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ABSTRACT

Reinforcement learning (RL) has emerged as a promising strategy for finetuning
small language models (SLMs) to solve targeted tasks such as math and coding.
However, RL algorithms tend to be resource-intensive, taking a significant amount
of time to train. We propose RAPID, a novel RL algorithm that can substantially
reduce the running time of RL. Our key insight is that RL tends to be costly due to
the need to perform both inference and backpropagation during training. To max-
imize use of computational resources, our algorithm performs inference in large
batches, and then performs off-policy policy gradient updates in mini-batches.
For off-policy updates, we incorporate group advantage estimation into the policy
gradient algorithm, and derive an importance weighted estimator to correct for
the bias arising from off-policy learning. Our experiments demonstrate that our
algorithm can reduce running time by 11%-34% on three benchmarks compared
to state-of-the-art RL algorithms while maintaining similar or better accuracy.

1 INTRODUCTION

Small language models (SLMs) are increasingly being adopted in resource-constrained environ-
ments such as phones, laptops, and mobile robots. In many applications, SLMs can be finetuned
to improve their capabilities at a specific task. While distillation from larger models is a common
strategy, it can have limited effectiveness in many domains since the labeled outputs deviate far from
the distribution of outputs produced by the SLM. Reinforcement learning (RL) provides a promising
alternative, training the SLM based on its own successful and unsuccessful generations.

However, RL algorithms tend to be significantly more compute intensive compared to distillation.
The key challenge is the need to orchestrate inference and backpropagation. One option is to allo-
cate one subset of GPUs to inference and another to backpropagation, balancing them to maximize
utilization of each GPU (Hu et al., [2025} [Espeholt et al., [2018)). However, this approach work best
when there are a large number of GPUs, enabling the system to keep all GPUs busy. A simpler
approach is to alternate between inference and training, using all GPUs for each phase. However,
this alternation can introduce substantial latency switching between inference and backpropagation.

We propose to scale this approach by substantially increasing the size of each batch sampled dur-
ing an inference phase, and then taking multiple gradient steps on this batch using off-policy RL.
The key question is the choice of off-policy RL algorithm. A standard choice would be to use
PPO (Schulman et al.,|2017b), which relies on KL-divergence regularization; however, we find that
this approach limits performance when taking a large number of off-policy gradient steps.

Instead, we build on the original policy gradient algorithm (Sutton et al.l |1999), where importance
weighting can be used for off-policy corrections. Existing approaches typically train a value function
that incorporates off-policy corrections (Espeholt et al.l [2018)); however, recent work suggests that
Monte Carlo estimates of the advantage function at the group level (i.e., for a single math or coding
problem) tend to be more effective in for training language models (Shao et al., [2024). We devise
an importance weighted version of the policy gradient algorithm under group advantage estimation,
and then uses this estimator to make off-policy gradient updates.

We perform an extensive empirical evaluation on three datasets: MBPP+ (Austin et al., 2021} [Liu
et al., 2023), MATH (Hendrycks et al., 2021} [Lightman et al., 2023, and MiniF2F (Zheng et al.,
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2022). We show that RAPID reduces training time by 11%—-34% without sacrificing accuracy. We
also analyze the impact of off-policy sampling on sample staleness, runtime, and accuracy.

To summarize, our key contributions are as follows:

* We propose RAPID (Reweighted Advantage for Preemptive Inference of Data), an RL
algorithm that alternates between performing inference in large batches and performing
off-policy policy gradient updates in small mini-batches, allowing for separately optimized
inference and backpropagation batch sizes to substantially improving runtime.

* We incorporate group advantage estimation into the policy gradient algorithm, and derive
an importance weighted estimator to correct for the bias arising from off-policy learning.

* We perform an extensive empirical evaluation, demonstrating that RAPID reduces training
time by 11%-34% on three benchmarks generally without sacrificing accuracy.

2 RELATED WORK

Improving LM Reasoning Using RL. Given the promising performance of language mod-
els (LMs), numerous studies have explored their application to mathematical problem solv-
ing (Hendrycks et al., 2021} |Cobbe et al., 2021;|Glazer et al.||2024), program synthesis (Austin et al.,
20215 |Puri et al., [2021)), and other reasoning tasks. For instance, Chain-of-Thought prompting (Wei1
et al.l 2023) encourages LMs to generate intermediate reasoning steps before producing the final
answer. Tree-of-Thought (Yao et al., 2023) and Graph-of-Thought (Besta et al.| |2024) extend this
idea by imposing logical structure to organize the reasoning process. Recent efforts have focused
on using RL to improve LM reasoning capabilities. In question-answering tasks, FireAct (Chen
et al., 2023)) and AgentTuning (Zeng et al., 2023)) enhance reasoning capabilities by learning from
demonstrations from humans or stronger models. These approaches are commonly referred to as
supervised fine-tuning (SFT), or behavior cloning in the RL literature. However, several studies
have found limits on the effectiveness of SFT, and significantly improved LLM reasoning capability
via on-policy RL (DeepSeek-Al et al.,[2025a; [Shao et al., 2024} Zeng et al., 2025)).

Efficient RL. Although on-policy RL algorithms can effectively improve LM reasoning capability,
they can be very computationally expensive, since they require re-sampling generations after each
model update. To mitigate this issue, DeepSeek-Al et al.[(2025b)) propose more efficient transformer
architectures to accelerate pretraining, and Kwon et al.| (2023b) introduce advanced memory man-
agement techniques to speed up sampling in post-training. Although current RL algorithms can
leverage vLLM acceleration, the full potential of vLLM remains underutilized, leaving significant
room for improving RL efficiency. Furthermore, efficient RL frameworks have also been proposed.
For instance, VeRL (Sheng et al.,[2025)) utilizes sing-controller to coordinate inter-node data reshard-
ing, and multi-controller within intra-node computation; and OpenRLHF (Hu et al., 2025) proposes
an open-source and scalable RLHF framework. We note that these works improve RL efficiency
by facilitating better sharding and parallel computation, which is complementary to our algorith-
mic contributions; furthermore, they largely target settings with a large amount of computational
resources, whereas we focus on more resource constrained settings.

Off-Policy and Offline RL. The efficiency of RL can also be improved via offline and off-policy
RL algorithms. Offline algorithms such as SFT and Direct Preference Optimization (DPO) (Rafailov
et al., 2024) rely entirely on offline data (i.e., no inference during training), meaning standard su-
pervised learning frameworks can be used for efficient training. However, offline algorithms usually
obtain suboptimal performance due to the lack of online exploration. Off-policy RL algorithms sam-
ple new data during training, but possibly using a stale policy (i.e., different from the policy whose
gradient is being taken). For instance, PPO (Schulman et al., [2017b), TRPO (Schulman et al.,
2017al), and GRPO (Shao et al., 2024)) take multiple gradient steps on data sampled from a stale pol-
icy, using KL-divergence constraints or regularization to mitigate off-policy bias. Another strategy
is to use importance weighting to correct the standard policy gradient estimator (Sutton et al.,{1999).
Empirically, we find that this strategy works better than using KL-divergence regularization. Our
off-policy RL algorithm builds on the latter, combining importance weighting with group advantage
estimation that is standard in RL for language modeling tasks (Shao et al.| 2024).
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Figure 1: RAPID can reduce running time by 89% compared to a naive GRPO that uses the same
inference and training batch size with separate GPUs for inference and backpropagation.

3 RAPID ALGORITHM

3.1 PRELIMINARIES

We consider an SLM 7y with parameters 6, which takes in a user prompt x and generates output y;
we let y; denote the tth token in y. We assume given a prompt training set X = {x,}2_; (e.g.,
math or coding problems). For a training prompt x,,, we can check whether an output y produces
the correct answer, represented as a scalar reward R(x,,,y,) € R. We assume that this reward
is given once the output is fully generated (e.g., a binary indicator of whether the final answer is
correct); while this precludes process rewards (Wang et al.| [2024), recent work has found that they
may not be effective in our setting due to the difficulty predicting whether an output is on the right
track (DeepSeek-Al et all, [2025a). For simplicity, we assume R is deterministic (which is typical
for tasks such as math and coding), but our approach extends without modification to stochastic
rewards. Now, our goal is to compute the policy 7y(y,, | X, ) that maximizes expected reward:

1
o = arggnax J(e) where J(Q) = N Z&-X Eyn’\‘ﬂ's("xn)[R(x’ﬂﬂyn)]'

This RL problem can be viewed as a one-step MDP (i.e., a contextual bandit), where the initial state
is a prompt x,,, the action is the generation y,,, and the reward is R(x,,,yn)-

3.2 ALTERNATING INFERENCE AND BACKPROPAGATION

A key feature of RL for LMs is that inference typically occurs on specialized inference servers such
as vLLM (Kwon et al.} 2023a). Importantly, inference is typically much more memory efficient than
backpropagation, meaning much larger batches are optimal for inference compared to backpropa-
gation. Empirically, sampling takes up a much larger portion of training time than backpropagation
if performed in small batches. Figure [I] compares our algorithm to running GRPO with separate
inference and backpropagation GPUs with the same batch size, and shows time taken for inference
vs. backpropagation; as can be seen, naively running GRPO this way is very slow. Instead, our
algorithm alternates between inference and backpropagation, using all GPUs for each phase.

Our algorithm assumes given a set of training prompts X . During the tth outer step, it samples a
large number Ninference/Neroup Of prompts X from X, samples Neoup outputs y,, ; ~ my(- | x,,) for
each x,, € X, and collects these examples to form a training dataset Z; with Nipference €Xamples.
Given Z;, it then performs H = Ninserence/Nsiep POlicy-gradient updates to my with an off-policy RL
algorithm, each update using rewards from a mini-batch of N, samples drawn from Z;. By taking
a large number of samples during inference, this algorithm maximizes efficiency of the inference
server; by performing backpropagation and policy gradient updates on smaller batches, it maximizes
the efficiency of gradient descent. Our implementation iterates over prompts X; C X in the outer
loop and over mini-batches Z;, C Z in the inner loop rather than using sampling.

The remaining question is what to use as a policy gradient update; we describe the on-policy policy
gradient with group advantage estimation in Section [3.3] and how we use importance weighting to
adapt it to off-policy learning in Section[3:4] Our full algorithm is summarized in Algorithm [I]
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Algorithm 1 RAPID Algorithm

procedure RAPID'RL(Mnferencea Ngroup7 Nstep7 X7 779)
for ¢ € [T] do
Sample an inference batch X, of size Ninference /Neroup from X
Sample y,, ; ~ (- | x;,) for each x,, € X; and each i € [Ngroup)
Form the dataset Z; = {(Xp,¥n,i) | Xn € X¢,% € [Ngroup] }
Copy the current policy p < 7y
Run IW-GRPG(Nyeep, Z, 9, 1)
end for
end procedure
procedure IW-GRPG(NV, Z, 7y, 1)
for h € [H] do
Sample a mini-batch Zj, of size N from Z
Compute the advantage estimate A™® (xn, yn) for each (x,,,y,) € Z, using Eq. .
Compute the policy gradient Vg.J () using Z;, according to Eq. (3)
Take a gradient ascent step on g
end for
end procedure

3.3 GROUP RELATIVE POLICY GRADIENT

Our off-policy RL builds on the policy gradient (PG) algorithm (Sutton et al.| [1999)). This algorithm
is on-policy; we will use importance weighting to convert it into an off-policy algorithm. The Policy
Gradient Theorem gives the following way to compute the gradient:

v0779 n | Xn T
VGJ Z]Eyn""ﬂ'e(‘xn |: ((y|)|{ ))A Q(Xm}’n) , (1)
where A™ (x,,,y,) is the advantage function (Sutton & Bartol |2018). Note that this update is on-
policy since the trajectories y,, must be sampled using the current policy my.

A key question is how to estimate the advantage function A™(x,,,y,) = Q7 (Xn,¥n) — V™ (xy),
where Q™ is the Q-function and V'™ is the value function. In our setting, recent work has found
that training value and @-function estimators is highly biased due to the difficulty in predicting
V™ and Q™ for language modeling tasks (Liang et al., 2022). Thus, we focus on Monte Carlo
approaches. The most popular Monte Carlo approach is the single-path method, which uses the
estimate A™ (X,,,yn) ~ R(Xp,yn) — b, where b = N1 25:1 R(Xp/,ynr) is the baseline. A
shortcoming is that b is an estimate of the average value across all examples n’ € [IN], so b estimates
the average value function N1 Z V (x,,) rather than the value V' (x,,) for the current prompt.
The vine method (Kazemne]ad et al.} 2024 Schulman et al.l [2017a) uses targeted sampling to fix
this issue; however, it requires a large number of samples, makmg it computationally infeasible.

Instead, recent work has propose group advantage estimation, which interpolates between the single-
path and vine methods. It exploits the fact that in the reasoning setting, we typically train on multiple
samples y,, for a single user prompt x,,. In our formulation, we can think of there being multiple
x,, that are identical. Suppose that we partition [N] = {1, ..., N'} into groups NV, ..., N, where x,,
is the same for all n € N. Then, it estimates the advantage using the formula

1
AT (X, Yn) & R(Xn, Yn) — A Z R(Xpn,yn), 2
k
n' €Ny
where N}, is the group containing n and Ny = |Nj|. This estimate is based on two facts. First, in
our setting, the Q-function is simply the reward Q™ (X,,,y») = R(Xn,¥n). Second, it uses samples
in the group N}, to form an estimate of the value function at x,, (since x,,» = x,, for all n’ € Ny):

x 1
14 B(Xn) = Eyn/~ﬂ9(~|xn)[R(xnvyn’)] ~ F Z R(XnaYn/)'
k
n' €Ny
This estimate can also be viewed as performing a vine estimate of the advantage at x,,. We refer
to the algorithm combining group advantage estimation and the policy gradient algorithm as group
relative policy gradient (GRPG); this algorithm is a traditional on-policy RL algorithm.
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3.4 IMPORTANCE WEIGHTED GROUP RELATIVE POLICY GRADIENT

We propose an off-policy modification of GRPG. Specifically, suppose we have a behavioral policy
u(- | x,,) from which we are collecting data. First, we can form the standard importance weighted
estimate of the policy gradient, assuming for now that we know the advantage function:

v6‘7T9 (Yn | Xn)

A™ nsYn . 3
w(Yn | Xn) (en, ¥ )} ©)

N
1
VoJ(0) = N ZEyﬂ,N#(-\Xn) |:
n=1

However, we need some way to estimate the advantage function from off-policy samples. To this
end, we form an importance weighted version of the group advantage estimate in Eq. (2). First, the
Q-function does not depend on 7y, so we have Q™ (y,, | X,) = R(Xn,¥n). Second, the value
function estimate is importance weighted to account for the fact that the samples now come from p:

(Y | Xn)
1(yn | %n)

1 WG(Yn’ ‘ Xn)
~ R(X 7Y71,’)-
Ni Z,EN pynr [ %) ="
n 2

yre (Xn) = Eyn/wlj,(~\xn) |: R(Xna Yn’):|

Putting these two estimates together, the importance weighted group advantage estimate is

N
L To(yn' | Xn')
A" (X, ¥n) & R(Xn, Yn) — ~—— Z T R(X ety Yot )- 4)
Nk n’ €Ny, u(yn/ | Xn/)

Our importance weighted GRPG algorithm uses the advantage estimate Eq. (@) in the importance
weighted policy gradient Eq. . The resulting gradient is almost an unbiased estimate of VyJ(7y),
except for the fact that the (x,,y,) is reused in the nth summand of VyJ() and in V™ (x,,);
following [Ahmadian et al|(2024), we can fix it by summing over N}, \ {n} instead of Ni:

1 & molyw | Xw)
Aﬂ'e Xnvyn ~ R Xn7yn - X7F u
Conyn) % Roenyn) = g D S i

R(Xn’7 yn')'
k n’ €N\ {n} K

Using this advantage estimate instead of Eq. (4) results in an unbiased estimate of V.J(6); however,
since the bias is small when Ny, is large, we use Eq. (@) to keep our algorithm simple. Finally, to
promote stability, we implement standard importance weight clipping:

{We(yw | Xn')

N
1
Aﬂ'e Xn,¥Yn) =~ R Xny¥Yn) — max
( )~ B ) Np, 2 1(yn | %)

n’ €Ny

77)} R(Xn’vyn/)' (5)

While this strategy can introduce bias into the gradient estimate, it significantly reduces variance in
the gradient estimate due to large importance weights.

4 EXPERIMENTS

We empirically evaluate RAPID compared to several RL baselines, with the following key results:
* We show that RAPID achieves comparable accuracy to baselines while significantly reduc-
ing runtime across several datasets, model sizes, and model families (Section .

* We analyze the influence of off-policy sampling on sample staleness, runtime, and accu-
racy, with a representative qualitative example of token-level staleness for a single genera-
tion, as well as an analysis of importance weight clipping (Section[4.3).

4.1 EXPERIMENTAL SETUP

Baselines. We compare our approach to SFT (Ouyang et al., [2022), GRPO (Shao et al., |2024),
Policy Gradient (Sutton et al.l|1999), and DAPO (Yu et al., [2025).
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. MBPP+ MATH MiniF2F
Algorithm
Pass@1 Pass@8 Runtime Pass@1l Runtime Pass@1 Runtime
B 3.2% 24.3% N/A 22.4% N/A 4.0% N/A
ase +1.0% +22% N/A +0.2% N/A +0.2% N/A
SFT 5.6% 35.4% 2.0m 21.0% 4h42m 4.5% 0.3m
+2.8% +1.3% +0.0m +0.7% +9m +0.0% + 0m
GRPO 6.4% 37.1% 22.0m 23.2% 5h36m 5.5% 51.1m
+3.5% +1.8% +1.5m +0.1% +2m +0.5% +10.4m
PG 6.4% 39.5% 19.2m 30.6% 4h49m 6.6% 41.1m
+2.0% +1.8% + 1.6m +0.6% + 6m +0.0% +0.5m
DAPO 5.3% 32.5% 19.2m 29.5% 4h47m 4.8% 49.0m
+23% +0.9% +0.7m +0.5% +9m +1.3% + 6.4m
11.1% 38.6% 12.7m 28.7% 4h29m 5.6% 27.9m
RAPID (H = 8) +2.0% +0.9% +0.6m +0.8% +9m +0.2% +5.5m
9.9% 47.4% 13.3m 29.5% 4h14m 4.8% 31.1m
RAPID (H = 4) +1.0% +0.0% + 1.Im +0.3% +0m +0.2% +5.6m

Table 1: Accuracy and runtime of RL algorithms across our datasets on Qwen2.5-0.5B. Best per-
forming results under each metric are in bold, runner-ups are underlined (SFT is not included in the
runtime comparison because of its poor accuracy compared to other approaches).

Algorithm Qwen 2.5 Llama 3.2 Gemma 3
1.5B 1B 1B

Pass@1 Pass@8 Time Pass@1 Pass@8 Time Pass@1 Pass@8  Time
Base 7.9% 57.0% N/A 3.5% 25.4% N/A 0.9% 5.3% N/A
SFT 13.2% 58.8% 4.0m 7.0% 22.8% 3.3m 0.0% 0.0% 4.0m
GRPO 19.3% 64.9% 33.3m 7.9% 33.3% 27.4m 0.0% 10.5% 48.3m
PG 32.5% 66.7 % 24.7m 18.4% 42.1% 18.5m 0.9% 10.5% 31.6m
DAPO 16.7% 64.0% 36.5m 21.1% 40.4% 25.5m 1.8% 12.3% 40.9m
RAPID (H = 4) 28.9% 66.7%  22.8m 14.9% 44.7 % 15.2m 3.5% 14.0%  24.4m

Table 2: Performance of different algorithms across model families and sizes on MBPP+. Best
performing results under each metric are in bold, runner-ups are underlined (SFT is not included in
the runtime comparison because of its poor accuracy compared to other approaches).

Models. We consider small models including Qwen-2.5 0.5B and 1.5B (Qwen et al.,[2025])), Llama-
3.2 1B (Grattafiori et al., 2024}, and Gemma-3 1B (Team et al., [2025).

Datasets. We perform our experiments on three datasets: MBPP+ for coding (264 training and
114 evaluation) (Austin et al., 2021} [Liu et al.| 2023)), MATH (12,000 training and 500 evalua-
tion) (Hendrycks et al., 2021} Lightman et al., 2023) for mathematics, and MiniF2F (244 training
and 244 evaluation) (Zheng et al.| [2022) for formal theorem-proving.

Metrics. For MBPP+, we report both Pass@1 and Pass@8 (which is standard for this dataset); for
MATH and MiniF2F, we simply report Pass@1 (i.e., accuracy).

Compute. All runs are performed on 4 x Nvidia RTX A6000 GPUs on a single server.

Hyperparameters. Our main hyperparameters for RAPID are the inference batch size Njpference
and the training batch size Ny.,. We report results for different values of the batch size ratio
H = Nipference /Nslep, with the training batch size Ny, fixed for each dataset (see Appendix .
Appendix [A]includes additional details on our choices of hyperparameters and configurations.
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H MBPP+ MATH MiniF2F
Pass@1 Pass@8 Time Stale Pass@1 Time Stale Pass@1 Time Stale
2 10.2% 41.5% 15.5m 0.06 29.4% 4h47m 0.03 5.1% 36.4m 0.11
+2.8% +22% +04m  +0.01 +0.6% +17m  £0.00 +0.5% +56m  +0.03
4 9.9% 47.4% 13.3m 0.08 29.5% 4h14m 0.04 4.8% 31.1m 0.15
+ 1.0% +0.0% +1LIm  +0.02 +0.3% +00m =+ 0.00 +0.2% +56m  +0.03
3 11.1% 38.6% 12.7m 0.11 28.7% 4h29m 0.06 5.6% 27.9m 0.22
+2.0% +0.9% +06m  +0.02 +0.8% +£87m £ 0.00 +0.2% +£55m 0.0l
16 11.4% 38.9% 13.6m 0.13 28.3% 4h8m 0.07 4.0% 26.2m 0.25

+ 1.5% + 1.3% + 1.0m =+ 0.01 +0.8% + 8.1m + 0.01 + 1.3% + 5.5m =+ 0.08

Table 3: Staleness analysis across datasets for Qwen2.5-0.5B. Best performing results under each
metric are in bold, runner-ups are underlined. Recommended choices of H are boxed.

Dataset Metric  r(k,Acc) r(k,Time) r(k, Stale)

Pass@l 0311 —0.388 0.885
MBPP+ b @8  —0559  —0.388 0.885
MATH  Pass@l  —0.648  —0.666 0.936
MiniF2F  Pass@l 0534 —0.594 0.758

Table 4: Pearson correlations between batch size ratio H and {accuracy, runtime, and staleness}.

4.2 PERFORMANCE OF RAPID

We compare RAPID with H € {4,8} to our baselines on each of our datasets. We perform three
runs for each setup in Table[I| with different random seeds and show means and standard deviations.
We find that RAPID reduces training time by 34% for MBPP+, 32% for MiniF2F, and 11%
for MATH when compared to the strongest baseline, while maintaining similar or better accuracy
(Table E]) In several cases, RAPID outperforms all baselines in accuracy, while in others RAPID
is close to the optimal especially given the small sizes of the datasets. Our results generalize well
to different model sizes and families (Table[2). We note that RAPID performs particularly well for
pass@8 with MBPP+, outperforming all baselines in time and accuracy for all models sizes and
families tested here. We hypothesize this is due to the fact that off-policy training can lead to higher
diversity in generations, either by increasing entropy in their sampling distributions or by exposing
the model to different modes of generations, such as that of previous policies (Shypula et al.|[2025).

4.3 STALENESS AND IMPORTANCE WEIGHT ANALYSIS

To quantify the effect of off-policy sampling on training accuracy and time, we run RAPID with
batch size ratio H € {2,4,8,16}. We measure sample staleness in each case by averaging the
clipped importance weight in log scale across all steps (Table [3). Again, we perform three runs
for each setup and report mean and standard deviation. We then calculate the Pearson correlations
between batch size ratio and {staleness, runtime, and accuracy} (Table E])

Relating H and staleness. There is strong positive correlation between batch size ratio and stale-
ness, which is expected since batch size ratio reflects how much ahead the inference policy samples
in the dataset, which in turn leads to staleness of these samples in subsequent gradient updates.

Relating H and runtime. There is negative correlation between batch size ratio and runtime. This
effect is because larger inference batch sizes provide amortized inference time per sample, and the
much larger optimal batch size for inference compared to backpropagation should justify large batch
sampling (Section[3.2). Scenarios where runtime does not decrease as a function of batch size ratio
H (e.g., in MATH from H = 4 to H = 8) are due to longer generations with H = 8, which lead to
longer inference time (Figure[2). This effect may be because H = 8 causes more off-policy training
than I = 4, leading to verbose generations due to distribution shift from inference to the current
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Figure 2: We show how completion length and inference time vary with batch size ratio H for
Qwen2.5-0.5B on MATH; H = 8 leads to longer generation and inference time than H = 4.

Log of Ratio between n and p

Token position in a generation

Figure 3: We show the token-level importance weight in log scale for a single generation during
training. We observe that other samples encountered throughout training exhibit similar patterns.

policy. Note that the generation is longer still for H = 16 compared to H = 4 for MATH, but the
amortized time benefit for large batch inference makes up for the increase in length. Overall, these
results call for a careful tuning of H as increasing it does not necessarily reduce training time. We
highlight the optimal training times in Table 3]

Relating H and accuracy. The effect of batch size ratio on accuracy is varied across datasets: in
most cases there is negative correlation, since larger batch ratios bring samples further off-policy,
which can indeed affect final accuracy. Surprisingly, for Pass@1 of MBPP+, there is some positive
correlation between accuracy and batch size ratio, leading to both improved accuracy and shorter
training time for the larger ratios.

Optimal choice of H. Overall, batch size ratio H is a tunable parameter that has varied trade-offs
on training accuracy and time for different datasets, accuracy metrics, model sizes, and families. We
highlight the best H for each dataset and metric in Table 3]

Token-level importance weight. Qualitatively, difference in sample probabilities between g and
7 almost always occurs on the level of individual tokens or short combinations of tokens. Figure 3]
shows a typical example of the token-level importance weight in log scale from a sample generation.
This pattern is general across samples and throughout training.
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Figure 4: Proportion of importance weights that are clipped for different batch size ratios on
Qwen2.5-0.5B for MATH.

Importance-weight clipping. Finally, we report the proportion of importance weights clipped for
Qwen2.5-0.5B on MATH. Importance weight clipping is applied on the generation level after ac-
cumulating per-token importance weights from each generation (Eq. (3)). They average to around
5% as shown in Figure d] We emphasize that clipping is crucial to prevent cumulative blow-up of
token-level importance weights at the generation level, as is evident in our training.

5 CONCLUSION

We have proposed RAPID, an RL algorithm that alternates between performing inference in large
batches and performing off-policy gradient updates in smaller mini-batches, allowing for a optimal
batch sizes for inference and backpropagation. Furthermore, we derived an importance weighted
policy gradient estimator to correct for the bias arising from off-policy learning. Our experiments
demonstrated that RAPID reduces training time by 11%-34% on three benchmarks while maintain-
ing similar or better accuracy. Finally, we analyzed the influence of off-policy sampling on sample
staleness, accuracy, and training time. We provided a representative qualitative example of the
token-level importance weights of a single generation, and demonstrated the effects of generation-
level importance weight clipping. While our study focuses on SLMs in resource constrained setting,
our algorithm may have benefits for training larger models as well.

REFERENCES

Arash Ahrpadian, Chris Cremer, Matthias Gallé, Marzieh Fadaee, Julia Kreutzer, Olivier Pietquin,
Ahmet Ustiin, and Sara Hooker. Back to basics: Revisiting reinforce style optimization for learn-
ing from human feedback in llms, 2024. URL https://arxiv.org/abs/2402.14740.

Jacob Austin, Augustus Odena, Maxwell Nye, Maarten Bosma, Henryk Michalewski, David Dohan,
Ellen Jiang, Carrie Cai, Michael Terry, Quoc Le, and Charles Sutton. Program synthesis with large
language models, 2021. URL https://arxiv.org/abs/2108.07732,

Maciej Besta, Nils Blach, Ales Kubicek, Robert Gerstenberger, Michal Podstawski, Lukas Gi-
aninazzi, Joanna Gajda, Tomasz Lehmann, Hubert Niewiadomski, Piotr Nyczyk, and Torsten
Hoefler. Graph of thoughts: Solving elaborate problems with large language models. Pro-
ceedings of the AAAI Conference on Artificial Intelligence, 38(16):17682-17690, March 2024.
ISSN 2159-5399. doi: 10.1609/aaai.v38i16.29720. URL http://dx.doi.org/10.1609/
aaai.v38i116.29720.


https://arxiv.org/abs/2402.14740
https://arxiv.org/abs/2108.07732
http://dx.doi.org/10.1609/aaai.v38i16.29720
http://dx.doi.org/10.1609/aaai.v38i16.29720

Under review as a conference paper at ICLR 2026

Baian Chen, Chang Shu, Ehsan Shareghi, Nigel Collier, Karthik Narasimhan, and Shunyu Yao.
Fireact: Toward language agent fine-tuning, 2023. URL https://arxiv.org/abs/2310.
05915.

Karl Cobbe, Vineet Kosaraju, Mohammad Bavarian, Mark Chen, Heewoo Jun, Lukasz Kaiser,
Matthias Plappert, Jerry Tworek, Jacob Hilton, Reiichiro Nakano, Christopher Hesse, and John
Schulman. Training verifiers to solve math word problems, 2021. URL https://arxiv.
org/abs/2110.14168.

DeepSeek-Al et al. Deepseek-r1: Incentivizing reasoning capability in 1lms via reinforcement learn-
ing, 2025a. URL https://arxiv.org/abs/2501.12948,

DeepSeek-Al et al. Deepseek-v3 technical report, 2025b. URL https://arxiv.org/abs/
2412.19437.

Lasse Espeholt, Hubert Soyer, Remi Munos, Karen Simonyan, Volodymir Mnih, Tom Ward, Yotam
Doron, Vlad Firoiu, Tim Harley, Iain Dunning, Shane Legg, and Koray Kavukcuoglu. Impala:
Scalable distributed deep-rl with importance weighted actor-learner architectures, 2018. URL
https://arxiv.org/abs/1802.01561.

Elliot Glazer et al. Frontiermath: A benchmark for evaluating advanced mathematical reasoning in
ai, 2024. URL |https://arxiv.org/abs/2411.04872.

Aaron Grattafiori et al. The llama 3 herd of models, 2024. URL https://arxiv.org/abs/
2407.21783l

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, 2021.
URLhttps://arxiv.org/abs/2103.03874.

Jian Hu, Xibin Wu, Wei Shen, Jason Klein Liu, Zilin Zhu, Weixun Wang, Songlin Jiang, Hao-
ran Wang, Hao Chen, Bin Chen, Weikai Fang, Xianyu, Yu Cao, Haotian Xu, and Yiming
Liu. Openrlhf: An easy-to-use, scalable and high-performance rlhf framework, 2025. URL
https://arxiv.org/abs/2405.11143\

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, 2024. URL https://arxiv.org/abs/2410.01679.

Woosuk Kwon, Zhuohan Li, Siyuan Zhuang, Ying Sheng, Lianmin Zheng, Cody Hao Yu, Joseph E.
Gonzalez, Hao Zhang, and Ion Stoica. Efficient memory management for large language model
serving with pagedattention. In Proceedings of the ACM SIGOPS 29th Symposium on Operating
Systems Principles, 2023a.

Woosuk Kwon, Zhuohan Li, Siyuan Zhuang, Ying Sheng, Lianmin Zheng, Cody Hao Yu, Joseph E.
Gonzalez, Hao Zhang, and Ion Stoica. Efficient memory management for large language model
serving with pagedattention, 2023b. URL https://arxiv.org/abs/2309.06180!

Litian Liang, Yaosheng Xu, Stephen McAleer, Dailin Hu, Alexander Ihler, Pieter Abbeel, and Roy
Fox. Reducing variance in temporal-difference value estimation via ensemble of deep networks,
2022. URL https://arxiv.org/abs/2209.07670.

Hunter Lightman, Vineet Kosaraju, Yura Burda, Harri Edwards, Bowen Baker, Teddy Lee, Jan
Leike, John Schulman, Ilya Sutskever, and Karl Cobbe. Let’s verify step by step, 2023. URL
https://arxiv.org/abs/2305.20050.

Jiawei Liu, Chungiu Steven Xia, Yuyao Wang, and Lingming Zhang. Is your code generated by
chatGPT really correct? rigorous evaluation of large language models for code generation. In
Thirty-seventh Conference on Neural Information Processing Systems, 2023. URL https://
openreview.net/forum?id=1gvx610Cu7.

10


https://arxiv.org/abs/2310.05915
https://arxiv.org/abs/2310.05915
https://arxiv.org/abs/2110.14168
https://arxiv.org/abs/2110.14168
https://arxiv.org/abs/2501.12948
https://arxiv.org/abs/2412.19437
https://arxiv.org/abs/2412.19437
https://arxiv.org/abs/1802.01561
https://arxiv.org/abs/2411.04872
https://arxiv.org/abs/2407.21783
https://arxiv.org/abs/2407.21783
https://arxiv.org/abs/2103.03874
https://arxiv.org/abs/2405.11143
https://arxiv.org/abs/2410.01679
https://arxiv.org/abs/2309.06180
https://arxiv.org/abs/2209.07670
https://arxiv.org/abs/2305.20050
https://openreview.net/forum?id=1qvx610Cu7
https://openreview.net/forum?id=1qvx610Cu7

Under review as a conference paper at ICLR 2026

Long Ouyang, Jeff Wu, Xu Jiang, Diogo Almeida, Carroll L. Wainwright, Pamela Mishkin, Chong
Zhang, Sandhini Agarwal, Katarina Slama, Alex Ray, John Schulman, Jacob Hilton, Fraser Kel-
ton, Luke Miller, Maddie Simens, Amanda Askell, Peter Welinder, Paul Christiano, Jan Leike,
and Ryan Lowe. Training language models to follow instructions with human feedback, 2022.
URLhttps://arxiv.org/abs/2203.02155.

Ruchir Puri, David S. Kung, Geert Janssen, Wei Zhang, Giacomo Domeniconi, Vladimir Zolotov,
Julian Dolby, Jie Chen, Mihir Choudhury, Lindsey Decker, Veronika Thost, Luca Buratti, Saurabh
Pujar, Shyam Ramji, Ulrich Finkler, Susan Malaika, and Frederick Reiss. Codenet: A large-scale
ai for code dataset for learning a diversity of coding tasks, 2021. URL https://arxiv.org/
abs/2105.12655.

Qwen, :, An Yang, Baosong Yang, Beichen Zhang, Binyuan Hui, Bo Zheng, Bowen Yu, Chengyuan
Li, Dayiheng Liu, Fei Huang, Haoran Wei, Huan Lin, Jian Yang, Jianhong Tu, Jianwei Zhang,
Jianxin Yang, Jiaxi Yang, Jingren Zhou, Junyang Lin, Kai Dang, Keming Lu, Keqin Bao, Kexin
Yang, Le Yu, Mei Li, Mingfeng Xue, Pei Zhang, Qin Zhu, Rui Men, Runji Lin, Tianhao Li,
Tianyi Tang, Tingyu Xia, Xingzhang Ren, Xuancheng Ren, Yang Fan, Yang Su, Yichang Zhang,
Yu Wan, Yuqiong Liu, Zeyu Cui, Zhenru Zhang, and Zihan Qiu. Qwen2.5 technical report, 2025.
URL https://arxiv.org/abs/2412.15115.

Rafael Rafailov, Archit Sharma, Eric Mitchell, Stefano Ermon, Christopher D. Manning, and
Chelsea Finn. Direct preference optimization: Your language model is secretly a reward model,
2024. URL https://arxiv.org/abs/2305.18290.

Samyam Rajbhandari, Jeff Rasley, Olatunji Ruwase, and Yuxiong He. Zero: Memory optimizations
toward training trillion parameter models, 2020. URL https://arxiv.org/abs/1910.
02054.

John Schulman, Sergey Levine, Philipp Moritz, Michael 1. Jordan, and Pieter Abbeel. Trust region
policy optimization, 2017a. URL |https://arxiv.org/abs/1502.05477.

John Schulman, Filip Wolski, Prafulla Dhariwal, Alec Radford, and Oleg Klimov. Proximal policy
optimization algorithms, 2017b. URL https://arxiv.org/abs/1707.06347.

Zhihong Shao, Peiyi Wang, Qihao Zhu, Runxin Xu, Junxiao Song, Xiao Bi, Haowei Zhang,
Mingchuan Zhang, Y. K. Li, Y. Wu, and Daya Guo. Deepseekmath: Pushing the limits of mathe-
matical reasoning in open language models, 2024. URL https://arxiv.org/abs/2402.
03300.

Guangming Sheng, Chi Zhang, Zilingfeng Ye, Xibin Wu, Wang Zhang, Ru Zhang, Yanghua Peng,
Haibin Lin, and Chuan Wu. Hybridflow: A flexible and efficient rlhf framework. In Proceedings
of the Twentieth European Conference on Computer Systems, EuroSys *25, pp. 1279-1297. ACM,
March 2025. doi: 10.1145/3689031.3696075. URL http://dx.doi.org/10.1145/
3689031.3696075.

Alexander Shypula, Shuo Li, Botong Zhang, Vishakh Padmakumar, Kayo Yin, and Osbert Bastani.
Evaluating the diversity and quality of llm generated content, 2025. URL https://arxiv.
org/abs/2504.12522.

Richard S. Sutton and Andrew G. Barto. Reinforcement Learning: An Introduction. A Bradford
Book, Cambridge, MA, USA, 2018. ISBN 0262039249.

Richard S Sutton, David McAllester, Satinder Singh, and Yishay Mansour. Policy gradient
methods for reinforcement learning with function approximation. In S. Solla, T. Leen, and
K. Miiller (eds.), Advances in Neural Information Processing Systems, volume 12. MIT Press,
1999. URL https://proceedings.neurips.cc/paper_files/paper/1999/
file/464d828b85b0bed98e80adelabc43b0f-Paper.pdfl

Gemma Team et al. Gemma 3 technical report, 2025. URL https://arxiv.org/abs/2503.
19786.

Leandro von Werra, Younes Belkada, Lewis Tunstall, Edward Beeching, Tristan Thrush, Nathan
Lambert, Shengyi Huang, Kashif Rasul, and Quentin Gallouédec. Trl: Transformer reinforcement
learning. https://github.com/huggingface/trl} 2020.

11


https://arxiv.org/abs/2203.02155
https://arxiv.org/abs/2105.12655
https://arxiv.org/abs/2105.12655
https://arxiv.org/abs/2412.15115
https://arxiv.org/abs/2305.18290
https://arxiv.org/abs/1910.02054
https://arxiv.org/abs/1910.02054
https://arxiv.org/abs/1502.05477
https://arxiv.org/abs/1707.06347
https://arxiv.org/abs/2402.03300
https://arxiv.org/abs/2402.03300
http://dx.doi.org/10.1145/3689031.3696075
http://dx.doi.org/10.1145/3689031.3696075
https://arxiv.org/abs/2504.12522
https://arxiv.org/abs/2504.12522
https://proceedings.neurips.cc/paper_files/paper/1999/file/464d828b85b0bed98e80ade0a5c43b0f-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/1999/file/464d828b85b0bed98e80ade0a5c43b0f-Paper.pdf
https://arxiv.org/abs/2503.19786
https://arxiv.org/abs/2503.19786
https://github.com/huggingface/trl

Under review as a conference paper at ICLR 2026

Peiyi Wang, Lei Li, Zhihong Shao, R. X. Xu, Damai Dai, Yifei Li, Deli Chen, Y. Wu, and Zhifang
Sui. Math-shepherd: Verify and reinforce llms step-by-step without human annotations, 2024.
URLhttps://arxiv.org/abs/2312.08935.

Jason Wei, Xuezhi Wang, Dale Schuurmans, Maarten Bosma, Brian Ichter, Fei Xia, Ed Chi, Quoc
Le, and Denny Zhou. Chain-of-thought prompting elicits reasoning in large language models,
2023. URL https://arxiv.org/abs/2201.11903.

Shunyu Yao, Dian Yu, Jeffrey Zhao, Izhak Shafran, Thomas L. Griffiths, Yuan Cao, and Karthik
Narasimhan. Tree of thoughts: Deliberate problem solving with large language models, 2023.
URLhttps://arxiv.org/abs/2305.10601.

Qiying Yu, Zheng Zhang, Ruofei Zhu, Yufeng Yuan, Xiaochen Zuo, Yu Yue, Weinan Dai,
Tiantian Fan, Gaohong Liu, Lingjun Liu, Xin Liu, Haibin Lin, Zhiqi Lin, Bole Ma, Guang-
ming Sheng, Yuxuan Tong, Chi Zhang, Mofan Zhang, Wang Zhang, Hang Zhu, Jinhua Zhu,
Jiaze Chen, Jiangjie Chen, Chengyi Wang, Hongli Yu, Yuxuan Song, Xiangpeng Wei, Hao
Zhou, Jingjing Liu, Wei-Ying Ma, Ya-Qin Zhang, Lin Yan, Mu Qiao, Yonghui Wu, and Mingx-
uan Wang. Dapo: An open-source llm reinforcement learning system at scale, 2025. URL
https://arxiv.org/abs/2503.14476.

Aohan Zeng, Mingdao Liu, Rui Lu, Bowen Wang, Xiao Liu, Yuxiao Dong, and Jie Tang. Agenttun-
ing: Enabling generalized agent abilities for llms, 2023. URL https://arxiv.org/abs/
2310.12823.

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, 2025.
URLhttps://arxiv.org/abs/2503.18892.

Kunhao Zheng, Jesse Michael Han, and Stanislas Polu. Minif2f: a cross-system benchmark for
formal olympiad-level mathematics, 2022. URL https://arxiv.org/abs/2109.00110.

12


https://arxiv.org/abs/2312.08935
https://arxiv.org/abs/2201.11903
https://arxiv.org/abs/2305.10601
https://arxiv.org/abs/2503.14476
https://arxiv.org/abs/2310.12823
https://arxiv.org/abs/2310.12823
https://arxiv.org/abs/2503.18892
https://arxiv.org/abs/2109.00110

Under review as a conference paper at ICLR 2026

A EXPERIMENTAL DETAILS

Our implementation is based on Huggingface’s TRL library (von Werra et al.| 2020). We list the
hyperparameters used in Table [5|for SFT, in Table [6] for RL algorithms. We also include our pack-
age versions (Table [7) and DeepSpeed configuration (Rajbhandari et al., [2020) (Figure [3) for full

reproducibility.

Teacher model hyperparameter

Teacher Model Qwen2.5-32B-Instruct

Max generation length 2048

Temperature 0.7

Top-p 0.95

Generations per prompt 5

Student model hyperparameter for training

NVIDIA A6000 GPUs 4

Learning rate 2x107°

Epochs 3

Train batch size per device 12

Gradient accumulation steps 2

BF16 precision False

PEFT Training False

Train on correct gens only True

Table 5: Configurations and hyperparameters for SFT.

Hyperparameter
NVIDIA A6000 GPUs 4
Learning rate 1x1076
Epochs 3
Train batch size per device for 0.5B 2 -
Train batch size per device for > 0.5B 1 Package Version
Generations per prompt 4 python 3.11.11
Max completion length 2048 trl 0.24.0.dev0
Niiep for MATH 32 viim 0.8.1
Niep for MBPP+ and MiniF2F 4 pytorch 2.6.0
BF16 precision True
KL coefficient (for GRPO only) 0.04 Table 7: Package versions.
RAPID Importance Weight Clipping 7 2.0
Colocate modd]] True

Table 6: Configurations and hyperparameters

for RL algorithms.

"New in the latest TRL library for GPU alternation between inference and backpropagation.
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compute_environment: LOCALMACHINE

debug: false

deepspeed_config:
zero3_init_flag: false
zero3_save_l6bit_model: false
zero_stage: 2
gradient_clipping: auto

distributed_type : DEEPSPEED

machine_rank: 0

main_training_function: main

num-machines: 1

num_processes: 4

rdzv_backend: static

same_network: true

tpu_env: []

tpu_use_cluster: false

tpu_use_sudo: false

use_cpu: false

Figure 5: DeepSpeed configuration.
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