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Abstract

Reinforcement learning with verifiable rewards
(RLVR) has become an effective paradigm for
improving the reasoning ability of large lan-
guage models. However, widely used RLVR
algorithms, such as GRPO, often suffer from
entropy collapse, leading to premature deter-
minism and unstable optimization. Existing
remedies, including entropy regularization and
ratio-based clipping heuristics, either control
entropy in a coarse-grained manner or rely on
approximate on-policy training. In this paper,
we revisit entropy collapse from a token-level
entropy flow perspective. Our analysis reveals
that entropy-decreasing tokens consistently out-
weigh entropy-increasing ones, resulting in a
severely imbalanced entropy flow. This per-
spective provides a unified explanation of en-
tropy collapse in existing RLVR algorithms
and highlights the importance of balancing en-
tropy dynamics. Motivated by this analysis,
we propose On-Policy Entropy Flow Optimiza-
tion (OPEFO), an adaptive entropy flow balanc-
ing mechanism that rescales entropy-increasing
and entropy-decreasing updates according to
their contributions to entropy change, while re-
maining strict on-policy. Experiments on six
mathematical reasoning benchmarks demon-
strate that OPEFO improves training stability

and final performance '.

1 Introduction

Reinforcement Learning with Verifiable Rewards
(RLVR) has emerged as an effective paradigm to
advance reasoning capabilities in Large Language
Models (LLMs, Lambert et al., 2024; Jaech et al.,
2024; Guo et al., 2025; Yang et al., 2025a; Team
et al., 2025). RLVR optimizes LLMs outputs via
RL objectives guided by automated verifiable re-
ward signals. However, recent RLVR algorithms,
such as Proximal Policy Optimization (PPO, Schul-

'Our code, data, and models are available at https://
github.com/Anna7355/Entropy-Flow.

GRPO

Entropy Decreasing  Entropy Increasing
Tokens Tokens

Entropy Regularization

+
"\-.\ entropy bonus)

H
(
& ) = k
ount .

Imalanced entropy flow

Push entropy upward

Clip-Higher OPEFO
approx. on-policy strict on-policy
[ _relaxed upper bound
. _lower adaptive A

Preserve more entropy-increasing tokens Balanced entropy flow

Figure 1: Entropy control mechanisms from the entropy
flow perspective. GRPO suffers from imbalanced en-
tropy flow. Entropy regularization increases entropy by
adding an explicit entropy bonus; Clip-higher preserves
more entropy-increasing tokens via relaxing the upper
clipping bound. Differently, our OPEFO adaptively bal-
ances entropy flow via an adaptive scaling mechanism.

man et al., 2017) and Group Relative Policy Opti-
mization (GRPO, Shao et al., 2024), often suffer
from Entropy Collapse: policy entropy drops in
the early stage of training and continues to decline
towards near zero. This indicates the policy be-
comes prematurely deterministic, limiting policy
exploration and thus hindering LLMs’ reasoning
capabilities (Cui et al., 2025; Hao et al., 2025b).
Recent approaches to mitigating entropy col-
lapse fall into two categories, each with notable
limitations, as shown in Figure 1. The first adopts
entropy regularization, which introduces an ex-
plicit entropy bonus to encourage higher policy
entropy (Mnih et al., 2016; Haarnoja et al., 2018).
But this approach indiscriminately increases en-
tropy and may cause excessive entropy growth
in later training stages (Shen, 2025; Cheng et al.,
2025). Besides, the entropy term is optimized in-
dependently of the policy-gradient objective, so it
may dominate the advantage signal, leading to un-
stable updates and degraded performance (Zhang
et al., 2025; Liu et al., 2025). The second category
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employs ratio- or clipping-based heuristics (Yu
et al., 2025; Yang et al., 2025b). For instance, Clip-
higher (Yu et al., 2025) relaxes the upper clipping
bound of the importance sampling ratio to preserve
more entropy-increasing tokens. But they are only
approximately on-policy due to their reliance on
an outdated reference policy, making them theoret-
ically less grounded than strict on-policy optimiza-
tion (Baird et al., 1995; Sutton et al., 1999; Hao
et al., 2025a; Zheng et al., 2025).

In this paper, we address these challenges from
a novel perspective. We revisit entropy collapse
through the lens of entropy flow: how entropy-
increasing and entropy-decreasing token-level up-
dates jointly shape overall entropy dynamics dur-
ing training. Our analysis reveals that entropy-
decreasing tokens dominate the early training
phase, resulting in a severely imbalanced entropy
flow with a strongly negative net entropy change.
This imbalance provides a unified explanation for
entropy collapse in existing RLVR algorithms.

To mitigate this imbalance issue, we propose On-
Policy Entropy Flow Optimization (OPEFO).
OPEFO introduces an adaptive entropy flow balanc-
ing mechanism that rescales the entropy-increasing
and entropy-decreasing updates based on their con-
tributions to entropy change. As such, OPEFO
adaptively balances the entropy flow and thus sta-
bilizes policy entropy, as illustrated in Figure 1.
Moreover, it remains strict on-policy by avoiding
reliance on reference policies as previous meth-
ods. Empirical results show that OPEFO achieves
best performance across two base models and six
challenging mathematical reasoning benchmarks.
More importantly, it maintains the most stable en-
tropy dynamics among strong baselines. Overall,
we summarize our contributions as follows:

* From an entropy flow perspective, we conduct
a token-level analysis of entropy dynamics and
show that entropy collapse can be interpreted
as an imbalance between entropy-increasing and
entropy-decreasing updates.

* We propose OPEFO, a strict on-policy entropy
flow balancing mechanism that rescales entropy-
increasing and entropy-decreasing token-level
updates to stabilize policy entropy.

» Extensive experiments on mathematical reason-
ing benchmarks show that OPEFO consistently
improves training stability and final performance
compared to existing RLVR methods.

2 Related Work

Reinforcement Learning with Verifiable Rewards
(RLVR, Lambert et al., 2024) has recently emerged
as an effective fine-tuning paradigm for large
language models, achieving notable success in
reasoning-intensive domains such as mathematics
and programming (Shao et al., 2024; Guo et al.,
2025; Yang et al., 2025a). Its core idea is to replace
human feedback with automatically verifiable, ob-
jective criteria as reinforcement learning rewards,
thereby avoiding the cost and complexity of train-
ing human preference models. OpenAl ol (Ope-
nAl, 2024) is among the first large-scale deploy-
ments of this paradigm, demonstrating substantial
performance gains on mathematical competition
problems and code generation benchmarks. Fol-
lowing this line of work, several subsequent mod-
els—including DeepSeek-R1 (Guo et al., 2025),
Kimi-1.5 (Team et al., 2025), and Qwen-2.5 (Yang
et al., 2024)—have reported matched or improved
results on similar reasoning benchmarks. Overall,
RLVR has shown clear advantages over prior ap-
proaches based solely on supervised fine-tuning for
reasoning tasks.

These methods typically adopt GRPO-style train-
ing, yet empirical studies consistently report the
emergence of entropy collapse during optimiza-
tion, where the policy’s entropy rapidly diminishes
as training progresses. Early approaches draw on
classical entropy regularization, introducing en-
tropy bonuses or KL penalties to stabilize opti-
mization (Mnih et al., 2016; Haarnoja et al., 2018).
However, recent studies show that such techniques
are highly sensitive to coefficient tuning in LLM
and may even mislead optimization at critical states,
yielding only coarse-grained effects on entropy con-
trol (Cui et al., 2025; Shen, 2025).

More recent efforts attempt to mitigate entropy
collapse by modifying key components of pol-
icy optimization, including asymmetric or adap-
tive ratio clipping (Yu et al., 2025; Yang et al.,
2025b), selective optimization over high-entropy
tokens (Wang et al., 2025b), or balancing pos-
itive and negative samples (Zhu et al., 2025).
Other methods introduce entropy-aware advan-
tages or auxiliary objectives to encourage explo-
ration (Cheng et al., 2025; Tan et al., 2025; Wang
et al., 2025b,a; Deng et al., 2025). In this work, we
adopt a token-level perspective to analyze entropy
change and entropy flow, and study how these dy-
namics evolve under strict on-policy optimization.
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3 Preliminaries

In this section, we introduce the preliminaries of
RLVR and policy entropy of LLMs.

3.1 RLVR Algorithms

We consider reinforcement learning from verifiable
rewards, where a policy model 7y autoregressively
generates a token sequence y given a prompt .
The objective is to maximize the expected reward
received from a verifier:

j(@) = ExND, y~mo(-|z) [T(JZ, y)} (1

where D denotes the training data. Following the
policy gradient theorem (Williams, 1992), the gra-
dient of this objective can be estimated as:

lyl

Vo (0) = Exnp, ymrg(lo) | D Vologmo(yelz, y<r) - As

t=1
(@3]
where A; denotes the estimated advantage of token
y¢. To avoid training an additional value network,
recent algorithms such as GRPO (Shao et al., 2024)
estimate token-level advantages via group-wise nor-
malization:

r(y) — mean (r(yliK))
std(r(yt5))

A = 3)

where 7(y'%) denotes the rewards of K rollouts
sampled for the same prompt. All tokens within
the same response share the same normalized ad-
vantage value.

3.2 Policy Entropy of LLMs

For an autoregressive language model 7y, uncer-
tainty at each decoding step is characterized by the
entropy of the next-token distribution. Given a state
st = (x,y<¢), where a denotes a candidate next
token sampled from the vocabulary, the token-level
entropy H; is defined as:

He = _anﬂ'g(-|st) [IOg 7[-9(@|8t)] “)

A smaller ‘H,; indicates higher confidence, while a
larger value reflects greater uncertainty or explo-
ration.

To capture uncertainty over an entire response
and dataset D, the policy entropy is defined as the
average token entropy:

While H; captures local uncertainty at individual
decoding steps, H(mg, D) provides a global sum-
mary of the policy’s exploration level.

3.3 Token-Level Entropy Change

While token entropy measures the model’s uncer-
tainty at each decoding step, entropy collapse is
driven by how entropy changes during policy up-
dates. Following prior works (Hao et al., 2025b;
Cui et al., 2025), we therefore analyze training
dynamics through token-level entropy change, de-
composing the overall entropy evolution into lo-
cal changes at individual decoding steps. Directly
computing the exact entropy change for large au-
toregressive models is intractable, due to complex
dependencies across tokens. As a result, exist-
ing works commonly adopt a simplified tabular-
softmax assumption, where each token’s logit is
treated as conditionally independent.

Assumption 1 (Parameter-independent softmax).
Assume the policy 7y is a tabular softmax policy,
where each state-action pair (s,a) is associated
with an individual logit parameter z; ,(6) = 6 4.

Theorem 1 (First-order entropy change). Under
Assumption 1, the change of conditional entropy
between two update steps is defined as AH; =
H(mhtt | s¢) — H(xh | s¢). Then the first-order

estimation of AH; is:
AHt = — nEaNﬂg('L%) [At(l — Wg(a ’ St))z
(logmj (a | s:) + H(my | 50))]

where 7 is the learning rate, and k indexes the
policy update step.

This expression is derived from the first-order
entropy change analysis introduced in Hao et al.
(2025b), utilizing a Taylor expansion of the con-
ditional entropy around the current policy logits.
Compared to prior formulations based on impor-
tance ratios, we present the expression under the
strict on-policy setting, where expectations are
taken with respect to the current policy 7rg without
reference policies or importance ratios.

We adopt AH; as a diagnostic quantity rather
than a learning objective. Prior work shows that
this first-order approximation closely tracks the ex-
act entropy change in practice, justifying its use for
analyzing training dynamics (Hao et al., 2025b). In
our setting, it enables a token-level decomposition
of entropy evolution, which we leverage to iden-
tify entropy imbalance and motivate our on-policy
entropy flow balancing mechanism.

(6)
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Figure 2: Empirical analysis of entropy dynamics in GRPO and Clip-higher. (a) Policy entropy over training steps
for GRPO and its variant. (b) Net AH,; per update step for GRPO and its variant. (¢) Sum of A% of upper- and

lower-clipped tokens under Clip-higher.

4 Empirical Observations

In this section, we investigate how entropy evolves
during RLVR training from an entropy flow per-
spective. We examine GRPO and its strict on-
policy variant. GRPO performs 8 updates per batch,
whereas the strict on-policy setting performs only
one update per batch. In addition, we analyze Clip-
higher as a representative clipping-based heuristic
to understand, through token-level entropy change,
why such methods can alleviate entropy collapse.
All experiments are conducted using Qwen-2.5-
Math-7B (Yang et al., 2024) as the base model,
trained on DAPO-17k (Yu et al., 2025).

Entropy collapse under GRPO. Figure 2 (a)
plots the evolution of policy entropy for GRPO
and its strict on-policy variant. Both curves exhibit
highly similar dynamics: starting at an entropy of
approximately 0.25, dropping sharply within the
first 50 training steps, and rapidly converging to
nearly zero. This observation shows that entropy
collapse is a common phenomenon in GRPO train-
ing, and motivates the need for a mechanism that
can stabilize entropy dynamics.

Token-level entropy change in GRPO. We com-
pute the aggregate token-level entropy change
>+ AH; at each training step, based on the Eq. 6.
Figure 2 (b) shows that this quantity is strongly
negative during the first 50 steps, indicating that dy-
namics consistently bias entropy downward. This
behavior directly explains the sharp entropy drop
observed in Figure 2(a). As training proceeds, the
net entropy change approaches zero, coinciding
with the stabilization of policy entropy. Together,
these observations indicate that the evolution of
policy entropy is driven by the cumulative token-
level entropy changes, highlighting the importance
of stabilizing this quantity throughout training.

Clipping behavior of Clip-higher. Since Clip-
higher has demonstrated strong empirical effective-
ness in alleviating entropy collapse, we analyze it
as a representative clipping-based heuristic to un-
derstand its behavior from a token-level entropy
flow perspective. For each training step, we com-
pute the total A7, contributed by tokens clipped at
the upper and lower bounds, respectively. Figure 2
(c) reveals a clear pattern: tokens clipped at the up-
per bound tend to exhibit positive entropy change
(AH; > 0), whereas those clipped at the lower
bound typically exhibit negative entropy change
(AH; < 0). This pattern provides a mechanistic
explanation for the effectiveness of Clip-higher: by
relaxing the upper bound, it selectively preserves
entropy-increasing updates, thereby partially coun-
teracting entropy collapse. However, as this effect
relies on importance-ratio clipping, it is fundamen-
tally incompatible with strict on-policy training.

Summary. These observations suggest that en-
tropy collapse in RLVR can be interpreted from
an entropy flow perspective, where entropy-
decreasing updates consistently outweigh entropy-
increasing ones, leading to a strongly negative net
entropy change. Since clipping-based heuristics
such as Clip-higher rely on importance-ratio clip-
ping, they are incompatible with strict on-policy
training, motivating the need for a direct mech-
anism to stabilize entropy dynamics under strict
on-policy optimization.

S On-Policy Entropy Flow Optimization

To address the imbalanced entropy flow observed
in Section 4, we propose On-Policy Entropy Flow
Optimization (OPEFO), a mechanism designed for
stabilizing entropy dynamics under strict on-policy
RLVR training.
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5.1 Entropy Flow Decomposition

To formalize the entropy flow, we decompose
entropy evolution into token-level contributions
within each policy update. For each generated
token y;, we estimate the corresponding entropy
change AH, (Eq. 6) induced by a policy-gradient
update. Using the sign of AH;, we partition the
token-level updates within a batch into two sets:

 Entropy-increasing set (S*): Tokens with
AH,; > 0, corresponding to updates that broaden
the model’s predictive distribution.

* Entropy-decreasing set (S7): Tokens with
AH; < 0, corresponding to updates that sharpen
the distribution.

As observed in Section 4, GRPO-style training
exhibits a pronounced imbalance in entropy flow,
where entropy-decreasing updates consistently out-
weigh entropy-increasing ones across training
steps, D ies— |AHe| > D, cs+ AHy. As this im-
balance persists across updates, the policy entropy
progressively collapses.

5.2 Balanced On-Policy Objective

To stabilize entropy dynamics under strict on-
policy RLVR training, we introduce a reweighted
on-policy gradient objective that rescales updates
from the two token sets via a balancing coefficient
Al

VoJorero(0) = By, yrrm ()

L+ X)) Vologmo(yelz, y<r) - Ar
teSt

+ (1- )‘)Z Vo log mo(yt|z, y<t) - A

tes-

(N
where A € (—1,1) controls the balance be-
tween entropy-increasing and entropy-decreasing
updates.

This objective offers two practical advantages.
First, it is fully compatible with strict on-policy
training, as it does not rely on importance sampling
ratios or reference policies. Second, by only rescal-
ing gradient components, it preserves the original
optimization direction without introducing auxil-
iary entropy bonuses.

5.3 Adaptive Entropy Flow Scaling

The remaining question is how to determine an
appropriate value of A\, which we compute adap-

tively from batch-level entropy statistics. Specif-
ically, we adopt zero entropy flow as a local sta-
bilizing criterion at the batch level. This criterion
is motivated by the observation that entropy col-
lapse arises when entropy-decreasing updates con-
sistently outweigh entropy-increasing ones. By
enforcing a balance between these two opposing
forces, we establish a condition for stabilizing en-
tropy dynamics without external intervention. For-
mally, we seek a value of A such that:

DTU+NAH + > (1-NAH =0 (8)
teSt teS—

Solving this constraint yields a unique solution:

_ ZtES* |AHt’ - Ztes+ AH,
doies— 1AM+ D ies+ AHy

This closed-form expression provides an adap-
tive entropy flow balancing coefficient computed
directly from the current batch. We do not claim
A* to be globally optimal across tasks or training
stages; rather, it acts as a self-adjusting mechanism
that compensates for transient entropy imbalances.

A*

€))

5.4 Practical Implementation

OPEFO is straightforward to implement and re-
quires only minimal modification to standard on-
policy RLVR pipelines. Practically, implementing
OPEFO requires only a few lines of modification
to standard GRPO code: compute AH;, group to-
kens by sign, compute A* using Eq. 9, and reweight
gradients accordingly. This procedure is fully com-
patible with strict on-policy training and introduces
negligible computational overhead. Figure 3 shows
the implementation code of OPEFO.

def compute_opefo_loss(log_prob,

advantages, delta_H, eps=le-12, *x*
args):

pg_terms = - log_prob * advantages
S_pos = delta_H > 0

S_neg = delta_H < 0

pos_mag = delta_H[S_pos].sum()
neg_mag = delta_H[S_neg].abs().sum()
denom = (neg_mag + pos_mag).

clamp_min(eps)
lambda_s = (neg_mag - pos_mag) /
denom

pg_terms[S_pos] *= (1.0 + lambda_s)
pg_terms[S_neg] *= (1.0 - lambda_s)
return pg_terms.mean()

Figure 3: Implementation code of OPEFO loss.
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6 Experiments

6.1 Experimental setup

Training. Following prior work (Hao et al.,
2025b; Cui et al., 2025), we use Qwen2.5-Math-
7B (Yang et al., 2024) as the primary base model,
and additionally include Qwen3-4B-Base (Yang
et al., 2025a) to evaluate the generality of our
method. The training codebase is adapted from
Verl (Sheng et al., 2025). The training data is
DAPO-17K (Yu et al., 2025), which contains high-
quality reasoning trajectories annotated with verifi-
able rewards.

For all methods, each rollout step samples a
batch of 32 prompts with 8 responses per prompt,
yielding 256 responses in total. Strict on-policy
methods perform one update per rollout using the
full batch, while approximate on-policy baselines
follow the standard GRPO setting with 8 sequential
updates over mini-batches from the same rollout
data. We optimize using AdamW (Loshchilov and
Hutter, 2017), with learning rates of 2.83e-6 for
strict on-policy methods > and le-6 for approxi-
mate on-policy baselines. All models are trained
with a linear warm-up over the first 10 rollout steps.
The maximum response length is set to 3000 tokens
for Qwen2.5-Math-7B-base and 8000 tokens for
Qwen3-4B-base. All experiments are conducted
on 32 A100 GPUs.

Baselines. We compare OPEFO with several rep-
resentative baselines. GRPO is used as the primary
reference method, with both the upper and lower
clipping bounds set to 0.2. Entropy regularization
(Entropy-Reg) augments the objective with an ex-
plicit entropy regularization term, where the coeffi-
cient is fixed to 0.01. Clip-higher relaxes the upper
clipping bound to 0.28 while keeping the lower
bound unchanged at 0.2, following the standard
configuration in prior work. In addition, Clip-Cov
and KL-Cov are included, using the settings re-
ported in Cui et al. (2025).

Evaluation. We evaluate models on six widely
used mathematical reasoning benchmarks:
AIME24, AIME25, AMC23 (Li et al., 2024),
MATHS500 (Hendrycks et al., 2021), Minerva
Math (Lewkowycz et al., 2022), and Olympiad-
Bench (He et al., 2024). Following prior work (Hao

Following common practice, the learning rate is scaled
proportionally to the square root of the effective batch size
increase (i.e., v/8) to maintain a comparable optimization
noise scale (Goyal et al., 2017; Smith and Le, 2017).

et al., 2025b), validation is performed with a top-p
value of 0.7 and temperature 1.0 across all models
and test sets. We report Avg@32 for AIME24 (30
problems), AIME25 (30 problems), and AMC23
(40 problems) due to their smaller size, and report
Avg@1 for all other benchmarks. All evaluations
are zero-shot with no additional prompts. All
methods save a checkpoint every 10 steps, and
the checkpoint achieving the highest average
accuracy (Avg.) across benchmarks is selected for
evaluation.

6.2 Main results

Table 1 reports the results of two base models on six
mathematical reasoning benchmarks. We highlight
three key observations.

First, among competitive baselines, OPEFO
achieves the best overall performance. On
Qwen2.5-Math-7B and Qwen3-Base-4B, OPEFO
attains average accuracies of 52.4% and 51.9%,
outperforming the second-best methods by 1.7%
and 1.8%, respectively. These gains are observed
across models and datasets, indicating that OPEFO
improves reasoning ability in a robust manner.

Second, comparing GRPO with its strict on-
policy variant reveals a clear and consistent empir-
ical advantage of the strict on-policy setting over
the approximate on-policy one. This provides em-
pirical support for the claim discussed earlier that
avoiding stale reference policies and distribution
shifts can improve policy optimization in RLVR.
However, strict on-policy GRPO alone, despite
achieving higher accuracy, does not prevent en-
tropy collapse, as shown in subsequent analyses.

Third, under the same strict on-policy setting,
OPEFO further improves performance over strict
on-policy GRPO by explicitly balancing entropy-
increasing and entropy-decreasing updates, yield-
ing average gains of 2.3% and 1.8% on Qwen2.5-
Math-7B and Qwen3-Base-4B, respectively. This
highlights the complementary role of entropy flow
balancing: while strict on-policy training provides
a cleaner optimization signal, OPEFO addresses
the remaining instability and brings additional per-
formance improvements under this stabilized en-
tropy dynamics.

6.3 Training Dynamics Analysis

In this section, we conduct an empirical analysis of
the training dynamics of Qwen2.5-Math-7B under
several representative training methods, examining
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Method AIME24 AIME25 AMC23 MATHS500 Minerva Olympiad Avg.
Qwen2.5-Math-7B 13.8 53 44.6 39.6 9.9 13.8 21.2
GRPO 26.7 13.0 69.8 80.3 37.1 46.1 45.5
GRPO (Strict on-policy) 32.6 15.4 81.8 83.5 38.9 48.1 50.1
Entropy-Reg 31.7 13.3 74.4 81.9 40.5 45.1 47.8
Clip-higher 30.5 17.4 78.5 83.5 39.7 49.4 49.8
Clip—Cov 322 18.5 77.9 85.1 40.3 50.2 50.7
KL-Cov 32.6 17.9 78.3 84.6 40.9 48.7 50.5
OPEFO 34.5 19.2 82.2 85.3 41.6 51.8 524
Qwen3-Base-4B 9.7 8.8 51.1 75.4 33.1 40.5 36.4
GRPO 194 17.3 66.1 80.6 36.3 494 44.8
GRPO (Strict on-policy) 26.2 22.3 71.5 86.3 38.9 55.7 50.1
Entropy-Reg 227 20.8 70.9 83.4 37.1 533 48.0
Clip-higher 23.5 21.7 70.3 84.8 39.2 553 49.1
Clip—Cov 242 23.1 71.9 85.7 39.7 56.9 48.9
KL-Cov 24.7 224 72.3 86.1 40.3 55.8 49.2
OPEFO 27.7 24.8 731 87.5 41.2 574 51.9

Table 1: Main results on mathematical reasoning benchmarks. All results are presented as percentages. The best are
in bold.
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Figure 4: Training dynamics under different methods: (a) policy entropy, (b) training reward, and (c¢) response
length.

how these methods affect entropy, training reward,
and response length over training.

GRPO and its strict on-policy variant achieve the
highest training reward while also exhibiting the
lowest policy entropy. When interpreted together
with the entropy curves, this pattern is consistent
with premature exploitation of a limited set of high-
reward answer patterns, rather than sustained ex-
ploration throughout training. A more desirable
objective is to improve training performance while
maintaining sufficient entropy to preserve diversity
in the learned policy. OPEFO follows this direction
by stabilizing entropy while still achieving compet-
itive reward growth.

Overall Entropy. As shown on the Figure 4 (a),
both standard GRPO and its strict on-policy variant
exhibit a rapid collapse of policy entropy during
training. While strict on-policy GRPO achieves
higher accuracy than the standard setting (Table 1),
it does not inherently prevent entropy collapse.
In contrast, entropy regularization leads to uncon-
trolled entropy growth in later training stages (af-
ter approximately 400 steps), whereas Clip-higher
partially mitigates collapse but still suffers from
noticeable oscillations. By comparison, OPEFO
maintains a smooth and stable entropy trajectory,
avoiding both premature determinism and uncon-
trolled entropy inflation.

Response Length. Figure 4 (c) shows the evo-
lution of response length during training. For
GRPO and its on-policy variant, the response
length quickly saturates and stops increasing af-

Training Reward. Figure 4 (b) shows steady
upward trends across all methods. Among them,

ter around 200 steps, while Clip-higher stabilizes
at a later stage, around 300 steps. Entropy regular-
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Method AIME24 AIME25 AMC23 MATHS500 Minerva Olympiad Avg.
GRPO (Strict on-policy) 26.7 13.0 69.8 80.3 37.1 46.1 45.5
Static Scaling 30.0 16.5 81.0 83.8 38.0 49.5 49.8
One-side (S only) 32.8 18.2 83.1 84.2 38.7 47.5 50.8
One-side (S~ only) 323 16.3 83.6 83.9 383 47.2 50.3
OPEFO 34.5 19.2 82.2 85.3 41.6 51.8 524

Table 2: Ablation of balancing coefficient A* on Qwen2.5-Math-7B. GRPO (Strict on-policy) corresponds to
A* = 0. “Static Scaling” uses a fixed A* = 0.001. “One-side (ST only)” and “One-side (S~ only)” apply A\* to
entropy-increasing and entropy-decreasing updates, respectively. OPEFO applies A* to both sides.

ization exhibits a sharp increase in response length
after around 400 steps, coinciding with the surge
in policy entropy observed in Figure 4 (a), indicat-
ing that the model begins to generate longer but
increasingly unconstrained responses. In contrast,
OPEFO continues to produce longer and controlled
responses throughout training. We do not claim
longer responses are inherently better; rather, un-
der the verifiable-reward setting, response length
serves as a behavioral indicator of whether the
model continues to explore more intermediate rea-
soning paths.

6.4 Exploration Analysis

One of the primary motivations of controlling en-
tropy is to improve exploration during RL training.
To evaluate whether OPEFO indeed enhances ex-
ploration, we measure Pass@k performance on
Qwen2.5-Math-7B, which reflects the model’s abil-
ity to discover diverse reasoning paths.

We report Pass@32 on four relatively small
benchmarks (Table 3) and additionally evaluate
the scaling behavior of Pass@k on AIME24 (Ta-
ble 4). As shown in Table 3, OPEFO consistently
outperforms all baselines across datasets, indicat-
ing improved coverage of correct solutions. More
importantly, Table 4 shows that OPEFO achieves
higher Pass@Fk across all k-values and exhibits
stronger gains as k increases, suggesting that it ex-
plores a broader set of valid reasoning paths rather
than repeatedly generating similar responses.

6.5 Analysis of the Balancing Coefficient \*

We analyze the role of the balancing coefficient
A* on Qwen2.5-Math-7B, examining both differ-
ent balancing strategies and the behavior of the
analytically derived A* during training.

Ablation on A*. OPEFO adaptively reweights up-
dates by amplifying entropy-increasing updates in
ST and attenuating entropy-decreasing updates in

Method AIME24 AIME25 AMC23 MATH500
GRPO 59.8 384 93.7 92.5
GRPO (Strict)  61.3 41.2 94.8 93.3
Entropy-Reg 50.1 33.6 90.8 92.0
Clip-higher 57.7 37.6 94.6 92.7
Clip-Cov 59.0 41.7 95.3 93.5
KL-Cov 60.1 40.9 94.9 93.7
OPEFO 624 43.3 95.6 94.1

Table 3: Pass@32 performance comparison across dif-
ferent benchmarks.

Method Pass@8 Pass@16 Pass@32 Pass@64
GRPO 45.1 54.3 59.8 65.6
GRPO (Strict)  50.9 56.2 61.3 66.5
Entropy-Reg 46.9 43.9 50.1 54.9
Clip-higher 50.2 51.7 57.7 63.3
Clip-Cov 51.3 53.2 59.0 64.7
KL-Cov 50.5 54.1 60.1 65.5
OPEFO 52.5 56.5 62.4 68.4

Table 4: Scaling behavior of Pass@#k on the AIME24
benchmark.

S~ using a dynamically computed A\* (Eq. 9). We
first compare OPEFO against a static scaling base-
line with a fixed A = 0.001, chosen as the average
value of A* observed over the course of training. As
shown in Table 2, static scaling yields moderate im-
provements over strict on-policy GRPO (A\* = 0),
but consistently underperforms OPEFO, highlight-
ing the importance of dynamically adjusting \*.

We further consider two one-sided variants that
apply \* only to entropy-increasing updates (ST
only) or only to entropy-decreasing updates (S~
only). Both variants outperform strict on-policy
GRPO, but remain consistently inferior to full
OPEFO, suggesting that jointly balancing leads
to better overall performance.

Dynamics of A\*. Beyond ablations on balancing
strategies, we further examine how the balancing
coefficient A* evolves during training. As shown in
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Figure 5: Evolution of the balancing coefficient \* over
training steps.

Figure 5, \* exhibits a non-stationary pattern over
training. Overall, \* remains positive throughout
training, indicating a persistent need to encourage
entropy-increasing updates to counteract entropy
collapse. We observe that \* first decreases in the
early stage and then gradually increases later in
training, reflecting different entropy balancing de-
mands across training phases. Taken together, A*
displays bounded oscillations rather than converg-
ing to a fixed value, reflecting an adaptive balancing
mechanism that adjusts to non-stationary entropy
flow during training.

6.6 Training Efficiency

Strict on-policy methods are often considered com-
putationally expensive due to the need for fresh
rollouts. However, in our implementation, this
is not the case. As described in Section 6.1, we
adopt a single update per rollout with a larger effec-
tive batch size, while approximate on-policy meth-
ods perform 8 sequential updates per rollout batch.
This difference in update strategy directly translates
into runtime. As shown in Figure 6, strict on-policy
methods have a per-batch runtime of 149s, while
approximate on-policy methods take around 158s.
Although the difference is modest, it shows that
strict on-policy training does not introduce addi-
tional computational overhead in practice.

7 Conclusion

We proposed On-Policy Entropy Flow Optimiza-
tion (OPEFO), a strict on-policy mechanism for sta-
bilizing entropy dynamics in RLVR training. By an-
alyzing entropy collapse from a token-level entropy
flow perspective, we showed that it arises from a
persistent imbalance between entropy-increasing
and entropy-decreasing updates. OPEFO directly
addresses this issue by balancing the two opposing
entropy flows without relying on reference policies

160

Runtime Per batch (s)
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Figure 6: Per-batch runtime comparison under identical
rollout settings.

or heuristic entropy regularization. Experiments on
six mathematical reasoning benchmarks across two
base models demonstrate that OPEFO consistently
improves training stability and final performance
over strong RLVR baselines. These results suggest
entropy flow balancing as a simple and effective
principle for stabilizing reasoning-oriented rein-
forcement learning.

Limitations

Our method offers a principled and interpretable en-
tropy flow perspective for stabilizing RLVR train-
ing under a strict on-policy setting, and demon-
strates strong empirical performance across rea-
soning benchmarks. We nevertheless note several
limitations.

First, our analysis relies on a first-order approxi-
mation of token-level entropy change under a sim-
plified softmax assumption, which captures domi-
nant entropy trends but abstracts away higher-order
interactions in large transformer models.

Second, the proposed entropy flow balancing
mechanism operates as a local, batch-level stabi-
lizer, where the zero entropy flow criterion serves
as a sufficient condition rather than a globally op-
timal objective, and entropy flow behaviors may
vary across tasks.

Finally, our evaluation focuses on strict on-
policy RLVR for mathematical reasoning. While
OPEFO is conceptually applicable to other do-
mains and reward structures, a systematic study
under dense rewards or more complex credit as-
signment settings is left for future work.

We view these limitations not as fundamental
constraints of the proposed method, but as oppor-
tunities for extending and refining entropy-aware
optimization methods in future RLVR systems.
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A Theorem Proof Details

The following derivation is adapted from prior work (Hao et al., 2025b) and is included for reference and
completeness.

Theorem 1 (First-order entropy change). Under Assumption 1, the change of conditional entropy
between two update steps is defined as AH; £ H(mi ' | s;) — H(nh | s¢). Then the first-order
estimation of AH; is:

AHy = —NEqnp (s [Ae(L =7 (a | 51))*(logm(a | s¢) + H(my | 50))] (10)

where 7 is the learning rate, and & indexes the policy update step. Note that compared to the formulation
in Hao et al. (2025b), Eq. 10 is specialized to the strict on-policy setting: the weight term w; (defined
there as w; = Iaipr: A¢) reduces to the plain advantage A; since no importance ratio or clipping is used in
our updates.

Proof. The proof is similar to that of (Liu, 2025). Taking the first-order Taylor expansion, we have
AH; = H(W§+1 | 5¢) — H(mh | 1) = (VoH(mh | 5¢), 28T — 2F)
Since we have the log trick E, ., (.|s)[Vg log mg(a | s)] = 0, the gradient term can be derived as
VeH(m | s) = VoH(mo(- | 5))
= Vy (_Ea~7r9(-|s) [lOg 7749(0’ | S)])
= —Egry(5)[Vologmg(a | s) +logmg(a | s)Vglogm(a | s)]
= —Equmy(|s)llogma(a | s)Vglogmp(a | 5)].
Then we have
AH; = (VoH (0% | s0), (K1 = 2F))
= — <Ea~w§(.|5t)[log7rg(a | 5,)Vglogma(a | s)], 08+ — 9k>
= —anﬂg(,‘&) _log7r9(a | 5¢)(Velogmg(a | s¢), 0%t — 0k>}
dlogmy(a | s¢)

k+1 k
— _Ea’\/ﬂ'g("st) logﬂg(a | St) Z Tm((gsi_a/ — Hsha/)]
L a'eA ’

= —Eyr(fsy) |loga(a | 50) Y ({a=d}—n(a | s)) (05 - eft,a/)]
L a'eA

_Ea~ﬂ§(~\st) _(10g 7T9(CL ‘ St) - Ed~7r§(~|st) log 71—9(& ’ St))
k+1 k k+1 k
(Gst,a - 6)st,a - Ea’~ﬂ§(-|st)(95t,a/ B Hst,a’))}
= “Eqnp(p [Hogmh(a | 5)+ H(- | 9)] [(1 = mhla | )00 — 25 )]

= B, nsgs) [logh(a ] )+ H(- | )] [w(s | )1 = 7f(a ] )]

where w(s | a) is the weight in the policy gradient. O
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B Detailed Information For Test Dataset

Test Datasets #Questions Level
AIME24 30 Olympiad
AIME25 30 Olympiad
AMC23 40 Intermediate
MATHS500 500 Advanced
Minerva 272 Graduate
OlympiadBench 675 Olympiad

Table 5: Dataset statistics.
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