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Abstract

In real world, large language models (LLMs) can serve as the assistant to help users accomplish
their jobs, and also support the development of advanced applications. For the wide application of
LLMs, the inference efficiency is an essential concern, which has been widely studied in existing
work, and numerous optimization algorithms and code libraries have been proposed to improve it.
Nonetheless, users still find it challenging to compare the effectiveness of all the above methods
and understand the underlying mechanisms. In this work, we propose a coarse-to-fine method that
encompasses both experimental and analytical components. This method can be applied across
various models and inference libraries. Specifically, we examine four usage scenarios within two
practical applications. We further provide both theoretical and empirical fine-grained analyses
of each module in the Transformer architecture. Our methods can be a general and invaluable
method for researchers to evaluate various code libraries and improve inference strategies across
different LLMs. We open-source the supporting dataset, code, and evaluation scripts at the link:
https://github.com/RUCAIBox/Inference-Efficiency-Evaluation.

Keywords: Inference Efficiency , Coarse-to-Fine Analysis , Large Language Model

1 Introduction

With the wide spread of large language models (Zhao et al., 2023), the enhancement of inference efficiency
in LLMs has emerged as an important topic of contemporary research (Kim et al., 2023; Miao et al.,
2023). To achieve superior inference speed without significant performance degradation, researchers have
proposed diverse inference optimization algorithms and libraries.

Currently, several prominent libraries have been widely used in the market, such as vLLM (Kwon et al.,
2023), DeepSpeed-MII (Microsoft, 2023), and TensorRT-LLM (NVIDIA, 2023), efc. These libraries have
notably elevated inference efficiency through sophisticated methodologies such as optimization algorithms
and parallel computing. Nevertheless, a notable deficiency exists in the absence of a standardized
evaluation benchmark for comprehensively comparing the performance across existing libraries. To
address it, this work meticulously devises a series of evaluation experiments with the goal of impartially
and objectively assessing the inference efficiency of each library.

Concretely, this paper clearly defines two types of evaluation experiments: coarse-grained and fine-
grained. In the coarse-grained evaluation, four text generation datasets with diverse length distributions
are designed to simulate various generation tasks. We then explore two practical applications: offline
batch inference and online network service. The former involves assessments conducted in batch mode
offline while the latter pertains to real-time online service scenarios. We assess the efficiency of each
library in offline inference and also evaluate their performance at different request frequencies.
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Evaluations Optimization Technologies

Libraries #Real #Syn. KV Cache FA Batching
Transformers Vanilla

vLLM 3 Blocked v v
DeepSpeed-MII v Blocked v v
TGI v Blocked v v
TenserRT-LLM 1 v Blocked v v
llama.cpp v Sequence v
LightLLM 1 Token v v
LMDeploy v Blocked v
StreamingLLM v W-Sink

Table 1: Comparison of current open-sourced inference libraries, including evaluation methods and
optimization technology. “#Real" indicates the number of real world data scenarios. “Syn." indicates
synthetic data. “KV Cache" indicates KV cache management methods: “Vanilla" denotes naive method,
“Blocked" denotes PagedAttention, “Token" denotes token attention and “W-Sink" denotes window with
attention sink method. “FA" indicates FlashAttention. “Batching" indicates in-flight batching, continuous
batching or Dynamic SplitFuse.

In the fine-grained analysis experiment, we provide an intricate examination of the requisite number
of floating-point and memory operations for each module, to acquire a more holistic comprehension of
the distribution of inference time. Besides, to pinpoint the efficiency bottleneck more accurately, we
introduce the concept of arithmetic intensity and conducted an in-depth efficiency performance analysis
of each module based on this concept. Furthermore, to validate the theoretical analysis, two representative
libraries are selected for detailed and specific time analysis testing.

In conclusion, this investigation endeavors to delve into the inference efficiency of large language
models through comprehensive and objective evaluation experiments. First, we propose a comprehensive
benchmark which covers different task scenarios and can be applied across various models and inference
libraries, and use them to evaluate different libraries in different usage scenarios, filling the gap in the
inference benchmark. Second, we propose a fine-grained complexity analysis formula for each module
of LLaMA, which reflects the bottleneck in decoding by calculating FLOPs, MOPs, and arithmetic
intensity, and provides direction for subsequent decoding evaluation. Finally, we have open-source the
above dataset, code, and evaluation scripts, which are available in https://github.com/RUCAIBox/
Inference-Efficiency-Evaluation. Our detailed analysis is applicable to a wide range of rapid-
update libraries across various Transformer-based LLMs . The findings of this study will not only offer
valuable insights for enhancing existing inference libraries but also establish a robust groundwork for the
advancement of future inference algorithms and libraries.

2 Preliminary

2.1 Background of Transformer

In contemporary LLLMs, the prevailing architecture is the Transformer decoder (Vaswani et al., 2017).
Utilizing the LLaMA (Touvron et al., 2023a; Touvron et al., 2023b) model as a paradigmatic illustration,
its design encompasses two principal components: the multi-head attention block (MHA module) and
the feed-forward network (FFN module). Both of these modules are followed by an RMS normaliza-
tion (Zhang and Sennrich, 2019) and a residual network. Although various configuration variants exist for
LLMs, the core components—MHA and FFN-remain consistent.

The MHA module transforms the input X into three matrices Q, K,V through different linear
transformations, calculate the multi-head attention, and aggregate the results from multiple heads using
the following formulas:
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Q=XWy K=XWg,V=XWy, (1)
T

Vid
X = OWp, 3)

O = softmax( WV, ()

where Wo, Wi, Wy, Wo € R"*" denote learnable parameters.

The FFN module uses the SwiGLU activation function (Shazeer, 2020) to expand the intermediate
state dimension with gated linear units, and then obtains the output result of the module through a linear
transformation:

X = [Swish(XW¢) & (X Wy)]Wh, 4)

where © is Hadamard product and Wg, Wy € R and Wp € R > denote parameters.

Algorithm 1 Greedy search with KV cache

Require: Model M, input token id list &
Ensure: Response token id list y
1: P7 K;Dash ‘/;)ast = M(il))
: 2/ = argmax P
P ® [T
: while 2’ is not EOS and || < max-length do
P7 K7 V = M(.’L’,, Kpast» ‘/past)
2’ = argmax P
T xd [
Kpast; ‘/past — Kpast ® K, ‘/;mst ® \4
: end while
HE TR/

—_

After training, the inference of LLMs typically involves auto-regressive generation. Algorithm 1
represents an enhancement of auto-regressive generation, delineated into two distinct phases: the prefill
phase and the decoding phase. During the prefill phase (lines 1-3), the model generates the initial token
and stores the K and V' matrices corresponding to the input tokens, called KV cache (Pope et al., 2022).
Subsequently, in the decoding phase (lines 4-9), the model iteratively generates the next token by reusing
the KV cache and updates the cache for future K and V' matrices.

2.2 Arithmetic Intensity

In model inference, temporal overhead mainly stems from GPU computation and memory access ,
which are measured in floating-point operations (FLOPs), and bytes of read/write memory operations
(MOPs) (Kim et al., 2023). Furthermore, the concept of arithmetic intensity (Luebke et al., 2004) is
introduced as the ratio of the FLOPs to MOPs:

#FLOPs

Arithmetic Intensity = W
S

4)

Each computational operation (e.g., linear transformation) and hardware component (e.g., GPU)
possesses a arithmetic intensity. When the arithmetic intensity of an operation surpasses that of the GPU,
it suggests that the operation’s efficiency is constrained by the GPU’s computational capacity, defining a
compute-bound scenario. Conversely, if the operation’s intensity is lower than the GPU’s, the limitation is
due to the GPU’s memory bandwidth, defining a memory-bound scenario.

Given this background, we are poised to undertake a evaluation of existing inference libraries through
both overall (Section 3) and fine-grained analyses (Section 4). This dual approach allows us to thoroughly
assess the performance of LLMs decoding and identify its primary bottlenecks.

3 Coarse-grained Evaluation and Analysis

In this section, we conduct an coarse-grained evaluation of the inference efficiency of existing libraries.
We introduce a series of evaluation datasets tailored for two distinct usage scenarios.

Proceedings of the 24th China National Conference on Computational Linguistics, pages 985-1002, Jinan, China, August 11-14, 2025.

(¢) Technical Committee on Computational Linguistics, Chinese Information Processing Society of China 987



China National Conference on Computational Linguistics

3.1 Evaluation Scenarios

As shown in Table 1, existing libraries either rely on synthesized data or limited real-world evaluations,
which may result in biased assessments and fail to capture the full range of functionalities across different
libraries. Therefore, we propose to construct a comprehensive evaluation to examine two real-world
usage scenarios: batch inference and server-based inference, across four specially constructed datasets to
encompass a range of task scenarios.

3.1.1 Task Scenarios

We develop four datasets focusing on the generation tasks in various real-world scenarios. The input-output
length distribution of these datasets is shown in Figure 3.

e Short-to-Short Dataset. This dataset encompasses scenarios such as question answering and daily
assistance, characterized by brief inputs and outputs. We meticulously select 1,000 examples from the
Alpaca dataset (Taori et al., 2023), ensuring that both the input and output lengths are predominantly
under 50 tokens.

¢ Short-to-Long Dataset. Tailored for tasks like math problem solving and code generation, this
dataset comprises scenarios with short inputs and more lengthy outputs. From the Alpaca dataset, we
curate 1,000 instances where the input length does not exceed 50 tokens, while the output length varies up
to 1,000 tokens.

o Short-to-16k Dataset. Building on the concept of the short-to-long dataset, we delve into scenarios
demanding exceptionally long-text generation, such as story generation. We select instances from the
Vicuna dataset (Chiang et al., 2023), requiring the model to produce outputs of exactly 16,000 tokens.

¢ Long-to-Short Dataset. Aimed at reflecting text summarization or multi-turn dialogue scenarios, this
dataset features lengthy inputs with concise outputs. Compiled from the ShareGPT dataset (ShareGPT,
2023), it includes examples where the input ranges from 1,100 to 1,500 tokens and the output is limited to
120 tokens or less.

3.1.2 Usage Scenarios

We mainly consider two usage scenarios:

¢ Batching Inference. In evaluating the capabilities of LLMs, it is necessary to process extensive
amounts of input data in bulk offline. This context does not require a specific order or delay to process
each input, allowing for the flexible arrangement of generation . We employ the four datasets to assess the
time taken by different libraries to process the entire dataset, along with the token throughput.

e Serving Inference. Contrary to batch inference, which is mainly used in research scenarios, serving
inference is predominantly utilized in the network deployment to facilitate applications akin to ChatGPT.
The metrics for this scenario include sequence and token throughput, measuring the system’s efficacy
in managing data sequences and tokens, respectively. To account for initial stabilization and concluding
operations within the system, our analysis omits the first and last 100 requests. The evaluation allows
for an in-depth investigation into how various libraries fare under simulated network service conditions,
elucidating their capacity to manage varying loads and respond within acceptable timeframes.

3.2 Evaluation Setup

e Libraries. The libraries under evaluation encompass Transformers (TRF), vLLM, Deepspeed-MII (MII),
TensorRT-LLM (TRT), and llama.cpp (L.CPP). For batching inference, we manually configure the batch
size for TRF, while leveraging the built-in batching strategies for the remaining four libraries, as TRF does
not provide a native batching strategy. For serving inference, we assess the performance of vLLLM and MII.
Here we will describe in detail the various software versions used. CUDA version is 12.1, PyTorch version
is 2.1.2, Transformers library version is 4.36.2, vLLM version is 0.2.6, DeepSpeed MII version is 0.1.3. In
addition, TensorRT LLM’s Git submission number is @ab9d17a59¢c284d2de36889832fe9fc7c8697604,
while llama.cpp’s Git submission number is 122ed4840cc6d209df6043e027f8a03aee@1da. These ver-
sion information are critical to ensure the stability and reproducibility of the project.

e LLMs. We utilize five models for evaluation: Llama-2-7b-chat-hf, Llama-2-13b-chat-h
f (Touvron et al., 2023b), mistralai/Mistral-7B-Instruct-v@.2 (Jiang et al., 2023), vicuna-7b-v
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1.5-16k, and vicuna-13b-v1.5-16k (Chiang et al., 2023). The LLaMA-2 models, which are widely
used in chat applications, are chosen to assess their performance across three scenarios: short-to-short
(S2S), short-to-long (S2L), and long-to-short (L2S). The Mistral model, equipped with grouped-query
attention, are evaluated with the same setting. The Vicuna models, designed for handling long contexts,
are employed to evaluate performance on the short-to-16k (S-16k) dataset. Note that our evaluation
primarily focuses on different libraries and is orthogonal to existing LLMs.

o Hardwares. To assess the influence of various hardware platforms on influence efficiency, we
conduct experiments using three NVIDIA GPUs: RTX-3090, RTX-4090, and A100. Table 7 presents key
specifications of these GPUs, encompassing GPU memory capacity, bandwidth, and BF16 floating-point
operations (FLOPs) per second.

Data  Hardware GPU Memory Model TRF vLLM MII TRT L.CPP
3090 24 GB LLaMA-7B 98.14 23.85 27.66 73.36 49.21
4090 24 GB LLaMA-7B 70.84 13.89 27.05 58.79 83.74
S28 A100 80 GB LLaMA-7B 65.09 12.39 18.53 41.62 41.81
A100 80 GB Mistral-7B 4368.88 11.01 14.04 - -
A100 80 GB LLaMA-13B 248.46 24.33 29.98 76.41 39.70
3090 24 GB LLaMA-7B 4762.62 567.79 792.67 1342.81 1590.07
4090 24 GB LLaMA-7B 5600.64 427.99 713.94 1206.16 1688.04
S2L A100 80 GB LLaMA-7B 4876.83 177.91 597.84 760.17 1271.06
A100 80 GB Mistral-7B 4562.00 104.71 406.17 - -
A100 80 GB LLaMA-13B 5879.23 256.03 825.18 1419.02 1036.68
3090 24 GB LLaMA-7B 1177.80 441.62 485.65 540.80 695.22
4090 24 GB LLaMA-7B 864.07 269.55 329.86 294.15 876.12
L2S A100 80 GB LLaMA-7B 756.04 166.84 236.08 197.03 2559.78
A100 80 GB Mistral-7B 7346.61 249.85 1709.11 - -
A100 80 GB LLaMA-13B 3076.05 369.72 893.91 360.94 2879.51
S-16k A100 80 GB Yicuna-7B 50566.78 5980.50 6913.22 10464.32 36158.40
A100 80 GB Vicuna-13B  75257.35 11074.52 14186.84 33659.65 46040.82

Table 2: The total time cost in seconds for batch inference using LLaMA-2 (7B) and (13B).

Data  Hardware GPU Memory Model TRF vLLM MII TRT L.CPP
3090 24 GB LLaMA-7B 27226 1121.62 1072.79 356.72  406.95
$28 4090 24 GB LLaMA-7B  379.65 192446 1094.31 445.09 238.98
A100 80 GB LLaMA-7B  413.12 2167.77 1596.45 628.72  479.58
A100 80 GB Mistral-7B 10.22  1682.80 1324.70 - -
A100 80 GB LLaMA-13B 14775 151521 123556 342.50 496.52
3090 24 GB LLaMA-7B  102.74 860.99 610.83 35896 223.05
Sa2L 4090 24 GB LLaMA-7B 87.65 1154.60 674.17 399.63  210.57
A100 80 GB LLaMA-7B  101.74 2771.10 808.82 634.09 280.53
A100 80 GB Mistral-7B 67.82 2175.36 568.41 - -
A100 80 GB LLaMA-13B 7774 1797.52 562.07 339.68 326.98
3090 24 GB LLaMA-7B 48.18 124.29 112.85 98.21 58.71
L2S 4090 24 GB LLaMA-7B 64.78 205.32 166.64  180.57 46.67
A100 80 GB LLaMA-7B 73.92 331.19 23279  269.58 15.92
A100 80 GB Mistral-7B 30.58 616.57 100.52 - -
A100 80 GB LLaMA-13B 30.68 254.89 96.63 147.15 13.51
S-16Kk A100 80 GB Vicuna-7B 25.31 214.03 185.15 122.32 35.40
A100 80 GB Vicuna-13B 17.01 115.58 90.22 38.03 27.80

Table 3: The token throughput (token/s) for batch inference using LLaMA-2 (7B) and (13B).

3.3 Evaluation Results

Firstly from the scenario of batching inference in Table 2 and Table 3, we find that GPU computational
performance is pivotal for short input-output pairs, whereas memory bandwidth becomes critical as
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Figure 1: The throughput and latency for serving inference of vLLM and MII using LLaMA-2 (7B) under
different request frequencies on the Long2Short dataset.

sequences elongate. We have observed that the 4090 significantly outperforms the 3090 in the S2S dataset.
However, this advantage diminishes in S2L and L2S datasets. Conversely, the A100 consistently excels
across all datasets. We hypothesize that the observed performance discrepancies are attributable to the
differing specifications of the GPUs (see Table 7). The 4090 boasts double the computational power of the
3090, yet their bandwidths are comparable. In contrast, the A100 doubles both the computational power
and bandwidth relative to the 4090.

Secondly, vLLM and MII demonstrate superior efficiency compared to other libraries in batching
scenarios. This advantage is primarily attributable to their optimization technologies, including KV cache
and batching strategies. When analyzing the results from the 7B and 13B models, it is evident that the 13B
model’s processing time is nearly double that of the 7B model for both vLLM and MII. This phenomenon
is not observed in other libraries. Given that the computational FLOPs for the 13B model are twice those
of the 7B model, a corresponding increase in processing time is expected. This indicates that the other
libraries have room for improvement in memory management. As for GQA, vLLM offers robust support,
leading to improved inference performance; however, other libraries lack full support for this feature.

Thirdly, the Dynamic SplitFuse strategy of MII demonstrates enhanced efficiency in serving inference
scenarios of long sequences, as evidenced by the results depicted in Figures 1, 4, and 5. It is observed
that with an increasing evaluation rate of requests, the vLLM initially exhibits a surge, followed by a
gradual decline after reaching its peak performance. In contrast, the token throughput for MII consistently
rises, although the rate of increase gradually diminishes. This phenomenon becomes more evident as the
sequences lengthen (Figures 1 and 5), because the Dynamic SplitFuse strategy enables more fine-grained
segmentation for longer sequences. Regarding token latency, as the rate of requests escalates, both vLLM
and MII show a steady increase in latency. The latency of the Dynamic SplitFuse is observed to be higher
when the GPU memory is limited (i.e., 3090 and 4090).

4 Fine-grained Modular Evaluation and Analysis

In this section, we conduct a both theoretical analysis and practical evaluation to quantify the time,
floating point operations, memory read/write volumes, and arithmetic intensity of each module in LLaMA.
This granular investigation provides a thorough understanding of the model’s computational characteristics.
Comparing these modules of Transformers and vLLM, we can derive insights into the optimization paths
of current libraries and yield crucial guidance for future improvement. Our method is also applicable to
analyze the bottleneck of other libraries.

4.1 Theoretical Analysis

In this section, we dissect each operation within the LLaMA decoder layer, deriving theoretical formulas
for the number of floating-point operations and the volume of memory reads/writes, as well as the resulting
arithmetic intensity, which quantifies the balance between computation and data movement, guiding
optimizations to maximize processing efficiency and minimize memory bottlenecks in compute-heavy
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Transformers vLLM
FLOPs Form. 1/0 Form. A.L Form. Time /0 Al Time /0 AL
Q K,V =XWqgy 6bsh? O(bsh + h?) e(ﬁ) 7722 20.55 64215 7259 2931 450.12
h ' bs
Q,K = RoPE(Q, K) 6bsh O(bsh) (1) 3279 1766 018 534 347 093
1
O = Attn(Q,K,V)  4bs’h +4bs®n  O(bs®n + bsh) @(ii) 11265 77.52 1432 2397 8.14 13644
d ' s
X =0Wy 2bsh? O(bsh + h?) o(ﬁ) 2575 685 642.12 2351 926 475.09
h ' bs
X = Add&Norm(X)  5bsh O(bsh + h) (—)(Hi) 1847 1980 014 499 340  0.79
bs
G,U = X[Wg, Wy|  4bshl! O(bsh + bsh’ + hh') @<l+ i#) 11991 3752 630.02 12837 53.02 445.85
h " h T bs
D =Swish(G)oU  2bsh/ O(bsh') o(1) 923 13.60 021 9.5 811 036
X = DWp 2bshh/ O(bsh + bsh’ + hi) (—)(Hi#) 55.85 17.15 689.38 6240 21.56 54833
h TR T bs
X = Add&Norm(X)  5bsh O(bsh + h) (—)(Hi) 1847 1980 014 499 340 079
bs

Table 4: Theoretical and practical results of in prefill stage (b = 8, s = 512).

Transformers vLLM
FLOPs Form. 1/0 Form. A.L Form. Time I/O Al Time T/O0 A.L
q.kv=aWygy  6bh2 O(bh + h?) (—)(ﬁ) 272 323 798 211 322 7.99
h b
4.k = RoPE(q,k)  6bh o(bh) o(1) 266 003 024 031 000 148
K,V = Cache(k,v) - O(bh) or O(bsh) - 1089 346 - 182 222 -
1
o= Attn(q, K, V)  4bsh+4bsn  O(bsn + bsh + bh) @(%) 352 223 097 1.60 222 098
d ' s
z = oWo 2h? O(bh + h2) o (i) 091 108 798 090 108 7.98
h b,
& = Add&Norm(z)  5bh O(bh + h) 0 (i 183 003 0.8 026 000 1.19
b
g.u=x[Wg,Wy]  4bhh' O(bh + bl + hh) 9(;+i+;> 387 578 799 3.66 577 8.00
h ' b
d=Swish(g) ou  2bW O(bh') o(1) 027 002 033 042 001 0.50
x =dWp 2bhh O(bh + bl + hh') 9(;+i+;) 205 289 798 203 289 7.8
h TR TD
« = Add&Norm(z)  5bh O(bh + h) 9(1+1;) 183 003 0.8 026 000 1.19
b

Table 5: Theoretical and practical results in decoding stage (b = 8, s = 512).

tasks. This analysis is strictly limited to a single decoder layer; to extrapolate to real-world applications,
one must multiply these findings by the total number of decoder layers. Our analysis are detailed in
Tables 4 and 5. In the following analysis, b represents the batch size, s represents the input sequence
length, h represents the hidden size, h’ represents the intermediate size of FFN module, n represents the
number of attention “heads", and d represents the size of each “head" (n and d satisfying h = nd).

e FLOP Analysis. First, let’s analyze the prefill phase: For the MHA module, the three linear
projections can be expressed as matrix multiplications (Equation 1), requiring 6bsh? FLOPs. The
calculation of RoPE involves 4 multiplications and 2 additions, requiring 6bsh FLOPs. Regarding the
attention calculation (Equation 2), the multiplication of matrix Q and matrix K requires 2bs2h FLOPs.
Dividing by v/d and calculating the softmax requires 4bs>n FLOPs. Finally, multiplying with matrix V'
requires 2bs2h FLOPs. Therefore, the attention calculation requires a total of 4bs2h + 4bs?n FLOPs.
The final linear transformation (Equation 3) in the MHA module also requires 2bsh? FLOPs. For the
FFN module (Equation 4), the initial two linear projections require 4bshh’ FLOPs. The calculation of the
activation function involves both multiplication and the Swish function, requiring 2bsh’ FLOPs. The final
linear projection requires 2bshh’ FLOPs. The calculation of the RMS normalization (RMSNorm) and the
residual networks requires 5bsh’ FLOPs. For the decoding phase, apart from the attention calculation, the
FLOPs required for other parts can be obtained by substituting s = 1 into the corresponding formulas
from the prefill phase. The FLOPs for the attention becomes 4bsh + 4bsn.

e MOPs Analysis. Due to the fact that matrix multiplication is calculated in blocks in practical
operations, memory read and write volumes can only be expressed in the form of progressive complexity
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O. First, let’s analyze the prefill phase: For the MHA module, the three linear projections can be expressed
as matrix multiplications (Equation 1), requiring ©(bsh) MOPs. The calculation of RoPE involves
©(bsh) MOPs. Regarding the attention calculation (Equation 2), the multiplication of matrix @ and
matrix K requires ©(bsh + bs>n) MOPs. Dividing by v/d and calculating the softmax requires ©(bs?n)
MOPs. Finally, multiplying with matrix V' requires ©(bsh + bs?n) MOPs. Therefore, the attention
calculation requires a total of ©(bsh + bs?>n) MOPs. The final linear transformation (Equation 3) in
the MHA module also requires O (bsh + bsh’ + hh') MOPs. For the FFN module (Equation 4), the
initial two linear projections O (bsh + bsh’ + hh') MOPs. The calculation of the activation function
involves both multiplication and the Swish function, requiring © (bsh’) MOPs. The final linear projection
requires © (bsh + bsh’ + hh') MOPs. The calculation of the RMSNorm and the residual networks requires
©(bsh 4+ h) MOPs. For the decoding phase, apart from the attention calculation, the MOPs required for
other parts can be obtained by substituting s = 1 into the corresponding formulas from the prefill phase.
The MOPs required for the attention calculation become O (bsn + bsh + bh).

e Arithmetic Intensity Analysis. Based on the analysis of FLOPs and MOPs, the arithmetic intensity
of each module can be determined by dividing these two quantities. During the prefill stage, from the
formulas in Table 4, it is evident that attention module exhibits the lowest arithmetic intensity, excluding
components such as ROPE, RMSNorm, and residual networks. During the decoding stage, the arithmetic
intensity of each linear transformation is approximately ©(b). However, the arithmetic intensity of the
attention module is approximately ©(1). Hence, optimizing the implementation of attention, RoPE,
RMSNorm, and residual networks is crucial for reducing MOPs during the inference stage of LLMs,
which leads to the development of FlashAttention and PagedAttention . Additionally, maximizing the
batch size in the decoding stage is necessary to enhance the arithmetic intensity of linear transformations,
which necessitates the advance of batching strategies (Kwon et al., 2023; Microsoft, 2023).
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W MHA-Proj I MHA-Attn BBl FFN-Act —@— Total Time W MHA-Proj I MHA-Attn BBl FFN-Act —@— Total Time
(a) The distributions of total time and module time for (b) The distribution of total time and module time for both
both Transformers and vLLM libraries across different in- Transformers and vVLLM libraries across different batch size
put lengths ranging from 32 to 2048 tokens. ranging from 1 to 16.

Figure 2: Results of Fine Grained Modular Evaluation.

4.2 Evaluation Setup

To accurately measure the execution time and memory read/write volume (MOPs) of various mod-
ules during real-world execution, we employ two tools: NVIDIA Nsight Compute CLI (NCU) and
torch.profile. NCU is adept at quantifying the execution time and MOPs for individual CUDA kernels,
while torch.profile offers detailed call stacks of CUDA kernels, enabling precise identification of
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specific modules.

In the following experiments, we utilize simulated data with input lengths ranging from 32 to 2048
using a fixed batch size of b = 8 for Figure 2a, Tables 8 and 9. We also conduct experiments varying
different batch sizes with s = 1024 in Figure 2b, Tables 10 and 11, and experiments varying different
hardware with b = 8, s = 512 in Tables 12 and 13. For each experiment, we employ both Transformers
and vLLM libraries to generate two tokens using LLaMA-2 (7B) each on A100 GPU. This allows for
execution of the prefill stage and the decoding stage once within each library.

4.3 Evaluation Results

Firstly, our practical time consuming results are consistent with our theoretical analysis results in Tables 4
and 5. Thus, we can estimate the runtime for each module during the prefill and decoding phases. For
compute-bound operations (e.g., the linear transformation of MHA in the prefill phase), the estimation
primarily relies on the number of FLOPs, represented as bsh?. For memory-bound operations, runtime is
primarily influenced by MOPs. The corresponding estimation equations are detailed below:

Toreit = @ bsh?l +B bshh'l +vbs*nl +n bshl +\ bsh'l +p, (6)
MHA Proj. FFN Proj. Attn. RoPE, Norm, Res., Attn. FFN Act.
Tiecoding = ¢ bshl 4+ bsnl 4w bhl +v, 7
KV Cache, Attn. KV Cache KV Cache, Attn.

where «, 3, v, 1, A, i, ¢, 1, w, v are the coefficients of different items. We can determine them through
linear regression based on our experimental data, as presented in Table 6.

Libs. a B y n A L

TRF 3.75x 1071 3.69x 107 420%x107%  1.70x 1077 6.35x 107  3.28 x 10*
vLLM 451 x 107 335x 107! 229x107° 5.88x107% 6.26 x107° —1.64 x 10°

Libs. 10} P w v

TRF 231x107% 265x107" 3.32x107'2  1.85 x 10!
vLLM 223x107° 1.75x 107 1.63x 107 1.12 x 10*

Table 6: The coefficients of running time (ms) estimation Equation 6 and 7.

Secondly, the attention module is the bottleneck during the prefill and decoding stage from the results
in Figure 2a. Notably, during the prefill phase, the conventional attention mechanism emerges as the
primary bottleneck, particularly as the input length escalates. To address this challenge, the integration of
FlashAttention (Dao et al., 2022) presents an effective optimization strategy. Conversely, in the decoding
phase, inadequate management of the KV cache can result in the update of the KV cache emerging as the
principal bottleneck with increasing input lengths. vLLM employs block management techniques for KV
cache and PagedAttention (Kwon et al., 2023) mechanisms to streamline KV cache updates and attention
calculations, contributing to enhanced efficiency in decoding tasks.

Third, batching strategies are shown to be effective for increasing arithmetic intensity during the
decoding stage. According to the formulas presented in Table 35, it is evident that all operations are
memory-bound during decoding due to the low arithmetic intensity. For operations such as linear
transformations and activations, increasing the batch size can enhance arithmetic intensity. Notably,
even with larger batch sizes and input lengths, the processing time remains nearly consistent for these
operations, as indicated in Tables 11 and 9. This consistency suggests that we can execute more FLOPs
within a similar timeframe. Such findings support the use of strategies such as continuous batching and
Dynamic SplitFuse to boost arithmetic intensity and thereby increase the overall token throughput.

In addition, CUDA kernel fusion also plays a significant role in improving decoding efficiency. The
vLLM library features specially designed CUDA kernels tailored for operations such as RoPE, Swish,
and RMSNorm. In contrast to the Transformers library, which exhibits the same arithmetic intensity
complexity (as shown in Tables 4 and 5), vLLM refines the implementation of these operations to optimize
memory access patterns and reduce execution time, as illustrated in Figure 2a.
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Finally, it is evident that linear transformation operations (i.e., MHA projection and FFN projection)
still occupy a substantial portion of time during both the prefill and decoding phases. As shown in
Figure 2a, after various vLLM optimizations, linear transformations comprise the most time-consuming
elements when the sequence length is short and they also account for over 50% of the total time as the
sequence length increases. Although optimizing matrix multiplication presents inherent challenges, it
offers a promising path for future inference enhancements.

5 Related Work

e System Optimization. There are many optimization algorithms for inference in large language models.
To address the low efficiency issue of multi-head attention calculation, FlashAttention (Dao et al., 2022;
Dao, 2023) leverages optimization strategies employed in GPU-based matrix multiplication. By reducing
the frequency of memory accesses, this optimization technique increases the arithmetic intensity and
improves the efficiency of the attention module. GQA (Ainslie et al., 2023) reduces the size of the
KV matrix, thereby reducing the memory access time. To optimize the management of the KV cache
memory in decoding phase, vVLLM proposes PagedAttention (Kwon et al., 2023). This mechanism
effectively mitigates the frequent update requirement of the KV cache and reduces memory fragmentation,
leading to improved overall efficiency. As for practical applications, researchers have proposed batching
strategy such as continuous batching (Kwon et al., 2023), inflight batching (NVIDIA, 2023) and Dynamic
SplitFuse (Microsoft, 2023). Their strategy involves immediately substituting completed requests with
new ones, eliminating the need for padding tokens.

e Inference Libraries. The Transformers (Wolf et al., 2020) library is a commonly used library in
the field of natural language processing, providing code and archive points for many common model-
sTGI (Contributors, 2023a) is a library developed by HuggingFace for further optimization of inference
based on the Transformers. vLLM (Kwon et al., 2023) mainly improves the utilization efficiency of KV
cache by paging storage and combining with PagedAttention technology. DeepSpeed-MII has introduced
Dynamic-SplitFuse technology to fully tap into the computing potential of GPUs. TensorRT-LLM is de-
veloped by Nvidia, which has been further optimized based on the previous FasterTransformer (NVIDIA,
2021) library, improving the efficiency of running large models on Nvidia GPUs. Llama.cpp is entirely
based on C/C++ implementation, with good cross platform compatibility and the ability to run on various
computing devices. Other code libraries such as LightLLM (ModelTC, 2023), LMDeploy (Contributors,
2023b), StreamL.LM (Xiao et al., 2023), and Inferflow (Shi et al., 2024) have made different optimization
implementations for inference.

6 Conclusion

In this work, we introduced a comprehensive benchmark that can encompass diverse task scenarios
for the evaluation of various libraries. We integrated various common experimental settings in our
framework, to provide a useful testbed for evaluating inference efficiency related libraries. Based on it,
we proposed a detailed formula for analyzing the complexity of each component from LLaMA, which
involves metrics such as FLOPs, MOPs, and arithmetic intensity. It can delineate the decoding bottlenecks
in the inadequacy of memory bandwidth, and has been validated in our experiments. Besides, widely-used
strategies such as FlashAttention, PagedAttention and CUDA kernel fusion demonstrated the mitigation
of memory access constraints is helpful to enhance the inference efficiency. Our analysis is adaptable to
different libraries utilizing a range of LLMs and will offer valuable insights for the advancement of future
inference algorithms and libraries.
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A Appendix
A.1 Extended Results Tables and Figures

3090 4090 A100

Memory Size (GB) 24 24 80
Bandwidth (GB/s) 936 1008 2039
BF16 TFLOPs 71 1652 312

Table 7: The details of three hardwares.

§s=32 s=128 s=512 s=1024 s=2048
Q K,V =XWgokv 7.33 26.27 77.22 129.09 256.14

Q, K = RoPE(Q, K) 4.63 9.94 32.79 63.79 125.63
O = Attn(Q, K, V) 4.15 14.05  112.65 415.68  1544.94
X = O0Wp 245 8.77 25.75 43.05 85.39
TRF X = Add&Norm(X) 3.08 5.68 18.47 36.32 71.36
G U=X[Wg,Wy| 2373 50.92  175.76 341.57 665.18
D = Swish(G) 0 U 0.79 2.38 9.23 18.42 36.80
X = DWp 6.19 16.18 55.85 111.27 221.92
X = Add&Norm(X) 3.08 5.68 18.47 36.32 71.36
Q. K,V = XWokv 7.26 17.42 72.59 144.55 299.84
Q, K = RoPE(Q, K) 0.67 1.38 5.34 10.33 20.97
O = Attn(Q, K, V) 221 6.00 23.97 54.08 147.36
X = OWo 2.73 6.98 23.51 46.22 99.65
VLLM X = Add&Norm(X) 0.52 1.25 4.99 9.72 19.42
G, U = X[Wa, Wy 11.07 32.18 12837 255.03 527.56
D = Swish(G) 0 U 0.83 2.39 9.15 17.97 36.36
X = DWp 5.96 18.66 62.40 123.06 271.20
X = Add&Norm(X) 0.52 1.25 4.99 9.72 19.42

Table 8: Detailed running time (ms) of Transformers and vLLM when varying sequence length in the
prefill stage (b = 8).
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The input length distribution of S2S dataset
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Figure 3: The distribution of input length and output length of three datasets.
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Short2Short Token Throughput
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Figure 4: The throughput and latency for serving inference of vLLM and MII using LLaMA-2 (7B) under

different request frequencies on the Short2Short dataset.
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Figure 5: The throughput and latency for serving inference of vLLM and MII using LLaMA-2 (7B) under
different request frequencies on the Short2Long dataset.
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s=32 s=128 s=512 s=1024 s=2048

a, k,v=axWokv 2.73 272 272 272 2.70
4,k = RoPE(q, k) 2.68 2.68 2.66 2.67 2.67
K,V = Cache(k, v) 1.18 3.05 10.89 21.51 42.70
o = Attn(q, K, V) 1.65 2.01 3.52 5.48 10.70
TR T =°Wo 0.91 0.91 0.91 0.92 0.90
« = Add&Norm(z) 1.83 1.82 1.83 1.84 1.80
g,u = x[Wa, Wy 3.88 3.87 3.87 3.88 3.87
d = Swish(g) ® u 0.27 0.27 0.27 0.27 0.27
z =dWp 2.05 2.05 2.05 2.05 2.04
x = Add&Norm(z) 1.83 1.82 1.83 1.84 1.80
a. k,v=aWokv 2.11 2.11 2.11 2.11 2.11
4,k = RoPE(q, k) 0.32 0.31 0.31 0.31 0.31
K,V = Cache(k, v) 0.38 0.38 0.38 0.38 0.38
o = Attn(q, K, V) 0.40 0.65 1.81 3.40 5.32
LM T =o°Wo 0.90 0.89 0.89 0.89 0.90
« = Add&Norm(z) 0.27 0.27 0.26 0.26 0.27
g.u = x[Wa, Wy 3.67 3.68 3.66 3.66 3.68
d = Swish(g) ® u 0.42 0.42 0.42 0.42 0.42
z =dWp 2.03 2.03 2.03 2.02 2.03
x = Add&Norm(z) 0.27 0.27 0.26 0.26 0.27

Table 9: Detailed running time (ms) of Transformers and vLLM when varying sequence length in the
decoding stage (b = 8).

b=1 b=2 b=4 b=8 b=16

Q. K,V =XWoky 2628 3920 7726 12909 256.15
Q,K =RoPE(Q,K) 964 1748 3282 6379 12574
O =Attn(Q,K,V) 5397 10554 20938 41568 827.96
X = O0Wo 877 13.08 2576 4305  85.40
TRF X = Add&Norm(X) 566 977 1846 3632 7141
G, U=X[Wg, Wy| 5093 9401 17578 34157 665.21
D = Swish(G) o U 236 464 923 1842  36.82
X = DWp 16.18 3354 5585 11127 221.92
X = Add&Norm(X) 566 977 1846 3632 7141

Q, K,V =XWggv 3358 53.01 85.13 138.82 271.39
Q, K = RoPE(Q, K) 2.58 3.77 6.22 10.14 20.18
O =Attn(Q, K,V) 8.16 14.05 26.04 49.95 97.63
X =0Wo 6.94 12.37 23.01 44.28 86.57
vLLM X = Add&Norm(X) 1.21 243 4.86 9.76 19.53
G, U = X[Wg,Wy] 3439 65.60 124.65 24348 480.48
D = Swish(G) 0 U 2.37 4.54 891 17.62 35.04
X =DWp 18.59 33.70 63.38 115.57 224.88
X = Add&Norm(X) 1.21 243 4.86 9.76 19.53

Table 10: Detailed running time (ms) of Transformers and vVLLM when varying batch size in the prefill
stage (s = 1024).
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b=1 b=2 b=4 b=8 b=16

a. k,v=aWokv 270 271 272 272 2.72
4,k = RoPE(q, k) 234 245 261 267 2.72
K.,V = Cache(k,v) 298 559 1091 21.51 4277
o = Attn(g, K, V) 247 322 397 548 9.50

TRE & =0°Wo 091 091 091 092 0.92
x = Add&Norm(zx) 140 157 165 1.84 2.18
g,u = x[Wg, Wy] 383 385 38  3.88 3.89
d = Swish(g) ® u 025 025 026 027 0.28
x=dWp 205 205 205 205 2.06
x = Add&Norm(x) 140 157 165 1.84 2.18
q, k,v=axWorv 218 210 210 211 2.14
q, k = RoPE(q, k) 030 031 031 031 0.32
K,V = Cache(k,v) 035 037 037 038 0.39
o = Attn(q, K, V) 122 137 178 341 5.56
VLLM & =©oWo 089 089 089 0.89 0.90
x = Add&Norm(zx) 027 027 026 026 0.26
g,u = x[Wg, Wy] 402 367 366 3.67 3.67
d = Swish(g) ®u 040 041 042 042 0.43
x=dWp 203 202 202 203 2.03

x = Add&Norm(x) 0.27 0.27 0.26 0.26 0.26

Table 11: Detailed running time (ms) of Transformers and vLLM when varying batch size in the decoding
stage (s = 1024).

3090 4090 A100

Q. K,V =XWory 24331 11554 77.22
Q,K =RoPE(Q,K) 3532 1741 3279
O =Attn(Q,K,V) 14128  89.81 112.65
X = OWp 81.13 3852 2575
TRF X = Add&Norm(X)  28.13 1759 1847
G, U = X[Wa,Wy] 65761 27545 175.76
D = Swish(G) 0 U 1707 1253 923
X = DWp 21490 91.07  55.85
X = Add&Norm(X) 2813 1759 1847

Q, K,V =XWoky 25245 10047  84.92
Q,K =RoPE(Q,K) 635 403 623
O = Attn(Q, K, V) 3326 2010 22.74
X =O0Wo 8748 3634 2295
VLLM X = Add&Norm(X) 674 386 487
G U = X[Wa,Wy| 45350 18423 124.33
D = Swish(G) © U 1228 849 892
X = DWp 231.07 9801 6329
X = Add&Norm(X) 674 386 487

Table 12: Detailed running time (ms) of Transformers and vLLM when varying hardware in the prefill
stage (b = 8,s = 512).
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3090 4090 A100

a.k,v=xWoky 528 386 272
a.k = RoPE(q, k) 179  1.04 266
K,V = Cache(k,v) 11.16 641 10.89
o = Attn(q, K, V) 364 366  3.52

TRE T =©°Wo 176 129 091
x = Add&Norm(x) 126 096 1.83
g,u = x[Wa, Wy 713 635 3.87
d = Swish(g) ® u 020 0.6 027
x =dWp 435 323 205
x = Add&Norm(x) 126 096 1.83
g, k,v=xWokv 390 359 211
q,k = RoPE(q, k) 022 017 031
K,V = Cache(k,v) 026 0.19 038
o = Attn(q, K, V) 284 257 181
x = oWo 175 126  0.89
VLIM o Add&Norm(X) 020 015 026
g,u = x[Wa, Wy 806 635 3.68
d = Swish(g) ® u 027 020 042
x=dWp 433 317 202

x = Add&Norm(x) 020 015 0.26

Table 13: Detailed running time (ms) of Transformers and vLLM when varying hardware in the decoding
stage (b = 8,s = 512).
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