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ABSTRACT

Reinforcement Learning with Verifiable Rewards (RLVR) has improved the rea-
soning abilities of Large Language Models (LLMs) by using rule-based binary
feedback, helping to mitigate reward hacking. However, current RLVR methods
typically treat whole responses as single actions, assigning the same reward to
every token. This coarse-grained feedback hampers precise credit assignment,
making it hard for models to identify which reasoning steps lead to success or
failure, and often results in suboptimal policies. Methods like PPO provide credit
assignment by value estimation, but yield inaccurate and unverifiable signals due
to limited sampling. On the other hand, methods using Process Reward Models
can provide step-wise rewards but suffer from several key limitations: they require
high-quality process supervision labels, the feedback is unreliable due to proba-
bilistic reward modeling, and their application in online reinforcement learning
(RL) is time-consuming. To overcome these limitations, we introduce a simple
but efficient method—Credit Assignment Policy Optimization (CAPO). CAPO
avoids the complexities of prior approaches. Instead of training auxiliary models,
CAPO directly leverages an off-the-shelf, general-purpose LLM as a Generative
Process Reward Model (LLM-as-GenPRM) to generate all step-wise critique by
one pass only based on the correctness of the step itself, providing deterministic
token-level credits to refine the tokens that were originally assigned identical rule-
based rewards. This design choice not only simplifies the training pipeline but also
enhances its generality, as our experiments show it works effectively with various
powerful, widely accessible open-source models. The fine-grained feedback en-
ables a crucial shift from purely outcome-oriented to process-oriented learning;
our analysis of this dynamic leads to a reward structure that balances both objec-
tives. To further enhance the accuracy and robustness, we employ voting mech-
anisms that scale with the number of generated critiques. Extensive experiments
on various backbones like Llama and Qwen models show that CAPO consistently
outperforms supervised learning-based and RL-based fine-tuning methods across
four challenging mathematical benchmarks and three out-of-domain benchmarks.
Further analysis shows that CAPO can help the model to foster the learning of
correct reasoning pathways leading to correct answers.

1 INTRODUCTION

Reinforcement Learning with Verifiable Rewards (RLVR) has demonstrated significant success in
enhancing the reasoning capabilities of Large Language Models (LLMs) (Lambert et al., 2024; Guo
et al., 2025). Particularly in the post-training phase, RLVR enhances models’ mathematical and
code reasoning abilities. Recently, a substantial body of work (Su et al., 2025; Lu, 2025; Sane,
2025; Dao & Vu, 2025; Tang et al., 2025b) has extended the application of RLVR to diverse do-
mains beyond mathematics and code, achieving widespread validation and notable progress. RLVR
employs verifiable, rule-based reward functions to provide models with clear binary feedback dur-
ing reinforcement learning. This approach mitigates reward-hacking, often caused by reliance on
subjective human evaluations or complex reward models (Eisenstein et al., 2023; Gao et al., 2023;
Dong et al., 2023), thereby fostering a more transparent and efficient training process.

However, prevailing rule-based RLVR methods typically assign the binary reward of the entire re-
sponse as the raw return to all tokens. This approach leads to two significant issues: it fails to
provide differentiated feedback and entirely neglects the problem of credit assignment. Firstly, we
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(4) Answer incorrect and process with more wrong steps.

RLVR can’t give Differentiated Feedback

(1) Answer correct and process correct.

First, calculate the time Michael ta… During this time, Aaron… Now, let‘s consider David… Therefore…\boxed{20}.

First, consider the time it will take… Michael travels \(7 \text… The point where they meet… We can … \boxed{25}.

First of all, determine the time it … Aaron travels \(17 \text{ k… Now, let‘s consider David… Therefore…\boxed{25}.

First, let’s consider the time it takes… He must cover \(85 - 60 = … The point where they may… Therefore…\boxed{15}.

(2) Answer correct but process incorrect.

(3) Answer incorrect and process with few wrong steps.

+1

-1

-1

+1

Reward

(a) The coarse credit assignment problem in RLVR.
RLVR assigns rewards based solely on the final out-
come, failing to provide differentiated feedback. This
lack of granular feedback hinders the model’s ability
to learn robust reasoning processes.
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(b) Training dynamics of CAPO on Qwen2.5-7B. The
growth in CAPO’s response length indicates effective
exploration, where the model learns to produce more
meaningful, exploratory steps, leading to higher accu-
racy.

Figure 1: Addressing the coarse credit assignment problem with CAPO. (a) A schematic illustrating
the core limitation of RLVR, where a single final reward fails to provide granular feedback for the
reasoning process. (b) The training dynamics of our CAPO, on Qwen2.5-7B, demonstrating effec-
tive learning where increased exploration (longer responses) correlates with higher final accuracy.

use an example to illustrate the problem of lack of differentiated feedback in Figure 1a. The qual-
ity of different responses to a single question can vary dramatically. A significant gap can exist
even among responses that are all correct or all incorrect. As shown in Figure 1a, a response with
a correct answer might have a completely correct process or a few containing flawed steps. Simi-
larly, a response with an incorrect answer might have a process that is mostly wrong, or one where
only a few steps are erroneous. Therefore, merely assigning a binary reward is far from sufficient.
Secondly, the current rule-based RLVR methods simplified the RL problem to a contextual dueling
bandit setting (Dudı́k et al., 2015; Zeng et al., 2024; Yue et al., 2012) where the entire response is
treated as a single action, thereby avoiding the need for a value model. And therefore it ignored the
credit assignment step, which is an important step in reinforcement learning.

On the other hand, existing methods providing fine-grained credit are prone to reward hacking. As
shown in Table 1, in addition to PPO, to conduct fine-grained credit assignment, some works densify
the rewards by decomposing sequence-level rewards to token-level feedback, using attention-based
credit (Chan et al., 2024) or Shapley values (Cao et al., 2025) (densification-based RL). However,
these methods rely on a reward model or other complicated external sources, causing potential re-
ward hacking. Another line of work employs process reward models (PRMs) (Lightman et al., 2023;
Setlur et al., 2024). While PRMs can provide step-wise rewards, they face significant practical chal-
lenges: they rely on high-quality, costly manual annotations and require multiple inference calls for
each step, reducing their efficiency in online RL. Beyond these practical issues, the core problem
with PRMs and estimation-based methods mentioned above still lies in the inaccuracy and unre-
liability of their credit assignment. The value model in PPO, for instance, is unreliable due to its
dual-optimization objective. Similarly, existing PRMs typically model process rewards as a form of
value estimation, predicting the future returns of a current state. However, this Monte Carlo-based
estimation is challenging due to limited sampling and the intricate interaction between the policy and
completion models. Worse still, optimizing PRMs on the Best-of-N evaluation metric often causes
an unintended ”process-to-outcome” shift (Zhang et al., 2025c), where the model learns to prioritize
the final answer over a sound reasoning process, undermining the purpose of process supervision.

To address these challenges, we introduce Credit Assignment Policy Optimization (CAPO). In-
spired by GRPO’s simplicity, we discard the probabilistic value estimation of process rewards and
adopt a deterministic, binary evaluation. Our approach focuses solely on the intrinsic correctness of
each step—identifying objective errors like flawed calculations or logic—rather than predicting its
long-term value. This simpler, more straightforward approach reduces the risk of reward hacking.
Specifically, we use an off-the-shelf, general-purpose LLM as a Generative Process Reward Model
(LLM-as-GenPRM) to achieve this goal, prompting it to efficiently generate all step-wise critique(or
said judgment) in a single pass only based on the correctness of the step itself, thereby providing
step-wise credit feedback for each generated response during online RL. This makes our method
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Table 1: Comparison of existing methods to conduct credit assignment. Here N is a number larger
than 1. CAPO is an efficient, simple, and general method that provides reliable credit assignment.

Method
High-Quality

Data
Number of

Inference Calls
Providing

Reliable Rewards
Test-Time

Scaling
Fine-grained

Credits

PPO ˆ 1 ˆ ˆ ✓
Densification-based RL ˆ 1 ˆ ˆ ✓
PRM ✓ N ˆ ˆ ✓
CAPO ˆ 1 ✓ ✓ ✓

remarkably simple to implement and broadly applicable, as it does not require specialized or finely-
tuned reward models. The use of publicly available, powerful LLMs as the GenPRM significantly
lowers the barrier for replication and further extension by the research community. We then apply a
penalty to the credits of their corresponding tokens that were originally assigned identical rule-based
rewards. This enables a shift from outcome- to process-oriented learning, but we find this introduces
a new challenge: a conflict between the two reward signals. We therefore analyze their dynamics
and utilize reward shaping to create a hierarchical reward structure, effectively balancing both ob-
jectives. To enhance robustness and accuracy, we scale up the number of critiques generated by
the LLM-as-GenPRM and use voting mechanisms to produce more accurate penalty assignments.
Finally, we use these credits to conduct policy optimization.

The extensive experiments show that CAPO consistently outperforms both supervised fine-tuning
and reinforcement learning-based methods. Furthermore, our analysis reveals the mechanism behind
this success: CAPO actively fosters the learning of correct reasoning pathways, guiding the model
to generate solution trajectories that lead to correct answers and promote more effective exploration.

We summary our main contributions as follow:

• We identify the critical challenge in RL-based LLM fine-tuning, where current methods fail
to achieve fine granularity, reliability, and efficiency simultaneously. We show that while
standard RLVR is reliable, it lacks granularity. Conversely, fine-grained methods often
become unreliable and susceptible to reward hacking due to their reliance on complex,
estimation-based signals.

• We propose Credit Assignment Policy Optimization (CAPO), an efficient and simple
method for the critical credit assignment problem in RLVR. We propose to focus back
on the correctness of the step itself and employ an LLM-as-GenPRM to assign reliable
step-wise rewards, enabling token-level fine-grained credit attribution.

• We conduct an in-depth analysis of the shift from outcome- to process-oriented learning
enabled by fine-grained rewards. We identify a critical conflict between these two signals
and, based on our empirical observations, propose an asymmetric reward shaping strategy.
Our approach creates a hierarchical learning objective that prioritizes correct outcomes
while secondarily encouraging sound reasoning, effectively balancing the two signals.

• Extensive experiments on four mathematical and three general reasoning benchmarks with
Llama3-1B/3B and Qwen2.5-1.5B/7B/14B show that CAPO consistently outperforms su-
pervised learning and other RL approaches lacking fine-grained credit assignment.

2 PROBLEM ANALYSES

Reinforcement Learning provides a robust paradigm for fine-tuning Large Language Models
(LLMs) beyond standard supervised objectives (Ziegler et al., 2019; Ouyang et al., 2022). In this
paradigm, the LLM acts as a policy πθ that sequentially generates tokens at (actions) given the pre-
ceding sequence st (state), forming a trajectory τ “ ps0, a0, . . . , sT , aT q where the state st typically
represents the sequence of previously generated tokens (e.g., o0, . . . ,ot´1), and an action at is the
selection of the next token ot from the vocabulary V . The goal is to optimize πθ to maximize the
expected cumulative reward Jpθq “ Eτ„πθ

r
řT

t“0 γ
trts.

While the framework is well-defined, a critical and unresolved challenge lies in credit assignment:
determining which specific actions within a long trajectory are responsible for the final outcome and

3
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Wrong step
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Wrong step
list:[1,3]

Wrong step
list:[2,3]

First, determine the time it takes … During this time, Aaron… Now, let‘s consider David… Therefore…\boxed{25}.

Figure 2: An overview of our method Credit Assignment Policy Optimization (CAPO). We utilize
a LLM as a GenPRM to identify all incorrect steps within a model’s generated rollout in a single
pass. During credit assignment, we then suppress these erroneous steps, which prevents the correct
portions of the sequence from being unfairly penalized, enabling the model to learn correct reasoning
pathways. We denote Wwhole and Wprocess as C and P for short.

to what extent. Below, we analyze the limitations of prevailing credit assignment strategies, which
motivates our work.

The Coarse-Grained Feedback Dilemma in Outcome-Based RL. A typical strategy in RLVR,
exemplified by methods like Group Relative Policy Optimization (GRPO) (Shao et al., 2024), is to
assign an identical reward to all tokens based solely on the final outcome as Âi

t “
Ri

´meanptRi
u
G
i“1q

stdptRiuGi“1q

for any token ot, t “ t1, . . . , T u, where Ri is the response-level rule-based reward. The absence
of granular feedback in GRPO means the model cannot differentiate between partially correct and
entirely flawed reasoning. This makes it difficult to learn robust reasoning logic, as the model fails
to reinforce correct steps or penalize individual errors.

The Vulnerability to Reward Hacking in Fine-Grained Approaches. We argue that the primary
challenge in achieving fine-grained credit assignment lies in providing reliable process credits while
avoiding reward hacking. A key factor in the success of methods like GRPO is their simple and
direct reward design, which minimizes dependence on external sources (such as auxiliary models
or complex rules) and is thus robust against reward hacking. In contrast, while methods utilizing
an auxiliary model—like a reward model (Chan et al., 2024) or a value model (Schulman et al.,
2017)—can offer fine-grained credit assignment, they are inherently vulnerable to being hacked by
this very model. The policy can learn to exploit inaccuracies or biases in the auxiliary model to
maximize rewards, often at the expense of true performance. This vulnerability also extends to
approaches based on PRMs. Beyond suffering from the high costs of online RL application and
manual annotations, PRMs face a more fundamental issue. They typically function as predictive
estimators of a solution’s potential, often relying on Monte Carlo methods Such probabilistic mod-
eling can introduce substantial noise and unreliability into the process-level rewards (Zhang et al.,
2025c), creating opportunities for the policy to find and exploit spurious correlations.

Therefore, a critical research question emerges: how can we design a credit assignment method that
is both simple and effective, providing the benefits of fine-grained feedback without introducing
complex dependencies that lead to reward hacking?

3 CAPO: THE PROPOSED APPROACH

The preceding analysis of existing methodologies reveals a critical gap in the current works of
RL-based LLM fine-tuning. We therefore propose our approach, called Credit Assignment Policy
Optimization (CAPO), which aims to achieve fine-grained and reliable credit assignment efficiently,
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with an overview in Figure 2. We first prompt the off-the-shelf LLM-as-GenPRM to obtain the
judgment for each step in a single pass. Then, we conduct credit assignment by setting asymmetric
penalty to tokens in wrong steps. Finally, we use these credits to conduct RL training.

3.1 PROCESS CREDITS GENERATION VIA LLM-AS-GENPRM
To avoid the complex modeling and dependencies of existing fine-grained approaches, we propose to
model the process credits in a deterministic manner. Our method focuses on the intrinsic correctness
of each step, rather than its estimated future returns. To achieve this, we introduce an LLM as a
GenPRM (LLM-as-GenPRM) to identify erroneous steps in the responses produced by the policy
model rollouts during RL. A key advantage of this framework is its immediate applicability using
existing open-source models without any domain-specific fine-tuning of the GenPRM itself. This
not only validates the general reasoning capabilities of modern LLMs but also opens up a promising
avenue for future work, where the GenPRM could be further fine-tuned on specific verification data
for even greater accuracy and efficiency. We use the LLM to generate the rewards in a single pass for
all steps efficiently. Given the training data pq,aq P D, we sample n rollouts from the policy model
πθold : tyiu

n
i“1 „ πθoldp¨ | qq. Then for each rollout, we utilize LLM-as-GenPRM πLLM-as-GenPRM

to generate k critiques:

tcjukj“1 „ πpLLM´as´GenPRMqp¨ | I, q, yiq,

where I is the critic prompt for LLM-as-GenPRM. Next, we extract the step indexs of wrong steps
from critiques: Si,j “ ExtractIndicespcjq,@j P t1, . . . , ku, where Si,j represents the set of wrong
step indices identified by the j-th critique cj for the i-th rollout yi. For each rollout yi, this process
yields k sets of indices, denoted as tSi,jukj“1.

These sets of indices are then aggregated through a voting mechanism to produce a final set S˚
i of

erroneous step indices for rollout yi. The voting process can employ various strategies, including:

• Intersection Vote: This conservative approach requires consistent agreement among all k
critiques. The final set contains only those step indices consistently identified as erroneous
by all k critiques: SX

i “
Şk

j“1 Si,j . This method maximizes precision and is robust to
false positives, but it may miss genuine errors not caught by all critiques, leading to lower
recall.

• Majority Vote: A balanced strategy that declares a step as erroneous if it is flagged by at
least half of the critiques. Let countpsq be the number of times step index s appears across
all sets tSi,jukj“1. The final set is Smaj

i “ ts | countpsq ě k{2u. This offers a compromise
between intersection and union.

A single sampled response carries high randomness from the model’s stochastic decoding. By gen-
erating multiple critiques, we reduce the noise for robust and reliable identification of wrong steps.
We here only present the implementation of the most representative voting mechanism for limited
space. And the details of other voting mechanisms and discussion can be found in Appendix.

3.2 FINE-GRAINED CREDIT ASSIGNMENT

For a given rollout yi “ po1, o2, . . . , oLiq, where ot is the t-th token and Li “ |yi| is the total
number of tokens in the response, we aim to assign credit more precisely.

Localizing Contributions with Token-level Rewards. We initialize all the tokens in yi with the
score of response-level reward rv from the rule-based verifier, scaled by a factor Wwhole. Let S˚

i be
the set of identified erroneous step indices for response yi. We define T i

err as the set of token indices
belonging to these erroneous steps:

T i
err “

ď

sPS˚
i

tt | token ot is part of step su.

The token reward Ri
t for token ot in response yi is then formulated as:

Ri
t “ rv ¨ Wwhole ´ Ipt P T i

errq ¨ Wprocess, (1)

where Ipt P T i
errq is an indicator function that equals 1 if token ot is part of an erroneous step, and

0 otherwise. Wprocess is the factor controlling the magnitude of the penalty. Equation 1 integrates
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both process and outcome rewards into a single formulation. However, we empirically find that
these two signals can conflict, creating a challenging optimization dynamic. Therefore, we conduct
an analysis of their interaction and utilize reward shaping to balance their influence as below.

The Shift from Outcome-Oriented Learning to Process-Oriented Learning. The introduction of
a penalty for process errors, as formulated in Equation 1, transforms the optimization from a single-
objective setting into a multi-objective one. The model is no longer solely focused on the correctness
of the final answer, but must also learn to focus on its intermediate steps. This necessitates a careful
investigation into how these two reward signals interact and how their balance can be calibrated for
optimal performance.

To analyze this interaction, we first consider the mode where process-based rewards dominate. Em-
pirically, we observe that when the process penalty is too high, the response length and per-token
reward increase, while final answer accuracy declines. We find that the model will overfit to a cer-
tain behavior pattern, optimizing for easily attainable process-level rewards (e.g., generating long,
simple, but correct steps) at the expense of the ultimate goal. In contrast, a dominant outcome-based
reward acts as a crucial corrective force, anchoring the policy back to the primary objective. We
summarize our key insights about the mechanism of interaction of these two signals below, and the
detailed discussion and validation can be found in the experiments and Appendix.

Observation 1: Learning from the process is a more challenging objective. In the early
stages of optimization, accumulating correct process steps might not lead to a correct result,
and even slow down the training.

Observation 2: The process-oriented signal becomes critically important in the later stages
of optimization. It helps to differentiate and prioritize samples with better reasoning among
numerous responses that achieve the same outcome.

These observations leads to our reward shaping design, which can be framed in the context of Multi-
Objective Reinforcement Learning (MORL) (Mossalam et al., 2016; Wu et al., 2023). Our approach
employs a linear scalarization of the two objectives. Based on the observations of the learning
process, we adopt an asymmetric configuration (Wwhole ą Wprocess) in Equation 1 to construct the
reward formulation. By setting Wwhole ą Wprocess, we ensure that any trajectory leading to a correct
answer is always preferred over any trajectory leading to a wrong one, regardless of process errors.
Within this primary constraint, the model is then secondarily encouraged to refine its reasoning
process. For example, Wwhole “ 2,Wprocess “ 1 yields a spectrum of distinct rewards that provides
diverse, fine-grained feedback:

Correct Answer, Correct Process: R “ 2 ¨ 1 ´ 1 ¨ 0 “ `2

Correct Answer, Incorrect Process: R “ 2 ¨ 1 ´ 1 ¨ 1 “ `1

Incorrect Answer, Correct Process: R “ 2 ¨ 0 ´ 1 ¨ 0 “ 0

Incorrect Answer, Incorrect Process: R “ 2 ¨ 0 ´ 1 ¨ 1 “ ´1

This structured hierarchy provides a robust and interpretable learning signal. More detailed analysis
of the weights Wwhole and Wprocess is provided in our ablation study.

Group-Relative Per-Token Normalization. After obtaining the per-token reward Ri
t, the advan-

tage Âi
t for token ot in rollout yi is calculated by normalizing Ri,t using the mean and standard

deviation of all per-token rewards across a batch of n rollouts. Let tpyj , tRj
t1 u

Lj

t1“1qunj“1 be the set
of rollouts and the per-token rewards in the batch. The fine-grained advantage estimate is:

Âi
t “

Ri
t ´ meanptRj

t1 uj“1,...,n, t1“1,...,Lj
q

stdptRj
t1 uj“1,...,n, t1“1,...,Lj

q
. (2)

This formulation ensures that the advantage estimates directly reflect the reliable, fine-grained and
token-level feedback, guiding the policy update to specifically suppress the generation of erroneous
segments while appropriately rewarding correct ones. Then, we derive the final objective function
below and subsequently use this objective function to update the policy model:

JCAPOpθq “Eq„Q, tyiuni“1„πθold
po|qq

1

n

n
ÿ

i“1

1

Li

Li
ÿ

t“1

min

"

πθpoi,t|q, oi,ătq

πθoldpoi,t|q, oi,ătq
Âi

t, clip

ˆ

πθpoi,t|q, oi,ătq

πθoldpoi,t|q, oi,ătq
, 1 ´ ϵ, 1 ` ϵ

˙

Âi
t

*

´ βDKL rπθ}πref s .
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4 EXPERIMENTS

4.1 EXPERIMENTS SETUPS

Implementation Details. To validate the effect of diversity generalization of our method, We con-
duct experiments on Llama-3-1B/3B-Instruct (Dubey et al., 2024), Qwen2.5-1.5B/7B-Base (Team,
2024) for mathematical reasoning tasks. For Llama-3-1B-Instruct and Llama-3-3B-Instruct, we di-
rectly perform RL on the MATH dataset (Hendrycks et al., 2021) with 7.5k samples and the more
challenging DAPO-Math dataset (Yu et al., 2025) with 9.8k samples, respectively. For Qwen2.5-
1.5B/7B-Base, We first conduct SFT using NuminaMath-CoT (LI et al., 2024) with 860K samples.
Then for 1.5B model, we conduct RL using MATH dataset. And for 7B model, we train the model
using DAPO-Math dataset. As for the generative reward model, we utilize Qwen2.5-72B-Instruct
as LLM-as-GenPRM for Qwen series experiments and Llama-3-70B-Instruct for Llama series ex-
periments without fine-tuning for the step-wise verification task. For the voting mechanisms, in the
main experiments, we use N=4 critiques with different voting mechanisms to balance the trade-off
between efficiency and performance. All the hyperparameters of RL and SFT training could be
found in Table 11. We also conduct experiments using the 8k difficulty-stratified dataset following
Zero RL setting in Zeng et al. (2025) without cold start SFT and extend to the larger base model
like Qwen2.5-14B. The results are shown in Table 5, 6 and 8. In this series of experiments, to fur-
ther verify the weak dependency of our method on the scale and capability of the GenPRM,
we employ Qwen2.5-14B/32B-Instruct as the GenPRM. We use \n \n as a delimiter following
the widely accepted convention in the Process Reward Model literature (Zhang et al., 2025b; Yang
et al., 2024; Zheng et al., 2025). All the experiments are conducted on 96 NVIDIA A100 40G GPUs.

Evaluation Setups. We evaluate the performance on four mathematical reasoning benchmarks:
MATH (Hendrycks et al., 2021), Olympiadbench (He et al., 2024), AMC2023 (Mathematical As-
sociation of America, 2023), AIME2024 (Mathematical Association of America, 2024). We also
include evaluation on three out-of-distribution benchmarks ARC-c (Clark et al., 2018),MMLU-
Pro (Wang et al., 2024),GPQA-diamond (Rein et al., 2024), foucusing on open-domain, scientific
and general reasoning. To avoid contamination, we follow (Yan et al., 2025) to shuffle the multiple-
choice options. During evaluation, we use greedy decoding and the final results (pass@1) are aver-
aged over three runs.

Baselines. We compared our methods with Supervised Finetuning (SFT), GRPO (Guo et al., 2025)
with rule-based verifier, with generative outcome reward models (GenORM) as the verifier, Process
Reward Models based approaches (Cheng et al., 2025) and other RLVR approaches like RLOO Ah-
madian et al. (2024). We train the models to convergence and report the best performance. Since
our method can adapt on other RLVR methods like DAPO (Yu et al., 2025), VAPO (Yue et al.,
2025), Reinforce++ (Hu, 2025) and so on, we mainly equip our methods upon GRPO to evaluate
the effectiveness of our method.

Table 2: Comparison of results (Pass@1) across different methods on Llama-3-3B and Qwen2.5-7B
for mathematical (In-Distribution) and general (Out-of-Distribution) reasoning tasks. N=4 critiques
for CAPO with voting.

Method
General Reasoning Tasks (OOD) Math Reasoning Tasks (ID) All

MeanGPQA
Diamond ARC c MMLU

Pro
OOD
Mean

MATH
500

Olympiad
Bench AIME24 AMC23 Math

Mean
Llama-3-3B
SFT 19.7 56.1 21.0 32.3 43.2 12.7 6.7 10.8 18.4 24.3
GRPO-Rule 19.9 61.2 32.4 37.8 44.6 15.0 10.0 16.9 21.6 28.6
GRPO-GenORM 22.2 62.2 31.8 38.7 46.6 14.8 3.3 20.0 21.2 28.5
CAPO-Greedy 24.2 61.9 31.7 39.3 45.6 14.1 3.3 19.3 20.6 28.6
CAPO-Intersection 23.2 63.2 31.5 39.3 44.3 15.6 7.8 20.3 22.0 29.4
CAPO-MajorVote 20.9 62.4 31.5 38.3 44.6 16.7 6.7 26.8 23.7 (+2.1%) 30.4 (+1.8%)

Qwen-2.5-7B
SFT 23.7 67.7 32.5 41.3 60.7 28.1 3.3 33.0 31.3 34.7
GRPO-Rule 22.4 68.1 32.7 41.0 59.9 27.2 3.6 34.1 31.2 34.5
GRPO-GenORM 23.6 68.0 32.9 41.5 59.2 27.6 4.0 33.4 31.1 34.5
CAPO-Greedy 21.5 68.2 32.9 40.9 62.4 31.3 9.7 34.2 34.4 36.8
CAPO-Intersection 22.2 68.3 32.9 41.2 62.5 30.5 7.1 34.6 33.7 36.3
CAPO-MajorVote 22.7 67.0 32.8 40.8 63.4 31.0 10.8 34.1 34.8 (+3.5%) 37.0 (+2.3%)

4.2 MAIN RESULTS

As shown in Table 3 and Table 2, our proposed method, CAPO, consistently outperforms various
baselines across various backbone models and scales. The detailed statistical results like variance
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Table 3: Comparison of results (Pass@1) across different methods on Llama-3-1B and Qwen2.5-
1.5B for mathematical (In-Distribution) and general (Out-of-Distribution) reasoning tasks. N=4
critiques for CAPO with voting.

Method
General Reasoning Tasks (OOD) Math Reasoning Tasks (ID) All

MeanGPQA
Diamond arc c MMLU

Pro
OOD
Mean

MATH
500

Olympiad
Bench AMC23 Math

Mean
Llama-3-1B
SFT 13.1 19.1 10.1 14.1 22.0 6.7 8.8 12.5 13.3
GRPO-Rule 28.8 21.6 4.5 18.3 27.1 7.0 6.2 13.4 15.9
GRPO-GenORM 25.6 22.0 4.4 17.4 27.2 6.3 7.6 13.7 15.5
CAPO-Greedy 25.6 28.5 5.7 19.9 26.3 5.7 9.8 13.9 16.9
CAPO-Intersection 25.3 34.0 6.2 21.8 28.7 6.5 12.0 15.7 (+2.0%) 18.8 (+2.9%)
CAPO-MajorVote 21.9 32.3 5.7 20.0 26.4 6.0 9.2 13.9 16.9

Qwen-2.5-1.5B
SFT 16.0 61.1 20.9 32.7 47.5 16.0 26.1 29.9 31.3
GRPO-Rule 20.4 60.6 20.7 33.9 48.9 17.0 20.4 28.8 31.3
GRPO-GenORM 18.2 60.8 20.9 33.3 49.2 17.4 20.2 28.9 31.1
CAPO-Greedy 14.8 59.8 21.9 32.2 49.3 18.1 22.4 29.9 31.1
CAPO-Intersection 20.5 60.0 21.8 34.1 48.7 18.8 24.0 30.5 (+0.6%) 32.3 (+1.0%)
CAPO-MajorVote 19.9 60.4 21.6 34.0 49.7 18.6 22.0 30.1 32.0

Table 4: Comparison of Step Error Ratio (SER) across different methods using Llama3.2-1B-
Instruct, Qwen2.5-Math-1.5B, and Qwen2.5-Math-7B. Lower is better. This table is newly added.

Method
General Reasoning Tasks (OOD) Math Reasoning Tasks (ID)

GPQA ARC-C MMLU
Pro

OOD
Mean MATH Olympiad

Bench Minerva AIME AMC Math
Mean

Llama3.2-1B-Instruct
GRPO 55.65 25.22 47.33 42.73 40.31 56.49 56.56 67.29 52.06 54.54
CAPO 49.02 23.06 45.73 39.27 37.95 51.72 55.54 51.10 49.01 49.06
Qwen2.5-Math-1.5B
GRPO 37.74 23.66 33.43 31.61 10.93 22.62 19.96 27.62 19.64 20.15
CAPO 36.31 20.60 27.41 28.11 7.45 17.79 15.52 26.01 13.01 15.96
Qwen2.5-Math-7B
GRPO 29.55 12.94 30.86 24.45 4.96 15.24 15.10 32.83 12.31 16.09
CAPO 24.76 7.44 20.29 17.49 5.98 13.93 10.72 20.16 10.46 12.25

can be found in Appendix. For Qwen-2.5-7B, CAPO delivers a remarkable +3.5 point gain on
math benchmarks among all the baselines and drives an overall average improvement of +2.5 points
in all the benchmarks. For Qwen-2.5-1.5B, CAPO achieves +1.7 points lead in math reasoning
tasks compared with GRPO without credit assignment. On the Llama series, CAPO also shows
clear improvements. For Llama-3-1B, we achieve a +3.5 points gain on OOD tasks among all the
baselines, also leading to a strong +2.9 points overall improvement. On the larger Llama-3-3B,
CAPO particularly excels in math reasoning, establishing a solid +2.1 points lead over the best
baseline and +1.8 points in all benchmarks.

A key observation is that across all backbones, CAPO and its variants consistently outperform GRPO
with varia which forgoes explicit credit assignment. This indicates that the integration of our credit
assignment mechanism is the primary driver of these improvements, with benefits realized regardless
of the specific voting mechanism employed. Crucially, these gains are not confined to mathematical
reasoning; the approach also enhances the model’s generalization capabilities on a wide range of
common reasoning tasks.

Robustness with Smaller GenPRMs As shown in Tables 8, 6 and 5, CAPO consistently outper-
forms GRPO, RLOO, and the PRM-based method even when using these smaller, more efficient
GenPRMs. This demonstrates that CAPO does not require prohibitive compute to be effective; the
fine-grained signal provided by a moderately sized judge (e.g., 14B) is sufficient. This indicated that
our method can generalize to smaller judges and across various LLMs.

CAPO Indeed Improve the Reasoning Quality To rigorously quantify the quality of the reason-
ing process, we define two metrics: Step Error Ratio (SER): The percentage of reasoning steps
identified as incorrect and Token Error Ratio(TER): The percentage of total tokens belonging to
incorrect steps. Let dataset D contain N generated responses. For the i-th response Yi, let it consist
of Ki steps psi,1, . . . , si,Kiq, where |si,k| denotes the token count of step si,k, and Ipsi,kq is the

8
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Table 5: Performance comparison across different methods using Qwen2.5-14B on Zero RL setting
without SFT. CAPO uses Qwen2.5-32B-Instruct as a judge. This table is newly added.

Method
General Reasoning Tasks (OOD) Math Reasoning Tasks (ID) All

MeanGPQA ARC-C MMLU
Pro

OOD
Mean MATH Olympiad

Bench Minerva AIME24 AMC AIME25 Math
Mean

Base 25.76 76.54 54.89 52.39 61.60 29.19 25.37 10.00 33.85 5.21 27.53 35.82
GRPO 30.30 86.18 61.96 59.48 81.40 44.59 38.60 16.67 50.45 5.63 39.56 46.20
CAPO 30.81 90.19 62.06 61.02 80.00 42.96 41.91 22.81 52.97 13.44 42.35 48.57

Table 6: Performance comparison across different methods using Qwen2.5-Math-1.5B and
Qwen2.5-Math-7B on Zero RL setting without SFT. CAPO uses Qwen2.5-14B-Instruct as a judge.
This table is newly added.

Method
General Reasoning Tasks (OOD) Math Reasoning Tasks (ID) All

MeanGPQA ARC-C MMLU
Pro

OOD
Mean MATH Olympiad

Bench Minerva AIME AMC Math
Mean

Qwen2.5-Math-1.5B
Base 5.05 18.20 10.30 11.18 63.13 29.43 12.25 9.97 41.57 31.27 23.74
GRPO 14.65 50.09 23.48 29.40 76.40 38.32 31.62 6.67 42.31 39.06 35.44
RLOO 13.47 39.11 21.60 24.73 75.60 35.70 29.66 6.67 49.75 39.48 33.94
PRM 10.61 45.88 22.99 26.49 76.00 38.81 32.35 12.40 43.30 40.57 35.29
CAPO 13.13 43.34 24.28 26.92 76.80 40.20 32.23 18.19 44.73 42.43 36.61
CAPO GenRM32B 13.64 41.81 20.46 25.30 74.70 38.00 28.86 23.18 49.85 42.92 36.31

Qwen2.5-Math-7B
Base 18.18 30.32 16.71 21.74 64.73 19.80 9.07 11.35 42.28 29.45 26.56
GRPO 25.76 64.11 44.62 44.83 81.13 44.10 36.76 30.00 56.78 49.75 47.91
RLOO 22.22 42.43 41.84 35.50 79.33 41.73 33.95 40.52 59.46 51.00 45.19
PRM 20.03 70.73 42.08 44.28 81.60 43.11 38.36 24.34 61.02 49.69 47.66
CAPO 23.89 65.85 43.20 44.31 81.67 45.14 38.11 35.00 59.10 51.80 48.99

error indicator (1 if incorrect, 0 otherwise). We calculate the metrics by averaging the error rates per

response: SER “ 1
N

řN
i“1

ˆ

řKi
k“1 Ipsi,kq

Ki

˙

, and TER “ 1
N

řN
i“1

ˆ

řKi
k“1 Ipsi,kq¨|si,k|

řKi
k“1 |si,k|

˙

. As shown in

the Table 4 and Table 10, CAPO demonstrates a significant reduction in process errors compared
to GRPO across both In-Domain (Math) and Out-Of-Domain benchmarks and achieves an average
reduce up to 7%. The lower Error Token Ratio confirms that CAPO generates reasoning chains with
fewer logic or calculation errors. These findings directly validate the motivation of CAPO.

Robustness to the Selection of LLM-as-GenPRM We also highlight the robustness of our frame-
work with different LLMs as GenPRMs. We utilized off-the-shelf, open-source LLMs Qwen2.5-
14B/32B/72B-Instruct and Llama-3-70B-Instruct as the GenPRM without any further fine-tuning
for the step-wise verification task. The fact that our method proved effective in both settings demon-
strates low sensitivity to the LLMs choice, underscoring the versatility, generality, and broad ap-
plicability of our method. This successful application of different off-the-shelf models without any
GenPRM-specific fine-tuning is a strong testament to CAPO’s simplicity and generality. It demon-
strates that our method is not reliant on a specific, proprietary verifier, but can effectively leverage
the general reasoning abilities of various publicly available LLMs. This significantly enhances the
method’s practical utility and makes it easily adoptable for the broader research community to build
upon.

Analysis of LLM-as-GenPRM Scaling We performed an analysis of the impact of the number of
generated critiques (N ) from LLM-as-GenPRM on final performance. As shown in Figrue 3b and
Figure 3a, we can observe a consistent scaling trend across both math and general reasoning tasks.
And when N reaches to 8, the overall performance is best across math and OOD reasoning tasks.
The results show that more critiques from LLM-as-GenPRM can help to obtain a more accurate
judgment of incorrect steps and therefore provide a more robust signal for credit assignment, leading
to better final performance. With a small N , the judgment can be easily skewed by a few noisy. By
increasing N , we can use the voting mechanism to form a consensus, averaging out these outliers to
get a more accurate judgment and therefore leading to more accurate credit assignment.

Ablation Study on Reward Formulation Our key insight lies in the C/P balance: an asymmetric
setup where C ą P is crucial for creating a clear learning hierarchy. Without this balance, the reward
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(a) Effect of the number of critiques (N ) on CAPO performance.

Model GPQA
Dia. ARC c OOD

Mean
CAPO (N=2) 17.5 60.4 33.2
CAPO (N=4) 20.5 60.0 34.1
CAPO (N=8) 22.1 61.1 35.0

(b) Performance on OOD benchmarks for
varying N .

Figure 3: Performance analysis of CAPO with a varying number of critiques (N P t2, 4, 8u) gen-
erated by LLM-as-GenPRM on Qwen2.5-1.5B CAPO-Intersection. (a) Performance trend on the
math dataset. (b) Detailed performance on OOD benchmarks.

signal becomes ambiguous. For instance, a symmetric (C=P) setting can assign a zero reward to
both a “Answer Correct, Process Incorrect” (2 ¨ 1´ 2 “ 0) and “Answer Incorrect, Process Correct”
(2 ¨ 0 “ 0), confusing the model. An extreme process-focus (CăP) breaks the hierarchy entirely,
penalizing a single mistake in a correct answer more than a completely failed attempt. The results in
Table 7 are consistent with this analysis. The asymmetric (C=2, P=1) setup clearly outperforms all
others. The setting (C=2, P=0.1), with its weak process penalty, performs less well, demonstrating
the necessity of a meaningful process signal. The poor performance of the symmetric(C=2, P=2)
and extreme process-focused (C=2, P=5) settings confirms that a poorly calibrated reward signal
(imbalanced or ambiguous) can misguides the model.

Discussion of Per-Token Rewards and Response Length Figure 1b shows that CAPO consis-
tently generates longer responses than GRPO, suggesting the model is learning more elaborate and
effective reasoning strategies by exploring solution paths more thoroughly. Critically, this increased
length is coupled with higher quality, as the average token-level reward also rises. This trend is
significant. Longer responses could simply introduce more errors, but the parallel improvement in
rewards demonstrates that CAPO is not merely rewarding verbosity. Instead, it teaches the model to
maintain logical coherence and accuracy even within these extended reasoning trajectories.

5 ADDITIONAL EXPERIMENTS

Due to the limited space, we provide a detailed discussion and limitation about CAPO in Appendix C
and additional experiments in Appendix E about the detailed comparison of GPU hours of CAPO
and GRPO, discussion of process-reward and outcome-reward, discussion of different voting
mechanisms, the impact of incorporation of ground truth solution, the discussion and compar-
isons between GenORM and GenPRM, the case study of different methods, and the case study
of internal variations in rollout responses.

6 RELATED WORK

Our work is related to research on enhancing LLM reasoning with RL, credit assignment in RL and
generative reward modeling. Due to limited space, we offer a detailed discussion in Appendix B.

7 CONCLUSION

In this work, we first identify the challenge to efficiently conduct precise credit assignment in RLVR.
Then, we propose an elegantly simple, and highly generalizable method–Credit Assignment Policy
Optimization (CAPO) to address the challenge. Our approach bypasses the need for complex auxil-
iary models by using an off-the-shelf, general-purpose LLM as a generative process reward model to
generate all step-wise critique in a single pass to obtain reliable credits. We further enhance reward
robustness by integrating multiple critiques through a voting mechanism. We also design an elabo-
rate reward formulation to balance the outcome and process reward signals. Extensive experiments
show that CAPO outperforms existing RLVR methods without accurate credit assignment on chal-
lenging math and general reasoning benchmarks. Further analysis shows that CAPO can guide the
model to foster the learning of correct reasoning pathways, promoting more effective exploration.
Crucially, the simplicity and generality of our framework make it a practical and accessible tool,
fostering reproducibility and paving the way for future innovations in LLM reasoning.
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8 ETHICS STATEMENT

The research presented in this paper is focused on fundamental advancements in the mathematical
and logical reasoning capabilities of large language models. Our goal is to improve the reliability
and correctness of the models’ internal thought processes, contributing to the development of more
robust and trustworthy AI systems. The scope of our work is confined to well-defined, objective rea-
soning tasks using publicly available, standard academic benchmarks. These datasets do not contain
sensitive personal information, and our research does not involve human subjects. Consequently,
our work does not directly engage with issues such as societal bias, fairness, or the generation of
harmful content, as the problem domain is primarily mathematical and abstract. We believe that
enhancing the foundational reasoning abilities of AI is a crucial and beneficial step for the field. We
have conducted our research in accordance with the ICLR Code of Ethics.

9 REPRODUCIBILITY STATEMENT

We are committed to ensuring the reproducibility of our research. Our implementation of
CAPO, including the scripts and code, is provided in the supplementary material and https:
//anonymous.4open.science/r/CAPO_Repo-45F1/. The core methodology of our pro-
posed approach is detailed in Section 3. Key implementation details, including the specific prompts
used for our LLM-as-GenPRM, are available in Appendix F. Section 4.1 describes our complete
experimental setup, including the datasets, model backbones, and evaluation benchmarks used. A
comprehensive list of all hyperparameters for both SFT and RL training stages is provided in Ta-
ble 11 (Appendix D). Further in-depth analyses of our design choices, such as the reward shaping
strategy (Appendix E) and the various voting mechanisms (Appendix E), are also included in the
appendix to support our claims and facilitate verification. Together, these resources provide a clear
and complete basis for replicating our results.
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Ahmet Üstün, and Sara Hooker. Back to basics: Revisiting REINFORCE-style optimization for
learning from human feedback in LLMs. In Lun-Wei Ku, Andre Martins, and Vivek Srikumar
(eds.), Proceedings of the 62nd Annual Meeting of the Association for Computational Linguistics
(Volume 1: Long Papers), pp. 12248–12267. Association for Computational Linguistics, August
2024.

Dilip Arumugam, Peter Henderson, and Pierre-Luc Bacon. An information-theoretic perspective on
credit assignment in reinforcement learning. arXiv preprint arXiv:2103.06224, 2021.

Tom Brown, Benjamin Mann, Nick Ryder, Melanie Subbiah, Jared D Kaplan, Prafulla Dhariwal,
Arvind Neelakantan, Pranav Shyam, Girish Sastry, Amanda Askell, et al. Language models are
few-shot learners. Advances in neural information processing systems, 33:1877–1901, 2020.

Meng Cao, Shuyuan Zhang, Xiao-Wen Chang, and Doina Precup. Scar: Shapley credit assignment
for more efficient rlhf. arXiv preprint arXiv:2505.20417, 2025.

Alex J Chan, Hao Sun, Samuel Holt, and Mihaela Van Der Schaar. Dense reward for free in rein-
forcement learning from human feedback. arXiv preprint arXiv:2402.00782, 2024.

Jie Cheng, Ruixi Qiao, Lijun Li, Chao Guo, Junle Wang, Gang Xiong, Yisheng Lv, and Fei-Yue
Wang. Stop summation: Min-form credit assignment is all process reward model needs for rea-
soning. NeurIPS, 2025.

Hyung Won Chung, Le Hou, Shayne Longpre, Barret Zoph, Yi Tay, William Fedus, Yunxuan Li,
Xuezhi Wang, Mostafa Dehghani, Siddhartha Brahma, et al. Scaling instruction-finetuned lan-
guage models. Journal of Machine Learning Research, 25(70):1–53, 2024.

Peter Clark, Isaac Cowhey, Oren Etzioni, Tushar Khot, Ashish Sabharwal, Carissa Schoenick, and
Oyvind Tafjord. Think you have solved question answering? try arc, the ai2 reasoning challenge.
arXiv preprint arXiv:1803.05457, 2018.

Alan Dao and Dinh Bach Vu. Alphamaze: Enhancing large language models’ spatial intelligence
via grpo. arXiv preprint arXiv:2502.14669, 2025.

11

https://anonymous.4open.science/r/CAPO_Repo-45F1/
https://anonymous.4open.science/r/CAPO_Repo-45F1/


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

Hanze Dong, Wei Xiong, Deepanshu Goyal, Yihan Zhang, Winnie Chow, Rui Pan, Shizhe Diao,
Jipeng Zhang, Kashun Shum, and Tong Zhang. Raft: Reward ranked finetuning for generative
foundation model alignment. arXiv preprint arXiv:2304.06767, 2023.

Abhimanyu Dubey, Abhinav Jauhri, Abhinav Pandey, Abhishek Kadian, Ahmad Al-Dahle, Aiesha
Letman, Akhil Mathur, Alan Schelten, Amy Yang, Angela Fan, et al. The llama 3 herd of models.
arXiv e-prints, pp. arXiv–2407, 2024.

Miroslav Dudı́k, Katja Hofmann, Robert E Schapire, Aleksandrs Slivkins, and Masrour Zoghi. Con-
textual dueling bandits. In Conference on Learning Theory, pp. 563–587. PMLR, 2015.

Jacob Eisenstein, Chirag Nagpal, Alekh Agarwal, Ahmad Beirami, Alex D’Amour, DJ Dvijotham,
Adam Fisch, Katherine Heller, Stephen Pfohl, Deepak Ramachandran, et al. Helping or herd-
ing? reward model ensembles mitigate but do not eliminate reward hacking. arXiv preprint
arXiv:2312.09244, 2023.

Leo Gao, John Schulman, and Jacob Hilton. Scaling laws for reward model overoptimization. In
International Conference on Machine Learning, pp. 10835–10866. PMLR, 2023.

Daya Guo, Dejian Yang, Haowei Zhang, Junxiao Song, Ruoyu Zhang, Runxin Xu, Qihao Zhu,
Shirong Ma, Peiyi Wang, Xiao Bi, et al. Deepseek-r1: Incentivizing reasoning capability in llms
via reinforcement learning. arXiv preprint arXiv:2501.12948, 2025.

Chaoqun He, Renjie Luo, Yuzhuo Bai, Shengding Hu, Zhen Leng Thai, Junhao Shen, Jinyi Hu,
Xu Han, Yujie Huang, Yuxiang Zhang, et al. Olympiadbench: A challenging benchmark for
promoting agi with olympiad-level bilingual multimodal scientific problems. arXiv preprint
arXiv:2402.14008, 2024.

Dan Hendrycks, Collin Burns, Saurav Kadavath, Akul Arora, Steven Basart, Eric Tang, Dawn Song,
and Jacob Steinhardt. Measuring mathematical problem solving with the math dataset. NeurIPS,
2021.

Jian Hu. Reinforce++: A simple and efficient approach for aligning large language models. arXiv
preprint arXiv:2501.03262, 2025.

Hugging Face. Open r1: A fully open reproduction of deepseek-r1, January 2025. URL https:
//github.com/huggingface/open-r1.

Amirhossein Kazemnejad, Milad Aghajohari, Eva Portelance, Alessandro Sordoni, Siva Reddy,
Aaron Courville, and Nicolas Le Roux. Vineppo: Accurate credit assignment in rl for llm mathe-
matical reasoning. In The 4th Workshop on Mathematical Reasoning and AI at NeurIPS’24.

Amirhossein Kazemnejad, Milad Aghajohari, Eva Portelance, Alessandro Sordoni, Siva Reddy,
Aaron Courville, and Nicolas Le Roux. Vineppo: Unlocking rl potential for llm reasoning through
refined credit assignment. arXiv preprint arXiv:2410.01679, 2024.

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. Tz” ulu 3: Pushing
frontiers in open language model post-training. arXiv preprint arXiv:2411.15124, 2024.

Jia LI, Edward Beeching, Lewis Tunstall, Ben Lipkin, Roman Soletskyi, Shengyi Costa Huang,
Kashif Rasul, Longhui Yu, Albert Jiang, Ziju Shen, Zihan Qin, Bin Dong, Li Zhou, Yann
Fleureau, Guillaume Lample, and Stanislas Polu. Numinamath. [https://huggingface.
co/AI-MO/NuminaMath-CoT](https://github.com/project-numina/
aimo-progress-prize/blob/main/report/numina_dataset.pdf), 2024.

Hunter Lightman, Vineet Kosaraju, Yuri Burda, Harrison Edwards, Bowen Baker, Teddy Lee, Jan
Leike, John Schulman, Ilya Sutskever, and Karl Cobbe. Let’s verify step by step. In The Twelfth
International Conference on Learning Representations, 2023.

Zijun Liu, Peiyi Wang, Runxin Xu, Shirong Ma, Chong Ruan, Peng Li, Yang Liu, and Yu Wu.
Inference-time scaling for generalist reward modeling. arXiv preprint arXiv:2504.02495, 2025.

12

https://github.com/huggingface/open-r1
https://github.com/huggingface/open-r1
[https://huggingface.co/AI-MO/NuminaMath-CoT](https://github.com/project-numina/aimo-progress-prize/blob/main/report/numina_dataset.pdf)
[https://huggingface.co/AI-MO/NuminaMath-CoT](https://github.com/project-numina/aimo-progress-prize/blob/main/report/numina_dataset.pdf)
[https://huggingface.co/AI-MO/NuminaMath-CoT](https://github.com/project-numina/aimo-progress-prize/blob/main/report/numina_dataset.pdf)


648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701

Under review as a conference paper at ICLR 2026

Xun Lu. Writing-zero: Bridge the gap between non-verifiable problems and verifiable rewards.
arXiv preprint arXiv:2506.00103, 2025.

Dakota Mahan, Duy Van Phung, Rafael Rafailov, Chase Blagden, Nathan Lile, Louis Castricato,
Jan-Philipp Fränken, Chelsea Finn, and Alon Albalak. Generative reward models. arXiv preprint
arXiv:2410.12832, 2024.

Mathematical Association of America. American mathematics competitions, 2023. AMC contest
series.

Mathematical Association of America. American invitational mathematics examination, 2024.
AIME contest series.

Hossam Mossalam, Yannis M Assael, Diederik M Roijers, and Shimon Whiteson. Multi-objective
deep reinforcement learning. arXiv preprint arXiv:1610.02707, 2016.

Andrew Y Ng, Daishi Harada, and Stuart Russell. Policy invariance under reward transformations:
Theory and application to reward shaping. In Icml, volume 99, pp. 278–287. Citeseer, 1999.

Long Ouyang, Jeffrey Wu, Xu Jiang, Diogo Almeida, Carroll Wainwright, Pamela Mishkin, Chong
Zhang, Sandhini Agarwal, Katarina Slama, Alex Ray, et al. Training language models to fol-
low instructions with human feedback. Advances in neural information processing systems, 35:
27730–27744, 2022.

David Rein, Betty Li Hou, Asa Cooper Stickland, Jackson Petty, Richard Yuanzhe Pang, Julien Di-
rani, Julian Michael, and Samuel R Bowman. Gpqa: A graduate-level google-proof q&a bench-
mark. In First Conference on Language Modeling, 2024.

Soham Sane. Hybrid group relative policy optimization: A multi-sample approach to enhancing
policy optimization. arXiv preprint arXiv:2502.01652, 2025.

John Schulman, Filip Wolski, Prafulla Dhariwal, Alec Radford, and Oleg Klimov. Proximal policy
optimization algorithms. arXiv preprint arXiv:1707.06347, 2017.

Amrith Setlur, Chirag Nagpal, Adam Fisch, Xinyang Geng, Jacob Eisenstein, Rishabh Agarwal,
Alekh Agarwal, Jonathan Berant, and Aviral Kumar. Rewarding progress: Scaling automated
process verifiers for llm reasoning. arXiv preprint arXiv:2410.08146, 2024.

Zhihong Shao, Peiyi Wang, Qihao Zhu, Runxin Xu, Junxiao Song, Xiao Bi, Haowei Zhang,
Mingchuan Zhang, YK Li, Y Wu, et al. Deepseekmath: Pushing the limits of mathematical
reasoning in open language models. arXiv preprint arXiv:2402.03300, 2024.

Yi Su, Dian Yu, Linfeng Song, Juntao Li, Haitao Mi, Zhaopeng Tu, Min Zhang, and Dong Yu.
Crossing the reward bridge: Expanding rl with verifiable rewards across diverse domains. arXiv
preprint arXiv:2503.23829, 2025.

Richard S Sutton, Andrew G Barto, et al. Reinforcement learning: An introduction, volume 1. MIT
press Cambridge, 1998.

Qiaoyu Tang, Hao Xiang, Le Yu, Bowen Yu, Hongyu Lin, Yaojie Lu, Xianpei Han, Le Sun, and
Junyang Lin. Refcritic: Training long chain-of-thought critic models with refinement feedback.
arXiv preprint arXiv:2507.15024, 2025a.

Weiliang Tang, Dong Jing, Jia-Hui Pan, Zhiwu Lu, Yun-Hui Liu, Li Erran Li, Mingyu Ding, and
Chi-Wing Fu. Incentivizing multimodal reasoning in large models for direct robot manipulation.
arXiv preprint arXiv:2505.12744, 2025b.

Qwen Team. Qwen2.5: A party of foundation models, September 2024. URL https://qwenlm.
github.io/blog/qwen2.5/.

Shenzhi Wang, Le Yu, Chang Gao, Chujie Zheng, Shixuan Liu, Rui Lu, Kai Dang, Xionghui Chen,
Jianxin Yang, Zhenru Zhang, et al. Beyond the 80/20 rule: High-entropy minority tokens drive
effective reinforcement learning for llm reasoning. arXiv preprint arXiv:2506.01939, 2025.

13

https://qwenlm.github.io/blog/qwen2.5/
https://qwenlm.github.io/blog/qwen2.5/


702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755

Under review as a conference paper at ICLR 2026

Yubo Wang, Xueguang Ma, Ge Zhang, Yuansheng Ni, Abhranil Chandra, Shiguang Guo, Weiming
Ren, Aaran Arulraj, Xuan He, Ziyan Jiang, et al. Mmlu-pro: A more robust and challenging multi-
task language understanding benchmark. Advances in Neural Information Processing Systems,
37:95266–95290, 2024.

Eric Wiewiora, Garrison W Cottrell, and Charles Elkan. Principled methods for advising reinforce-
ment learning agents. In Proceedings of the 20th international conference on machine learning
(ICML-03), pp. 792–799, 2003.

Zeqiu Wu, Yushi Hu, Weijia Shi, Nouha Dziri, Alane Suhr, Prithviraj Ammanabrolu, Noah A Smith,
Mari Ostendorf, and Hannaneh Hajishirzi. Fine-grained human feedback gives better rewards for
language model training. Advances in Neural Information Processing Systems, 36:59008–59033,
2023.

Jianhao Yan, Yafu Li, Zican Hu, Zhi Wang, Ganqu Cui, Xiaoye Qu, Yu Cheng, and Yue Zhang.
Learning to reason under off-policy guidance. arXiv preprint arXiv:2504.14945, 2025.

An Yang, Beichen Zhang, Binyuan Hui, Bofei Gao, Bowen Yu, Chengpeng Li, Dayiheng Liu, Jian-
hong Tu, Jingren Zhou, Junyang Lin, et al. Qwen2. 5-math technical report: Toward mathematical
expert model via self-improvement. arXiv preprint arXiv:2409.12122, 2024.

Zhaohui Yang, Yuxiao Ye, Shilei Jiang, Chen Hu, Linjing Li, Shihong Deng, and Daxin Jiang.
Unearthing gems from stones: Policy optimization with negative sample augmentation for llm
reasoning. arXiv preprint arXiv:2505.14403, 2025.

Qiying Yu, Zheng Zhang, Ruofei Zhu, Yufeng Yuan, Xiaochen Zuo, Yu Yue, Weinan Dai, Tiantian
Fan, Gaohong Liu, Lingjun Liu, et al. Dapo: An open-source llm reinforcement learning system
at scale. arXiv preprint arXiv:2503.14476, 2025.

Yufeng Yuan, Yu Yue, Ruofei Zhu, Tiantian Fan, and Lin Yan. What’s behind ppo’s collapse in
long-cot? value optimization holds the secret. arXiv preprint arXiv:2503.01491, 2025.

Yisong Yue, Josef Broder, Robert Kleinberg, and Thorsten Joachims. The k-armed dueling bandits
problem. Journal of Computer and System Sciences, 78(5):1538–1556, 2012.

Yu Yue, Yufeng Yuan, Qiying Yu, Xiaochen Zuo, Ruofei Zhu, Wenyuan Xu, Jiaze Chen, Chengyi
Wang, TianTian Fan, Zhengyin Du, et al. Vapo: Efficient and reliable reinforcement learning for
advanced reasoning tasks. arXiv preprint arXiv:2504.05118, 2025.

Weihao Zeng, Yuzhen Huang, Qian Liu, Wei Liu, Keqing He, Zejun Ma, and Junxian He. Simplerl-
zoo: Investigating and taming zero reinforcement learning for open base models in the wild.
CONFERENCE ON LANGUAGE MODELING, 2025.

Yongcheng Zeng, Guoqing Liu, Weiyu Ma, Ning Yang, Haifeng Zhang, and Jun Wang. Token-level
direct preference optimization. arXiv preprint arXiv:2404.11999, 2024.

Lunjun Zhang, Arian Hosseini, Hritik Bansal, Mehran Kazemi, Aviral Kumar, and Rishabh
Agarwal. Generative verifiers: Reward modeling as next-token prediction. arXiv preprint
arXiv:2408.15240, 2024.

Xiaoying Zhang, Hao Sun, Yipeng Zhang, Kaituo Feng, Chaochao Lu, Chao Yang, and Helen Meng.
Critique-grpo: Advancing llm reasoning with natural language and numerical feedback. arXiv
preprint arXiv:2506.03106, 2025a.

Zhenru Zhang, Chujie Zheng, Yangzhen Wu, Beichen Zhang, Runji Lin, Bowen Yu, Dayiheng Liu,
Jingren Zhou, and Junyang Lin. The lessons of developing process reward models in mathematical
reasoning. In Wanxiang Che, Joyce Nabende, Ekaterina Shutova, and Mohammad Taher Pilehvar
(eds.), Findings of the Association for Computational Linguistics: ACL 2025, pp. 10495–10516,
Vienna, Austria, July 2025b. Association for Computational Linguistics. ISBN 979-8-89176-256-
5. doi: 10.18653/v1/2025.findings-acl.547.

Zhenru Zhang, Chujie Zheng, Yangzhen Wu, Beichen Zhang, Runji Lin, Bowen Yu, Dayiheng Liu,
Jingren Zhou, and Junyang Lin. The lessons of developing process reward models in mathematical
reasoning. arXiv preprint arXiv:2501.07301, 2025c.

14



756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809

Under review as a conference paper at ICLR 2026

Chujie Zheng, Zhenru Zhang, Beichen Zhang, Runji Lin, Keming Lu, Bowen Yu, Dayiheng Liu,
Jingren Zhou, and Junyang Lin. Processbench: Identifying process errors in mathematical reason-
ing. In Proceedings of the 63rd Annual Meeting of the Association for Computational Linguistics
(Volume 1: Long Papers), pp. 1009–1024, 2025.

Lianmin Zheng, Wei-Lin Chiang, Ying Sheng, Siyuan Zhuang, Zhanghao Wu, Yonghao Zhuang,
Zi Lin, Zhuohan Li, Dacheng Li, Eric Xing, et al. Judging llm-as-a-judge with mt-bench and
chatbot arena. Advances in Neural Information Processing Systems, 36:46595–46623, 2023.

Meng Zhou, Ziyu Liu, Pengwei Sui, Yixuan Li, and Yuk Ying Chung. Learning implicit credit
assignment for cooperative multi-agent reinforcement learning. Advances in neural information
processing systems, 33:11853–11864, 2020.

Daniel M Ziegler, Nisan Stiennon, Jeffrey Wu, Tom B Brown, Alec Radford, Dario Amodei, Paul
Christiano, and Geoffrey Irving. Fine-tuning language models from human preferences. arXiv
preprint arXiv:1909.08593, 2019.

15



810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863

Under review as a conference paper at ICLR 2026

APPENDIX

A STATEMENT ON LLM USAGE

In the preparation of our paper, Large Language Models (LLMs) were utilized in a limited and
supportive capacity. First, LLMs served as a writing aid to enhance the grammatical correctness
and clarity of the text. Suggestions for improving sentence structure and flow were considered,
but the authors retained full authority over the final composition, ensuring that all arguments and
scientific nuances accurately reflect our original intent. Second, LLMs were employed to assist in
formatting citations and references according to the journal’s specific style guidelines, which helped
streamline the manuscript preparation process. Importantly, LLMs were not involved in any core
aspect of the research process. This includes the formulation of the research question, the design of
the methodology, the collection and analysis of data, and the interpretation of results. All intellectual
contributions and substantive findings presented herein are solely the work of the authors.

B RELATED WORK

Improving LLM Reasoning Capabilities Using RL Reinforcement learning has been widely ap-
plied to enhance LLMs’ reasoning capabilities, but many challenges remain-such as optimization
difficulties introduced by long reasoning (Yuan et al., 2025), how to better balance and improve
the exploration–exploitation trade-off in the RL process (Yue et al., 2025), clipping-ratio issues (Yu
et al., 2025), entropy decrease during RL (Wang et al., 2025), and so on. A range of algorithms
aimed at improving RL have since emerged in the community, including GRPO (Shao et al., 2024),
Reinforce++ (Hu, 2025), VC-PPO (Yuan et al., 2025), VAPO (Yue et al., 2025), DAPO (Yu et al.,
2025). These works enhance existing RL algorithms from an algorithmic-optimization perspective,
and we address the problem of imprecise or non-verifiable credit assignment in current approaches.

Credit Assignment Credit assignment problem (Sutton et al., 1998; Arumugam et al., 2021; Zhou
et al., 2020) is a fundamental RL challenge. A key challenge is how to conduct accurate credit as-
signment in RL finetuning of LLMs. Recent literature has focused on resolve this through several
key strategies. One approach is reward signal densification. This involves decomposing sequence-
level rewards to token-level feedback, leveraging reward model attention mechanisms (Chan et al.,
2024) or game-theoretic principles like Shapley values (Cao et al., 2025) for fair attribution. How-
ever, these methods are non-verifiable relying a reward model or other unverifiable reward signals,
posing potential reward-hacking problems. We call the method using process reward model (PRM)
to assign credit as PRM-based methods. Although both reward-densification-based and PRM-based
methods provide credit assignment, they suffer from significant limitations. Due to factors such as
unreliable labeled data (Zhang et al., 2025c) and mismatches in the completion model (Setlur et al.,
2024), PRMs are often inaccurate, which means that they can’t offer reliable or accurate rewards in
online-rl and ultimately leads to the training of a suboptimal policy. PRM-based methods also need
multiple inference calls to get the process rewards of each step which is costly especially for the
response with long reasoning. Reward-densification-based methods (Chan et al., 2024; Cao et al.,
2025) did not need the multiple inference calls and did not need high-quality data. However, these
methods still suffer from the problem of inaccurate estimations of the credits and they can’t offer
reliable process rewards. VinePPO (Kazemnejad et al., 2024) proposed to replace unreliable value
function learning with value-free Monte Carlo estimates, but with huge computational costs.

Generative Reward Model Recently, several works focused on using capabilities of language mod-
eling in LLMs to improve reward modeling (Mahan et al., 2024; Zhang et al., 2024) and further scale
it with COT reasoning (Zhang et al., 2024; Liu et al., 2025). And this technique is similar to pre-
vious concept ”LLM as a judge” (Zheng et al., 2023) using LLMs to judge the response. Zhang
et al. (2024) propose Generative Verifiers, which recast reward modeling as a next-token prediction
task, thereby enabling integrated chain-of-thought reasoning and leveraging test-time majority vot-
ing for more robust ranking. Recently, Liu et al. (2025) introduced Generative Reward Modeling
for flexible, inference-time scalable reward estimation and propose a more sophisticated technique
Self-Principled Critique Tuning (SPCT) to further scale the performance of GenRM.
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Table 7: Performance comparison of CAPO with different reward configurations of Wwhole(C) and
Wprocess(P) on Qwen2.5-1.5B. The asymmetric setting leads to the best performance.

Method
General Reasoning Tasks (OOD) Math Reasoning Tasks (ID) All

MeanGPQA
Diamond ARC c MMLU

Pro
OOD
Mean

MATH
500

Olympiad
Bench AMC23 Math

Mean
CAPO (C=2, P=0.1) 18.9 59.3 22.0 33.4 47.8 17.6 22.5 25.4 28.8
CAPO (C=2, P=5) 15.7 62.2 21.1 33.0 46.8 15.1 16.6 23.2 27.4
CAPO (C=2, P=2) 16.2 61.1 21.3 32.8 51.1 17.5 19.9 25.2 28.5
CAPO (C=2, P=1) 20.7 59.9 21.6 34.1 47.6 19.1 23.9 25.9 29.4

Table 8: Performance Comparison across different methods using Llama3.2-1B-Instruct on Zero RL
setting without SFT. CAPO uses Qwen2.5-14B-Instruct as a judge. This table is newly added.

Method
General Reasoning Tasks (OOD) Math Reasoning Tasks (ID) All

MeanGPQA ARC-C MMLU
Pro

OOD
Mean MATH Olympiad

Bench AMC GSM8K Math
Mean

Base 18.69 6.91 1.30 8.96 22.60 4.89 5.65 20.62 13.44 11.52
GRPO 20.54 51.68 17.16 29.79 31.00 8.44 11.23 51.28 25.49 27.33
RLOO 24.41 32.99 16.39 24.60 30.13 5.63 14.48 48.42 24.67 24.64
PRM 14.98 52.59 16.58 28.05 31.87 7.01 12.58 51.07 25.63 26.67
CAPO 17.60 54.78 17.56 29.98 33.13 8.30 17.41 51.55 27.60 28.62

Table 9: Performance comparison of different steps using Qwen2.5-Math-7B. CAPO uses Qwen2.5-
14B-Instruct as a judge. The table is newly added.

Method Step
General Reasoning Tasks (OOD) Math Reasoning Tasks (ID) All

MeanGPQA ARC-C MMLU
Pro

OOD
Mean MATH Olympiad

Bench Minerva AIME AMC Math
Mean

Base – 18.18 30.32 16.71 21.74 64.73 19.80 9.07 11.35 42.28 29.45 26.56

GRPO

60 23.23 59.44 43.69 42.12 80.53 41.53 38.73 26.67 61.38 49.77 46.90
90 22.90 65.22 44.70 44.27 79.33 40.89 38.85 28.96 50.62 47.73 46.43
120 24.75 60.75 44.69 43.40 81.93 43.56 34.56 24.17 60.17 48.88 46.82
176 25.76 64.11 44.62 44.83 81.13 44.10 36.76 30.00 56.78 49.75 47.91

60 22.89 58.06 43.94 41.63 81.33 43.17 38.03 28.11 60.49 50.23 47.00
90 20.01 60.89 43.94 41.61 82.27 43.11 38.97 30.00 60.99 51.07 47.52CAPO
120 23.89 65.85 43.20 44.31 81.67 45.14 38.11 35.00 59.10 51.80 48.99
176 23.74 69.23 39.57 44.18 80.33 40.30 37.38 26.56 50.94 47.10 46.01

C DISCUSSION AND LIMITATIONS

The Reliability and the Capability of the LLM-as-a-GenPRM A key design choice in CAPO
is the use of a powerful, general-purpose LLM as the GenPRM. The success of this approach hinges
on the verifier’s ability to accurately identify reasoning errors. One might question the reliability
of such a model. However, we argue this design is robust for two primary reasons. Firstly, we
strategically employ a GenPRM that is more capable (but not necessarily extremely more capable)
than the policy model being trained (e.g., using a 14B+ model to guide a 1B-7B model). This
capability gap creates a natural ”teacher-student” dynamic, where the stronger model’s reasoning
serves as a reliable guide for the smaller one (Yan et al., 2025; Dong et al., 2023). Secondly, and
critically, our method provides the GenPRM with the ground-truth answer as a reference. This
transforms the task from abstract, ungrounded verification to a more constrained problem of error
localization. The GenPRM is not asked ”is this reasoning correct in a vacuum?”, but rather ”given
the correct final answer, can you trace back and identify the step where the model’s logic diverged?”.
This grounded context dramatically simplifies the verification task and enhances its reliability, as the
model can cross-reference the intermediate steps with the known correct outcome.

Computational Considerations in Online RL CAPO integrates an external LLM call into the
online RL loop, which naturally introduces computational overhead compared to methods relying
solely on a simple rule-based verifier. But we also offer some key insights to demonstrate the
relatively low or, in practice, lower cost introduced by CAPO and the efficiency of CAPO via faster
convergence and higher performance upper bound.
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Table 10: Comparison of Token Error Ratio (TER) across different methods using Llama3.2-1B-
Instruct, Qwen2.5-Math-1.5B, and Qwen2.5-Math-7B. Lower is better.

Method
General Reasoning Tasks (OOD) Math Reasoning Tasks (ID)

GPQA ARC-C MMLU
Pro

OOD
Mean MATH Olympiad

Bench Minerva AIME AMC Math
Mean

Llama3.2-1B-Instruct
GRPO 59.41 22.80 45.30 42.50 38.40 56.63 57.73 67.66 52.83 54.65
CAPO 49.43 21.19 41.59 37.40 34.71 49.94 54.46 50.41 48.76 47.66
Qwen2.5-Math-1.5B
GRPO 48.01 23.74 33.03 34.93 11.12 26.34 24.94 41.11 23.99 25.50
CAPO 44.55 20.16 28.32 31.01 8.06 18.39 19.18 34.93 14.87 19.09
Qwen2.5-Math-7B
GRPO 34.01 12.23 30.09 25.44 5.49 16.47 15.84 34.37 14.82 17.40
CAPO 30.50 6.42 18.94 18.62 5.82 16.03 13.15 23.17 12.38 14.11

(1) Reduce the dependency on the size of the GenPRM. We conducted additional experiments using
smaller models, such as Qwen2.5-14B/32B-Instruct, as the GenPRM. These results demonstrate that
CAPO does not rely on extremely large models (e.g., 72B), thereby significantly reducing inference
latency. As shown in Tables 8, 6, and 5, CAPO consistently outperforms GRPO, RLOO, and the
PRM-based method even when using these smaller, more efficient GenPRMs. This demonstrates
that CAPO does not require prohibitive compute to be effective; the fine-grained signal provided by
a moderately sized judge (e.g., 14B) is sufficient to surpass rule-based baselines.

(2) Quantified Computational Overhead: CAPO vs. GRPO: We provide and analyze the GPU
hours of training Qwen2.5-Math-7B using a locally deployed Qwen2.5-14B-Instruct judge via vllm
(the cost of deployment is also included in the compuatation of GPU hours below) and that using
GRPO.

• Rule-based Verification (GRPO): While simpler, this is not cost-free due to the over-
head of external parsing libraries (e.g., math-verify) which lack thread safety. The average
reward evaluation is 4.5s, with a total per-step time of 47s.

• CAPO: The average reward evaluation is 12.1s, with a total per-step time of 55s.

• Total Cost: For a full training cycle, GRPO consumed 272 GPU hours, while CAPO
consumed 331.2 GPU hours. This represents a 21.7% increase, which we believe is a
manageable overhead given the performance gains and the reasons are as follows.

(3) Efficiency of CAPO via Faster Convergence and Higher Upperbound As detailed in Table 9,
we showed the performance of GRPO and CAPO in different steps. We found that GRPO con-
verge relatively slow and with limited gains on extended training. CAPO, however, achieve a high
performance in a very beginning (step 60 and step 90) compared to GRPO which is also higher
than the final training of GRPO and continue to improve. It is important to note that the 21.7%
increase of GPU hours is based on the entire training but we actually can reduce the training steps
for CAPO like using half steps (90 steps). In this situation, we still perform better than GRPO and
using comparable or less GPU hours to GRPO.

We also show the further potential of CAPO to accelerate convergence. In our Qwen2.5-Math-1.5B
experiments (Table 6), using a stronger judge (32B) allowed the model to reach optimal performance
in just 1/3 of the training steps required by the baseline. By enabling early stopping or reduce the
total training steps, CAPO can, in practice, reduce the total GPU hours compared to rule-based
methods to convergence, effectively offsetting the per-step overhead.

This approach is also well-aligned with an established and growing trend in the literature (Dong
et al., 2023; Zhang et al., 2025a; Tang et al., 2025a; Yang et al., 2025): leveraging powerful, large-
scale models—such as 70B-scale models like Qwen and Llama, or even closed-source APIs from
Gemini, Grok, and OpenAI—to guide or refine policy models during training is a common and
effective practice. For instance, many works employ larger models for data augmentation (Yan
et al., 2025; Yang et al., 2025), trajectory refinement (Yan et al., 2025; Zhang et al., 2025a), or
as sophisticated critics (Dong et al., 2023; Tang et al., 2025a). In this context, CAPO’s single-pass
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verification is a computationally efficient way to gain fine-grained process supervision. Furthermore,
the practical implementation of CAPO is flexible. For researchers seeking to minimize local memory
and computational costs, the GenPRM can be accessed via APIs, offloading the inference cost and
making the framework highly accessible.

Step Segmentation The current implementation of CAPO assigns credit at the step level, using \n
\n as a delimiter following the widely accepted convention in the Process Reward Model (PRM)
literature (Zhang et al., 2025b; Yang et al., 2024; Zheng et al., 2025). While most of the public open-
source models like Qwen-series use this to seperate the steps, we here still discuss the granularity and
the intrinsic advantage of our LLM-as-GenPRM approach: its inherent flexibility in handling task
segmentation. Unlike rigid, rule-based systems that require predefined step structures, our frame-
work can leverage the powerful multi-tasking and generalization capabilities of the LLMs (Brown
et al., 2020; Ouyang et al., 2022; Chung et al., 2024). For our experiments, we wrapped the \n \n
-delimited segments in <step i> tags to construct the prompt. This was a deliberate choice for
simplicity and reproducibility, especially since the Qwen models we used naturally structure their
reasoning with this delimiter. However, this is not a fundamental requirement of CAPO. It is im-
portant to clarify that CAPO is a general framework for credit assignment, and the use of \n \n
is merely a domain-specific implementation for mathematical reasoning. CAPO is agnostic to how
steps are defined and can be easily adapted to other scenarios. In an Agentic workflow, the natu-
ral segmentation might be a ”turn of interaction” or an ”API call” rather than a newline character.
CAPO can be directly applied to these segments without modification to the core algorithm.

The framework is powerful enough to support a more dynamic, end-to-end process. For instance,
one could design a prompt that instructs the LLM-as-a-GenPRM to first autonomously segment the
policy model’s response into logical reasoning steps, and then, in the same inference pass, evaluate
each of those self-identified steps. This would empower the GenPRM to adapt its segmentation
strategy based on the content and structure of the specific response, moving beyond fixed delimiters
to a more semantically meaningful division of logic. This potential for joint segmentation and
evaluation showcases the true flexibility of using a general-purpose LLM as a verifier for adaptable
credit assignment mechanism. It elegantly sidesteps the brittle nature of hard-coded parsing rules
and opens the door to applying CAPO to a much wider range of tasks where reasoning steps may
not be as cleanly formatted. The underlying framework readily accommodates future extensions
towards more sophisticated, context-aware step identification, further demonstrating its power and
versatility.

Prompt Sensitivity of the GenPRM A potential concern for any method leveraging large lan-
guage models is its sensitivity to the specific phrasing of the prompt. In CAPO, the GenPRM’s per-
formance could theoretically be influenced by the structure and wording of the verification prompt.
While we found our chosen prompt (as detailed in Appendix F) to be effective and robust across
different models and tasks, we acknowledge that prompt engineering can play a role in optimiz-
ing performance. A well-designed and well-consdiered prompt for GenPRM can probably improve
the performance. We did not heavily tune the prompt used by LLM-as-a-GenPRM, but we indeed
include some intuitive designs into the prompt, like asking the LLM to ”verify each step of the so-
lution independently, without relying on the correctness of the context before. This means that the
current step cannot be considered as incorrect simply because it used the conclusion derived from
the previous erroneous reasoning. ”. We want the LLM to focus more on the quality or correctness
of the currently verified step itself, rather than being influenced by the previous step. Preliminary
experiments indicated that the model benefits from this design.

D IMPLEMENTATION DETAILS

As for the rule-based verifier, we use Math-verify to conduct an automatic judgment.

We follow Kazemnejad et al. for automatic step segmentation. Specifically, we partition the model-
generated response into steps using \n \n as the delimiter. We then enclose each step with the
markers <step k> and </step k> to denote the k-th step. Subsequently, we construct the prompt
for LLM-as-GenPRM following the structure shown in the Prompt Section. The Case Study section
provides a concrete example of a LLM-as-GenPRM generation.

All the hyperparameters during RL and SFT training could be found in Table 11. We follow the
hyperparameters set in (Hugging Face, 2025) as a widely accepted setting.
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Table 11: RL hyperparameter configurations for different models. Common settings are listed first,
followed by the model-specific learning rates.

Common Hyperparameter Value
SFT Stage
Learning Rate 1 ˆ 10´5

Batch Size 80

RL Stage
PPO Mini-Epoch 4
Format Reward 0.2
KL Beta (kl beta) 1 ˆ 10´2

Sampling Instances (sampling num) 16
Global Batch Size 192
Rollout Micro Batch Size 4
LR Decay Style Cosine
Rollout Top-p 0.9
Rollout Temperature 0.7

Learning Rates during RL Stage
Model Qwen 1.5B Qwen 7B Llama 1B Llama 3B

Learning Rate 1 ˆ 10´7 2 ˆ 10´8 5 ˆ 10´8 2 ˆ 10´8

Table 12: Sampling Parameters for the LLM-as-a-GenPRM.

Model Temperature Top-p Max Tokens
Qwen2.5-72B-Instruct, Llama-3-70B-Instruct 0.7 0.9 2048
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Figure 4: Training dynamics of CAPO (C=2,P=5) on Qwen2.5-1.5B. The figure plots the accuracy,
response length, and mean per-token reward over training steps.

E ADDITIONAL EXPERIMENTS

CAPO vs. Traditional PRMs A noteworthy finding from Llama-1B experiments in Table 8 is
that PRM-based baselines performed relatively poorly, even worse than GRPO. We hypothesize this
is due to distribution shift: open-source PRMs are typically trained on Qwen data, making them less
effective judges for Llama. CAPO, which relies on a general-purpose instruction-following judge
with GT, proved much more robust to this architecture shift, achieving superior performance.

Detailed Discussion about Process-Oriented and Outcome-Oriented reward signals We ex-
plain and validate the underlying mechanism of interaction of these two reward signals below. A
dominant outcome reward ensures rapid initial policy updates, enabling the model to acquire fun-
damental skills in the early stages. We posit that learning from the process is a more challenging
objective. Early on, when the model’s capability is limited, a correct process does not guarantee a
correct outcome, indicating a weak correlation between the two. This could be validated in Figure 4.
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Table 13: Comparison of results (Pass@1) across different methods and different voting mecha-
nisms on Llama-3-1B-Instruct for mathematical (In-Distribution) reasoning tasks and general (Out-
of-Distribution) reasoning tasks. N=4 critiques for CAPO with voting.

Method
General Reasoning Tasks (OOD) Math Reasoning Tasks (ID) All

MeanGPQA
Diamond arc c MMLU

Pro
OOD
Mean

MATH
500

Olympiad
Bench AMC23 Math

Mean
Llama-3-1B-Instruct
SFT 13.1 19.1 10.1 14.1 22.0 6.7 8.8 12.5 13.3
GRPO-Rule 28.8 21.6 4.5 18.3 27.1 7.0 6.2 13.4 15.9
GRPO-GenORM 25.6 22.0 4.4 17.4 27.2 6.3 7.6 13.7 15.6
CAPO-Average 22.9 29.3 5.3 19.2 26.8 5.4 10.4 14.2 16.7
CAPO-Greedy 25.6 28.5 5.7 19.9 26.3 5.7 9.8 13.9 16.9
CAPO-Intersection 25.3 34.0 6.2 21.8 28.7 6.5 12.0 15.7 18.8
CAPO-Union 21.2 29.6 5.5 18.8 28.1 5.5 8.5 14.0 16.4
CAPO-MajorVote 21.9 32.3 5.7 20.0 26.4 6.0 9.2 13.9 17.0

Table 14: Comparison of results (Pass@1) across different methods and different voting mech-
anisms on Qwen2.5-7B for mathematical (In-Distribution) reasoning tasks and general (Out-of-
Distribution) reasoning tasks. N=4 critiques for CAPO with voting.

Method
General Reasoning Tasks (OOD) Math Reasoning Tasks (ID) All

MeanGPQA
Diamond ARC c MMLU

Pro
OOD
Mean

MATH
500

Olympiad
Bench AIME24 AMC23 Math

Mean
Qwen-2.5-7B
SFT 23.7 67.7 32.5 41.3 60.7 28.1 3.3 33.0 31.3 34.7
GRPO-Rule 22.4 68.1 32.7 41.0 59.9 27.2 3.6 34.1 31.2 34.5
GRPO-GenORM 23.6 68.0 32.9 41.5 59.2 27.6 4.0 33.4 31.1 34.5
CAPO-Average 23.2 66.9 32.8 41.0 62.6 32.0 8.3 33.9 34.2 36.7
CAPO-Greedy 21.5 68.2 32.9 40.9 62.4 31.3 9.7 34.2 34.4 36.8
CAPO-Intersection 22.2 68.3 32.9 41.2 62.5 30.5 7.1 34.6 33.7 36.3
CAPO-Union 21.4 67.2 32.7 40.4 62.4 31.3 9.1 37.1 35.0 36.8
CAPO-MajorVote 22.7 67.0 32.8 40.8 63.4 31.0 10.8 34.1 34.8 37.0

We could see that in this reward configuration focusing on process, the model learn to be verbose in-
stead of learning to improve the outcome. Therefore, overemphasizing the process while the model
is still weak is not meaningful; accumulating correct process steps might not lead to a correct result
and can even slow down the overall optimization which is stated in our first Finding in the Method
Section. However, the process reward becomes crucial in the later stages of optimization. Even a
small process reward can be beneficial as shown in Table 7, introducing a small fraction of process
signal(C=2,P=0.1) can lead to the second best performance. It helps to differentiate and prioritize
samples with better reasoning among a large pool of responses that all achieve the same outcome.
This improves sample efficiency and promotes more effective learning. When optimization based
on the outcome reward hits a plateau (i.e., with many samples receiving identical outcome rewards),
the process-oriented signal becomes critically important. It helps to differentiate and prioritize sam-
ples with better reasoning among numerous responses that achieve the same outcome and make
the model’s continued training more effective, which leads to our second Finding in the previous
section.

Discussion about Different Voting Mechanisms We have introduced the two most representative
voting mechanisms in the previous section. And here, we supplement the introduction of the rest
three voting mechanisms involved in our experiments below.

• Greedy: This is the simplest strategy, where we generate only a single critique (k “ 1)
using greedy decoding. The final set of erroneous indices is simply S˚

i “ Si,1. It is
sensitive to noise and misjudgment.

• Union Vote: This approach maximizes recall by flagging any step identified as erroneous
by at least one critique: SY

i “
Ťk

j“1 Si,j . It is comprehensive in capturing potential errors
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Table 15: Performance comparison of Qwen-2.5-7B model variants based on the CAPO-Intersection
method. Results are presented in percentages (%). ‘w/o gt’ denotes the model trained without
ground truth, while ‘w gt’ indicates the model trained with ground truth.

Method
General Reasoning Tasks (OOD) Math Reasoning Tasks (ID) All

MeanGPQA
Diamond ARC c MMLU

Pro
OOD
Mean

MATH
500

Olympiad
Bench AIME24 AMC23 Math

Mean
CAPO-w/o gt 24.4 69.9 36.0 43.5 62.1 30.6 4.0 32.8 32.4 37.9
CAPO-w gt 24.2 69.1 35.4 42.9 62.3 31.2 4.2 34.5 33.1 38.0

Table 16: Performance comparison of different GRPO-GenORM configurations on OOD bench-
marks. Scores are rounded to three decimal places. The highest score in each column is bolded.

Model GPQA
Diamond ARC c MMLU

Pro
OOD
Mean

GRPO-GenORM (N=2) 15.3 60.6 20.4 32.1
GRPO-GenORM (N=4) 16.7 61.5 20.8 33.0
GRPO-GenORM (N=8) 18.7 61.2 20.9 33.6

but is more susceptible to false positives, as a single faulty critique can introduce an error
into the final set.

• Average: Instead of a binary decision, this strategy assigns a continuous penalty weight to
each step based on frequency. The penalty weight for a step index s is calculated as wpsq “

countpsq{k. This allows for a more nuanced credit assignment where consistently flagged
errors receive a stronger penalty signal than those identified less frequently, avoiding hard
thresholds.

A key finding from our experiments, detailed in Table 13 and Table 14, is that all variants of CAPO
consistently outperform the GRPO baseline in mean scores. This result strongly validates our core
hypothesis: the integration of reliable, fine-grained credit assignment is the primary driver of per-
formance gains, enhancing both mathematical and general reasoning capabilities regardless of the
specific aggregation strategy. Beyond this, a deeper analysis of the different voting mechanisms
reveals a nuanced and insightful relationship between the strictness of the reward signal and the
capability of the backbone model.

We observe a distinct pattern: the optimal voting strategy appears to correlate with model scale.
For the smaller Qwen2.5-1.5B and Llama-3-1B-Instruct models, the Intersection voting mechanism
yields the best overall performance. This mechanism, which requires consistent agreement from all
critiques of GenPRM to assign a positive reward, provides the highest-precision learning signal. We
posit that for smaller, less capable models, this strict criterion acts as a powerful corrective pressure.
It forces the model to learn only the most robust and unequivocally correct reasoning steps, effec-
tively filtering out noisy or partially correct pathways that could otherwise be spuriously reinforced.
This high-precision guidance is particularly effective at building a solid reasoning foundation and
enhancing generalization, as evidenced by its top performance on OOD benchmarks for these mod-
els.

Conversely, on the larger and more capable Qwen2.5-7B backbone, the mechanisms with looser con-
straints—specifically majority-based voting and union-based voting—emerge as the top performers.
We hypothesize that for stronger models tackling more complex problems, an overly strict rule like
Intersection can be suboptimal. A single critique from GenPRM might incorrectly flag a valid or
complex reasoning step as faulty (a false negative), which would prevent exploration. Majority-
based or union-based voting strikes a more effective balance between precision and recall. These
mechanisms tolerate minor disagreements among the different critiques, leveraging the ”wisdom of
the crowd” to reward trajectories that are directionally correct, even if they contain unexpected steps
that not all verifiers approve. This allows the model to explore a more diverse set of valid reasoning
strategies, which is critical for solving higher-difficulty problems.
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In summary, the choice of voting mechanism represents a tunable trade-off between signal precision
and exploratory freedom. While stricter mechanisms are beneficial for building foundational cor-
rectness in smaller models, more lenient, consensus-based approaches better facilitate the learning
of complex reasoning in larger models. This adaptability underscores the flexibility and robustness
of the CAPO framework.

Will the incorporation of Ground Truth Solution impact the performance of CAPO? In this
section, we investigate the impact of including ground-truth (GT) solutions on the discriminative
performance of the GenPRM. The empirical results, summarized in Table 15, demonstrate that the
inclusion of ground-truth solutions does not always guarantee a notable advantage to our method. On
the contrary, we observe a slight degradation in general reasoning performance, suggesting that GT
solutions may not be inherently beneficial in this context. This phenomenon is acceptable, especially
when considering the potential for the gap of the model distribution between the GT data and the
policy model’s solution space. This is particularly true when a significant distributional discrepancy
exists between the GT solutions and the outputs generated by the policy model. Consequently,
instead of providing a clear learning signal, these GT solutions may introduce noise that confuses the
GenPRM and ultimately hinders its ability to make accurate and reliable discriminative judgments.
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Figure 5: Effect of the number of samples generated by GenORM on GRPO Performance. The
plot illustrates the performance of GRPO when using a varying number of samples, N P t2, 4, 8u

from the GenORM. Increasing the sample size N leads to unstable performance increase and the
performance increase is relatively small compared to using LLM-as-GenRRM in CAPO.

Statistical Validation and Variance Analysis To provide a more comprehensive analysis of the
results presented in Table 3 and Table 2, we now examine the variance and statistical stability of our
findings in Table 18 and Table 17. Presenting standard deviations or confidence intervals directly
within the main results table would compromise its readability due to the density of information.
Therefore, we present a detailed breakdown in a separate table for clarity. As can be seen in the ta-
bles, our proposed method not only achieves superior mean performance but also exhibits a relatively
low standard deviation across most tasks compared to the baselines. The small variance underscores
the robustness of our method, confirming that the observed improvements are statistically significant
and not due to random chance.

Discussion about GenORM and GenPRM As discussed in Yang et al. (2024), we combine the
rule-based verifier and generative outcome-based verifier using the reward shaping technique (Ng
et al., 1999; Wiewiora et al., 2003) as below:

Rprv, rmq “ σpα ¨ rmq ` pβ ¨ rv ´ 1q, (3)

where Rprv, rmq be the final reward, and rv, rm P t1, 0u. Here, rv “ 1 indicates a correct response
according to the rule-based verifier, and rm “ 1 indicates a high-quality response according to the
GenPRM.
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Table 17: Comparison of results (Pass@1) (with variance) across different methods on Llama-3-1B
and Qwen2.5-1.5B for mathematical (In-Distribution) and general (Out-of-Distribution) reasoning
tasks. N=4 critiques for CAPO with voting.

Method
General Reasoning Tasks (OOD) Math Reasoning Tasks (ID) All

MeanGPQA
Diamond arc c MMLU

Pro
OOD
Mean

MATH
500

Olympiad
Bench AMC23 Math

Mean
Llama-3-1B
SFT 13.1 ˘ 1.8 19.1 ˘ 0.6 10.1 ˘ 0.2 14.1 ˘ 0.8 22.0 ˘ 1.7 6.7 ˘ 0.0 8.8 ˘ 3.6 12.5 ˘ 1.1 13.3 ˘ 0.3
GRPO-Rule 28.8 ˘ 0.0 21.6 ˘ 0.1 4.5 ˘ 0.1 18.3 ˘ 0.1 27.1 ˘ 0.4 7.0 ˘ 0.9 6.2 ˘ 0.8 13.4 ˘ 0.6 15.9 ˘ 0.4
GRPO-GenORM 25.6 ˘ 0.3 22.0 ˘ 0.3 4.4 ˘ 0.0 17.4 ˘ 0.1 27.2 ˘ 0.7 6.3 ˘ 0.3 7.6 ˘ 0.9 13.7 ˘ 0.2 15.5 ˘ 0.2
CAPO-Greedy 25.6 ˘ 2.1 28.5 ˘ 0.1 5.7 ˘ 0.1 19.9 ˘ 0.7 26.3 ˘ 0.8 5.7 ˘ 0.2 9.8 ˘ 0.6 13.9 ˘ 0.4 16.9 ˘ 0.3
CAPO-Intersection 25.3 ˘ 0.0 34.0 ˘ 0.5 6.2 ˘ 0.1 21.8 ˘ 0.2 28.7 ˘ 0.8 6.5 ˘ 0.4 12.0 ˘ 0.4 15.7 ˘ 0.1 (+2.0%) 18.8 ˘ 0.1 (+2.9%)
CAPO-MajorVote 21.9 ˘ 0.6 32.3 ˘ 0.2 5.7 ˘ 0.0 20.0 ˘ 0.2 26.4 ˘ 0.6 6.0 ˘ 0.6 9.2 ˘ 1.5 13.9 ˘ 0.5 16.9 ˘ 0.3

Qwen-2.5-1.5B
SFT 16.0 ˘ 0.3 61.1 ˘ 0.5 20.9 ˘ 0.1 32.7 ˘ 0.3 47.5 ˘ 1.0 16.0 ˘ 0.2 26.1 ˘ 1.7 29.9 ˘ 0.4 31.3 ˘ 0.1
GRPO-Rule 20.4 ˘ 1.3 60.6 ˘ 0.6 20.7 ˘ 0.2 33.9 ˘ 0.6 48.9 ˘ 0.4 17.0 ˘ 0.7 20.4 ˘ 0.6 28.8 ˘ 0.6 31.3 ˘ 0.4
GRPO-GenORM 18.2 ˘ 0.9 60.8 ˘ 0.3 20.9 ˘ 0.1 33.3 ˘ 0.4 49.2 ˘ 0.4 17.4 ˘ 0.7 20.2 ˘ 2.0 28.9 ˘ 0.3 31.1 ˘ 0.1
CAPO-Greedy 14.8 ˘ 0.6 59.8 ˘ 0.4 21.9 ˘ 0.2 32.2 ˘ 0.0 49.3 ˘ 0.6 18.1 ˘ 0.8 22.4 ˘ 0.3 29.9 ˘ 0.3 31.1 ˘ 0.2
CAPO-Intersection 20.5 ˘ 0.3 60.0 ˘ 0.4 21.8 ˘ 0.1 34.1 ˘ 0.5 48.7 ˘ 0.1 18.8 ˘ 0.7 24.0 ˘ 0.8 30.5 ˘ 0.4 (+0.6%) 32.3 ˘ 0.1 (+1.0%)
CAPO-MajorVote 19.9 ˘ 1.5 60.4 ˘ 0.8 21.6 ˘ 0.1 34.0 ˘ 0.6 49.7 ˘ 0.4 18.6 ˘ 0.2 22.0 ˘ 0.2 30.1 ˘ 0.0 32.0 ˘ 0.3

Table 18: Comparison of results (Pass@1) (with variance) across different methods on Llama-3-
3B and Qwen2.5-7B for mathematical (In-Distribution) and general (Out-of-Distribution) reasoning
tasks. N=4 critiques for CAPO with voting.

Method
General Reasoning Tasks (OOD) Math Reasoning Tasks (ID) All

MeanGPQA
Diamond ARC c MMLU

Pro
OOD
Mean

MATH
500

Olympiad
Bench AIME24 AMC23 Math

Mean
Llama-3-3B
SFT 19.7 ˘ 1.0 56.1 ˘ 0.2 21.0 ˘ 0.1 32.3 ˘ 0.7 43.2 ˘ 0.8 12.7 ˘ 0.4 6.7 ˘ 2.1 10.8 ˘ 1.1 ˘ 0.6 18.4 ˘ 0.4 24.3 ˘ 0.6
GRPO-Rule 19.9 ˘ 0.7 61.2 ˘ 0.2 32.4 ˘ 0.0 37.8 ˘ 0.1 44.6 ˘ 0.0 15.0 ˘ 0.0 10.0 16.9 ˘ 0.0 21.6 ˘ 0.0 28.6 ˘ 0.2
GRPO-GenORM 22.2 ˘ 1.0 62.2 ˘ 1.1 31.8 ˘ 00.1 38.7 ˘ 0.6 46.6 ˘ 0.5 14.8 ˘ 0.4 3.3 ˘ 0.3 20.0 ˘ 1.2 21.2 ˘ 0.3 28.5 ˘ 0.4
CAPO-Greedy 24.2 ˘ 0.5 61.9 ˘ 0.3 31.7 ˘ 0.1 39.3 ˘ 0.1 45.6 ˘ 0.4 14.1 ˘ 0.5 3.3 19.3 ˘ 0.3 20.6 ˘ 0.1 28.6 ˘ 0.2
CAPO-Intersection 23.2 ˘ 1.0 63.2 ˘ 1.2 31.5 ˘ 0.1 39.3 ˘ 0.6 44.3 ˘ 0.6 15.6 ˘ 0.5 7.8 20.3 ˘ 1.2 22.0 ˘ 0.4 29.4 ˘ 0.4
CAPO-MajorVote 20.9 ˘ 1.0 62.4 ˘ 0.1 31.5 ˘ 0.0 38.3 ˘ 0.7 44.6 ˘ 0.0 16.7 ˘ 0.1 6.7 26.8 ˘ 0.3 23.7 ˘ 0.1 (+2.1%) 30.4 ˘ 0.2 (+1.8%)

Qwen-2.5-7B
SFT 23.7 ˘ 2.6 67.7 ˘ 0.2 32.5 ˘ 0.0 41.3 ˘ 0.8 60.7 ˘ 0.8 28.1 ˘ 0.8 3.3 ˘ 1.1 33.0 ˘ 0.2 31.3 ˘ 0.1 34.7 ˘ 0.4
GRPO-Rule 22.4 ˘ 0.3 68.1 ˘ 0.2 32.7 ˘ 0.0 41.0 ˘ 0.1 59.9 ˘ 0.9 27.2 ˘ 0.1 3.6 ˘ 0.6 34.1 ˘ 0.6 31.2 ˘ 0.1 34.5 ˘ 0.1
GRPO-GenORM 23.6 ˘ 0.6 68.0 ˘ 0.2 32.9 ˘ 0.2 41.5 ˘ 0.3 59.2 ˘ 0.4 27.6 ˘ 0.5 4.0 ˘ 0.7 33.4 ˘ 0.5 31.1 ˘ 0.1 34.5 ˘ 0.1
CAPO-Greedy 21.5 ˘ 0.6 68.2 ˘ 0.3 32.9 ˘ 0.1 40.9 ˘ 0.3 62.4 ˘ 0.9 31.3 ˘ 1.0 9.7 ˘ 0.6 34.2 ˘ 0.3 34.4 ˘ 0.4 36.8 ˘ 0.3
CAPO-Intersection 22.2 ˘ 1.3 68.3 ˘ 0.6 32.9 ˘ 0.1 41.2 ˘ 0.7 62.5 ˘ 0.8 30.5 ˘ 0.1 7.1 ˘ 0.5 34.6 ˘ 0.9 33.7 ˘ 0.5 36.3 ˘ 0.3
CAPO-MajorVote 22.7 ˘ 1.0 67.0 ˘ 0.4 32.8 ˘ 0.1 40.8 ˘ 0.3 63.4 ˘ 0.0 31.0 ˘ 0.0 10.8 ˘ 0.5 34.1 ˘ 0.0 34.8 ˘ 0.0 (+3.5%) 37.0 ˘ 0.2 (+2.3%)

As shown in Figure 5 and Table 16, the GRPO using GenRM as outcome verifier exhibits a much less
stable and beneficial response to scaling N . While there is a slight overall improvement, the trend is
less evident. For instance, on Math benchmarks in Figure 5, performance on AMC is unstable, and
the gains on the Math Mean are marginal compared to CAPO. This suggests that simply increasing
the number of samples for an outcome-based method offers limited benefits, as it can’t offer fine-
grained credit assignment for model update.

Case Study of Different Methods The response generated by the model trained by CAPO demon-
strates a significant improvement in robustness, clarity, and efficiency over that of GRPO. The re-
sponse generated by GRPO attempts to solve the problem by converting the line equations into a
standard symmetric form, a process that unnecessarily introduces complex fractions. This strategy
not only increases the cognitive load but also elevates the risk of both conceptual and arithmetic
errors, ultimately leading to an incorrect and convoluted final expression.

In contrast, CAPO adopts a more fundamental and elegant strategy by determining the simplest
integer-based direction vector for each line. By treating the equations as a system of ratios and iden-
tifying a vector that satisfies them with integer components, CAPO circumvents fractional arithmetic
entirely. This simplification cascades through all subsequent steps, particularly the dot product cal-
culation, which becomes trivial and far less error-prone.

Consequently, our method’s superiority lies not merely in achieving the correct answer, but in its in-
herent efficiency and reduced susceptibility to common errors, reflecting a more direct and intuitive
application of vector principles.

Case Study of Internal Variations in Rollout Responses To concretely illustrate the inadequacy
of binary, outcome-based rewards, we present a case study comparing four distinct model-generated
responses during RL training to the same mathematical problem. These examples highlight how
trajectories with identical final outcomes can possess vastly different internal reasoning qualities, a
nuance that coarse-grained reward signals fail to capture.
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We first examine two responses that arrive at the correct answer of 20. The correct response in
Figure F demonstrates a flawless, direct, and correct reasoning process. In contrast, the response
in Figure F reaches the same correct answer through a spurious and convoluted line of reasoning,
as highlighted in red. Under a standard RLVR framework, both responses would receive an iden-
tical positive reward, rendering the model unable to distinguish between sound logic and fortunate
coincidence.

Next, we compare two responses that fail to produce the correct answer. The response in Figure F
demonstrates a strong understanding of the core logic (i.e., that the numbers must be equal), and
its failure is isolated to a minor off-by-one calculation error at the end. Conversely, the response in
Figure F is fundamentally flawed, employing a completely incorrect and irrelevant problem-solving
strategy from the outset. A binary reward scheme would assign the same penalty to both, failing to
credit the largely correct reasoning in the third case while not sufficiently penalizing the complete
conceptual failure in the fourth.

This case study underscores that a single binary reward signal obscures critical, process-level in-
formation. This lack of differentiated feedback prevents the model from learning to favor robust
reasoning pathways over flawed or lucky ones, motivating the need for a more granular credit as-
signment mechanism.
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F PROMPT

Prompt for Generative Reward model. Below is the prompt for the generative reward model.

Prompt for Generative Reward Model

You are a math teacher. Use [Ground Truth Solution] to find any erroneous step in
[Solution To Judge]. And the solution to be checked is separated with steps like
”<step i>...</step i>” where i is the index of the step. First, determine whether the
solution is correct based on [Ground Truth Solution] and write it in the form ”Judgment:
Is the solution correct (Yes/No)? X”, where X is either Yes or No. If the solution is
incorrect, review, analyze, and verify each step of the solution independently, without
relying on the correctness of the context before. This means that the current step cannot
be considered as incorrect simply because it used the conclusion derived from the previous
erroneous reasoning. Then provide the list of the indices of error steps separated by a
comma. And the format is as follows: <incorrect steps>...(the index of the incorrect
steps)... </incorrect steps>. Please give your answer directly.

Training Prompt. We use the following prompt to conduct SFT and RL training.

Training Prompt

System
Please reason step by step, and put your final answer within \boxed{}.
User
{Question Content}

Question
The set of points px, y, zq that satisfy

2x “ 3y “ ´z

is a line.
The set of points px, y, zq that satisfy

6x “ ´y “ ´4z

is another line. Find the angle between these lines, in degrees.
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Case Study of CAPO

For the first line, we can express the equations as:

2x “ 3y “ ´z

This implies:

x “
3

2
y, z “ ´2x “ ´3y

Thus, the direction vector of the first line is

˜

3
2

´3

¸

.

For the second line, we can express the equations as:

6x “ ´y “ ´4z

This implies:

y “ ´6x, z “ ´
3

2
x

Thus, the direction vector of the second line is

˜

1
´6
´3

¸

.

To find the angle θ between these lines, we use the dot product formula:

cos θ “

˜

3
2

´3

¸

¨

˜

1
´6
´3

¸

›

›

›

›

›

˜

3
2

´3

¸
›

›

›

›

›

›

›

›

›

›

˜

1
´6
´3

¸
›

›

›

›

›

Calculating the dot product:

3 ¨ 1 ` 2 ¨ p´6q ` p´3q ¨ p´3q “ 3 ´ 12 ` 9 “ 0

Calculating the magnitudes:
›

›

›

›

›

˜

3
2

´3

¸
›

›

›

›

›

“
a

32 ` 22 ` p´3q2 “
?
14

›

›

›

›

›

˜

1
´6
´3

¸
›

›

›

›

›

“
a

12 ` p´6q2 ` p´3q2 “
?
46

Thus,

cos θ “
0

?
14 ¨

?
46

“ 0

Therefore, θ “ 90˝ .

Case Study of GRPO (Failed Response)

For the first line, we can express the equation as:
x

1
“

y

3{2
“

z

´1{2
.

Thus, a direction vector for this line is

˜

1
3{2

´1{2

¸

.
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For the second line, we can express the equation as:
x

´1{6
“

y

1
“

z

1{4
.

Thus, a direction vector for this line is

˜

´1{6
1
1{4

¸

.

To find the angle θ between these lines, we use the dot product formula:

cos θ “

˜

1
3{2

´1{2

¸

¨

˜

´1{6
1
1{4

¸

›

›

›

›

›

˜

1
3{2

´1{2

¸
›

›

›

›

›

›

›

›

›

›

˜

´1{6
1
1{4

¸
›

›

›

›

›

.

Calculating the dot product:
˜

1
3{2

´1{2

¸

¨

˜

´1{6
1
1{4

¸

“ 1 ¨ p´1{6q ` p3{2q ¨1` p´1{2q ¨ p1{4q “ ´1{6`3{2´1{8 “ 11{8.

Calculating the magnitudes:
›

›

›

›

›

˜

1
3{2

´1{2

¸
›

›

›

›

›

“
a

12 ` p3{2q2 ` p´1{2q2 “
a

1 ` 9{4 ` 1{4 “
a

11{2,

›

›

›

›

›

˜

´1{6
1
1{4

¸›

›

›

›

›

“
a

p´1{6q2 ` 12 ` p1{4q2 “
a

1{36 ` 1 ` 1{16 “
a

17{12.

Thus,

cos θ “
11{8

a

11{2 ¨
a

17{12
“

11{8
a

187{24
“

11{8
?
187{

?
24

“
11 ¨

?
24

8 ¨
?
187

.

Solving for θ:

θ “ cos´1

ˆ

11 ¨
?
24

8 ¨
?
187

˙

.

Conclusion: θ “ cos´1

ˆ

11 ¨
?
24

8 ¨
?
187

˙

.

The response with correct answer and correct reasoning process.

User

Mary and Jenna are playing a game in which each girl rolls a twenty-sided die with
numbers from 1 to 20 on the faces. If the number on the die that Mary rolls is a factor of the
number on the die that Jenna rolls, Mary wins. If the number on the die that Jenna rolls is
a factor of the number on the die that Mary rolls, Jenna wins. For how many possible rolls
would both girls win?

Assistant

To solve this problem, we need to find the number of pairs pm, jq where m is the
number rolled by Mary and j is the number rolled by Jenna, such that m is a factor of j and
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j is a factor of m. This implies that m and j must be equal, since m being a factor of j and
j being a factor of m can only happen if m “ j.
Given that both Mary and Jenna are rolling a twenty-sided die, the possible values for m and
j range from 1 to 20. Therefore, there are 20 possible outcomes where both m and j are
equal.

Hence, the number of possible rolls where both girls win is 20 .

The response with correct answer and the incorrect reasoning process.

User

Mary and Jenna are playing a game in which each girl rolls a twenty-sided die with
numbers from 1 to 20 on the faces. If the number on the die that Mary rolls is a factor of the
number on the die that Jenna rolls, Mary wins. If the number on the die that Jenna rolls is
a factor of the number on the die that Mary rolls, Jenna wins. For how many possible rolls
would both girls win?

Assistant

To solve this problem, we first need to understand the conditions under which both
Mary and Jenna can win. For Mary to win, the number on her die must be a factor of the
number on Jenna’s die. Conversely, for Jenna to win, the number on her die must be a factor
of the number on Mary’s die. The only way both can win simultaneously is if the number
on both dice is the same, because a number is always a factor of itself.

Given that each die has numbers from 1 to 20, we need to find how many numbers
in this range have at least one other number in the same range that is a factor of them. This
means we are looking for numbers that have at least one other number in the range that
divides them without a remainder.

• The number 1 is a factor of every number, so it cannot be the number that both girls
roll to win because there is no other number in the range that is a factor of 1.

• The numbers 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, and 20 each
have at least one other number in the range that is a factor of them (for example, 2
is a factor of 4, 6, 8, 10, 12, 14, 16, 18, and 20; 3 is a factor of 6, 9, 12, 15, and 18;
and so on).

Therefore, there are 20 numbers in the range from 1 to 20 that have at least one other number
in the same range that is a factor of them. Since both girls can roll any of these numbers and

win, there are 20 possible rolls where both girls would win.

The response with wrong answer and few incorrect reasoning process.

User

Mary and Jenna are playing a game in which each girl rolls a twenty-sided die with
numbers from 1 to 20 on the faces. If the number on the die that Mary rolls is a factor of the
number on the die that Jenna rolls, Mary wins. If the number on the die that Jenna rolls is
a factor of the number on the die that Mary rolls, Jenna wins. For how many possible rolls
would both girls win?

Assistant

To answer this question, we need to find the circumstances under which Mary and
Jenna both win. Let’s denote Mary’s roll as M and Jenna’s roll as J.
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The winning conditions are as follows: Mary wins if M is a factor of J (M — J).
Jenna wins if J is a factor of M (J — M).

For both girls to win, these two conditions must be met simultaneously. For positive
integers, if M is a factor of J and J is also a factor of M, the only possibility is that M = J.

Therefore, our task is to count how many pairs (M, J) satisfy the condition M = J.
That is, both girls roll the exact same number.

The faces of the die are numbered from 1 to 20. So, we need to calculate how many
possible numbers are in this range.

• The numbers on the die are from 1 to 20. This is a sequence of consecutive integers.
• To count the number of integers in this range, we can subtract the minimum value

from the maximum value.
• Therefore, the number of possible outcomes is: 20 ´ 1 “ 19.

Since they can both win only when they roll the same number, and there are a total of 19
such possible numbers, there are 19 satisfying combinations. These combinations are (2,2),
(3,3), (4,4), ..., (20,20).

Therefore, the total number of possible rolls where both girls win is 19 .

The response with wrong answer and totally wrong reasoning process.

User

Mary and Jenna are playing a game in which each girl rolls a twenty-sided die with
numbers from 1 to 20 on the faces. If the number on the die that Mary rolls is a factor of the
number on the die that Jenna rolls, Mary wins. If the number on the die that Jenna rolls is
a factor of the number on the die that Mary rolls, Jenna wins. For how many possible rolls
would both girls win?

Assistant

To solve this problem, we need to count the number of ways in which both Mary
and Jenna can win under the given conditions.

1. **Case 1: Jenna rolls a prime number.** - A prime number has exactly two fac-
tors: 1 and itself. - Since there are 8 prime numbers between 1 and 20 (2, 3, 5, 7, 11, 13, 17,
19), and Mary can roll any number that is a factor of Jenna’s roll, Mary can only win if she
rolls a 1. - Therefore, there are 8 ways in this case where Mary wins.

2. **Case 2: Jenna rolls a composite number that is not a perfect square.** - Com-
posite numbers between 1 and 20 that are not perfect squares are 4, 6, 8, 10, 12, 14, 15, 18,
and 20. - For each of these numbers, there are two factors (other than 1 and the number
itself) that Mary can roll to win. For example, if Jenna rolls a 4, Mary can win by rolling
a 2; if Jenna rolls a 6, Mary can win by rolling a 2 or a 3, and so on. - There are 9 such
numbers, and for each, Mary has 2 choices, resulting in 9 ˆ 2 “ 18 ways.

3. **Case 3: Jenna rolls a perfect square.** - Perfect squares between 1 and 20 are
1, 4, 9, and 16. - If Jenna rolls a 1, Mary can win by rolling any number (20 choices),
but Jenna also wins if Mary rolls a 1, resulting in 20 ´ 1 “ 19 ways. - If Jenna rolls a 4,
Mary can win by rolling a 1 or a 2 (2 choices), but Jenna wins if Mary rolls a 4, resulting in
2 ´ 1 “ 1 way. - If Jenna rolls a 9, Mary can win by rolling a 1 or a 3 (2 choices), but Jenna
wins if Mary rolls a 9, resulting in 2 ´ 1 “ 1 way. - If Jenna rolls a 16, Mary can win by
rolling a 1, 2, 4, or 8 (4 choices), but Jenna wins if Mary rolls a 16, resulting in 4 ´ 1 “ 3
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ways. - Adding these up, we get 19 ` 1 ` 1 ` 3 “ 24 ways.

4. **Total number of winning combinations:** - Adding the numbers from all cases,
we get 8 ` 18 ` 24 “ 50 ways.

Therefore, the total number of possible rolls where both girls win is 50 .
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Case Study of LLM-as-GenPRM when Response is Correct

You are a math teacher. Use [Ground Truth Solution] to find any erroneous step in [So-
lution To Judge]. And the solution to be checked is separated with steps like ”<step i
>...</step i>” where i is the index of the step. First, determine whether the solution is
correct based on [Ground Truth Solution] and write it in the form ”Judgment: Is the solution
correct (Yes/No)? X”, where X is either Yes or No. If the solution is incorrect, review, ana-
lyze, and verify each step of the solution independently, without relying on the correctness
of the context before. This means that the current step cannot be considered as incorrect
simply because it used the conclusion derived from the previous erroneous reasoning. Then
provide the list of the indices of error steps separated by a comma. And the format is as
follows:
<incorrect steps>
...(the index of the incorrect steps)...
</incorrect steps>.
[Question]
If a is a constant such that 4x2 ´ 12x` a is the square of a binomial, then what is a? Please
reason step by step, and put your final answer within
boxed.
[Ground Truth Solution] If 4x2 ´ 12x ` a is the square of a binomial, then the binomial
has the form 2x ` b for some number b, since p2xq2 “ 4x2. So, we compare p2x ` bq2 to
4x2 ´ 12x ` a. Expanding p2x ` bq2 gives

p2x ` bq2 “ 4x2 ` 4bx ` b2.

Equating the linear term of this to the linear term of 4x2 ´ 12x ` a, we have 4bx “ ´12x,
so b “ ´3. Thus, a “ b2 “ 9 .
[Solution To Judge]
<step 0>
## Step 1: Recognize the form of a perfect square trinomial A perfect square trinomial can
be written in the form ppx ` qq2, which expands to p2x2 ` 2pqx ` q2. Here, we need to
match this form with 4x2 ´ 12x ` a.
</step 0>
<step 1>
## Step 2: Identify the coefficients of the perfect square trinomial The coefficient of x2 in
the perfect square trinomial is p2, the coefficient of x is 2pq, and the constant term is q2.
</step 1>
<step 2>
## Step 3: Match coefficients of x2 and constant terms Since the coefficient of x2 in 4x2 ´

12x ` a is 4, which is p2, we have p2 “ 4. The coefficient of x is ´12, so 2pq “ ´12. We
need to find a value of p that satisfies both equations.
</step 2>
<step 3>
## Step 4: Solve for p and q From p2 “ 4, we get p “ ˘2. We will test these values to see
if they satisfy 2pq “ ´12.
</step 3>
<step 4>
## Step 5: Test p “ 2 and p “ ´2 If p “ 2, then 2qp2q “ ´12, which simplifies to
4q “ ´12, so q “ ´3. If p “ ´2, then 2qp´2q “ ´12, which simplifies to ´4q “ ´12, so
q “ 3.
</step 4>
<step 5>
## Step 6: Find the value of a Since q2 “ a, we have p´3q2 “ a and 32 “ a. Both values
give a “ 9.
</step 5>
<step 6>
The final answer is: 9 .
</step 6>
Judgment: Is the solution correct (Yes/No)? Yes
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Since the solution is correct, there are no incorrect steps to list. The solution accurately fol-
lows the process of identifying the form of a perfect square trinomial, matching coefficients,
solving for p and q, and finding the value of a. The final answer of a “ 9 is correct based on
the given problem and the steps provided.
However, to follow the format as requested but with the understanding that there are no
incorrect steps:
<incorrect steps></incorrect steps>

Case Study of LLM-as-a-GenPRM when Response is Wrong

You are a math teacher. Use [Ground Truth Solution] to find any erroneous step
in [Solution To Judge]. And the solution to be checked is separated with steps like
”<step i>...</step i>” where i is the index of the step. First, determine whether the so-
lution is correct based on [Ground Truth Solution] and write it in the form ”Judgement: Is
the solution correct (Yes/No)? X”, where X is either Yes or No. If the solution is incorrect,
review, analyze, and verify each step of the solution independently, without relying on the
correctness of the context before. This means that the current step cannot be considered as
incorrect simply because it used the conclusion derived from the previous erroneous reason-
ing. Then provide the list of the indices of error steps separated by a comma. And the format
is as follows: <incorrect steps>...(the index of the incorrect steps)... </incorrect steps>.
[Question] For what real value of v is ´21´

?
301

10 a root of 5x2 ` 21x ` v?
[Ground Truth Solution] We could substitute p´21´

?
301q{10 for x in the equation, but the

quadratic formula suggests a quicker approach. Substituting 5, 21, and v into the quadratic
formula gives

´p21q ˘
a

p21q2 ´ 4p5qpvq

2p5q
“

´21 ˘
?
441 ´ 20v

10
.

Setting p´21`
?
441 ´ 20vq{10 and p´21´

?
441 ´ 20vq{10 equal to p´21´

?
301q{10,

we find no solution in the first case and 441 ´ 20v “ 301 in the second case. Solving yields
v “ p301 ´ 441q{p´20q “ p´140q{p´20q “ 7 .
[Solution To Judge] <step 0>To find the real value of v for which ´21´

?
301

10 is a root of
the quadratic equation 5x2 ` 21x ` v, we substitute x “ ´21´

?
301

10 into the equation. This
gives us:</step 0>
<step 1>

5

ˆ

´21 ´
?
301

10

˙2

` 21

ˆ

´21 ´
?
301

10

˙

` v “ 0

</step 1>
<step 2>Simplifying the equation, we get:</step 2>
<step 3>

5p´21 ´
?
301q2

100
´

21p´21 ´
?
301q

10
` v “ 0

</step 3>
<step 4>Further simplification leads to:</step 4>
<step 5>

5p441 ` 42
?
301 ` 301q

100
`

441 ` 21
?
301

10
` v “ 0

</step 5>
<step 6>

5p742 ` 42
?
301q

100
`

441 ` 21
?
301

10
` v “ 0

</step 6>
<step 7>

3710 ` 210
?
301

100
`

441 ` 21
?
301

10
` v “ 0
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1792
1793
1794
1795
1796
1797
1798
1799
1800
1801
1802
1803
1804
1805
1806
1807
1808
1809
1810
1811
1812
1813
1814
1815
1816
1817
1818
1819
1820
1821
1822
1823
1824
1825
1826
1827
1828
1829
1830
1831
1832
1833
1834
1835
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</step 7>
<step 8>

3710 ` 210
?
301 ` 441 ` 21

?
301

100
` v “ 0

</step 8>
<step 9>

4151 ` 231
?
301

100
` v “ 0

</step 9>
<step 10>Solving for v, we find:</step 10>
<step 11>

v “ ´
4151 ` 231

?
301

100
</step 11>
<step 12>Therefore, the real value of v for which ´21´

?
301

10 is a root of 5x2 ` 21x ` v is

´
4151 ` 231

?
301

100
.</step 12>

Judgement: Is the solution correct (Yes/No)? No
<incorrect steps><step 5>,<step 6>,<step 7>,<step 8>,<step 9>,<step 10>,<step 11></incorrect steps>
In step 5, the term 21p´21´

?
301q

10 should have a negative sign since the original expression

was 21
´

´21´
?
301

10

¯

. The error propagates through the subsequent steps, leading to an in-
correct final value for v.
The correct simplification should be:

5p441 ` 42
?
301 ` 301q

100
`

21p21 `
?
301q

10
` v “ 0

Which then leads to:

5p742 ` 42
?
301q

100
`

441 ` 21
?
301

10
` v “ 0

And further simplifies to:

3710 ` 210
?
301

100
`

441 ` 21
?
301

10
` v “ 0

Combining the fractions:

3710 ` 210
?
301 ` 4410 ` 210

?
301

100
` v “ 0

Simplifying the numerator:

8120 ` 420
?
301

100
` v “ 0

Dividing by 100:

81.2 ` 4.2
?
301 ` v “ 0

Finally, solving for v:

v “ ´81.2 ´ 4.2
?
301

This result does not match the ground truth solution, indicating that the method used in the
provided solution is unnecessarily complex and prone to errors. The ground truth solution
correctly uses the relationship between the roots and coefficients of the quadratic equation
to find v more efficiently.
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