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ABSTRACT

Unit testing is a core practice in programming, enabling systematic evaluation
of programs produced by human developers or large language models (LLMs).
Given the challenges in writing comprehensive unit tests, LLMs have been em-
ployed to automate unit test generation, yet methods for training LLMs to produce
high-quality unit tests remain underexplored. In this work, we propose UTRL, a
novel reinforcement learning (RL) framework that trains an LLM to generate high-
quality unit test given a programming instruction. Our key idea is to iteratively
train two LLMs, the unit test generator and the code generator, in an adversarial
manner via RL: (1) the unit test generator is trained to maximize a discrimination
reward, encouraging it to produce tests that reveal faults in the code generator’s
solutions; and (2) the code generator is trained to maximize a code reward, en-
couraging it to produce solutions that pass the unit tests generated by the unit test
generator. In our experiment, we demonstrate that unit tests generated by Qwen3-
4B trained via UTRL show higher quality compared to unit tests generated by the
same model trained via supervised fine-tuning on ground-truth unit tests, yielding
code evaluations that more closely align with those induced by the ground-truth
tests. Moreover, Qwen3-4B trained with UTRL outperforms frontier models like
GPT-4.1 and GPT-4o in generating high-quality unit tests, highlighting the effec-
tiveness of UTRL in training LLMs for the unit test generation.

1 INTRODUCTION

Unit test 
Generator

Code 
Generator

Programming
Instruction

Code

Code reward

Unit test

Discrimination 
reward

Implement a function 
parse_contents that 
extracts substrings 
enclosed by a specific tag 
format from the given 
contents string.

Input Arguments
- contents (str):
A string containing text 
data, which may …
- tag_format (str):
A string indicating the tag 
name to search for.

Figure 1: Overview of UTRL. The unit test genera-
tor is trained to generate unit test that detect fault in
code generated by the code generator, and the code
generator is trained to produce code that passes the
generated unit test.

Unit test is a critical component in program-
ming, as it enables evaluation and verifi-
cation on the functional correctness of the
program produced by human developers or
large language models (LLMs). Recently,
unit tests are widely used as verifiable re-
ward functions in reinforcement learning
(RL) or test-time scaling for LLM-driven
code generation, where the unit tests pro-
vide task-specific feedback signals for guid-
ing the generation of functionally correct
code (Le et al., 2022; Guo et al., 2024).

However, implementing unit tests for each
programming task is labor-intensive and
challenging, since (1) a unit test should con-
tain functionally valid test cases, and (2)
each test case in the unit test should cover
challenging edge cases, capable of discriminating subtly faulty code implementations. These re-
quire significant level of code reasoning capability and understanding of the programming task.

As LLMs have shown strong code understanding and generation capabilities, recent works have
explored training them to generate high-quality unit tests given a programming task. A common ap-
proach is to collect instruction–unit test pairs, followed by supervised fine-tuning (SFT). To enable
scalable annotation of high-quality unit tests, these works propose strategies such as using capable
teacher models (Ma et al., 2025), applying code perturbation techniques (Prasad et al., 2025), or
adopting generator–validator frameworks (Wang et al., 2025b). While promising, SFT-based meth-
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ods are difficult to scale across diverse programming domains as they fundamentally require unit
test labels, which are costly to obtain, for every training example. In contrast, RL removes the need
for explicit unit test labels by directly optimizing models against reward signals, offering a more
scalable paradigm for training LLMs in unit test generation. The key challenge, however, lies in de-
signing a reward function that can reliably assess the quality of generated unit tests without relying
on ground-truth annotations.

In this work, we present UTRL, an adversarial RL framework iterating over training a unit test
generator LLM and a code generator LLM in an adversarial manner, each LLM defining a reward
signal for its counterpart. Our main contribution lies in designing the reward for training unit test
generation (i.e., discrimination reward), which rewards the unit test generator LLM when the gen-
erated unit tests successfully discriminate the code solution produced by the code generator LLM
from ground-truth code solution. As a result, UTRL eliminates the need for ground-truth unit test
annotations, since the reward is defined by ground-truth code solution and code generated by the
code generator LLM. Specifically, as illustrated in Figure 1, the unit test generator is optimized to
maximize the discrimination reward, which encourages producing unit tests that can detect code
generated by the code generator LLM from the ground-truth code, while the code generator is opti-
mized to generate code that passes all test cases in the generated unit tests. Through this adversarial
training, the code generator LLM progressively learns to generate code solutions that are harder to
distinguish from the ground-truth code solutions, and the unit test generator LLM, in turn, learns
to generate highly discriminative test cases that can detect subtle faults in the near-correct code
solutions, thereby becoming capable of covering challenging edge cases.

In our experiments, we evaluate the quality of generated unit tests on the TACO evaluation set (Li
et al., 2023), which contains competitive programming tasks collected from multiple online judge
platforms. We first show that unit tests generated by Qwen3-4B (Yang et al., 2025) trained with
UTRL, when used as a code reward function for best-of-N sampling, induce 3.1× higher code accu-
racy gain, compared to the unit tests generated by the base Qwen3-4B. Additionally, we demonstrate
that Qwen3-4B trained via UTRL achieves unit test quality higher than the same model trained via
SFT, despite not relying on unit test annotations from humans or more capable models, and even
surpasses frontier models such as GPT-4.1 (OpenAI, 2025). Finally, the code generator adversar-
ially trained with the unit test generator achieves code generation performance comparable to the
same model trained to maximize the pass rate over ground-truth unit tests.

2 RELATED WORK

Unit test generation with LLM Unit testing has been extensively explored for reliable software
development (Fraser & Arcuri, 2011; Alagarsamy et al., 2024). As LLMs show strong capability
in programming, recent works have explored the automation of unit test generation using large
language models (LLMs), with a focus on evaluating the test generation capability of LLMs (Jain
et al., 2024a; Wang et al., 2024), iteratively refining the unit test by leveraging coverage analysis
or mutation testing as a contextual feedback (Alshahwan et al., 2024; Altmayer Pizzorno & Berger,
2025; Dakhel et al., 2024; Foster et al., 2025), or utilizing co-evolutionary algorithm (Li et al., 2025).
Another line of work investigates training LLMs for unit test generation via supervised learning,
with a focus on constructing high-quality unit test annotations at scale. CodeRM (Ma et al., 2025)
leverages stronger teacher models to generate unit tests automatically, while UTGEN (Prasad et al.,
2025) proposes a data collection strategy that perturbs code solutions to create faulty variants, and
then collects high-quality test cases that discriminate between the correct and faulty code. The
work most closely related to ours is CURE (Wang et al., 2025a), which explores the co-evolution
of code generation and test case generation capabilities via reinforcement learning. However, our
approach differs from CURE in two key aspects: (1) Unlike CURE, which assumes access to a
dataset annotated with ground-truth unit tests, UTRL requires only instruction-code pair dataset,
which is readily available at large scale (Li et al., 2023; Lambert et al., 2024; Prasad et al., 2025),
and (2) UTRL is a framework aimed at training LLMs to generate an optimal set of test cases, rather
than a single test case.

Reinforcement learning for LLM Early works on training LLMs with reinforcement learning
(RL) utilized reward models learned from human preference feedback and trained LLM with the
Proximal policy optimization algorithm (PPO) (Schulman et al., 2017) for aligning LLMs with hu-
man values, establishing reinforcement learning with human feedback (RLHF) as a standard frame-
work for instruction tuning and alignment in LLMs (Stiennon et al., 2020; Ouyang et al., 2022).
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To address the complexity and instability of online RL, subsequent methods proposed offline prefer-
ence learning algorithms that bypass the need for reward models while maintaining strong alignment
performance (Rafailov et al., 2023; Ethayarajh et al., 2024; Hong et al., 2024). More recently, RL al-
gorithms with improved efficiency have been proposed as a variant of PPO, and such RL algorithms
have been actively applied to improve the reasoning capabilities of LLMs, particularly in domains
such as math and programming where verifiable rewards can be precisely defined (Shao et al., 2024;
Guo et al., 2024; Yu et al., 2025). However, different from code generation or math, defining the
verifiable rewards for unit test generation is non-trivial and remains underexplored.

Adversarial learning and self-play Adversarial learning provides a general framework in which
models improve by competing against an adaptive opponent, even enabling model to learn complex
data distribution (Goodfellow et al., 2014). Building on this idea, self-play has emerged as a power-
ful paradigm where the opponent is derived from the model itself. A line of works has demonstrated
that symmetric self-play can yield superhuman performance in strategic decision-making (Silver
et al., 2017), while another line of work explores asymmetric formulations in which agents gen-
erate and solve tasks to construct an automatic curriculum (OpenAI et al., 2021). With the rapid
progress of LLMs across diverse domains, self-play has recently been extended to LLM-based sys-
tems, enabling improvement with minimal or even zero additional data. AZR introduce a zero-data
self-play framework in which a task generator and a task solver co-evolve to improve the model’s
reasoning ability (Zhao et al., 2025). In alignment, SPIN applies self-play to alignment by itera-
tively contrasting LLM-generated responses with human responses, enabling improvement without
costly preference data (Chen et al., 2024). In code generation, Sol-Ver utilizes self-play between a
solution generator and a test generator to jointly improve code and unit tests (Lin et al., 2025). In
theorem proving, STP leverage self-play between a conjecture generator and a prover to enhance
theorem-proving capability of LLM (Dong & Ma, 2025).

3 METHOD

In this section, we present UTRL, a framework for adversarially training a unit test generator LLM
and a code generator LLM via RL. Section 3.1 describes an overview of the UTRL, and the core
components of UTRL are described in Section 3.2 and Section 3.3.

3.1 OVERVIEW

Our goal is to train a unit test generator LLM MUT, which takes a programming instruction I as input
and outputs a unit test T , as shown in Figure 2. A unit test T consists of multiple test cases, i.e.,
T = {Ti}, where each Ti denotes a single test case. Each test case Ti checks the partial correctness
of a code implementation C for instruction I , by verifying that C produces the expected output for
a given input. A straightforward approach to training MUT is to collect a dataset of instruction-unit
test pairs and fine-tune LLMs via supervised learning. However, curating such a dataset is inherently
challenging because implementing unit tests is an open-ended task with no unique solution, and it is
often difficult to objectively evaluate their quality.

To address these challenges, we propose a framework for training a unit test generator LLM MUT

without relying on instruction–unit test pairs. Since instruction–code solution pairs are widely avail-
able, we train the MUT via RL to produce unit tests that can distinguish ground-truth code from
imperfect code generated by a code generator LLM, Mcode. We further extend this idea into an
adversarial framework: MUT improves by learning to generate unit test identifying weaknesses in
code generated by Mcode, while Mcode in turn improves by learning to produce code that passes
increasingly challenging unit tests.

Specifically, we iterate over the following two key steps (see Algorithm 1):

• Step 1. Training the unit test generator MUT: For a given programming instruction I , we first
sample multiple code solutions using the code generator LLM MUT. The unit test generator
LLM MUT is then trained to produce unit tests that (1) discriminate as many sampled code
solutions from the ground-truth solution as possible, and (2) contain functionally valid test cases
(see Section 3.2).
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Programming instruction
You have an n \times n matrix a. You can rearrange the 
elements of the matrix in any way. Let m_{1}, m_{2}, 
\dots, m_{n} be the medians of each row in a after the 
rearrangement. The goodness of the matrix a is defined as 
the minimum median among the medians of all rows i.e 
\min(m_{1}, m_{2}, \dots, m_{n}). 
 Find the maximum goodness you can achieve after 
rearranging a matrix a such that the cost of rearrangement 
doesn't exceed k or -1 if the answer doesn't exist.

------ Constraints ------ 
$1 ≤ t ≤ 100$
$1 ≤ n ≤ 1000$
$1 ≤ k ≤ 10^{14}$
$1 ≤ a_{i, j} ≤ 10^{9}$
$1 ≤ \sum n ≤ 1000$

Unit Test Generator
 

Unit Test
<reasoning> [Reasoning for test case 1] </reasoning>
 assert(1, 2, 2, [[1,1], [1,1]]) == 1

<reasoning> [Reasoning for test case 2] </reasoning>
 assert(1, 2, 4, [[1, 2], [3, 4]]) == -1

<reasoning> [Reasoning for test case 3] </reasoning>
 assert(1, 2, 6, [[1, 2], [3, 4]]) == 2

<reasoning> [Reasoning for test case N] </reasoning>
 assert(1, 1, 5, [[5]]) == 5

…
Figure 2: Illustration of input and desired output of unit test generator LLM. Given a programming
instruction specifying input arguments and functionality of a code, the unit test generator LLM
generates a set of N test cases comprehensively covering the various edge cases based on reasoning.
Algorithm 1 UTRL
Require: Dataset of instruction-code solution pairs D = {(Ik, C∗

k)},
Initial code generator LLM Mcode, Initial unit test generator LLM MUT,
Weight for the discrimination reward λ,
Desired minimum number of test cases per unit test τ

1: while not converged do
2: // Training unit test generator MUT (see Section 3.2)
3: for (I, C∗) ∈ D do
4: T ∼ MUT(·|I) ▷ Generate unit test T using MUT

5: C ∼ Mcode(· | I) ▷ Generate a set of code solutions C using Mcode
6: rUT = λRdisc(T , C, C∗) + (1− λ)Rvalid(T , C∗, τ) ▷ Compute reward for T (see Equation 1, 2)
7: MUT := RL-update(MUT, rUT) ▷ Update the unit test generator MUT

8: end for
9: // Training code generator Mcode (see Section 3.3)

10: for (I, C∗) ∈ D do
11: C ∼ Mcode(·|I) ▷ Generate code C using Mcode

12: T ∼ MUT(· | I) ▷ Generate unit test T using MUT

13: rcode = Rcode(C, T , C∗) ▷ Compute reward for C (see Equation 4)
14: Mcode := RL-update(Mcode, rcode) ▷ Update code generator Mcode

15: end for
16: end while

• Step 2. Training code generator Mcode: Given the programming instruction I , the code
generator Mcode is trained to generate solutions that maximize the pass rate over T , which is
generated by MUT (see Section 3.3).

By repeating these steps, the code generator progressively learns to produce more functionally cor-
rect solutions, while the unit test generator learns to generate increasingly discriminative and high-
quality unit tests.

3.2 TRAINING UNIT TEST GENERATOR

To train the unit test generator LLM MUT to produce both effective and functionally valid unit
tests, we introduce two reward components. The discrimination reward Rdisc serves as the primary
objective, encouraging MUT to generate unit tests that can detect faults across diverse incorrect
code solutions. To simultaneously ensure the functional validity of each test case, we introduce
the validity reward Rvalid, which measures the proportion of functionally valid test cases among the
entire test cases in the generated unit test. During training, the unit test generator MUT is optimized
with the weighted sum of Rdisc and Rvalid via RL.

Discrimination reward The discrimination reward evaluates how effectively the test cases in T
discriminate LLM-generated code solutions from ground-truth code solutions. Given a unit test T
generated regarding programming instruction I , the discrimination reward corresponding to T is
formally defined as follows:

Rdisc(T , C, C∗) =
1

|C|
∑
C∈C

[
1−

∏
T∈T

(1− Pass(C, T ))Pass(C
∗,T )

]
, (1)
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Unit Test

    Task         

Fail

Pass

Pass

Fail

Pass

Fail

Pass

Pass

Pass

Pass

Fail

Pass

Pass

Pass

Pass

  Filter functionally valid test cases using 
       ground-truth code solution     

Fail

Pass Pass

Fail

Fail

Fail

Pass

Pass

Sample M (= 6) code solutions

Compute discrimination reward

detected undetected detected detected undetecteddetected

Discrimination reward: 0.667 (= # of detected code / M)

1 2

Figure 3: Overview of the process of computing discrimination reward with respect to unit test T .
First, among the 5 test cases in the unit test T , test cases that pass under the ground-truth code C∗

(i.e., T1, T3, T5) are filtered, forming a set of functionally valid test cases. Second, the discrimination
reward is defined as a ratio of sampled code solutions that are detected by least one valid test case. In
this figure, among 6 sampled code solutions, 4 code solutions (C1, C3, C4, C5) do not pass at least
one valid test case, resulting in the discrimination reward of 0.667 (= 4

6 ).

where the C∗ is a ground-truth code solution, C is a set of code solutions generated by the code
generator Mcode, and Pass(C, T ) is an indicator function that returns 1 if the code C passes
the test case T , and 0 otherwise.1 To compute the discrimination reward regarding unit test T , as
illustrated in Figure 3, we first filter out functionally invalid test cases from the generated unit test
T , ensuring that invalid test cases do not affect the discrimination reward. We then leverage a set of
code solutions C generated by Mcode (i.e., C ∼ Mcode(· | I)), where the discrimination reward is
computed as a fraction of the code solutions that do not pass the filtered unit test.

Validity reward The validity reward evaluates whether each test case in the generated unit test T
is functionally valid (i.e., correctly maps the input and expected output of the code solution), and is
formally defined as follows:

Rvalid(T , C∗, τ) =

∑
T∈T Pass(C∗, T )

max(|T |, τ)
, (2)

where τ is a hyperparameter to adjust the desired minimum number of test cases in a single generated
unit test. We apply clipping to the denominator in Equation 2 as max(|T |, τ), in order to prevent unit
tests with only a small number of trivial test cases from receiving an inappropriately high validity
reward. To be specific, if the Rvalid is simply defined as a fraction of valid test cases among total test
cases (i.e., Rvalid(T , C∗) =

∑
T∈T Pass(C∗, T )/|T |), unit tests with an extremely small number

of test cases (e.g., unit tests with a single trivial test case) acquire high validity reward, which is
undesirable. To mitigate this problem, we clip the denominator as max(|T |, τ). This ensures that
unit tests with fewer than τ test cases receive a validity reward proportional to the absolute number
of valid test cases, thereby preventing the unit tests with a small number of trivial test cases from
receiving high validity reward.

Update unit test generator LLM In order to guide the unit test generator LLM to produce unit
test comprising test cases that are both (1) highly discriminative and (2) functionally valid, we define
a training reward as a weighted sum of the discrimination reward Rdisc and the validity reward Rvalid:

rUT = λRdisc(T , C, C∗) + (1− λ)Rvalid(T , C∗, τ), (3)

where the λ is a hyperparameter that weights the discrimination reward.

1See Appendix A.3 for details about the implementation of Pass function.
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3.3 TRAINING CODE GENERATOR

After training the unit test generator LLM MUT, we train the code generator LLM Mcode via RL.
Regarding a code C generated by Mcode, the training reward is formally defined as follows:

Rcode(C, T , C∗) =

∑
T∈T Pass(C, T ) · Pass(C∗, T )∑

T∈T Pass(C∗, T )
, (4)

where C∗ is a ground-truth code solution. In detail, we first filter out functionally invalid test cases
(i.e., test cases that do not pass under the ground-truth code solution C∗) from T , because such
invalid test cases lead to faulty evaluation of the code. We then measure the proportion of the
functionally valid test cases that are passed by the generated code C. Based on the reward design,
we optimize Mcode to produce code solutions that pass unit tests generated by MUT.

4 EXPERIMENTS

We design our experiments to investigate the following questions:

• RQ1. Is UTRL effective at training LLMs to generate high-quality unit tests? (see Section 4.2)

• RQ2. Is UTRL more effective than supervised learning-based approaches? (see Section 4.3)

• RQ3. Is UTRL effective at improving code generation? (see Section 4.4)

• RQ4. Does iterative training of UTRL enable continuous improvement of unit test generation
capability? (see Section 4.5)

4.1 EXPERIMENTAL SETUP

In this section, we describe training details, baselines, and evaluation protocols for our experiments.

Training details As the base model for both the code generator and unit test generator, we use
Qwen3-4B (Yang et al., 2025). For RL training, we adopt Grouped Relative Policy Optimization
(GRPO; Shao et al. 2024 (see Appendix A.1 for details) and use 15,249 programming instruction-
code solution pairs from the TACO dataset (Li et al., 2023). Further details about training and
prompts are described in Appendix A.3 and A.5.

Baselines We compare our method to various baselines for unit test generation. Implementation
details for the baselines are provided in Appendix A.3.

• LLM baselines without fine-tuning: We use 4 open-source LLMs (Qwen3-4B, Qwen3-8B,
Qwen3-14B, Qwen3-32B, Deepseek-Coder-V2-Lite; Qwen et al. 2025; Zhu et al. 2024) and
2 closed LLMs (GPT-4o, GPT-4.1; Hurst et al. 2024; OpenAI 2025) as baselines for unit test
generation 2.

• Supervised fine-tuning (SFT): We fine-tune Qwen3-4B with instruction–unit test pairs through
supervised learning. For this purpose, we use high-quality unit tests from the TACO training
dataset DUT. To investigate whether reasoning signals can improve unit test generation, we
construct a reasoning-augmented dataset Dreason+UT containing unit tests paired with their corre-
sponding reasoning. Specifically, we first generate both reasoning and unit tests for each training
task using Gemini-2.5-flash (Google Deepmind, 2025), capable LLMs in code generation.3 We
then filter out functionally invalid test cases and retain the valid reasoning–unit test pairs as
target labels for SFT training.

• CURE: We also consider CURE (Wang et al., 2025a), an RL algorithm that fine-tunes an LLM
to perform both test case generation and code generation using a dataset of instruction–unit
test pairs. Specifically, we evaluate unit tests generated by ReasonFlux-Coder-7B(Wang et al.,
2025a), which is based on Qwen2.5-7B-Instruct (Yang et al., 2025) fine-tuned with CURE.

• Ground-truth (GT) unit tests: We also compare against the unit tests provided in the TACO
evaluation dataset (Li et al., 2023), which we consider as ground truth (GT) and regard as an
upper bound since they are rigorously verified and consist of a large number of high-quality test
cases covering diverse edge cases.

2We note that 4 open-source LLMs used as baselines are instruction-finetuned models.
3Instead of attaching reasoning to the original unit tests in TACO, which led to frequent hallucinations and

inconsistencies, we regenerate both reasoning and unit tests together.
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Unit test
generated by

Code LLM: Qwen3-8B (32 shot) Code LLM: Qwen3-14B (32 shot)

Score ∆Score Acc (%) ∆Acc (%p) Score ∆Score Acc (%) ∆Acc (%p)

Qwen3-4B 0.430 +0.084 9.8 +1.8 0.459 +0.057 13.4 +2.7
Qwen3-8B 0.435 +0.089 9.7 +1.7 0.470 +0.070 12.6 +1.9
Qwen3-14B 0.460 +0.114 9.8 +1.8 0.483 + 0.083 11.6 +0.9
Qwen3-32B 0.484 +0.138 11.7 +3.7 0.514 +0.114 13.7 +3.0
Deepseek-Coder-V2-Lite 0.433 +0.087 9.5 +1.5 0.452 +0.050 11.9 +1.2

GPT-4o 0.457 +0.111 10.6 +2.6 0.494 +0.094 12.1 +1.4
GPT-4.1 0.528 +0.182 13.7 +6.2 0.548 +0.148 14.8 +4.6

Qwen3-4B + SFT w/ DUT 0.458 +0.112 11.7 +3.7 0.491 +0.091 14.0 +3.3
Qwen3-4B + UTRL (ours) 0.558 +0.212 14.9 +6.9 0.588 +0.188 17.0 +6.3
Qwen3-14B + UTRL (ours) 0.577 +0.216 15.4 +7.7 0.606 +0.194 17.6 +6.4

GT (upperbound) 0.650 +0.304 21.0 +13.1 0.680 +0.278 24.4 +13.7

Table 1: Best-of-N improvement achieved by Qwen3-4B and Qwen3-14B trained via UTRL, com-
pared against baselines. We report code score (Score) and code accuracy (Acc) of the best-of-N
selected code solution, and also report the increment of each metric compared to code generated
without the best-of-N sampling (i.e., ∆Score and ∆Acc). This result demonstrates effectiveness of
UTRL in training LLMs to produce unit tests with highly discriminative test cases.

Evaluation protocols For evaluation, we utilize rigorously verified 945 competitive programming
tasks provided in the TACO evaluation dataset (Li et al., 2023) and 511 programming tasks provided
in the LiveCodeBench-v2 (Jain et al., 2024b). To measure the quality of the generated unit tests, we
propose the following evaluation schemes:

• Best-of-N improvement: To examine whether the generated unit tests include high-quality test
cases, we perform best-of-N sampling for code generation, using the generated unit tests as
evaluators. Specifically, we generate N candidate solutions from code LLMs and select the one
that passes the largest number of generated unit tests. To evaluate the quality of the selected
code, we then measure two metrics: (1) code score, defined as the fraction of test cases in a GT
unit test (i,e., high-quality unit tests from the TACO evaluation dataset) that the code solution
passes, and (2) code accuracy, which indicates whether the solution passes all test cases in the
GT unit test.

• Unit test fidelity: To quantify how closely a generated unit test approximates the evaluation
induced by the GT unit test, we introduce a metric called unit test fidelity. For each task, we
first sample multiple code solutions from LLMs. We then evaluate these solutions twice: once
using the generated unit test and once using the GT unit test. This yields two code score vectors,
and we compute Spearman’s correlation between them. A high correlation indicates that the
generated unit test closely replicates the evaluation induced by the comprehensive GT unit test.

We provide more details about the evaluation metrics in Appendix A.4.

4.2 QUALITY OF UNIT TESTS

In this section, we demonstrate the effectiveness of UTRL in training LLMs to generate high-quality
unit tests, compared with strong baselines. We first assess the quality of the generated unit tests using
Best-of-N improvement and unit test fidelity. We then compare UTRL against a recent RL-based
baseline, CURE.

Best-of-N improvement Table 1 reports the best-of-N improvement achieved by Qwen3-4B and
Qwen3-14B trained with UTRL, compared against several baselines. When used as code evaluators
for best-of-32 sampling with Qwen3-8B and Qwen3-14B code generators, unit tests produced by
Qwen3-4B trained with UTRL yield code accuracies of 14.9% and 17.0%, respectively. For com-
parison, Qwen3-4B trained with SFT achieves only 11.7% and 14.0%. Moreover, Qwen3-4B trained
with UTRL outperforms frontier proprietary models such as GPT-4.1 and GPT-4o, underscoring the
effectiveness of UTRL in training LLMs to generate high-quality unit tests. With increased model
capacity, Qwen3-14B trained with UTRL attains stronger performance, reaching code accuracies of
15.7% and 17.1%. Notably, UTRL is effective even when paired with closed-source code generators
such as GPT-4o (see Table 8 in Appendix A.2 for supporting results).
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Qwen3-8B

Qwen3-14B
DeepSeek-Coder-V2-Lite

GPT-4o
GPT-4.1

Qwen3-4B + SFT w/ UT
Qwen3-4B + UTRL

Qwen3-14B + UTRL

0.499
0.516

0.601
0.551

0.696
0.732

0.516
0.741

0.764
Unit test fidelity

Figure 4: Fidelity of unit tests generated by Qwen3-4B and Qwen3-14B trained with UTRL, com-
pared against baselines. Both model trained via UTRL achieves the unit test fidelity higher than
baselines, demonstrating the effectiveness of UTRL in training LLMs to generate unit tests that
closely approximates the code evaluation induced by the GT unit tests.

Unit test
generated by

Code LLM: Qwen3-8B (32 shot) Code LLM: Qwen3-14B (32 shot)

Score ∆Score (%) Acc (%) ∆Acc (%p) Score ∆Score Acc (%) ∆Acc (%p)

CURE 0.446 +0.100 9.7 +1.7 0.483 +0.083 12.7 +2.0
UTRL† (ours) 0.521 +0.175 14.1 +6.1 0.562 +0.162 15.9 +5.2

GT (upperbound) 0.650 +0.304 21.0 +13.1 0.680 +0.278 24.4 +13.7

Table 2: Best-of-N improvement induced by UTRL and CURE. For UTRL, we train Qwen2.5-
7B-Instruct using 4.5K programming tasks in CodeContest dataset (Li et al., 2022) following the
training setup of CURE, which we denote as UTRL†.

Unit test fidelity Figure 4 presents the fidelity of unit tests generated by Qwen3-4B trained
with UTRL, compared against several baselines. Qwen3-14B and Qwen3-4B trained with UTRL
achieves a Spearman’s correlation of 0.764 and 0.741, even outperforming GPT-4.1, demonstrat-
ing the effectiveness of UTRL in training LLMs to generate unit tests that induce code evaluations
consistent with the GT unit tests. Interestingly, while SFT with DUT provides substantial gains in
best-of-N improvement relative to the base Qwen3-4B, it yields only marginal improvements in unit
test fidelity. We conjecture that this is because SFT with DUT trains the LLM to generate unit tests
without step-by-step reasoning, making it difficult for the model to produce logically structured test
suites (i.e., ranging from basic test cases to highly discriminative edge cases), which are essential
for achieving high unit test fidelity.

0.45 0.50 0.55 0.60
Spearman's correlation

0.576

0.593

Unit test generation methods
Qwen2.5-7B-Instruct + CURE
Qwen2.5-7B-Instruct + UTRL

Figure 6: Unit test fidelity of UTRL com-
pared against CURE. Qwen2.5-7B-Instruct
trained via UTRL achieves unit test fi-
delity higher than CURE, demonstrating
superiority of UTRL over CURE.

Comparison to CURE Table 2 and Figure 6 re-
port the best-of-N improvement and unit test fidelity
achieved by Qwen2.5-7B-Instruct trained with UTRL
versus the same model trained with CURE, an RL
baseline based on instruction–unit test pairs. When
used as a code evaluator for best-of-32 sampling with
Qwen3-8B and Qwen3-14B code generators, UTRL
achieves code accuracies of 14.1% and 15.9%, which
are 4.4% and 3.2% higher than those obtained with
CURE. Moreover, UTRL achieves a unit test fidelity
of 0.593, surpassing CURE. These results show that
UTRL achieves superior performance despite relying
only on instruction–code pairs, in contrast to CURE
requiring instruction–unit test pairs.

4.3 SUPERIORITY OF UTRL OVER SUPERVISED
LEARNING APPROACHES

To investigate whether training LLMs with reasoning-annotated unit tests via SFT can improve unit
test generation, we also evaluate SFT with Dreason+UT and compare it with UTRL. Figure 5 presents
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Figure 5: Best-of-N improvmenet (left) and unit test fidelity (right) achieved by UTRL, compared
against SFT baselines (SFT w/ DUT, SFT w/ Dreason+UT).

best-of-N improvement (left) and unit test fidelity (right) for Qwen3-4B trained with SFT baselines
versus the same model trained with UTRL. While SFT + Dreason+UT achieves an improved unit
test fidelity score of 0.604, higher than the SFT + DUT, it falls behind 0.741 achieved by UTRL.
Additionally, in best-of-N improvement, SFT + Dreason+UT shows performance even inferior to SFT
+ DUT. We conjecture that this is because the training dataset Dreason+UT comprises synthetic test
cases generated by Gemini-2.5-Flash rather than highly discriminative ground-truth unit tests that
constitute DUT. Hence, the model trained with Dreason+UT generates relatively less discriminative unit
tests compared to the same model trained with DUT, which results in inferior best-of-N improvement,
since Best-of-N improvement is largely determined by the presence of highly discriminative test
cases. Although SFT baselines directly optimize LLMs using unit test labels annotated by humans
or more capable teacher models, they show limited generalization to evaluation tasks compared with
UTRL. This observation is consistent with prior findings that SFT tends to memorize the training
distribution, whereas RL promotes better generalization in reasoning intensive tasks (Chu et al.,
2025). Moreover, since collecting high-quality unit test annotations for SFT is costly, UTRL offers
a more practical approach for training LLMs for unit test generation.

4.4 EFFECTIVENESS OF UTRL IN TRAINING CODE GENERATOR

In UTRL, the code generator is adversarially trained against the unit test generator to produce code
solutions that maximize the pass rate over the generated unit tests. To evaluate the effectiveness
of UTRL for training the code generator, we measure the pass@1 code accuracy of code solutions
generated by Qwen3-4B trained via UTRL, and compare it against two baselines: (1) RL using
rewards defined as the pass rate over unit tests generated by GPT-4o, and (2) SFT using ground-
truth code solution provided in the training dataset. Moreover, we also evaluate Qwen3-4B trained
via RL using rewards defined as the pass rate over GT unit tests provided in the TACO dataset,
which we serve as our upperbound. Figure 7 shows pass@1 code accuracy averaged over 945
evaluation tasks. The code generator trained with UTRL achieves a code accuracy of 15.3%, which
is remarkably higher than the two baselines, and even comparable to 15.9% achieved by the code
generator trained to maximize pass rate over the GT unit tests. While training the code generator
to maximize the pass rate over GPT-4o-generated unit tests improved the pass@1 accuracy to some
extent, the performance saturates under 12%, and we observe that directly fine tuning code generator
with ground-truth code solutions via SFT severely degrades the performance on unseen evaluation
tasks, resulting in 3.6% pass@1 code accuracy. These results indicate the effectiveness of UTRL in
training the code generator, especially when high-quality ground-truth unit tests are infeasible.

4.5 EFFECT OF ITERATIVE TRAINING

We examine whether iterative training enables the code generator to produce near-perfect code solu-
tion, thereby providing increasingly challenging discrimination tasks for the unit test generator, and
whether the generator improves by learning to discriminate the near-perfect code from ground-truth
code. Figure 8 shows discrimination rewards averaged over evaluation tasks. In the first iteration,
the unit test generator is trained against code produced by the initial code generator, and the dis-
crimination reward saturates after about 50 steps. At this point, we stop training and update the code
generator via RL to maximize its pass rate against the current unit tests. When training resumes in
iteration 2, the discrimination reward drops from 0.626 to 0.375, indicating that the updated code
generator now produces code solutions that are harder to distinguish from ground-truth, thereby
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Pass@1 Accuracy (%)

SFT with code solution
RL with GT unit tests

UTRL (ours)
RL with GPT-4o unit tests

Figure 7: Pass@1 accuracy of code genera-
tors on the TACO evaluation tasks. Qwen3-
4B code generator trained with UTRL out-
performs the same model trained with GPT-
4o-generated unit tests and the same model
trained via SFT in terms of pass@1 accuracy.

0 50 100 150 200 250 300
0.4

0.6

Discrimination reward at iteration 1

0 50 100 150 200 250 300
Training Steps

0.35

0.40

0.45
Discrimination reward at iteration 2

Figure 8: Discrimination reward evaluated at
training iterations 1 and 2. During iteration 1
training, the discrimination reward saturated after
50 steps with only about a gain of 0.02, while in
iteration 2, it exhibited an improvement of 0.07.

creating a more challenging discrimination task for the unit test generator. As training continues
in iteration 2, the unit test generator improves the reward from 0.375 to 0.447. Correspondingly, as
shown in Figure 9, the unit test generator at iteration 2 produces unit tests that yield superior best-of-
N performance compared to iteration 1, even outperforming GPT-4.1. Furthermore, we extend the
training to a third iteration, but we did not observe notable improvement in discrimination reward.
While we conducted these experiments using Qwen3-4B as the unit test generator, we believe that
employing a larger-capacity model as a unit test generator would likely allow the adversarial process
to sustain meaningful improvements over more iterations.

5 CONCLUSION

In this work, we present UTRL, an adversarial reinforcement learning framework for training
LLM as unit test generator. Our approach alternates between training the unit test generator and
a code generator, enabling the unit test generator to produce unit tests that can distinguish between
near-correct code solutions and the ground-truth code implementation. Through extensive experi-
ments and analysis, we demonstrate the superiority of UTRL over recent baselines and supervised
learning-based methods, even outperforming frontier models like GPT-4.1. We hope this work paves
the way for future research on training algorithm for unit test generation.

ETHICS STATEMENT

We introduce UTRL, an RL framework for training LLMs for unit test generation. As unit tests
enable systematic and interpretable verification over source code written by LLMs, we believe the
improvement in automated unit test generation will contribute to more reliable and safe LLM-based
code generation and agentic software engineering.

REPRODUCIBILITY STATEMENT

For the reproducibility of our results, we have provided a detailed description of our experimental
setups and prompts in Section A.3,A.4, and A.5. Additionally, to further facilitate reproduction, we
will open-source the training dataset, model checkpoint, and source code.
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Robert, and Shubho Sengupta. Mutation-guided llm-based test generation at meta. arXiv preprint
arXiv:2501.12862, 2025.

Gordon Fraser and Andrea Arcuri. Evosuite: automatic test suite generation for object-oriented soft-
ware. In Proceedings of the 19th ACM SIGSOFT symposium and the 13th European conference
on Foundations of software engineering, pp. 416–419, 2011.

Ian J Goodfellow, Jean Pouget-Abadie, Mehdi Mirza, Bing Xu, David Warde-Farley, Sherjil Ozair,
Aaron Courville, and Yoshua Bengio. Generative adversarial nets. Advances in neural information
processing systems, 27, 2014.

Google Deepmind. Gemini 2.5 flash. https://deepmind.google/models/gemini/
flash/, 2025. Accessed: 2025-06-17.

Daya Guo, Qihao Zhu, Dejian Yang, Zhenda Xie, Kai Dong, Wentao Zhang, Guanting Chen, Xiao
Bi, Yu Wu, YK Li, et al. Deepseek-coder: When the large language model meets programming–
the rise of code intelligence. arXiv preprint arXiv:2401.14196, 2024.

Jiwoo Hong, Noah Lee, and James Thorne. Orpo: Monolithic preference optimization without
reference model. arXiv preprint arXiv:2403.07691, 2024.

Aaron Hurst, Adam Lerer, Adam P Goucher, Adam Perelman, Aditya Ramesh, Aidan Clark, AJ Os-
trow, Akila Welihinda, Alan Hayes, Alec Radford, et al. Gpt-4o system card. arXiv preprint
arXiv:2410.21276, 2024.

Kush Jain, Gabriel Synnaeve, and Baptiste Roziere. Testgeneval: A real world unit test generation
and test completion benchmark. arXiv preprint arXiv:2410.00752, 2024a.

Naman Jain, King Han, Alex Gu, Wen-Ding Li, Fanjia Yan, Tianjun Zhang, Sida Wang, Armando
Solar-Lezama, Koushik Sen, and Ion Stoica. Livecodebench: Holistic and contamination free
evaluation of large language models for code. arXiv preprint arXiv:2403.07974, 2024b.

Nathan Lambert, Jacob Morrison, Valentina Pyatkin, Shengyi Huang, Hamish Ivison, Faeze Brah-
man, Lester James V Miranda, Alisa Liu, Nouha Dziri, Shane Lyu, et al. Tulu 3: Pushing frontiers
in open language model post-training. arXiv preprint arXiv:2411.15124, 2024.

Hung Le, Yue Wang, Akhilesh Deepak Gotmare, Silvio Savarese, and Steven Chu Hong Hoi. Coderl:
Mastering code generation through pretrained models and deep reinforcement learning. Advances
in Neural Information Processing Systems, 35:21314–21328, 2022.

Kefan Li, Hongyue Yu, Tingyu Guo, Shijie Cao, and Yuan Yuan. Cocoevo: Co-evolution of pro-
grams and test cases to enhance code generation. arXiv preprint arXiv:2502.10802, 2025.

11

https://deepmind.google/models/gemini/flash/
https://deepmind.google/models/gemini/flash/


594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647

Under review as a conference paper at ICLR 2026

Rongao Li, Jie Fu, Bo-Wen Zhang, Tao Huang, Zhihong Sun, Chen Lyu, Guang Liu, Zhi Jin, and
Ge Li. Taco: Topics in algorithmic code generation dataset. arXiv preprint arXiv:2312.14852,
2023.

Yujia Li, David Choi, Junyoung Chung, Nate Kushman, Julian Schrittwieser, Rémi Leblond, Tom
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A APPENDIX

A.1 GROUPED RELATIVE POLICY OPTIMIZATION

In this section, we describe the RL algorithm we used for training the LLMs in our experiments.

Proximial Policy Optimization Proximal Policy Optimization (PPO) (Schulman et al., 2017), an
actor-critic RL algorithm, is widely used for training LLMs via RL. PPO updates the LLM policy
πθ by maximizing the clipped surrogate objective described as follows:

JPPO(θ) = Eo∼πθold (·|x)

[ |o|∑
t=1

min
( πθ(ot|x, o<t)
πθold(ot|x, o<t)

A(x, ot),

clip
(

πθ(ot|x, o<t)
πθold(ot|x, o<t)

, 1− ϵ, 1 + ϵ

)
A(x, ot)

)]
, (5)

where πθ is a policy under the training, x denotes a prompt, o<t is a completion up to t-th token,
ot is a t-th token generated by the LLM πθold , and ϵ is a hyperparameter for clipping the importance
sampling ratio. Here, the computation of advantage A(x, ot) requires learning a separate value
function Vψ . Usually, such a value function is parameterized by LLM of size comparable to the
LLM policy under training, thereby requiring significant memory and computational cost.

Grouped Relative Policy Optimization In order to bypass the cost of learning the value function,
Grouped Relative Policy Optimization (GRPO) has been proposed as a variant of PPO (Shao et al.,
2024). In order to compute the advantage, GRPO samples a group of G outputs {o(i)}Gi=1 from the
old LLM policy πθold for input prompt x, and computes scalar rewards {ri = R(x, o(i))}Gi=1. These
rewards are then normalized by subtracting the group mean and dividing by the group standard
deviation. The resulting normalized score Ai =

ri−mean(r)
std(r) is broadcast to all tokens t in the output

o(i), such that A(x, o
(i)
t ) = Ai. This shared advantage is then used to weight the token-level policy

gradients, allowing for effective optimization without a learned value function. Formally, GRPO
optimizes the following objective:

JGRPO(θ) = E{o(i)}G
i=1∼πθold (·|x)

[
1

G

G∑
i=1

1

|o(i)|

|o(i)|∑
t=1

min
( πθ(o

(i)
t |x, o(i)<t)

πθold(o
(i)
t |x, o(i)<t)

Ai,

clip

(
πθ(o

(i)
t |x, o(i)<t)

πθold(o
(i)
t |x, o(i)<t)

, 1− ϵ, 1 + ϵ

)
Ai

)]
, (6)

where Ai =
ri−mean(r)

std(r) is the normalized advantage shared across all tokens in output o(i).

A.2 ADDITIONAL EXPERIMENTS

In this section, we provide supplementary experiments to thoroughly ablate each component of
UTRL, and demonstrate further advantage of UTRL.

A.2.1 COMPARISON TO BEST-OF-N DISTILLATION

As an additional baseline for training unit test generator, we compare UTRL with best-of-N distil-
lation approach. For Best-of-N distillation, we sample 8 unit tests for each training instance using
Qwen3-4B, select one with maximum discrimination reward, and finetune the Qwen3-4B with the
selected unit test via SFT. As shown in the Table 3, although the best-of-N distillation approach
yields performance comparable to SFT w/ DUT baseline even without requiring ground-truth unit
tests for training, UTRL achieves superior performance.

A.2.2 EVALUATION ON LIVECODEBENCH

To evaluate whether the unit test generator LLM trained via UTRL generalizes to arbitrary un-
seen programming tasks, we additionally measure Best-of-N improvement and unit test fidelity of
UTRL on 511 programming tasks in LiveCodeBench (Jain et al., 2024b). As shown in the Ta-
ble 4, Qwen3-4B trained via UTRL achieves best-of-N improvement higher than GPT-4.1, and
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Unit test
generated by

Code LLM: Qwen3-4B Code LLM: Qwen3-8B

Score Acc (%) Score Acc (%)

Qwen3-4B + SFT w/ DUT 0.368 7.8 0.380 7.7
Qwen3-4B + best-of-N distil. 0.368 7.8 0.380 7.7
Qwen3-4B + UTRL 0.475 11.6 0.494 11.9

Table 3: Comparison to best-of-N distllation approach for training unit test generator.

Unit test
generated by

Code LLM: Qwen3-4B Code LLM: Qwen3-8B

Score Acc (%) Score Acc (%)

Qwen3-4B 0.704 55.2 0.714 55.4
Qwen3-4B + UTRL 0.744 59.9 0.752 59.3

Qwen2.5-7B 0.607 44.6 0.617 44.0
Qwen2.5-7B+CURE 0.660 48.2 0.671 47.7
Qwen2.5-7B+UTRL † 0.686 54.4 0.693 52.4

GPT-4.1 0.732 58.3 0.735 58.3

Table 4: Best-of-N improvement evaluation on LiveCodeBench. A unit test generator trained
via UTRL also generalizes to unseen tasks in LiveCodeBench, outperforming CURE. Moreover,
Qwen3-4B trained via UTRL achieves performance superior to GPT-4.1.

Qwen2.5-7B-Instruct trained via UTRL outperforms the same model trained via CURE. This re-
sults underscore that the effectiveness of unit test generator trained via UTRL well generalizes to
diverse unseen programming tasks.

A.2.3 EXPERIMENT ON DIFFERENT LLM
Although we mainly train Qwen3-4B and Qwen3-14B via UTRL, we additionally show effective-
ness of UTRL in training arbitrary LLMs. To this end, we train Llama3.1-8B-Instruct via UTRL
for 50 steps and evaluate best-of-N improvement of the unit tests generated by the resulting unit test
generator. As shown in the Table 7, UTRL effectively enhances the unit test generation capability
when applied to the Llama3.1-8B-Instruct, improving achieving best-of-N improvement of 11.75%
on average, which is remarkably higher than Llama-3.1-8B-Instruct model.

A.2.4 ABLATION ON WEIGHTING TERM FOR DISCRIMINATION REWARD

We conduct ablation study on hyperparameter λ, which controls the weight of the discrimination
reward for training unit test generator LLM. We sweep over λ ∈ (0.0, 0.85, 1.0). As shown in
the Table 6 and Table 7, setting λ = 0.0 leads to improved validity ratio, while resulting in lower
Best-of-N improvement, since the model is guided to generate test cases that are merely valid but
indifferent to discriminativeness. Conversely, setting λ = 1.0 results in a substantial fraction of
invalid test cases, which also degrades unit test quality measured by Best-of-N improvement. Setting
λ = 0.85 achieves the best unit test quality, balancing validity and discriminativeness of unit tests.
These results imply that both discrimination reward and validity reward are essential, and should be
balanced appropriately to produce high-quality unit tests.

A.2.5 ABLATION ON VALIDITY REWARD

In order to demonstrate the effectiveness of the validity reward and its design choice (see Equa-
tion 2), we conduct an ablation study comparing the following variants of the UTRL, (1) UTRL
trained without validity reward (i.e., w/o Rvalid), and (2) UTRL with validity reward but without
clipped normalization in validity reward term, where the validity reward is defined as a ratio of
valid test cases among the generated test cases (i.e., w/o clipping). Figure 10 shows the number
of test cases and the ratio of valid test cases in the generated unit test over training steps. UTRL
without Rvalid results in the generation of unit tests with more than 50% of invalid test cases, while
UTRL results in unit tests containing less than 35% of invalid test cases. Furthermore, in the case of
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Unit test
generated by

Code LLM: Qwen3-4B Code LLM: Qwen3-8B

Score Acc (%) Score Acc (%)

Llama-3.1-8B-Instruct 0.368 7.8 0.380 7.7
Llama-3.1-8B-Instruct + UTRL 0.475 11.6 0.494 11.9

Table 5: Performance of Llama-3.1-8B-Instruct trained via UTRL. UTRL effectively improve the
unit test generation capability of Llama-3.1-8B-Instruct, which is measured by best-of-N improve-
ment.

Code LLM: Qwen3-4B Code LLM: Qwen3-8B

Score Acc (%) Score Acc (%)

λ = 0 0.509 12.4 0.524 13.1
λ = 0.85 0.514 13.7 0.534 13.8
λ = 1.0 0.485 12.3 0.492 11.5

Table 6: Best-of-N improvement according to weighting factor for discrimination reward λ.

UTRL without clipping, we observe that the model collapses to generate an extremely small num-
ber of trivial test cases in order to maximize the ratio of the valid test cases, hindering the learning
progress toward generating comprehensive unit tests. These results demonstrates the effectiveness
of the design choice of UTRL.

A.2.6 BEST-OF-N IMPROVEMENT MEASURED WITH ADDITIONAL CODE GENERATORS

Table 8 presents Best-of-N improvement measured when Qwen3-4B and GPT-4o is used for code
generator LLM. In this evaluation, UTRL still achieves the highest code accuracy and code score,
demonstrating that LLMs trained via UTRL produces high-quality unit tests that can effectively
evaluate code generated by various code LLMs.

A.3 IMPLEMENTATION DETAILS

In this section, we provide implementation details of UTRL and other baselines in our experiments.
Hyperparameters are described in Table 9.

Training details of UTRL For training, we utilize 15,249 programming task instances provided
in training split of TACO dataset, where we exclude instances without a ground-truth code solution
and those whose unit test annotation do not follow stdio format (e.g., functional assertions), and
1,000 programming task instances for validation. In our experiment, we train instruction-finetuned
Qwen3-4B and Qwen3-14B via UTRL. For Qwen3-4B experiment, we train the unit test generator
for 50 steps in the first iteration, and train the code generator for 330 steps, and then continually train
the unit test generator for 170 steps in the second iteration. For Qwen3-14B experiment, we train the
unit test generator for 100 steps at the first iteration, without further iteration. We use weighted sum
of discrimination reward and validity reward (see Equation 3) measured on the 1,000 validation tasks
as a validation metric to choose training steps. For the number of LLM-generated code samples to
define a discrimination reward, we set the value as 8. For τ , a hyperparameter to adjust the desired
minimum number of the test cases in the unit test, we set the value as 12. Additionally, for λ, a
weighting factor for the discrimination reward, we set this value as 0.85. Moreover, in order to
ensure fair comparison with CURE, we also implement UTRL † by training Qwen2.5-7B-Instruct
via UTRL for 100 steps using the 4.5K training tasks, following the experimental setup of CURE.
For UTRL †, we trained the model only for a single iteration.

Implementation of Pass function We describe implementation details about the Pass function,
which is core component of reward computation. Given a code C and a test case T , we consider
Pass(C, T ) is 1 (i.e., code C passes test case T ) if (1) the code C builds successfully without any
syntax error, (2) the execution of test case T regarding the code C does not return any error (e.g.,
assertion error), and (3) the execution of test case T regarding the code C runs under 10 seconds.
Otherwise, we consider Pass(C, T ) is 0 (i.e., code C does not pass test case T ).

Details of baselines
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validity ratio (%)

λ = 0 64.3
λ = 0.85 57.2
λ = 1.0 49.7

Table 7: Ratio of valid test cases according to weighting factor for discrimination reward λ.

Unit test
generated by

Qwen3-4B GPT-4o

Score ∆Score Acc (%) ∆Acc (%p) Score ∆Score Acc (%) ∆Acc (%p)

Qwen3-4B 0.430 +0.084 9.8 +1.8 0.459 +0.057 13.4 +2.7
Qwen3-8B 0.435 +0.089 9.7 +1.7 0.470 +0.070 12.6 +1.9
Qwen3-14B 0.461 +0.115 9.7 +1.7 0.475 +0.075 13.3 +2.6
DeepSeek-Coder-Lite-V2 0.407 +0.061 9.0 +1.0 0.458 +0.056 12.9 +2.2

GPT-4o 0.457 +0.111 10.6 +2.6 0.494 +0.094 12.1 +1.4
GPT-4.1 0.528 +0.182 14.2 +6.2 0.548 +0.148 15.3 +4.6

Qwen3-4B + SFT w/ DUT 0.457 +0.127 11.7 +4.5 0.437 +0.239 14.0 +7.5
Qwen2.5-7B + CURE 0.421 +0.092 10.2 +3.0 0.459 +0.261 13.8 +7.3
Qwen2.5-7B + UTRL † 0.502 +0.173 14.0 +6.8 0.526 +0.328 16.0 +9.5
Qwen3-4B + UTRL 0.536 +0.207 14.2 +7.0 0.551 +0.353 16.7 +10.2
Qwen3-14B + UTRL 0.548 +0.219 15.0 +7.8 0.557 +0.359 17.5 +11.0

GT (upperbound) 0.630 +0.284 20.2 +13.0 0.599 +0.197 21.7 +11.0

Table 8: Best-of-N improvement measured on TACO evaluation set using Qwen3-4B and GPT-4o
as code generator LLM. UTRL shows the highest best-of-N improvement compared to baselines.
Here, UTRL † denotes the variant of UTRL using 4.5K programming tasks for training, for fair
comparison to CURE.

• SFT with DUT: As a training dataset, we use the 15,249 training task instances in TACO dataset,
exactly same as UTRL, and we fine-tune Qwen3-4B. To label the unit test for SFT, we randomly
select 12 test cases from the ground-truth unit test for each task in the TACO dataset. As shown
in Figure 11 (left), we format the target response by listing the 12 test cases without reasoning
and use them directly as SFT labels.

• SFT with Dreason+UT: As a training dataset, we use the 15,249 training task instances in TACO
dataset, and we fine-tune Qwen3-4B. In order to label Dreason+UT with reasoning-annotated unit
tests, we prompt Gemini-2.5-flash with the programming instruction to generate 12 test cases
with reasoning. We then filter out functionally invalid test cases (i.e., test cases that fail under
the ground-truth solution), and use the remaining valid test cases annotated with reasoning as
SFT labels. We remark that this is replication of CodeRM (Ma et al., 2025), which utilized
Llama3-70B-Instruct to label unit test with reasoning, and train the Llama3-8B-Instruct with the
labeled dataset.

• CURE: For evaluating CURE and compare it with UTRL, we use the open-source ReasonFlux-
7B-Coder, which is Qwen2.5-7B-Instruct fine-tuned with the CURE algorithm using 4.5K pro-
gramming tasks from a subset of the CodeContest dataset (Li et al., 2022). In order to ensure fair
comparison, we train Qwen2.5-7B-Instruct with UTRL using the same 4.5K training tasks (de-
noted as UTRL †), and compare the resulting model with ReasonFlux-7B-Coder. Additionally,
following the evaluation setup of CURE (Wang et al., 2025a), for each programming instruction
in evaluation set, we sample 16 test cases to form a single unit test, using the prompt format
provided in the CURE paper.

A.4 EVALUATION DETAILS

Evaluation tasks Across all experiments, we use 945 competitive programming tasks in the eval-
uation split of the TACO dataset. The evaluation tasks span diverse difficulty levels, and each task
is annotated with highly comprehensive unit test (i.e., ground-truth unit test) which comprises an
average of 202.3 test cases. The tasks were collected from Codeforces, CodeChef, HackerRank, and

17



918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971

Under review as a conference paper at ICLR 2026
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Figure 9: Best-of-N performance gains obtained
by UTRL at the same iterations. Across 4 code
generation models, iteration 2 results in improved
best-of-N improvement compared to iteration 1.
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Figure 10: Averaged number of test cases in
the generated unit test and ratio of valid test
cases across RL training steps. Ablated vari-
ants of UTRL results in generation of unit
test with invalid test cases, or only few trivial
test cases.

```
Input:
8
Output:
BuzzFizz78FizzBuzz11
```

```
Input:
2
Output:
2Fizz4BuzzFizz78Fizz
```

```
Input:
4
Output:
izz4BuzzFizz78FizzBu
``` … …

<reasoning>
Reasoning for test case 1. The purpose of this test 
case is to verify the most basic ...
</reasoning>
```
Input:
1
Output:
12Fizz4BuzzFizz78Fiz
```

<reasoning>
Reasoning for test case 2. This test case 
corresponds to one of the examples provided ...
</reasoning>
```
Input:
20
Output:
zzBuzz11Fizz1314Fizz
```

Figure 11: Examples of unit test annotations for two datasets for SFT baselines (SFT with DUT and
SFT with Dreason+UT). Dreason+UT is annotated by ground-truth unit tests, while Dreason+UT is annotated
by the teacher model (Gemini-2.5-flash).

HackerEarth, which are widely used competitive programming platforms, where the task distribu-
tion is described in Table 10.

Best-of-N improvement For measuring Best-of-N improvement, we utilize LLM for sampling 32
code solutions, and select the best code solution by using the generated unit test as a code evaluator
(i.e., select the code solution that passes the largest number of test cases in the generated unit test).
We then evaluate code score and code accuracy regarding the selected code solution, using ground-
truth unit tests provided in the TACO evaluation dataset. An intuition behind this evaluation is that a
more discriminative unit test will identify and select higher-quality code among multiple candidate
code solutions. We evaluate the Best-of-N improvement on multiple code generator LLMs, Qwen3-
4B, 8B, 14B, and GPT-4o.

Unit test fidelity Unit test fidelity measures whether the generated unit tests induce code evalua-
tion consistent with the code evaluation by the ground-truth unit tests. For each programming task,
we first sample 128 code solutions using Qwen3-4B, 8B, 14B and GPT-4o (i.e., sample 32 code
solutions using each LLM). We then evaluate code score of the 128 code solutions twice, once by
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Methods Optimizer LR Batch size warmup kl coef sampling temperature

UTRL (iter 1) AdamW 1e-6 128 1e-2 1e-3 1.0
UTRL (iter 2) AdamW 5e-6 128 1e-2 1e-3 1.0
CURE AdamW 1e-6 128 1e-2 1e-2 1.0
SFT w/ DUT AdamW 1e-5 128 1e-2 - -
SFT w/ Dreason+UT AdamW 1e-5 128 1e-2 - -

Table 9: Training hyperparameters of UTRL and baselines.

CodeForces CodeChef HackerRank HackerEarth

# of tasks 540 245 20 40

Table 10: Distribution of evaluation tasks over multiple competitive programming platforms.

using the ground-truth unit test, and once by using the generated unit test, which induces two score
vectors length of 128 (i.e., number of code solutions under evaluation) and each score ranges from 0
to 1. Finally, we compute Spearman’s correlation between these two vectors to quantify how closely
the generated unit tests reproduce the code evaluations of the ground-truth unit test.

A.5 PROMPTS

In this section, we provide the prompts used in our experiments: (1) unit test generation, (2) code
generation, and (3) rationalization, which were used for the RT baseline in Section 4.3.

Unit test generation prompt

System prompt:
You are an expert Python programmer capable of generating test cases
for Python programming tasks.
Given a programming task, generate several independent test cases with
corresponding reasoning.
Each test case should be independent of the others and sharply target
distinct corner cases so that arbitrary faulty code
solutions can be detected.
Before writing each test case, think deeply
about the input arguments that expose extreme or subtle edge cases,
and reason about the expected output.
After completing the reasoning process, generate the test case
in stdio format.
Specifically, your output should follow the format below:

<reasoning>
Reasoning for test case 1
First, reason about the input arguments that can discriminate an
incorrect code solution (e.g., edge cases).
Ensure the input arguments test aspects independent of
previous test cases.
Then, derive the expected output from the problem description.
</reasoning>
‘‘‘
Input:
stdio format input 1

Output:
stdio format output 1
‘‘‘

<reasoning>
Reasoning for test case 2
First, reason about the input arguments that can discriminate an
incorrect code solution (e.g., edge cases).
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Ensure the input arguments test aspects independent of
previous test cases.
Then, derive the expected output from the problem description.
</reasoning>
‘‘‘
Input:
stdio format input 2

Output:
stdio format output 2
‘‘‘
...

<reasoning>
Reasoning for test case 12
First, reason about the input arguments that can discriminate an
incorrect code solution (e.g., edge cases).
Ensure the input arguments test aspects independent of
previous test cases.
Then, derive the expected output from the problem description.
</reasoning>
‘‘‘
Input:
stdio format input 12

Output:
stdio format output 12
‘‘‘

Ensure the following:
1. Do not include solution code in your response; generate
exactly 12 test cases.
2. For each test case, provide a detailed rationale.
3. Each test case must be independent; avoid duplicates.

User prompt:
Here is the problem description:

{problem_query}

Based on comprehensive reasoning, generate comprehensive unit test
involving several test cases for the given problem.
The test cases should cover various edge cases,
corner cases, and normal cases, at the same time, functionally correct.

Code generation prompt

System prompt:
You are an expert Python programmer.
Based on the problem description, solve the coding
problem efficiently.
Think step by step, then write a Python solution that
solves the problem.
Follow the format below:

<reasoning>
Write your reasoning here.
</reasoning>

‘‘‘python
Write your Python solution here. It should run with stdio-format input.
‘‘‘
User prompt:
Here is the problem description:
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{problem_query}

A.6 LIMITATIONS & FUTURE DIRECTIONS

We outline the limitations of UTRL and promising directions for future research.

Performance gap with ground-truth unit tests Although we show that UTRL is a promising
direction for improving unit test generation capabilities of LLMs, a performance gap remains be-
tween UTRL-generated unit tests and ground-truth unit tests. As UTRL can be combined with
arbitrary online RL algorithms, we believe that investigation on RL algorithm enabling better ex-
ploration, and combination of UTRL with the better RL algorithm will further improve the unit test
generation performance.

Extension to broad software engineering domains While our work conducts experiments on
the competitive programming task domain, UTRL can be applied to broader software / program-
ming domains. Scaling UTRL with large-scale instruction–code datasets covering a wider range of
programming scenarios might be a promising direction for future work.

Considerations for variable length unit tests UTRL trains the LLM to generate fixed number
of test cases per unit test. Future work could explore framework that enables adaptive generation of
variable-length unit tests depending on the complexity of the given programming task.
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