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Abstract

One of the key challenges in programming ed-
ucation is being able to provide high-quality
feedback to learners. Such feedback often in-
cludes explanations of the issues in students’
programs coupled with suggestions on how
to fix these issues. Large language models
(LLMs) have recently emerged as valuable
tools that can help in this effort. In this arti-
cle, we explore the relationship between the
program repair ability of LLMs and their profi-
ciency in providing natural language explana-
tions of coding mistakes. We outline a bench-
marking study that evaluates leading LLMs (in-
cluding open-source ones) on program repair
and explanation tasks. Our experiments study
the capabilities of LLMs both on a course level
and on a programming concept level, allowing
us to assess whether the programming concepts
practised in exercises with faulty student pro-
grams relate to the performance of the models.
Our results highlight that LLMs proficient in re-
pairing student programs tend to provide more
complete and accurate natural language expla-
nations of code issues. Overall, these results
enhance our understanding of the role and ca-
pabilities of LLMs in programming education.
Using program repair as a proxy for explana-
tion evaluation opens the door for cost-effective
assessment methods.

1 Introduction

Large Language Models (LLMs) and applications
leveraging them such as ChatGPT have been em-
braced by both the general public and academia.
The adoption is also visible in the domain of
computing and programming education, where re-
searchers have highlighted a variety of learning
tasks that LLMs can tackle (Denny et al., 2023;
Prather et al., 2023), including their performance
in providing help and feedback to students (Hellas
et al., 2023).

Feedback is a crucial part of learning (Hattie and
Timperley, 2007). While various forms of feed-
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Figure 1: Summary benchmarking results. The quality
of LLMs’ Natural Language descriptions of issues in
students’ code (completeness) tends to increase with
LLMs’ ability to fix the student programs (pass@1).

back exist in programming (Keuning et al., 2018),
explaining code issues in natural language can be
particularly useful. Providing students with natural
language explanations of the mistakes in their code
allows them to gain a better understanding of gaps
in their knowledge.

With the increasing number of LLMs proficient
at providing feedback (Koutcheme et al., 2023a)
to some degree, selecting the best one before de-
ploying it in classrooms (Liu et al., 2024) can be
challenging. Human evaluation can take time, as
it requires either manual assessment or annotated
datasets. While research in the automated eval-
uation of LLM generation is on the rise (Zheng
et al., 2023), also in educational areas (Fernan-
dez et al., 2024), the developed methods often rely
on other language models (e.g., utilizing powerful
yet expensive LLMs such as GPT-4), which can
induce computational or financial costs. A more
cost-effective approach is needed.

Before the advent of LLMs, a stream of work
in programming education has focused on educa-
tional program repair (Gulwani et al., 2018; Parihar
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et al., 2017; Yi et al., 2017), where the goal is to
produce fixes for students’ incorrect programs. Al-
though repairs to student programs are not always
directly provided to students, they serve as a funda-
mental step in generating different types of support,
including next-step hints for Intelligent Tutoring
Systems (McBroom et al., 2021). While direct eval-
uation of feedback with natural language explana-
tions can be challenging, evaluating whether LLMs
can fix programs is much more straightforward.

With this in mind, we hypothesize that the stu-
dent program repair capability of an LLM may
relate to its capability to provide natural language
explanations of code issues. If this would hold, pro-
gram repair capability — which is easier to assess
— could serve as a proxy for evaluating feedback
quality. Our intuition is supported by prior work
that has found relationships between LLMs’ abil-
ities in related domains. For instance, LLMs that
are proficient in solving specific problems are effec-
tive judges of the quality of explanations in those
domains (Zheng et al., 2023). Similarly, there is
some evidence that instruction-tuned LLMs trained
on specific tasks can generalize to unseen parallel
or close tasks (Wei et al., 2022a).

In this article, we investigate whether there ef-
fectively exists a relationship between the ability of
LLMs to repair students’ programs and their abil-
ity to explain code issues in natural language. If
our hypothesis holds, researchers could more easily
benchmark LLMs for other educational purposes,
allowing educators to streamline the selection of
LLMs. Our evaluation focuses on several leading
and popular open-source language models, as well
as proprietary models.

The main contributions of this article are (1) the
benchmarking of several leading language models’
abilities for program repair and (2) natural language
explanation of code issues, as well as (3) the anal-
ysis and identification of the relationship between
the two tasks.

2 Related Work

2.1 Program Repair and Feedback

Propagating feedback. Generating natural lan-
guage explanations of the issues in student pro-
grams has been a long-standing challenge, with
much work leveraging part of human annotations
to bootstrap efforts (Piech et al., 2015; Malik et al.,
2021; Koivisto and Hellas, 2022). In that area,
early pretrained code language models have also

shown useful (Wu et al., 2021) in making human
annotations as data efficient as possible. However,
coming up with such annotations remains a time-
consuming endeavour.

Educational Program Repair. Trying to alle-
viate the need for manual annotation, feedback
on programming assignments has often been gen-
erated with the aid of automated program repair
tools (Hu et al., 2019a), attempting to repair syn-
tax and/or semantic errors in students’ programs.
In this area, LLLMs have also shown great promise.
Much of this line of work has mainly used early ver-
sions of the OpenAl Codex model, thus obtaining
both syntax fixes (Zhang et al., 2022; Ahmed et al.,
2022; Leinonen et al., 2023) and semantic fixes
for students’ non-working solutions (Zhang et al.,
2022). Such fixes can inform Intelligent Tutoring
Systems, which could then provide next-step hints
to students (Rivers and Koedinger, 2017). However,
while automatically constructed next-step hints can
tell the students what to do next (in templated nat-
ural language sentences), they are not always able
to explain the reasons why the code does not work.

Natural Language Explanations. The rise of
newer and more powerful LLMs (e.g., CHATGPT)
has opened the possibility of directly generating
high-quality code explanations (Sarsa et al., 2022).
In addition to such progress, research in improv-
ing program repair remains useful. In particular,
recent efforts suggest that generated repairs can be
included in the prompt to allow language models
to provide more accurate natural language explana-
tions of a program’s issues (Phung et al., 2023a).
In parallel, prior work has also explored using
program repair to validate the quality of LLM-
generated feedback. In this space, the quality of
LLM-generated repairs (i.e., whether the repairs
pass all unit tests) would indicate whether the as-
sociated LLM-generated feedback would be given
to students. The repairs could be generated by
the LLM providing the feedback (Shubham Sahai,
2023), or by another, less powerful LLM acting as
an artificial student (Phung et al., 2023b).

In contrast to efforts using program repair as a
means for validating single generations, our work
aims to assess whether the overall ability of a single
language model to provide repair across a larger set
of programs is indicative of the language model’s
overall ability to generate natural language expla-
nations.
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2.2 Evaluating Language Models

Benchmarking code language models. When
new language models are released, their perfor-
mance is often assessed through multiple code
generation benchmarks such as HumanEval (Chen
et al., 2021), APPS (Hendrycks et al., 2021),
MBPP (Austin et al., 2021), or DS-1000 (Lai et al.,
2022). In parallel, prior work has also evaluated
LLMs’ ability to fix buggy programs in bench-
marks such as HumanEval+ (Muennighoff et al.,
2023), CodeXGlue (Lu et al., 2021), or QuixBugs
(Lin et al., 2017). However, while such benchmarks
contain multiple tasks that could potentially inform
us of LLMs’ performance in educational contexts,
it is important to note that students’ submitted in-
correct programs can contain issues/defects that go
beyond mere simple bugs (e.g. implementation of
the wrong algorithm). Hence, educational bench-
marks are needed.

Benchmarking in education. In the educational
context, much work has looked into the perfor-
mance of proprietary models (Codex, and Chat-
GPT) on private datasets and educational datasets
(Finnie-Ansley et al., 2022; Hellas et al., 2023)
both for program synthesis (Finnie-Ansley et al.,
2022; Savelka et al., 2023b) and feedback (Hellas
et al., 2023).

Open-source language models. While there
exist few efforts looking at the performance
of open-language models for generating repairs
(Koutcheme et al., 2023a; Koutcheme, 2023), or
answering student programming questions (Hicke
et al., 2023), only the work of (Koutcheme et al.,
2024) look into the performance of open-source
models for generating educational programming
feedback. Still, none of these works studies the
relationship between program repair abilities and
the quality of LLM-generated natural language ex-
planations.

3 Methodology

We (1) evaluate how LLMs perform in generat-
ing repairs to incorrect programs, (2) evaluate how
LLMs perform in explaining the issues in programs,
and (3) study the potential relationship between
the ability to generate repairs and the ability to
generate natural language explanations. To en-
sure a comprehensive assessment, our study en-
compasses zero-shot evaluations (Yogatama et al.,
2019; Linzen, 2020) of proprietary and state-of-the-

art open-source LLMs having less than 7 billion
(7B) parameters. Our experiments leverage a pub-
licly available dataset comprising real-life students’
submissions to Python programming problems.

Next, we describe the programming dataset, out-
line our evaluation methodology, and list the lan-
guage models included in this evaluation. We re-
lease the code used to perform our experiments as
an additional contribution '.

3.1 Dataset

We use a subset of the FalconCode (de Freitas et al.,
2023) dataset, a large-scale dataset containing thou-
sands of first-year students’ solutions (over three
semesters) to hundreds of Python programming as-
signments. It is the largest and most comprehensive
publicly available dataset of student programs at
the time of writing this manuscript. Beyond its sub-
stantial scale, this dataset distinguishes free-form
assignments (i.e., not scoped to function writing),
and exercise-level programming with concept an-
notations, enabling a broader evaluation of LLM
feedback.

Dataset processing. Due to the financial and
computational costs of running LLM evaluations,
for our experiments, we curate a smaller subset of
submissions. The dataset contains three semesters
worth of submissions (fall 2021, spring 2021, and
fall 2022). We start by selecting submissions from
the last semester (fall 2022). Each exercise in the
dataset can be categorized based on a type (practice,
or exam) and a level of difficulty (“skill”, “lab”, or
“project”, i.e., easy, medium, hard). We omit exam
exercises and focus on practice exercises (as these
are the ones students require help with). Addition-
ally, we exclude more complex “project” assign-
ments, requiring extensive code writing across mul-
tiple files, and those requiring external files. Fol-
lowing Hu et al. (2019b), we select only the final
incorrect submissions for each student for each as-
signment. Although this selection may not capture
the full range of student difficulties, it aligns with
the idea that a student’s last attempt often reflects
their final understanding. Finally, we remove sub-
missions with identical abstract syntax tree struc-
tures after variable normalization (Koutcheme et al.,
2023a,c). The final dataset contains 370 programs
from 44 assignments.

1https: //github.com/KoutchemeCharles/bea2024
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3.2 Repairing Student Programs

Given a student’s incorrect program in our test set,
the first task is for an LLM to produce a repair to
that incorrect program that passes all unit tests. Be-
cause of the wide range of issues found in students’
programs, in contrast to classical program repair
benchmarks (Lin et al., 2017; Muennighoff et al.,
2023), in most educational scenarios, we do not as-
sume the existence of a single unique ground truth
repair to an incorrect program. However, while
such unique ground truth does not exist, repairs that
align with the original incorrect programs are often
preferred. The general assumption is that closely
aligned programs can generate (Phung et al., 2023a)
or are associated with feedback (Koutcheme et al.,
2023a) (e.g. natural language explanations or hints)
that are more understandable to students, as this
feedback would require a lower cognitive load to
understand the issues in the program and the modi-
fications that need to be operated to reach a solution
(Shubham Sahai, 2023). Moreover, we aim to in-
vestigate whether the language model’s ability to
produce repairs that closely resemble the original
incorrect programs correlates with its proficiency in
generating complete and accurate natural language
explanations of the issues in the programs. The
constraints on functional correctness and closeness
are reflected in our evaluation procedure, which we
adapt from the work of Koutcheme et al. (2023a).

Evaluation procedure. To evaluate functional
correctness, for each incorrect program in our test
set, we generate a single repair using greedy decod-
ing (Roziere et al., 2023). To measure the ability
of the language model to generate close repairs, we
compute the ROUGE-L (Lin, 2004) score between
the incorrect program and the candidate repair ex-
tracted from the single greedy generation. While
other distance measures exist and have been used to
measure closeness between programs (e.g., BLEU
(Papineni et al., 2002) and CodeBERT score (Zhou
etal., 2023b)), the ROUGE-L score has been shown
to correlate well with human judgement of high-
quality repairs (Koutcheme et al., 2023b) while
remaining fast to compute, as it does not rely on a
language model.

We report the average repair success rate as the
pass rate ("pass@1’ (Chen et al., 2021)) and the
average ROUGE-L score, abbreviated as 'rouge’,
over the programs in our test set.

3.3 Explaining Issues in Students Programs

The second task is for our language models to ex-
plain all the issues in a given student’s incorrect
program. For each incorrect program, we prompt
our language model to explain the issues using
the prompt shown in Figure 5 (Appendix A.1), a
variant of the prompt used in (Hellas et al., 2023).
Following prior work, we generate a single output
using greedy decoding (Hellas et al., 2023; Savelka
et al., 2023a; Leinonen et al., 2023).

Evaluation criteria. For each natural language
explanation, we focus on two particular quantitative
aspects of quality: (1) ensuring that the feedback is
complete, i.e., it identifies and mentions all issues
in the code, and (2) ensuring that it avoids hal-
lucinations, i.e., it does not mention non-existent
issues (Phung et al., 2023b; Hicke et al., 2023;
Hellas et al., 2023). We highlight that our explana-
tion task is a specific form of feedback that differs
from hints. In the explanation task, the answer
is meant to be given to students, while for hints
(Roest et al., 2024), the feedback helps the students
find the answer themselves. While prior work in
hint generation has investigated other qualitative
aspects, such as the “right level of detail”’((Phung
et al., 2023a; Scarlatos et al., 2024)), we believe
these are less likely to be correlated with an LLM
repair ability.

Automated Evaluation. Given the scale of our
dataset and the multitude of language models to
assess, conducting human evaluation would be im-
practical. Therefore, we rely on automated evalu-
ation using language models (Zheng et al., 2023).
Powerful language models like ChatGPT have ex-
hibited near-human performance across various
tasks, sparking interest in their application for eval-
uating other LLMs (Zhou et al., 2023a; Cui et al.,
2023; Tunstall et al., 2023), including in educa-
tional contexts (McNichols et al., 2024; Hicke et al.,
2023). Notably, GPT-4 has demonstrated good
performance in evaluating programming feedback
quality (Koutcheme et al., 2024). In our work, we
ask GPT-4 to grade the quality of the natural lan-
guage explanations for each incorrect program. We
ask the model to provide a binary label of whether
each criterion (completeness, and avoiding high-
lighting non-existent issues) holds for the feedback
generated by each language model. Figure 6 (ap-
pendix A.1) shows our prompt. For each criterion,
we report the average over the test set.
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3.4 Models

We focus our evaluation on instruction-tuned and
chat models. While pretrained language models
can also be useful for multiple tasks, as prior stud-
ies using Codex (Phung et al., 2023a) have shown,
instruction-tuned models alleviate the need for com-
plex queries and allow easier interactions which
benefit educators and researchers.

Closed-source models. We evaluate GPT-
3.5 (gpt-3.5-turbo) and GPT-4-turbo
(gpt-4-1106-preview) on our two tasks.
Due to the financial costs of running GPT-4, we
use the Turbo version for feedback generation, but
we keep the standard GPT-4 for evaluating the
quality of the natural language generations.

Open-source models. While prior work in pro-
gramming feedback using LLMs has focused
mainly on ChatGPT models (i.e., GPT-3.5 and GPT-
4), we aim to cover the wider range of available op-
tions and include a selected number of instruction-
tuned open-source/permissive models. We report
the performance of the following family of models:

e TinyLLama (Zhang et al., 2024), a 1.1B pa-
rameter model following the Llama (Touvron
et al., 2023) architecture.

¢ CodeLLAMA (Roziere et al., 2023), series of
Llama (Touvron et al., 2023) models special-
ized for code. We report the performance of
the 7B parameters model.

* Mistral 7B (Jiang et al., 2023), a 7B parame-
ters language model released by the Mistral Al
team.

* Zephyr (Tunstall et al., 2023) are 7B param-
eters language models fine-tuned by Hug-
gingFace using Direct Preference Optimiza-
tion (Rafailov et al., 2023) on top of Mistral
7B model. We evaluate the performance of
Zephyr 7B .

* Gemma (Google, 2024), open source model
released by Google DeepMind. We evaluate
the performance of the 2B and 7B parameters
models.

We chose these families of models because they
are fully open-source and well-documented, they
perform competitively on various code benchmarks
(for models of their size), and they are widely

Table 1: Summary of the performance of the models in
program repair and code issue explanation. For the met-
rics pass@1, rouge, and completeness, a higher score
indicates better performance. Conversely, for the hallu-
cination rate metric, a lower score is preferable. Legend:
compl. (completeness), hall. rate (hallucination rate).

model ‘ repair ‘ explanation
‘ pass@1 rouge ‘ compl. hall. rate (J)

TinyLlama 0.070  0.062 | 0.068 0.335
Gemma-2b 0224  0.175 | 0.165 0.400
CodeLlama 0.292  0.251 | 0.343 0.841
Zephyr-beta 0.295 0.236 | 0.624 0.716
Mistral 0324 0241 | 0.738 0.397
Gemma-7b 0.327  0.298 | 0.905 0.005
gpt-3.5-turbo | 0.530 0.470 | 0.838 0.368
gpt-4-turbo 0.665 0.536 | 0.992 0.024

adopted in the community. Additionally, within
these families, we choose language models having
7 billion parameters or less, as such models can
generally fit within one large GPU (without quan-
tization). This choice is reflected by the potential
need for educators to run models on custom hard-
ware, who are unlikely to have the computational
and financial resources to access more than a single
GPU.

Technical details. We query ChatGPT models
using OpenAl’s Python API. We run the selected
open-source language models using the Hugging-
Face Transformers library (Wolf et al., 2020), each
model is run on a single NVIDIA A100 using our
institution research cluster. We run all models us-
ing their recommended precision. The details of
each model (the names) can be found in Table 3
(appendix A.2).

4 Results

First, we describe our general results, then, we out-
line an ablation analysis detailing the performance
of the selected models over a set of programming
concepts.

4.1 Main Results

Table 1 summarizes the performance of the LLMs
in program repair and in explaining issues in code.
We can make the following observations:

LLMs proficient in program repair generate
repairs closer to the original incorrect program.
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Figure 2 highlights the scaling relationship between
the pass rate and the rouge score. We see that as
language models become more and more proficient
in generating repairs, these repairs become closer
to students’ original programs and thus more useful.
One could expect that LLMs which produce more
fixes could generate generic solutions (which are
far away from the student code) (Koutcheme et al.,
2023c¢) — however, this is not the case.

0.5 1 A
0.4 model
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s + Zephyr-beta
+ Mistral
0.2 1 Gemma-7b
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pass@1

Figure 2: Relationship between pass rate and rouge
score.

Hallucination conditionally decreases as a func-
tion of completeness. Figure 3 highlights the
relationship between the ability of a model to iden-
tify all issues in a program (completeness), and
the model’s tendency to hallucinate (hallucination
rate). If we omit language models with less than
2B parameters (i.e., TinyLlama and Gemma-2B),
we observe that the hallucination rate decreases as
completeness increases. This relationship seems
to hold only for large enough language models.
Our interpretation is supported by prior work that
has shown that many emerging behaviours in lan-
guage models appear when sufficiently large sizes
are reached (Wei et al., 2022b) (e.g. their ability
to solve new tasks via chain-of-thought prompting
(Wei et al., 2023)).

The ability to explain moderately scales with the
ability to repair. Figure 1 highlights the relation-
ship between repair performance and explanation
performance (in terms of completeness). Generally,
a language model that is better at program repair
tends to also produce more complete descriptions.
In the set of our LLMs, only Gemma-7B and GPT-
3.5 disrupt this relationship: although Gemma-7B
has a lower pass rate than GPT-3.5 (only slightly
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Figure 3: Relationship between completeness and hallu-
cination rate.

better than Mistral), it produces very complete ex-
planations (and with fewer hallucinations). Interest-
ingly, the performance gap between models’ ability
to repair does not reflect the gap between their abil-
ity to explain in natural language. For instance, the
difference between CodeL.Lama and Zephyr-7B in
pass@1 (0.003) is almost 10 x smaller than the
performance gap between the models’ abilities to
generate complete explanations (0.281).

Reparing student programs is harder than ex-
plaining issues in natural language. When look-
ing at the maximum value that the pass@1 metric
assumes (0.665), we see that it is smaller than the
one of the completeness (0.992). We believe repair-
ing programs is more challenging than providing
explanations, as the latter requires understanding
the issues while the former requires both compre-
hension and expertise on how to implement the
fixes.

On base models and fine-tuning. We hypothe-
size that pass@1 and completeness are reflective
of the capabilities of the underlying base model,
while the hallucination rate seems to depend more
on the fine-tuning procedure. Our intuition is jus-
tified by the following observations: (1) Mistral
and Zephyr share the same base model (but only
different fine-tuning) and have comparable pass@ 1
and completeness, but very different hallucination
rates. OpenAl and Google invest significant ef-
forts into curating datasets for fine-tuning to avoid
hallucinations. On the other hand, small language
models (TinyLLama and Gemma-2b) are probably
too inaccurate (i.e., not powerful enough) to even
hallucinate.
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4.2 Concept Level Performance Analysis

The FalconCode dataset contains information about
20 programming concepts or "skills" (e.g., function
definition, assignment, conditionals). The authors
of the dataset manually annotated each exercise
with information on whether each of these skills is
practised (or needs to be mastered) in each exercise.
We refer the reader to the original paper for details
about the concepts (de Freitas et al., 2023).

In the same way that some students exhibit vary-
ing struggles with understanding and practising
specific programming concepts (Liu et al., 2023),
we suspect that language models might face a sim-
ilar challenge. By examining the performance of
language models on a per-concept basis, we aim
to provide insights into their strengths and weak-
nesses in addressing specific programming chal-
lenges, thus informing educators and developers on
their suitable application scenarios.

We thus conduct an ablation study looking at the
per-concept performance of our language models
for repair and natural language explanation genera-
tion.

Methodology. For each of the 20 concepts, we
obtain the list of exercises practising the concept
and subsequently retrieve the incorrect programs in
our test set submitted to these exercises. For each
concept, we then report and compare the perfor-
mance of the language models for program repair
and natural language generation (using the same
evaluation metrics) based on the retrieved subset of
incorrect programs.

It is important to note that because all exercises
practice multiple concepts, knowing which individ-
ual concept is responsible for the language model
failing to fix (or explain) the issues in a program
is impossible. As such, the following results will
give us an overview of the likelihood that an LLM
would struggle to support students if an exercise
involves such a concept. Table 4 (Appendix A.3)
shows the number of exercises and programs that
practice each specific concept. We limit our analy-
sis to concepts practised in more than 3 exercises.

Results. Due to space limitations, we focus our
analysis on the concepts with which language mod-
els struggle the most. Table 2 shows these con-
cepts for all performance metrics, which are de-
rived from Table 6 in Appendix B.2 showing the
detailed scores of all models. We can make the
following observations:
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Table 2: Programming concepts performance summary.
We show the programming concept for which each lan-
guage model struggles the most. Legend: IS (input
string), IC (input casting), C (conditionals), FC (func-
tion call), FD (function definition), L (list), LU (loop
until), L2D (list 2D), hall. rate (hallucination rate).

‘ pass@1 rouge ‘ completeness hall. rate

TinyLlama IC IC LU IS
Gemma-2b LU IS LU L2D
CodeLlama IC IC L2D L
Zephyr-beta IS IS FD C
Mistral IS IS FD L
Gemma-7b IS IS FC LU
gpt-3.5-turbo IC IC LU FC
gpt-4-turbo IS IS LU L2D

When looking into the worst-practised concepts
for repairing student programs, almost all of them
are related to input manipulation (input string, or
input casting), similar to what has been observed
in LLMs capability to provide suggestions to pro-
gramming help requests (Hellas et al., 2023). More-
over, LLMs that perform poorly at fixing a given
concept are also likely to perform poorly at gener-
ating close solutions for these concepts.

When looking at the worst concepts for natu-
ral language explanations, these concern a wider
range (looping, data structure, functions, basic op-
erations). For completeness, there is not much
variation in the performance in explaining issues
for different concepts, but rather the overall perfor-
mance is correlated with the pass@1 of the corre-
sponding model. For hallucination rate, each model
has its own “base performance”, which doesn’t cor-
relate with pass@1 and it’s roughly constant across
concepts, with the exceptions of Zephyr and gpt-
3.5-turbo, which respectively over- and underper-
form on function-related concepts concerning other
concepts. There is no clear association between the
concepts where LLLMs are accurate and those where
they hallucinate. Both small language models (Iess
than 7B parameters) and proprietary models strug-
gle most to be accurate with the ‘looping until’
concept, while language models of 7B parameters
struggle more with function-related assignments.

It is important to note that “struggling” here is
relative to the model’s performance with other con-
cepts. GPT-4 “struggling” more on completeness
with looping is still accurate 90% of the time.



5 Discussion

Repair as a proxy for feedback. Our results sug-
gest that language models’ relative ability to fix stu-
dents’ programs (which is easy to evaluate) tells us
how these language models will compare in finding
all issues in students’ code while avoiding halluci-
nation (for big enough language models). Based on
our discovery, one can devise more efficient LLM
selection pipelines. For instance, a simple strategy
consists of filtering out language models for which
repair performance does not reach a certain thresh-
old, a threshold set based on a few evaluations of
LLM natural language generation performance. As
an illustrative scenario, only evaluating the Mistral
model on our dataset allows us to reasonably as-
sume that language models performing worse than
0.32 in pass rate (pass@1) are unlikely to generate
complete explanations for more than 73.8 % of pro-
grams. Using this pass rate value can thus act as
a selection lower bound. As LLMs are becoming
more widely adopted in education (Prather et al.,
2023; Denny et al., 2024), and as the number of
available models is increasing, these insights can
help in the adoption process as institutions evaluat-
ing LLMs for their context can potentially reduce
the number of LLMs to consider or limit the num-
ber of tasks conducted during the evaluation.

Open-source language models strike back. An-
other important finding emerging from our results
is that while high-performance program repair must
rely on proprietary models, recent 7B parameters
models such as Gemma-7B can generate high-
quality feedback competitive with SOTA models
(Koutcheme et al., 2024). This has positive impli-
cations for educators interested primarily in giving
students feedback rather than repairing solutions,
as such feedback can also be generated via privacy-
preserving open-source models.

However, it’s important to acknowledge that run-
ning such models requires custom computational
resources. In the literature, 7B parameter models
are sometimes termed “small” due to their relative
size compared to many large language models (e.g.
Falcon-180B model (Almazrouei et al., 2023)). Yet,
a 7B parameter is not small in terms of computa-
tional resources as it requires a large GPU to fit
entirely into memory (without quantization). There
is currently a trend in developing small language
models (less than 3B parameters) such as TinyL-
lama and Gemma which can run on more modest

hardware (e.g., consumer laptop GPU, or acceler-
ated hardware). However, the performance of such
LLMs, as our results suggest is still lagging behind
their 7B parameters counterparts.

Identifying specific knowledge gaps. Unfortu-
nately, our results do not yet allow us to identify
which programming concepts LLMs will struggle
to explain in natural language from their program
repair performance. While individual repair perfor-
mance depends on the concept being practised, a
language model’s performance in explaining issues
does not (i.e., the performance is constant across all
concepts). We hypothesize that the per-concept per-
formance gap is only revealed for the harder task
of fixing students’ programs. Uncovering LLM
knowledge gaps with automated measures might
require us to rely on harder automatically evaluable
tasks (e.g. QLCs (Lehtinen et al., 2024)).

Interplay of programming feedback types. Our
primary research objective is to deepen our under-
standing of LLMs’ feedback capabilities in educa-
tional contexts. Specifically, we seek to explore the
relationship between different forms of feedback
and program repair. While we treated feedback
(identifying and explaining issues in programs) and
program repair as distinct tasks in this study, we
acknowledge their inherent interdependence. Pre-
vious research suggests that high-quality repairs
can induce high-quality feedback when provided
in context (Phung et al., 2023b,a). However, gen-
erating high-quality repairs is inherently challeng-
ing, as our results suggest, requiring the language
model to comprehend what is wrong in a program
and how to address the issues. In contrast, we be-
lieve explanations of issues in students’ programs
could serve as reasoning steps (Wei et al., 2023), en-
hancing the subsequent generation of repairs (Chen
et al., 2023). These refined repairs, in turn, could
facilitate the generation of high-quality next-step
hints (Roest et al., 2024). Research investigating
the interplay between different types of feedback
is thus pivotal in unlocking the full potential of lan-
guage models to support programming education.
By studying the performance of generating repairs
without conditioning on feedback, nor generating
feedback based on repairs, our work establishes
a foundational understanding that will allow the
research community to assess the extent to which
various prompting techniques enhance feedback
performance.
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6 Conclusions

In this article, we have uncovered an intriguing
relationship between LLM performance in pro-
gram repair and the capability to explain issues
in code. Our evaluations encompassed both open-
source and proprietary models, examining their
generic performance as well as concept-specific
proficiency.

While selecting and deploying a specific lan-
guage model may not be challenging, identifying
the most suitable one for a particular purpose can
be complex, particularly when considering finan-
cial, hardware, or other limitations. At a time
when there are calls to rethink how programming
is taught (Denny et al., 2024), the insights gleaned
from our work can provide valuable guidance for
educators in choosing LLMs that align with their
instructional contexts.

Future work. Our future work will involve two
specific directions. First, we’ll continue our inves-
tigation of the relationships between various types
of programming feedback and program repair. all
these efforts remain an attempt to streamline the
selection process of language models based on au-
tomated evaluation measures.

Besides studying LLM performance, our second
objective is to leverage our computational resources
to improve these LLMs’ ability to provide feedback.
In particular, small language models’ poor explain-
ing performance suggests that these models will
benefit from alignment procedures designed specif-
ically to improve feedback abilities (Scarlatos et al.,
2024).

Limitations

Our work is not free of limitations. We evalu-
ated the LLMs on a subset of solutions from a
single dataset (from one institution with one pro-
gramming language). Moreover, our evaluation
of natural language explanations relied on GPT-4,
which, although a state-of-the-art language model,
is not a perfect evaluator. Human evaluation is
necessary to strengthen our results. Furthermore,
refinement would benefit the evaluation prompt
(e.g., allowing GPT-4 to reason (Wei et al., 2023)
before providing its final answers). Additionally,
the results of our evaluation also depend on the
specific prompts used to interact with each lan-
guage model. Similarly, our benchmarking exper-
iment was not exhaustive — although we included

many popular state-of-the-art open-source and pro-
prietary models, many more exist. Including more
models would be necessary to strengthen the claim
of the relationship between repair and natural lan-
guage explanations. Beyond this, the concept anal-
ysis is only indicative, as many assignments feature
multiple concepts. Finally, we only considered
single-turn zero-shot repair, which does not take
advantage of LLMs’ ability to reason with few-shot
examples (Brown et al., 2020), or LLMs’ ability to
correct their own mistakes (Chen et al., 2023; Xia
and Zhang, 2023).

Ethics Statement

The work in the present article has been conducted
following national and institutional ethics guide-
lines. We recognize the increasing importance of
ethical considerations in artificial intelligence re-
search, particularly concerning data usage and po-
tential societal impacts.

The dataset employed in this research is openly
available to researchers. Our overarching goal
is to contribute to the development and evalua-
tion of open-source language models for providing
feedback in programming education. By focus-
ing on open-source models, we aim to promote
transparency, accessibility, and accountability in
Al research and development, thereby addressing
concerns regarding the privacy implications of us-
ing proprietary language models.

We further acknowledge the broader ethical im-
plications of our work, including issues related to
fairness and accessibility of LLM feedback, how
LLMs might favour certain styles of interaction,
and how LLMs might contribute to inequalities in
the quality of provided education worldwide.
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A Experiment details

A.1 Prompts used

Figure 4 (resp. Figure 5) shows our prompts to
obtain repairs (resp. feedback) from the language
models. Figure 6 shows the prompt used to grade
the feedback generated by the language models us-
ing GPT-4 as our automatic evaluator (we adapt
the prompt from (Koutcheme et al., 2024)). The
reported value for "completeness" corresponds to
the proportion of "yes" responses across our test
dataset to the first criterion, while the reported
value for the hallucination rate corresponds to the
proportion of "no" responses to the second crite-
rion. We note that regarding the issues present
in the students’ incorrect program, we assumed
them to be identified by GPT-4 during evaluation
(without a separate prompt). We acknowledge the
limitations of this prompting strategy (i.e., no space
for reasoning) which we’ll refine in future work.

A.2 Official model names

Table 3 translates each model name into their Hug-
ginface id 2.

Zhttps://huggingface.co/models
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Repair generation

You are a computer science professor teaching introduc-
tory programming using Python. @

Bellow is a problem description and an incorrect program
submitted by a student. Repair the student program with
as few changes as possible such that the corrected program
fulfils the requirements of the problem description. The
corrected Python code must be between “‘python and “*."

©)

**Problem:**
<handout>

®

**[ncorect code: **
<submitted_code>

Figure 4: Our template for prompting the LLMs to
provide feedback. (1) A system prompt specifying the
behaviour of the model. (2) A description of the grading
task. (3) Information necessary to grade the feedback.

Feedback generation

You are a computer science professor teaching introduc-
tory programming using Python. @

Below is a problem statement and an incorrect program
submitted by a student. List and explain all the issues
in the student program that prevent it from solving the
associated problem and fulfilling all the requirements in

the problem description. @

**Problem:**
<handout>

®

**[ncorect code:**
<submitted_code>

Figure 5: Our template for prompting the LLMs to
provide feedback. (1) A system prompt specifying the
behaviour of the model. (2) A description of the grading
task. (3) Information necessary to grade the feedback.

Table 3: Official model names for HuggingFace models.

name HuggingFace/OpenAl id

TinyLlama  TinyLlama/TinyLlama-1.1B-Chat-v1.0
CodeLlama codellama/CodeLlama-7b-hf

Llama meta-llama/Llama-2-7b-chat-hf
Mistral mistralai/Mistral-7B-vO0.1

Zephyr HuggingFaceH4/zephyr-7b-beta
Gemma google/gemma-7b-it

Judging

You are a computer science professor teaching introduc-
tory programming using Python.

Below is a problem description, and an incorrect program
written by a student. You are also provided with the
feedback generated by a language model. Your task is to
evaluate the quality of the feedback (by saying yes or no)
to ensure it adheres to the multiple criteria outlined below.
For each criterion, provide your answer in a separate line
with the format '(CRITERIA_NUMBER): Yes/No'. Do
not provide comments, but be attentive to the problem

description requirements. @

## Problem description:
<handout>

## Student Code:
<submitted_code>

## Feedback: @
<feedback>

## Criteria:

(1) Identifies and mentions all actual issues
(2) Does not mention any non-existent issue

Figure 6: Judging prompt template. We provide (1)
a system prompt specifying GPT-4’s behaviour, (2) a
description of the grading task, and (3) contextual infor-
mation.

A.3 Concept analysis

Table 4 shows the number of exercises which prac-
tice each concept. Additionally, figure 7 shows an
upset plot of the number of incorrect programs for
which each combination of programming concepts
is practised.

B Results details

B.1 Additional performance scores

Some work in program synthesis has evaluated the
ability of language models to generate programs
using another method to estimate pass@1. This
method, originally proposed in the work of Chen
et al. (Chen et al., 2021), is based on generating
multiple samples, and is particularly adapted to
non-instruction tuned models. We report the results
of the program repair performance evaluation based
on this multi-sample strategy.

Multi-sample performance evaluation. For
each incorrect program, we generate n = 20 sam-
ples using top_p nucleus sampling and a tempera-
ture of 0.2 (Chen et al., 2021; Li et al., 2023). We
evaluate functional correctness using the pass@1
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Figure 7: Programming concepts upset plot.

Table 4: Number of exercises and incorrect programs
practised for each concept.

concept # exercises # programs
input string 4 18
input casting 27 257
output 28 249
assignment 26 217
conditional 22 257
function calling 8 63
function definition 9 65
function return 6 43
loop counting 9 105
loop until 5 38
loop elements 1 30
loop nested 1 3
stat calculation 10 38
list 3 38
list 2D 3 17

estimator, which tells us the probability that a lan-
guage model will fix an incorrect program in a
single attempt (Muennighoff et al., 2023).

To evaluate the ability of a language model to
generate a solution close to the student program,
we average the ROUGE-L score between each of
the k(k < n) candidate repairs that pass all unit
tests and the incorrect program.

Results. Table 5 shows the performance results
with the adapted pass@1 and rouge scores for a
subset of the models (those with more than 7B
parameters).

Table 5: We show the pass@]1, rouge, completeness,
and hallucination rate (hall. rate).

model ‘ pass@1 rouge ‘ completeness  hall. rate
Gemma-7b 0.267  0.353 0.905 0.005
Zephyr-beta 0.276  0.336 0.624 0.716
Mistral 0.304  0.365 0.738 0.397
gpt-3.5-turbo | 0.529  0.561 0.838 0.368
gpt-4-turbo 0.634  0.559 0.992 0.024

In general, we notice an absolute drop in per-
formance from the greedy decoding. Beyond this
absolute difference, the main change is that the
ranking of the model changed. Gemma-7B is now
the least performant of the 7B parameters models.
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The performance of the 7B parameters model are
dependent on these.

B.2 Programming concepts performance

Table 6 shows the detailed per concept performance
results for all models.
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Table 6: Per concept performance results. Legend: IS (input string), IC (input casting), O (output), A (assignment),
C (conditionals), FC (function call), FD (function definition), FR (function read), LC (loop counting), LU (loop
until), SC (stat calculate), L (list), L2D (list 2D).

(a) Pass@1

1S 1 o | A cCc|F FD FR|LC LU|SC| L L2D

TinyLlama 0.04 0.03 0.03 |0.07 005|021 0.09 0.14|0.03 0.03 | 0.04 | 0.03 0.06
Gemma-2b 0.06 0.13 0.13|0.12 0.19 | 044 0.60 0.77 | 0.13 0.05 | 0.10 | 0.11 0.47
CodeLlama | 0.22 0.18 0.24 | 0.24 0.26 | 0.54 0.52 0.56 | 0.19 0.29 | 0.21 | 0.24 0.59
Zephyr-beta | 0.10 0.17 0.17 | 0.24 0.25 | 0.60 0.58 0.86 | 0.23 0.26 | 0.26 | 0.26 0.41
Mistral 0.13 023 022|027 028|056 049 0.67|0.19 024 024|034 0.65
Gemma-7b 0.16 022 025|029 025|052 052 053|021 047021026 047
gpt-3.5-turbo | 0.44 041 0.50| 052 046|084 086 091|049 0.50 | 0.55 | 0.68 0.76
gpt-4-turbo 021 0.58 0.63 |0.64 063|086 092 1.00| 039 050|048 | 042 0.76

average 017 024 027|030 030|057 057 068023 029]026]029 052

(b) Completeness

\Is IC o\A C\Fc FD FR\LC LU\SC\L L2D

TinyLlama 0.04 0.07 0.07 | 0.04 0.08 | 0.03 0.08 0.07 | 0.04 0.00| 0.05|0.08 0.18
Gemma-2b 0.15 0.15 0.14|0.17 0.15]021 0.20 0.26 | 0.16 0.05 | 0.17 | 0.18 0.06
CodeLlama | 0.31 033 032037 035|043 035 035]033 045|042]0.26 0.24
Zephyr-beta | 0.54 0.64 0.65 | 059 0.63 | 0.60 0.51 0.51]0.55 0.71|0.60 | 0.76 0.59
Mistral 081 0.74 0.71|0.77 0.75]0.79 0.69 0.79 | 0.73 0.76 | 0.79 | 0.79 0.82
Gemma-7b 094 094 092|091 095|076 0.86 091 | 0.90 1.00 | 0.94| 095 1.00
gpt-3.5-turbo | 0.93 0.82 0.82 | 0.87 0.84 | 0.84 0.86 0.81 | 0.83 0.76 | 0.89 | 0.97 0.94
gpt-4-turbo 1.00 0.99 0.99 | 1.00 0.99 | 098 0.98 0.98 | 0.99 097 |1.00| 1.00 1.00

average 059 058 058]0.59 059|058 057 058|057 059 061|062 060

(c) ROUGE

1S 1c o|A cCc|F FD FR|LC LU|SC| L L2D

TinyLlama 0.04 0.03 0.03|0.07 0.05]|0.17 0.08 0.13|0.03 0.03|0.04| 003 0.06
Gemma-2b 0.05 0.11 0.11|0.11 0.15|0.32 045 057|012 0.05|0.10 | 0.09 031
CodeLlama | 020 0.15 020|022 021|046 045 047|017 0.25]0.18 | 021 051
Zephyr-beta | 0.07 0.13 0.13 | 0.20 0.19 | 0.50 0.48 0.71 | 0.18 0.21 | 0.21 | 0.22 0.32
Mistral 0.08 0.15 0.16 | 0.20 020 | 044 038 0.52|0.14 0.15]0.16 | 0.26 0.48
Gemma-7b 0.16 020 0.22]0.28 023|049 047 049|020 043021025 044
gpt-3.5-turbo | 0.41 037 044|047 041|074 076 0.80| 045 045|051 063 0.72
gpt-4-turbo 0.17 046 0.51|052 050|070 0.72 0.77 | 0.31 0.40 | 0.38 | 0.35 0.61

average 015 020 022026 024|048 047 056|020 025]022]026 043

(d) hallucination rate

\Is IC O\A C\Fc FD FR‘LC LU\SC\L L2D

TinyLlama 047 030 025|035 031]041 042 040|043 021 ]040]|039 0.18
Gemma-2b 0.12 037 042|037 035]032 048 040|024 055028 |0.13 0.65
CodeLlama | 0.87 0.86 0.87 | 0.82 0.85|0.75 0.82 0.81|0.82 0.89|0.80 | 097 0.88
Zephyr-beta | 0.88 0.79 0.78 | 0.80 0.78 | 0.46 0.60 0.49 | 0.86 0.61 | 0.89 | 0.87 0.65
Mistral 043 042 042039 041032 032 035]041 0321037045 041
Gemma-7b 0.00 0.01 0.01|0.01 0.01}|0.00 000 0.00]0.01 0.03]0.02|0.00 0.00
gpt-3.5-turbo | 0.28 0.31 035|036 035|054 049 051|034 021029024 024
gpt-4-turbo 0.00 0.02 0.02|0.02 0.02]000 003 0.05]0.00 0.05]001|005 0.06

average 0.38 038 0.39 | 0.39 0‘38‘0.35 0.40 0.38 | 0.39 0.36‘0.38‘0.39 0.38
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