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Abstract

Large language models (LLMs) excel across diverse tasks but face sig-
nificant deployment challenges due to high inference costs. LLM infer-
ence comprises prefill (compute-bound) and decode (memory-bound) stages,
with decode dominating latency particularly for long sequences. Current
decoder-only models handle both stages uniformly, despite their distinct
computational profiles. We propose OverFill, which decouples these stages
to optimize accuracy-efficiency tradeoffs. OverFill begins with a full model
for prefill, processing system and user inputs in parallel. It then switches
to a dense pruned model, while generating tokens sequentially. Lever-
aging more compute during prefill, OverFill improves generation quality
with minimal latency overhead. Our 3B-to-1B OverFill configuration out-
performs 1B pruned models by 83.2%, while the 8B-to-3B configuration
improves over 3B pruned models by 79.2% on average across standard
benchmarks. OverFill matches the performance of same-sized models
trained from scratch, while using significantly less training data. Our code
is available at https://github.com/friendshipkim/overfill.

1 Introduction

Large language models (LLMs) have achieved remarkable success on a broad spectrum of
tasks, from question answering to code generation. Yet, their massive parameter counts
pose significant challenges for practical deployment, with inference emerging as a chief
bottleneck. In modern LLMs, inference typically comprises two stages: prefill and decode.
The prefill stage, where all input tokens are processed in parallel to build a Key-Value (KV)
cache, is usually compute-bound: the performance is primarily limited by the utilization of
computational units. The subsequent decode stage is memory-bound, where it generates each
output token autoregressively. The main bottleneck here is repeatedly loading the model’s
large feed-forward (FFN) layers into memory.

However, current LLM architectures do not exploit the distinct computational characteristics
of these two stages. Our motivation stems from the distinct computational profiles of the
prefill and decode stages, which have led to a growing trend of disaggregating them. The
first line of work (Zhong et al., 2024; Patel et al., 2024) is system-oriented, focusing on
stage-specific resource allocation and parallelism while still using a single model across
both stages. The second line of work (algorithmic-oriented) (Nair et al., 2024; Bergner et al.,
2024) explores using models of different sizes for each stage, but often requires complex
frameworks or delivers only small accuracy improvements. The question of interest is
how to decouple the prefill and decode stages to achieve a stronger balance of accuracy and
efficiency.

We propose OverFill, a two-stage system that dedicates maximal capacity to the prefill
stage, while pruning the costly decode stage to reduce parameter loading. Specifically,
the larger model is used only once to process the user input into a vector representation,
and a smaller, pruned model subsequently handles token-by-token generation. As a result,
OverFill drastically cuts the memory footprint and latency of decoding, especially for longer
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Decoding targeted speedups. Various methods tackle the serial bottleneck in LLM decod-
ing. Speculative decoding (Leviathan et al., 2023) leverages available compute to propose
tokens in parallel using a small draft model. Researchers have explored specialized draft
models (Sun et al., 2021; Xia et al., 2023a) and subnetworks of the target model (Schuster
et al., 2022; Elhoushi et al., 2024; Zhang et al., 2023a; Liu et al., 2024a; Ankner et al., 2024).
Among these, Du et al. (2024); Li et al. (2024) are particularly relevant to our work as they
reuse target model representations to enhance drafting. Unlike speculative decoding, our
approach eliminates rollbacks and calls the large model only once during prefill, avoiding
parallel execution with the small model during decoding. This significantly reduces memory
usage. We provide a theoretical analysis in the Appendix.

KV cache compression. Many studies have explored KV cache compression to address
memory bottlenecks with heavy batching and long contexts, using methods like token
eviction (Xiao et al., 2023b; Zhang et al., 2023b; Adnan et al., 2024), quantization (Sheng
et al., 2023; Liu et al., 2024b), and prompt compression (Pan et al., 2024; Wingate et al., 2022).
Our approach targets scenarios where loading weights is the primary memory bottleneck.
While KV cache can dominate memory usage in certain scenarios, this typically occurs only
at very long sequence lengths when using smaller models. For instance, in a 7B parameter
model with batch size 4, model weights is the primary bottleneck up to 5K tokens (Adnan
et al., 2024). Several works target the opposite challenge as ours: reducing prefill costs
for very long contexts, where prefill becomes costly. These methods include architectural
modifications (Sun et al., 2024), chunking (Zeng et al., 2024), token dropping (Fu et al., 2024),
and prompt packing (Zhao et al., 2024). Notably, such KV cache compression and prefill
acceleration approaches can be applied on top of our method for further optimization.

3 Method

We are interested in the setting of continual training of LLMs targeting instruction-tuning.
In this setting we assume we have a large number of supervised examples of the form (x, y)
where x = (x1, x2, . . . , xM) and y = (y1, y2, . . . , yN) are sequences of tokens, assumed for
simplicity to be of a fixed length. We are particularly focused on N > M since the model
may use methods like chain-of-thought to answer problems.

Formally LLMs model the probability of a sequence y in a conditional autoregressive

manner: P(y | x) = ∏
N
t=1 P

(

yt | y<t, x; θ
)

, where x<t denotes all tokens preceding xt,

where θ is the model. The core probability of P
(

yt | y<t, x; θ
)

is defined as a function of the
Transformers cached hidden state,

P
(

yt | y<t, x; θ
)

∝ f (Cache([y<t, x]))

Where Cache is defined recurrently for any sequence of tokens a, b as,

Cache([a, b]) = Transformer(a, Cache(b); θ).

Due to this cache structure, when sampling from a language model, the computation
happens in two-stages, prefill and decode. During prefill, the primary work is computing,

hpre ← Transformer(x, ∅; θ),

which can be done in parallel for all x = (x1, x2, . . . , xM). This stage is generally compute
bound, since θ can be loaded once and compute is parallelized across M.

During decode, we autoregressively sample each yt and recurrently update,

hdect
← Transformer(yt, Cache(h); θ).

This stage has a serial dependency in that it requires previously generated tokens in order
to update the cache. As such, it is memory-bottlenecked in terms of speed as it needs to
reload in θ at each step and cannot fully use available parallel compute. Our primary goal
will be to speed this stage up in practice by reducing the effective size of the θ during the
decode stage.
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Full (|θ|) Pruned (|θ′|) Pruning ratio (P) Hidden dim. (D) Layers (L)

3.21B 0.52B 0.7 921 28
3.21B 1.24B 0.45 1689 28
3.21B 2.01B 0.25 2304 28

8.03B 3.19B 0.43 2334 32

14.76B 7.62B 0.43* 2944 48

Table 1: Model sizes and width pruning configurations. *For the 14B model, we use a
hardware-friendly configuration by default, where different pruning ratios are applied to
the hidden dimension and the intermediate dimension. See Table 8.

This new network keeps a subset D′ < D for each of the weight matrices in the network.
Layer norm and embedding parameters are defined similarly.

To obtain the best starting compact sub-network, we first pick the pruning ratio P =
1− D′/D and then select the best rows and columns. To decide on what to prune, we pass
a small calibration set through the model and aggregate activations as in Figure 2 at three
points per layer: 1) before the attention projection, 2) before the FFN, and 3) within the FFN.
After aggregation we end up with a tensor of shape batch by sequence length by dimension.
We reduce this tensor using the L2 norm across the batch, and the mean across the sequences
to derive an importance scores for each dimension. Finally, we retain the top (1− P)% of
channels to calculate θ

′.

As mentioned above, this pruning acts as a starting point for determining the shape of θ
′.

Once determining this shape, additional finetuning is run on set of instruction examples to
adjust the weights of the parameters to this new setting.

4 Experimental setup

4.1 Data

We use two instruction-tuning datasets for training: OpenHermes-2.5 and Infinity-Instruct.
For main experiments, we adopt Infinity-Instruct (BAAI, 2024) with 7M instances. We filter
out non-English data using the provided language tags. For pruning ratio sweeps, we
use OpenHermes-2.5 (Teknium, 2023) which has 1M instances, of which 997k are used for
training and 3k for validation. The total training tokens amount is 38M for OpenHermes-2.5
and 212M for Infinity-Instruct.

These datasets are well-suited for our task due to their natural separation between context
and input. Both datasets are formatted with distinct tags: System, User, and Assistant. The
System and User parts are concatenated to the context, which is processed by the full model.
The Assistant part serves as the target output to be predicted by the pruned model. To
construct the model inputs, we inherit each dataset’s original chat template.

4.2 Model

We evaluate our method on three base models in two model families: Llama 3.2-3B-Instruct,
Llama 3.1-8B-Instruct (Dubey et al., 2024), and Qwen 2.5-14B-Instruct (Team, 2024). For
pruning, we apply the strategy outlined in Section 3.2. We do not prune attention heads or
layers to preserve the dimensionality of the KV cache and retain as much information as
possible passed to the pruned decoder. Table 1 presents the full and pruned model sizes
along with their pruning configurations. We adopt the training hyperparameters from
Tunstall et al., as presented in Table A.1
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Model Pruned* OverFill * 1B-Tuned* 1B-Inst 3B-Inst

Decoder Size 1.2B 1.2B 1.2B 1.2B 3.2B

GSM8K-CoT 45.4 (±1.4) 59.2 (±1.4) 47.6 (±1.4) 45.7 (±1.4) 78.4 (±1.1)
ARC 36.4 (±1.4) 77.8 (±1.2) 42.5 (±1.4) 56.5 (±1.5) 78.2 (±1.2)
MMLU 33.7 (±0.4) 63.7 (±0.4) 38.7 (±0.4) 47.9 (±0.4) 63.3 (±0.4)
MATH 6.1 (±0.3) 8.3 (±0.4) 5.2 (±0.3) 16.7 (±0.5) 35.0 (±0.6)
WMT16-DE-EN 14.7 (±0.3) 31.4 (±0.5) 28.0 (±0.4) 29.7 (±0.4) 36.9 (±0.4)
IFEval 26.4 (±1.9) 44.2 (±2.1) 26.1 (±1.9) 48.1 (±2.2) 69.5 (±2.0)
NQ 5.2 (±0.4) 12.1 (±0.5) 7.8 (±0.5) 10.8 (±0.5) 19.7 (±0.7)

MMLU-Redux 26.06 40.93 27.29 18.21 56.95
CRUX 8.62 8.75 4.88 9.00 25.71

Table 2: Results in 1B scale. Bold indicates the best models under the same training data
regime. * means identically trained with the same data (less data compared to the Instruct
models).

Model Pruned* OverFill * 3B-Tuned* 3B-Inst 8B-Inst

Decoder Size 3.2B 3.2B 3.2B 3.2B 8.0B

GSM8K-CoT 55.4 (±1.4) 69.8 (±1.3) 61.8 (±1.3) 78.4 (±1.1) 84.6 (±1.0)
ARC 42.5 (±1.4) 83.4 (±1.2) 61.7 (±1.4) 78.2 (±1.2) 83.4 (±1.1)
MMLU 35.8 (±0.4) 69.4 (±0.4) 48.3 (±0.4) 63.3 (±0.4) 69.4 (±0.4)
MATH 7.2 (±0.4) 15.1 (±0.5) 17.3 (±0.5) 35.0 (±0.6) 36.2 (±0.7)
WMT16-DE-EN 18.5 (±0.3) 35.6 (±0.5) 25.8 (±0.5) 36.9 (±0.4) 41.0 (±0.4)
IFEval 28.4 (±1.9) 44.0 (±2.1) 32.3 (±2.0) 69.5 (±2.0) 73.9 (±1.9)
NQ 8.0 (±0.5) 14.5 (±0.6) 5.4 (±0.4) 19.7 (±0.5) 19.1 (±0.7)

MMLU-Redux 28.80 43.12 43.95 56.95 61.66
CRUX 6.12 27.00 24.88 25.71 39.38

Table 3: Results in 3B scale. Bold indicates the best models under the same training data
regime. * means identically trained with the same data (less data compared to the Instruct
models).

4.3 Downstream evaluation

We evaluate OverFill on downstream generation tasks, including math, code, question
answering, and machine translation, using the LM Eval Harness (Gao et al., 2024). Details
on evaluation metrics and the number of few-shot examples are provided in Table 6. We use
generation-based evaluation for all tasks, including multiple-choice question answering,
whereas an alternative approach is to compare the probability of answer choices. To
assess longer-form generation, we use MMLU-Redux and CRUXEval from the ZeroEval
benchmark (Lin, 2024). ZeroEval is designed for evaluating instruction-tuned models, with
MMLU-Redux focusing on general knowledge reasoning and CRUXEval assessing code
reasoning, understanding, and execution capabilities. Models are prompted to provide both
detailed reasoning steps and final answers in a JSON-formatted output. We use greedy
decoding for all generations.

5 Results

5.1 Accuracy

Table 2 presents the downstream evaluation results at the 1B scale. OverFill begins with a
3B model and then pruned to a 1B-scale model for decoding. Our roofline model, Llama-3B-
Instruct, handles both prefill and decoding.
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Model Pruned* OverFill * 7B-Tuned* 7B-Inst 14B-Inst

Decoder Size 7.6B 7.6B 7.6B 7.6B 14.8B

GSM8K-CoT 75.3 (±1.2) 78.1 (±1.1) 81.0 (±1.1) 81.7 (±1.1) 75.9 (±1.1)
ARC 70.8 (±1.3) 90.6 (±0.9) 83.0 (±1.1) 89.5 (±0.9) 90.6 (±0.9)
MMLU 51.2 (±0.4) 77.9 (±0.3) 65.3 (±0.8) 72.2 (±0.4) 77.9 (±0.3)
WMT16-DE-EN 32.0 (±0.3) 38.2 (±0.4) 37.6 (±0.4) 37.5 (±0.4) 38.6 (±0.4)
IFEval 40.5 (±2.1) 51.0 (±2.1) 32.2 (±2.0) 71.5 (±2.0) 78.3 (±1.7)

Table 4: Results in 7B scale. Bold indicates the best models under the same training data
regime. * means identically trained with the same data (less data compared to the Instruct
models).

We compare accuracy across models trained under the same 1B decoder size and data
regime. One baseline is the standalone pruned model, derived from the same original
model, where a single model performs both prefill and decoding. Additional baselines
include Llama 1B variants: (1) Llama 1B-base model finetuned on the same data as our
pruned models and (2) Llama 1B-Instruct, a highly optimized model with more extensive
instruction tuning. We observe that further tuning of Llama-Instruct consistently hurts
performance across all tasks, as shown in Table 7. Therefore, we focus on comparisons with
untuned Instruct models.

Our results highlight the following: OverFill consistently outperforms the standalone
pruned model and finetuned 1B-Base model across all tasks by a significant margin, demon-
strating the effectiveness of the two-stage approach. OverFill shows accuracy improve-
ments on both multiple-choice tasks, such as ARC-Challenge (Clark et al., 2018) and
MMLU (Hendrycks et al., 2020), which typically involve short generations, and tasks
requiring longer responses, such as GSM8K (Cobbe et al., 2021), MMLU-Redux (Gema et al.,
2024), and CRUXEval (Gu et al., 2024). This demonstrates that smart prefill benefits not only
tokens close to it but also those generated later. When generation is short, OverFill can even
match the full performance of the roofline model while maintaining a lower decoding cost.
OverFill also outperforms Llama 1B-Instruct on 7 out of 9 tasks. This is particularly notable
given that Llama 1B-Instruct is a highly optimized model at this scale, likely benefiting from
more extensive data than our approach.

A similar trend is observed for 3B-scale models (Table 3). Here, OverFill with an 8B prefill
and 3B decode outperforms the pruned model on all tasks and the trained 3B-Base model on
7 out of 9 tasks. The 3B-Instruct model is a strong compact baseline, with performance close
to that of 8B models, yet OverFill matches it on several tasks. This pattern also extends to
the Qwen2.5 family and a larger scale (14B to 7B). OverFill with a 7B decoder outperforms
both the pruned model and the trained 7B-Base model on most tasks.

5.2 Efficiency

We show OverFill poses minimal overhead to the small standalone model by presenting
end-to-end latency in 1B and 3B scales. We use vLLM (Sreenivas et al., 2024) v0.8.5 for
benchmarking and separately measure prefill and decode latency. All experiments are
conducted on a single NVIDIA A100 GPU. We slightly modify OverFill configuration to
better leverage NVIDIA Tensor Cores, which is optimized for matrix multiplications in tiles
(typically 16x8 or 16x16). For a fair comparison, we maintain a larger parameter size than
the one used for accuracy evaluation. The exact configurations are provided in Table 8. We
report the mean and standard deviation of 10 runs with 2 warm-ups.

Figure 3 presents latency across varying generation lengths, with fixed prompt length and
batch size. The results show that OverFill asymptotically reaches the runtime of a small
model and this trend becomes more pronounced in longer generations, where decoding cost
dominates over prefill cost. At the 1B scale, both Pruned-1B and OverFill-1B exhibit higher
latency compared to Llama-1B, as they have more transformer blocks, and transformers are
more efficiently parallelized along width rather than depth. This suggests a limitation of
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and Ricardo Bianchini. Splitwise: Efficient generative llm inference using phase splitting.
In 2024 ACM/IEEE 51st Annual International Symposium on Computer Architecture (ISCA),
pp. 118–132. IEEE, 2024.

Ranajoy Sadhukhan, Jian Chen, Zhuoming Chen, Vashisth Tiwari, Ruihang Lai, Jinyuan
Shi, Ian En-Hsu Yen, Avner May, Tianqi Chen, and Beidi Chen. Magicdec: Breaking the
latency-throughput tradeoff for long context generation with speculative decoding. arXiv
preprint arXiv:2408.11049, 2024.

Tal Schuster, Adam Fisch, Jai Gupta, Mostafa Dehghani, Dara Bahri, Vinh Tran, Yi Tay, and
Donald Metzler. Confident adaptive language modeling. Advances in Neural Information
Processing Systems, 35:17456–17472, 2022.

Ying Sheng, Lianmin Zheng, Binhang Yuan, Zhuohan Li, Max Ryabinin, Beidi Chen, Percy
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Song, Yuandong Tian, Christopher Ré, Clark Barrett, et al. H2o: Heavy-hitter oracle for
efficient generative inference of large language models. Advances in Neural Information
Processing Systems, 36:34661–34710, 2023b.

Siyan Zhao, Daniel Israel, Guy Van den Broeck, and Aditya Grover. Prepacking: A simple
method for fast prefilling and increased throughput in large language models. arXiv
preprint arXiv:2404.09529, 2024.

Yinmin Zhong, Shengyu Liu, Junda Chen, Jianbo Hu, Yibo Zhu, Xuanzhe Liu, Xin Jin, and
Hao Zhang. Distserve: Disaggregating prefill and decoding for goodput-optimized large
language model serving. arXiv preprint arXiv:2401.09670, 2024.

Jeffrey Zhou, Tianjian Lu, Swaroop Mishra, Siddhartha Brahma, Sujoy Basu, Yi Luan, Denny
Zhou, and Le Hou. Instruction-following evaluation for large language models. arXiv
preprint arXiv:2311.07911, 2023a.

Yongchao Zhou, Kaifeng Lyu, Ankit Singh Rawat, Aditya Krishna Menon, Afshin Ros-
tamizadeh, Sanjiv Kumar, Jean-François Kagy, and Rishabh Agarwal. Distillspec: Im-
proving speculative decoding via knowledge distillation. arXiv preprint arXiv:2310.08461,
2023b.

14



Published as a conference paper at COLM 2025

A Appendix

A.1 Training hyperparmeters

LR LR scheduler Warmup Max seq length

2e-05 cosine 0.01 2048

Table 5: Training hyperparameters

A.2 Downstream evaluation details

Task Metric Few-shot

GSM8K (Cobbe et al., 2021) Accuracy 4
ARC-challenge (Clark et al., 2018) Accuracy 0
MMLU (Hendrycks et al., 2020) Accuracy 4
MATH (Hendrycks et al., 2021) Accuracy 4
WMT16 (Bojar et al., 2016) BLEU 4
IfEval (Prompt-level) (Zhou et al., 2023a) Accuracy 4
Natural Questions (Kwiatkowski et al., 2019) F1 4

MMLU-Redux (Gema et al., 2024) Accuracy 0
CRUXEval (Gu et al., 2024) Accuracy 0

Table 6: Evaluation details.

A.3 Finetuning Instruct models

Model GSM8K ARC MMLU MATH WMT16 IfEval NQ

1B-Instruct 45.7 56.5 47.9 16.7 29.7 48.1 108
1B-Instruct-Tuned 40.8 49.4 42.4 6.9 28.9 34.4 3.1

3B-Instruct 78.4 78.2 63.3 36.9 78.5 69.5 19.7
3B-Instruct-Tuned 64.4 70.6 55.7 12.8 34.2 53.2 8.9

Table 7: Finetuning Llama-Instruct models.

A.4 Speed benchmark model configurations
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Model Hidden dim. Intermediate dim. Layers Params.

1B-Pruned 1689 4505 28 1.24B
1B-Pruned-standard 1792 4096 28 1.26B
3B-Pruned 2334 8171 32 3.19B
3B-Pruned-standard 2432 7680 32 3.21B
7B-Pruned-standard 2944 11776 48 7.62B

Table 8: Speed benchmark model configurations.
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