6656 0.1307 1.9k x
108 test cases per task 0.3695 - - - - 21.7k %
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