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ABSTRACT

Despite the efficacy of network sparsity in alleviating the deployment strain of
Large Language Models (LLMs), it endures significant performance degradation.
Applying Low-Rank Adaptation (LoRA) to fine-tune the sparse LLMs offers an
intuitive approach to counter this predicament, while it holds shortcomings in-
clude: 1) The inability to integrate LoRA weights into sparse LLMs post-training,
and 2) Insufficient performance recovery at high sparsity ratios. In this paper,
we introduce dynamic Low-rank Sparse Adaptation (LoSA), a novel method
that seamlessly integrates low-rank adaptation into LLM sparsity within a unified
framework, thereby enhancing the performance of sparse LLMs without increas-
ing the inference latency. In particular, LoSA dynamically sparsifies the LoRA
outcomes based on the corresponding sparse weights during fine-tuning, thus
guaranteeing that the LoRA module can be integrated into the sparse LLMs post-
training. Besides, LoSA leverages Representation Mutual Information (RMI) as
an indicator to determine the importance of layers, thereby efficiently determining
the layer-wise sparsity rates during fine-tuning. Predicated on this, LoSA adjusts
the rank of the LoRA module based on the variability in layer-wise reconstruction
errors, allocating an appropriate fine-tuning for each layer to reduce the output
discrepancies between dense and sparse LLMs. Extensive experiments tell that
LoSA can efficiently boost the efficacy of sparse LLMs within a few hours, with-
out introducing any additional inferential burden. For example, LoSA reduced the
perplexity of sparse LLaMA-2-7B by 68.73] and increased zero-shot accuracy by
16.32%7, achieving a 2.60x speedup on CPU and 2.23x speedup on GPU, re-
quiring only 45 minutes of fine-tuning on a single NVIDIA A100 80GB GPU.
Code is available at https://github.com/wzhuang—xmu/LoSA.

1 INTRODUCTION

The development of large language models (LLMs) (Zhang et al.,|2022; Touvron et al., | 2023a;b) has
marked substantial advancements in the field of natural language processing (Achiam et al., [2023)).
As the scale of these models increases, they demonstrate enhanced capabilities in understanding and
generating across diverse contexts (Kaplan et al.|[2020; Brown et al., [2020). Nevertheless, the expo-
nential growth in model size presents formidable challenges for deployment and inference, primarily
due to escalated computational demands and latency (Zhu et al., 2023). To mitigate these issues, a
variety of model compression strategies have been developed. Techniques such as sparsity (Frantar
& Alistarh) 2023 [Sun et al., 2023; [Dong et al., 2024; Ma et al.| 2023} Xia et al., 2023} |An et al.,
2024;|Huang et al., 2025a), quantization (Egiazarian et al.} 2024} Xiao et al.| [2023; Xu et al.|[2024b;
Lin et al., 2023)), and knowledge distillation (Ko et al., 2024; |[Hsieh et al.l 2023} |Gu et al., 2023;
Agarwal et al., |2024) have proven effective in reducing model size while largely preserving their
original efficacy, thus enhancing the feasibility of deploying large models in practical applications.
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Figure 1: Comparing traditional sparse LLM combined with LoRA to our LoSA method: (a) Tra-
ditional LLM sparsity methods employ uniform sparsity rates, and LoRA also uses uniform ranks.
Additionally, LoRA weights cannot be merged into the sparse LLM weights. (b) LoSA performs
dynamic sparse low-rank adaptation on LLMs, simultaneously applying sparsity to both LLM and
low-rank adaptation. Moreover, LoSA dynamically determines the layer-wise sparsity rates based
on representation mutual information and allocates the ranks of the low-rank adaptation according
to the reconstruction errors of the sparse LLM.

Among the diverse array of model compression techniques, sparsity emerges as a prominent method
for diminishing both the size and computational demands of LLMs (Li et al., 2023b; |Lu et al., 2024;
Frantar & Alistarh, 2023} |Sun et al.| [2023). Notable implementations such as SparseGPT (Frantar,
& Alistarh, |2023) and Wanda (Sun et al.l 2023) have effectively demonstrated one-shot sparsity,
achieving substantial reductions in model size while largely maintaining performance. These strate-
gies also enhance inference speed on CPUs and GPUs through integration with specialized libraries
such as DeepSparse (NeuralMagicl [2021) and nm-vllm (NeuralMagic| [2024). However, these ap-
proaches encounter performance degradations at high sparsity levels. Consequently, fine-tuning are
essential to recuperate the efficacy of sparse LLMs (Guo et al [2024)), thereby ensuring that they
remain robust and effective in practical applications.

Leveraging parameter-efficient fine-tuning (PEFT) methods (Houlsby et al. [2019; [Lester et al.,
2021; Hu et al.| 2021) offers a compelling approach to fine-tune sparse LLMs without necessi-
tating the adjustment of the entire model’s parameters. By incorporating only a minimal number
of additional parameters, PEFT methods circumvent the resource-intensive demands typically asso-
ciated with full-model fine-tuning. Among various PEFT strategies, Low-rank Adaptation (LoRA)
(Hu et al.} 2021) distinguishes itself through its innovative use of two low-rank matrices. These ma-
trices are integrated during the fine-tuning phase and subsequently can be merged with the original
model weights. This integration effectively preserves the original structure of the model while also
eliminating delays during inference, thereby streamlining the deployment process and improving
the model’s performance after fine-tuning.

However, directly employing the existing LoRA method to fine-tune sparse LLMs faces several crit-
ical issues: 1) Incompatibility between sparse LLMs and LoRA. The weights refined through
LoRA cannot be seamlessly integrated into sparse LLMs (Zhang et al., 2023a). Retaining LoRA
weight matrices leads to increased inference delays in sparse LLMs (Table [9), thereby compromis-
ing the compression and acceleration advantages initially gained from sparsity. 2) Static setup of
uniform sparsity rates. Existing SparseGPT (Frantar & Alistarh, [2023) and Wanda (Sun et al.,
2023)) methods predefine a uniform sparsity rate for each layer; however, the relative importance of
each layer may change during the fine-tuning process. The setting of uniform layer-wise sparsity
rates impairs the performance of the sparse model. 3) Static determination of the LoRA matrices’
rank. LoRA’s approach of predetermining the rank for each layer fails to account for the variability
in layer-wise reconstruction errors that arise during the sparsity of LLMs. Consequently, this results
in a uniform allocation of fine-tuning parameters across different layers, which is insufficient for
achieving satisfactory fine-tuning performance (Zhang et al.,[2023b).

To address the issues mentioned above, we propose dynamic Low-rank Sparse Adaptation (LoSA)
for LLMs, a method that seamlessly integrates low-rank adaptation into LLM sparsity. LoSA at-
tains this objective through three primary innovations. Firstly, to maintain compatibility between
the sparse LLM weights and low-rank adaptation, we dynamically sparsify the low-rank adaptation,
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ensuring they align with the sparsity patterns of the LLM weights. Furthermore, we dynamically
adjust the layer-wise sparsity rates of the LLM using Representation Mutual Information (RMI)
(Tishby et al.l 2000; Zheng et al., [2022). Firstly, we derive that RMI can be used as a metric to
determine the importance of each layer in LLMs according to the Information Bottleneck (IB) prin-
ciple (Tishby et al.,[2000). Furthermore, we approximate the calculation of RMI using normalized
Hilbert-Schmidt Independence Criterion (HSIC) (Gretton et al., |2005; |Kornblith et al., 2019). This
means that we only need to obtain the feature map of LLM to calculate RMI, allowing us to deter-
mine the importance of each layer and efficiently set the layer-wise sparsity rate during fine-tuning.
Lastly, we dynamically determine the ranks for the low-rank adaptation based on reconstruction
errors, which allows us to allocate a larger fine-tuning parameter budget to layers with greater re-
construction errors. This strategy not only achieves a rational distribution of fine-tuning parameters
but also maximizes the reduction of reconstruction errors in sparse LLMs, enhancing overall fine-
tuning performance.

Extensive experimental results demonstrate the efficiency and effectiveness of our proposed LoSA
for sparsifying representative LLMs, including LLaMA-1 (Touvron et al., 2023a), LLaMA-2 (Tou-
vron et al.,|2023b), LLaMA-3 (Meta, [2024a)), LLaMA-3.1 (Metal, 2024b), OPT (Zhang et al., [2022])
and Vicuna (Chiang et al.l 2023) with their parameter sizes ranging from 7 billion to 70 billion.
Remarkably, our approach reduces the perplexity of a sparse LLaMA-2-7B (Touvron et al.| 2023b)
model with sparsity ratio of 70%, obtained using Wanda (Sun et al., 2023)) method, by 68.73, while
achieving an accuracy improvement of 16.32%7 across seven downstream datasets. Moreover, it
achieves a 2.60 x speedup on CPU and 2.23x speedup on GPU, requiring only 45 minutes of fine-
tuning on a single NVIDIA A100 80GB GPU.

2 METHODOLOGY

2.1 PRELIMINARIES

Notation. In this study, we use uppercase letters (e.g.,X,Y) to denote random variables. Bold
typeface represents vectors (e.g.,x, y), matrices or tensors (e.g., X, Y). Calligraphic font indicates
loss functions (e.g.,L).

Problem Formulation. Following the approach introduced by SparseGPT (Frantar & Alistarh,
2023), we conceptualize the implementation of sparsity in LLMs as a layer-wise reconstruction
problem. Our objective is to minimize the difference in output between each layer of a sparse LLM
and its corresponding dense counterpart. Consider a dense LLM composed of n layers, where the
weight matrix of the i-th layer is denoted as W; € R%u>¢n_ ¢, and coy representing the number of
input and output channels, respectively. The input feature maps are represented by X; € R¢n*d,
where d is the hidden dimension. The sparsity mechanism in an LLM involves applying a binary
mask M; € {0, 1}%u=>n to the weight matrix W;, which selectively eliminates individual elements.

In this study, we explore the integration of low-rank adaptations with sparsity methods for LLMs.
Our approach incorporates low-rank adaptations into the framework of layer-wise reconstruction
error optimization. We introduce low-rank adaptation for the i-th layer as B; € R%*" and A; €
R™*¢n with r; representing the rank of the adaptation. Simultaneously, we define the ranks of the
low-rank adaptations for all n layers collectively as r = (r1,73,...,7y), and the sparsity rates for
all n layers as s = (s1, $2, ..., S, ). Consequently, the low-rank sparse adaptation for LLMs can be
viewed as the following optimization problem:

Af}}glA Z; | Wi« X; — (M; © (W; + B;A;)) * X, ||3,
- L; (1)

||M1||O — Sia%isi — @’%iri — Q,
i=1 =1

Cout * Cin

where * denotes matrix multiplication, ® represents Hadamard product, || - ||2 signifies the ¢5 norm,
L; denotes reconstruction error of the i-th layer, and || M;||, indicates the number of 0 elements in
matrix M;.
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The proposed formula integrates LLM sparsity and low-rank adaptation into a unified optimiza-
tion objective, framing it as a constrained layer-wise reconstruction problem. This approach offers
advantages over the conventional method of optimizing sparsity and fine-tuning separately. By em-
ploying joint optimization, we aim to improve the accuracy of sparse LLM and low-rank adaptation
can be merged into sparse LLM.

Our optimization objective underscores the necessity of determining three critical parameters in the
joint optimization process for sparse fine-tuning: sparsity mask M, layer-wise sparsity rates s, and
the rank allocations for each layer r. To derive the sparsity mask M, we leverage existing sparsity
methods such as SparseGPT (Frantar & Alistarh| [2023)) and Wanda (Sun et al.,|2023). Notably, our
approach is designed to be compatible with any sparsity method, offering the potential to enhance
the accuracy of any sparse LLM. In the subsequent sections, we will elucidate our methodology for
determining the layer-wise sparsity rates s and the layer-wise rank allocations r, which are crucial
components of our optimization framework.

2.2 LAYER-WISE SPARSITY RATE

Motivation. The current SparseGPT (Frantar & Alistarh, 2023) and Wanda (Sun et al.l [2023)
methods choose a uniform sparsity rate for each layer to sparsify LLMs, largely because determin-
ing layer-wise sparsity rates requires sorting the weight importance of each layer. For LLMs with
billions of parameters, this is challenging and time-consuming due to computational bottleneck.
However, uniform sparsity across layers is not optimal, as the contributions of each layer to the final
performance vary significantly (Yin et al.l|2023). Applying the same sparsity rate to all layers risks
removing important weights (Lu et al.l [2022; Wang et al.| [2020). This leads us to consider how to
overcome computational bottleneck and quickly determine the layer-wise sparsity rates for LLMs?

In this paper, we propose a metric based on Representation Mutual Information (RMI) (Bachman
et al.| [2019; [Tschannen et al.l 2019) for efficiently determining layer-wise sparsity rates. Specif-
ically, the calculation of RMI relies on the feature map of each layer, allowing us to evaluate the
importance of a layer by simply extracting its feature maps. This RMI-based approach for deter-
mining layer-wise sparsity rates significantly reduces computational complexity. We will provide a
detailed explanation of this method below.

RMI for Sparsity. The Information Bottleneck (IB) (Tishby et al.,2000) principle elucidates the
process of balancing mutual information between input and output representations in LLMs. For the
hidden representation of the i-th layer X, the goal is to minimize the mutual information I(X; X;)
between input X and X; to reduce inter-layer redundancy, while simultaneously maximizing the
mutual information I(X;;Y") between X; and output Y to ensure the layer retains task-relevant
information for accurate predictions of Y. Specifically, it can be formulated as:

minI(X; X;) — SI(X;;Y), 2)

where [ is a trade-off parameter that balances information compression and the retention of task-
relevant information. Given a LLM consist of n layers, we aim to minimize redundancy not only
between the input and individual layers but also across different layers within the model. To gener-
alize the IB principle in this multi-layer context, we extend the objective as follows:

min ) Y (X X0) +1(X5; X)) - BI(XGY). 3)
i=1 j=i+1
In this expanded formulation, the term I(X;; X;)(¢ # j,4,5 = 1,...,n) represents the mutual

information between two distinct layers, capturing the redundancy between them. The objective
is to minimize this inter-layer mutual information so that the representations learned by different
layers are as independent as possible. This implies that layers that are highly correlated with others
are less important. Therefore, the RMI between different layers I(X;; X;) can serve as an accurate
and robust indicator of the importance of LLM layers (Zheng et al., 2021).

Algorithm Design. Now we describe how to obtain the layer-wise sparsity rate of LLM using
RMI. We use X1, ..., X,, to represent the hidden representations in each layer, the RMI between the
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i-th layer and the j-th layer is denoted as I(X;, X ;). As mentioned above, a layer correlated to other
layers is less important. Therefore, the importance of a specific layer ¢ is defined as:

pi = e Zimnas [0, 4)

where e is natural constant. With the layer-wise importance p € R"*!, determining the layer-wise
sparsity rate is transformed into a linear programming problem. Formally, the layer-wise sparsity
rate s € R™*! can be determined as follows:

1 n
m;n plssit. -~ ;sz = 0. 5)

It should be noted that the RMI mentioned above is challenging to compute in practice, since the dis-
tribution in I(X;, X;) is intractable and is time-consuming to estimate. Here, we introduce the nor-
malized Hilbert-Schmidt Independence Criterion (HSIC) (Gretton et al., 2005; |[Zheng et al., 2021}
Kornblith et al.l 2019) E] to address this issue. First, we obtain the feature maps of each layer in
LLM, denoted as X1, X5, ..., X,,. Therefore, the RMI is calculated as:

|| X7 X5
1 X X[ P | X X1

where || - || denotes the Frobenius norm. This means that in Eq. [l we use the feature maps to
estimate the RMI indicator, making the practical calculation of RMI possible. Combining Eq. [3]
and Eq. [6] we can determine the importance of each layer of LLM across layers, thereby quickly
determining the layer-wise sparsity rate of LLM. The end-to-end time to compute the layer-wise
sparsity of LLaMA-2-7B (Touvron et al., 2023b)) is only 48 seconds using one NVIDIA A100 80GB
GPU, which is quite fast. We demonstrate the effectiveness of the above method in the ablation
experiments in Section [3.3]

2.3  SPARSITY-AWARE RANK ALLOCATION

Problem Setup. Using low-rank adaptation can effectively restore the performance of sparse
LLMs. However, once a LLM with non-uniform layer-wise sparsity is obtained, low-rank adaptation
fine-tuning faces a critical challenge: how to allocate the layer-wise rank of low-rank adaptation for
the non-uniform sparse LLM within a limited fine-tuning parameter budget? LoRA (Hu et al.| [2021)
uniformly assigns the same rank to all low-rank adaptations, which is inefficient because it fails to
account for the variability in layer-wise reconstruction errors across the sparse LLM during fine-
tuning (Frantar & Alistarh) 2023} | Xu et al., [2024a)). Intuitively, layers with higher reconstruction
errors should be allocated a larger fine-tuning budget, as this would help reduce the reconstruction
errors more effectively. Thus, we propose a sparsity-aware rank allocation algorithm that efficiently
distributes the fine-tuning parameter budget across each layer, guided by the layer-wise reconstruc-
tion errors of the sparse LLM. The objective is to maximize the overall reduction in reconstruction
error during the fine-tuning of the sparse LLM. Details of this algorithm are discussed below.

Algorithm Design. The notation (£, Lo, ..., L,,) denotes the reconstruction errors for n layers,
and the average value is Loy, = % >, L;. Meanwhile, § indicates the average rank of all n layers.
Consequently, the rank of the ¢-th layer is computed as:

Li
‘Cavg

where |x] rounds z to the nearest integer. This formula ensures a rational allocation of the fine-
tuning budget to each layer based on its reconstruction error. Layers with higher reconstruction
errors are assigned larger ranks, while those with lower errors receive smaller ranks, maximizing the
reduction in reconstruction error for sparse LLMs. In Section we demonstrate the effectiveness
of this sparsity-aware rank allocation method through ablation experiments. Additionally, we com-
pare our approach with a strategy that allocates ranks based on sparsity rates, demonstrating that our
method achieves better performance.

« Q] )

Ti:L

"Normalized HSIC is also known as CKA (Kornblith et all [2019), RV coefficient (Robert & Escoufier,
1976)), and Tucker’s congruence coefficient (Lorenzo-Seva & Ten Berge| 2000).
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For training stability, when low-rank adaptations B, A increase their rank, we concatenate random
Gaussian initialized parameters A/(0, 02) to A and zeros to B. The above initialization operation is
the same as LoRA (Hu et al., 2021), so the layer’s output remains unchanged before and after new
parameters added. When B, A decrease their rank, the new adaptations directly inherit parameters
from the original adaptations and the extra parameters are discarded.

2.4 DYNAMIC SPARSITY AND ADAPTATION

To achieve better sparse fine-tuning LLMs, we further extend our algorithm to implement a dynamic
sparsity and fine-tuning approach. This involves progressively sparsifying an increasing number of
weights while simultaneously conducting low-rank adaptation fine-tuning. Dynamic sparsity and
fine-tuning ensure the maximum integration of LLM sparsity and low-rank adaptation fine-tuning.
We perform T steps of sparsity and fine-tuning, and determine the progressive sparsity rate using
the cubic sparsity schedule proposed by (Zhu & Guptal 2017), as described below:

3
@:@L{VO—;),t:LZWT (8)

where ©7 is final sparsity rate and ©° denotes the average sparsity rate of the n layers at step ¢.
Furthermore, since the reconstruction error tends to increase with the rising sparsity rate, we linearly
increase the average rank Q¢ at each step, i.e.,

Q= +1, t=1,2,...,T 9)

After calculating the average sparsity rate ©? at step ¢, we first establish the layer-wise sparsity rates
st using the method outlined in Section Subsequently, we simultaneously sparsify the weights
of LLM and low-rank adaptation by applying the sparse mask M?, which is derived using either
the SparseGPT (Frantar & Alistarhl 2023)) or Wanda (Sun et al., [2023)) method. This coordinated
approach ensures compatibility between the LLM weights and the low-rank adaptations, facilitat-
ing the integration of low-rank adaptations into the sparse weights of the LLM after fine-tuning.
Once we have established sparse LLM, we then ascertain the layer-wise rank 7! for the low-rank
adaptations, employing the rank allocation method described in Section [2.3] The full details of the
algorithm are outlined in Algorithm I}

Algorithm 1: Dynamic Low-rank Sparse Adaptation (LoSA)

Input: Dense weight of LLM W, low-rank adaptation weight B A, dynamic steps 7, target
sparsity rate ©/, initial average rank Q.
Output: Sparse fine-tuning LLM.

fort=1,--- ,Tdo

Calculate the progressive sparsity rate ©' using Eq.

Obtain RMI between two layers using Eq. [6}

Calculate the layer-wise importance p® by Eq. 4

Obtain the layer-wise sparsity rate s by Eq.

Get sparse mask M* of W? + B? A* through SparseGPT or Wanda;
Calculate the current average rank by Eq.[9}

Allocate layer-wise rank r¢ by Eq.

Update low-rank adaptation weight Bt A%;

end
Sparse low-rank adaptation is merged into sparse LLM weight to obtain the final sparse LLM.

3  EXPERIMENTS

3.1 EXPERIMENTAL SETTINGS

Models and Baselines. We have applied our method to several LLMs, including LLaMA-1 (Tou-
vron et al.|[2023a), LLaMA-2 (Touvron et al.,[2023b)), LLaMA-3 (Metal [2024a), LLaMA-3.1 (Meta,
2024b), Vicuna (Chiang et al., [2023), and OPT (Zhang et al., 2022), with parameter sizes ranging
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Table 1: Perplexity of LoSA for sparse LLMs on WikiText-2 dataset at 50/60/70% sparsity.

| | LLaMA-1 | LLaMA-2 | LLaMA-3 | LLaMA-3.1 | Vicuna
Sparsity | Method | 7B 13B 30B | 7B I13B 70B | 8B | 8B | I3B
0% | Dense |568 509 477|512 457 312| 605 | 618 | 594
SparseGPT | 722 621 531 | 651 563 398 | 930 9.18 7.73
w.LoRA | 691 604 516 | 631 549 391 | 850 8.49 6.51

50% w.LoSA | 6.86 598 513|627 544 388 | 838 8.36 6.46
Wanda | 726 6.15 524 | 642 556 398 | 9.59 9.53 7.29

w.LORA | 6.84 604 517 | 633 546 394 | 856 8.53 6.53

w.LoSA | 6.82 594 513|624 541 393 | 841 8.42 6.44
SparseGPT | 10.41 843  6.81 |10.14 7.88 510 | 1485 15.10 10.02
w.LoRA | 829 694 6.8 | 798 675 490 | 1077 10.73 7.87

60% w.LoSA | 8.14 681 6.10 | 7.82 6.65 4.88 | 10.58 10.44 7.54
Wanda | 10.69 875 656 [10.79 840 525 | 20.02 21.51 9.54

w.LoRA | 838 695 599 | 807 678 501 | 11.29 11.09 7.82

w.LoSA | 820 675 592 | 7.88 6.62 495 | 10.85 10.59 7.59
SparseGPT | 2630 19.24 12.56 | 27.42 2057 9.46 | 4053 39.76 | 21.95
w.LoRA | 1148 895 7.54 [11.06 899 632 | 1650 16.05 10.19

20% w.LoSA | 1120 871 721 |10.82 882 613 | 1574 15.41 9.92

(¢

Wanda | 85.77 5590 17.37 |79.67 48.07 11.10| 112.10 109.99 | 44.89

w.LoRA [13.46 990 834 | 1257 965 650 | 2025 18.98 10.42
w.LoSA | 1175 879 7.98 |10.94 886 630 | 16.59 16.46 9.94

from 7 billion to 70 billion. To further validate the effectiveness of our approach in enhancing the
accuracy of existing sparse methods, we selected Wanda (Sun et al.}2023)) and SparseGPT (Frantar
& Alistarhl [2023)) as baselines, and also compare with LoRA (Hu et al., 2021)). We set the rank of
LoRA to 8 and the remaining training settings for LoRA are the same as those for LoSA.

Evaluation. We report perplexity of sparse LLM on WikiText-2 (Merity et al., 2016)) dataset and
use Im-eval-harness (Gao et al., [2021)) to evaluate the zero-shot accuracy on downstream datasets,
including HellaSwag (Zellers et al., [2019), Winogrande (Sakaguchi et al., 2021), BoolQ (Clark:
et al.;|2019), OpenBookQA (Mihaylov et al.,2018)), PIQA (Bisk et al.,2020), ARC-Easy, and ARC-
Challenge (Clark et al., 2018)).

Datasets and Training Details. We randomly sampled a 10K subset from the Alpaca-GPT4
(Peng et al.l 2023) to construct our fine-tuning dataset. We utilized the same calibration dataset
as SparseGPT (Frantar & Alistarh, [2023) and Wanda (Sun et al.| [2023), which consists of 128
sequences sampled from the C4 training set (Raffel et al.| [2020) for sparsification. During the
fine-tuning process, we employed the Paged AdamW optimizer (Dettmers et al., [2024), setting a
maximum gradient norm of 0.3. The learning rate followed a linear learning rate schedule and set
the learning rate to be 2 x 10~%. All experiments were conducted on NVIDIA A100 80GB GPUs.
We use one GPU for the 7B, 13B, and 8B models, two GPUs for the 30B models, and three GPUs
for the 70B models. We set the fine-tuning steps T' = 5 and initial average rank Q! = 6.

3.2 LANGUAGE MODELING

The perplexity results of fine-tuning the sparse LLMs at 50-70% sparsity rate on the WikiText-
2 dataset are presented in Table [l LoSA improves the performance of both the SparseGPT and
Wanda methods across models of various parameter sizes and architectures. For instance, when
fine-tuning 70 % sparse LLaMA-2-7B with LoSA, the perplexity of the sparse models obtained by
SparseGPT and Wanda is reduced by 16.60 and 68.73, respectively. Additionally, our method sig-
nificantly outperforms LoRA. These results highlight the effectiveness of our method in enhancing
the language modeling capabilities of sparse LLMs.
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Table 2: Mean Zero-shot accuracy results of Lo SA for sparse LLMs on the HellaSwag, Winogrande,
BoolQ, OpenBookQA, PIQA, ARC-Easy and ARC-Challenge datasets at 50/60/70% sparsity. The
detailed accuracy of each dataset can be found in Appendix

| | LLaMA-1 \ LLaMA-2 | LLaMA-3 | LLaMA-3.1 | Vicuna
Sparsity | Method | 7B 13B 30B | 7B 3B 70B| 8B | 8B | I3B
0% Dense | 61.74 63.84 67.41 |61.88 6500 69.14| 65.62 6593 | 65.53
SparseGPT | 57.96 60.93 65.34 | 59.29 62.53 68.93 | 60.99 6122 | 63.40

w. LoRA | 59.83 62.68 66.31 | 60.47 63.90 69.56 | 63.20 64.25 63.56

0% w. LoSA | 60.54 63.09 66.86 | 61.32 64.23 69.82 | 64.20 6459 | 64.28
Wanda | 57.08 61.39 65.59 | 59.46 62.88 68.21| 59.65 59.58 63.74

w. LoRA | 59.46 63.07 66.37 | 60.51 63.84 69.04 | 62.65 63.05 64.16

w. LoSA | 60.09 63.49 67.19 | 60.85 64.32 69.65 | 63.20 63.63 | 64.41
SparseGPT | 5272 56.57 61.63 | 53.90 5820 66.27 | 54.05 55.80 | 60.25

w. LoRA [ 5592 60.00 64.90 | 57.50 61.08 6832| 5898 60.19 | 61.26

60% w. LoSA |57.38 61.06 65.97 | 58.52 61.67 69.04 | 60.30 60.74 | 61.67
Wanda | 51.98 56.19 6246 | 5251 58.19 66.27 | 48.90 49.78 60.19

w. LoRA [ 55.39 59.67 64.50 | 56.83 60.91 6824 | 57.09 57.61 60.89

w.LoSA | 56.21 60.88 65.86|58.06 61.82 69.08 | 58.60 58.64 | 61.42
SparseGPT | 43.60 48.00 53.64 | 43.07 4738 60.84 | 43.02 4283 | 4853

w. LoRA | 50.41 5500 61.63|50.76 55.16 65.72| 50.36 52.33 55.15

20% w. LoSA |52.74 56.53 62.37 | 52.51 57.16 66.41| 51.99 54.06 | 56.40
Wanda | 37.45 40.79 53.35|35.33 38.88 5848 | 3542 36.10 | 42.06

w. LoRA | 4830 51.83 59.06 | 48.18 50.62 6527 | 47.02 4752 | 5234

w. LoSA |51.20 5531 61.57 | 51.65 53.00 66.12 | 50.37 5033 | 56.37

3.3 ZERO-SHOT TASKS

We report the improvements in zero-shot accuracy on seven downstream tasks achieved by LoSA
for sparse LLMs with 50-70% sparsity, obtained using SparseGPT and Wanda methods in Table
Our LoSA method significantly enhances the zero-shot accuracy across different models ranging
from 7 billion to 70 billion parameters. Notably, our LoSA method increases the average zero-
shot accuracy of the 70% sparse LLaMA-2-7B obtained via Wanda by 16.32%, surpassing LoORA
by 3.47%. These experimental results highlight the substantial enhancements in understanding and
reasoning capabilities of sparse LLMs brought about by our LoSA approach.

3.4 N:M SPARSITY

We extend LoSA to N:M sparsity and adopt a mixed N:8 sparsity (N refers to non-zero weights)
configuration following DominoSearch (Sun et al.,2021). We allow different layers to have distinct
N values while maintaining a constant overall sparsity ratio. We assign lower N values to more
important layers and the N value for each layer are determined using the method described in Section
[2.2] The results are presented in Table [3] It is evident that LoSA improves the accuracy of the
LLaMA-2-7B under N:M sparsity and outperforms LoRA.

Table 3: Perplexity and mean zero-shot ac- Table 4: The perplexity of the LLaMA-2-7B at differ-

curacy of mixed N:M sparsity. ent sparsity rates.

Method N:M Sparsity ~ Perplexity ~Accuracy  Sparsity | 40% 50% 60%  70% 80% 90%
SparseGPT 2:8 103.76 33.27 SprseGPT | 6.12 6.51 10.14 2742 11550  1439.35
w. LORA 2:8 2247 41.46 w. LoRA | 6.08 630 798 11.06 26.35 93.16
w. LoSA Mixed 2:8 19.97 43.77 w.LoSA | 6.05 625 7.82 10.82 21.54 84.39
Wanda 2:8 3006.24 32.71 Wanda 6.07 642 10.79 79.67 1980.85 17151.30
w. LoRA 2:8 56.14 38.72 w. LoRA | 6.04 631 8.07 1257 3643 335.43
w. LoSA Mixed 2:8 25.41 41.91 w.LoSA | 6.02 6.21 7.88 10.94 24.38 168.71
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3.5 ABLATION STUDY

Robustness across Different Sparsity Rates. Table[d]presents the results of perplexity for sparse
LLaMA-2-7B across different sparsity rate, ranging from 40% to 90%. These results demonstrate
that LoSA consistently reduces the perplexity of both SparseGPT and Wanda across all sparsity
levels and consistently outperforms LoRA. This validates the robustness and effectiveness of LoSA
method at various sparsity rates, ensuring reliable performance even as the pruning level varies.

Effectiveness of the Proposed Strategies. In this paper, we propose three strategies: Layer-wise
Sparsity Rate (LSR, Section [2.2)), Sparsity-Aware Rank Allocation (SRA, Section 2.3), and Dy-
namic Sparsity and Adaptation (DSA, Section[2.4). To demonstrate the effectiveness of three strate-
gies, we conduct an ablation study in Table [5| The first row of the table presents the result of the
70% sparse LLaMA-2-7B obtained by Wanda and further fine-tuned by LoSA. We then progres-
sively remove each strategy from LoSA , combinations of two strategies , and
all three strategies (row 7). We can see that removing any strategy causes a decrease in the final
accuracy. The severity of the accuracy drop follows the order: removing three strategies >

> . Additionally, among the three strategies, we found that
DSA contributed the most to the final accuracy. The experimental results demonstrate that all three
proposed strategies contribute to the final accuracy, and using all three strategies achieves the best
results.

Table 5: Ablation of the proposed strategies. Table 6: Experimental results of OPT-13B.
Method Perplexity Accuracy ~ Method Sparsity  Perplexity =~ Accuracy
LoSA 10.94 51.65 Dense 0% 10.13 55.22

SparseGPT 70% 20.26 47.68
w. LORA 70% 17.73 51.34
w. LoSA 70% 17.05 5231
Wanda 70% 73.70 41.51
w. LORA 70% 20.54 49.16
w/o LSR & SRA & DSA  12.74 (+1.80) 47.76 (-3.89) w. LoSA 70% 19.75 50.13

Experimental results for OPT model. We show experimental results of LoSA fine-tuning 70%
sparse OPT-13B (Zhang et al., 2022) in Table[6}] LoSA effectively restores the accuracy of sparse
model that are not based on the LLaMA architecture, and its performance is better than LoRA.

Reconstruction Error vs. Sparsity Rate. In Section 2.3 we

allocate fine-tuning parameters per layer based on reconstruction  Table 7: Different ways to al-
error. Table [/] compares this with an alternative method that as-  |ocate rank. SR: Sparsity Rate
signs higher ranks to layers with higher sparsity. Specifically, we RE: Reconstruction Error.

used the Wanda to obtain a 70% sparse LLaMA-2-7B model, and
carried out LoSA fine-tuning. The results show that reconstruc- .
tion error-based allocation outperforms sparsity-based allocation, Method Perplexity Accuracy
likely because the optimization goal is to minimize error between SR 11.37 50.97
the dense and sparse LLM, sparsity rate does not adequately re- RE 10.94 51.65
flect changes in reconstruction error. Addtionally, computing the

reconstruction error takes only 46 seconds on an NVIDIA A100

80GB GPU, making it a better proxy for rank allocation.

Dynamic Steps. We present the ablation study of the dynamic steps T in Figure[2] Steps T deter-
mines the frequency at which the sparsity rate increases. A larger T means the sparsity rate increases
more slowly, and fewer parameters are removed each time. We show the impact of different values of
T on the final perplexity while keeping the number of fine-tuning samples constant. Specifically, we
demonstrate the results of fine-tuning a 70% sparse LLaMA-2-7B model obtained using the Wanda
method with LoSA. Increasing T appropriately can effectively reduce the model’s perplexity. How-
ever, a larger T may result in insufficient training of the model after each sparsification, which in
turn leads to a further increase in perplexity.
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Rank Budget. We show the impact of different rank budgets on the LLM’s perplexity in Figure 2}
with Q! = 26,10, 16, for the 70 % sparse LLaMA-2-7B obtained using Wanda. All experiments
are conducted W1th a fixed set of 10K fine-tuning samples. Increasing the rank budget appropriately
can effectively reduce perplexity, leading to a better recovery of the sparse model’s performance.
However, since the fine-tuning samples are fixed, further increasing the rank budget results in insuf-
ficient training of low-rank adaptation, which causes an increase in perplexity.

3.6 ANALYSIS

Fine-tuning Efficiency. In Table (8] we demonstrate the fine-tuning efficiency of LoSA. We com-
pared the fine-tuning parameters, time, and GPU memory usage between LoSA and LoRA. LoSA
requires fewer fine-tuning parameters, only 1 — s% of LoRA’s (where 1 — 5% is the sparsity rate),
and its GPU memory usage is similar to LoRA. However, since LoSA performs 7' = 5 rounds
of sparsification and calculates layer-wise sparsity rates and rank allocation, it takes more time for
fine-tuning. Nevertheless, LoSA provides better accuracy and lower inference latency compared to
LoRA, and it only requires about an hour of fine-tuning, which we believe is a worthwhile trade-off.

11.8
e Table 8: Fine-tuning efficiency of LoSA.
z
%11'4 i Method Fine-tuning Fine-tuning  Fine-tuning
£ 112 . etho Params (M) Time (min) Memory (GB)
€]
110 Ra:k Wanda 0 0 0
Y w. LoRA 20.28 13.78 53.59
L e e w.LoSA 2028 x (1—s%)  45.34 53.92
SparseGPT 0 0 0
Figure 2: Effect of different steps and ranks ~ W- LoRA 20.28 21.40 53.59
on perplexity w.LoSA 2028 x (1—s%)  73.91 53.92

Inference Speedup. We analyzed the acceleration effect of the sparse LLaMA-2-7B, as shown
in Table 0] We measured the end-to-end time of the model generate tokens using the DeepSparse
(NeuralMagic, [2021)) inference engine on an Intel(R) Xeon(R) Silver 4314 CPU and the nm-vllm
(NeuralMagic|, 2024]) inference engine on a NVIDIA RTX 4090 24GB GPU. Compared to the dense
model, our method achieves a remarkable 1.77-2.60x speedup on CPU and 1.71-2.23 x speedup
on GPU at 50-70% sparsity. In contrast, LORA cannot merge weights into sparse weights which
introduces additional inference latency that increases with higher sparsity rates. This demonstrates
the advantage of our LoSA method in maintaining the acceleration performance of sparse LLMs.

Table 9: The end-to-end inference speedup of sparse LLaMA-2-7B on CPU and GPU.

Device Sparsity ‘ Dense 50% ‘ 60% ‘ 70%
LoRA LoSA LoRA LoSA LoRA LoSA
CPU ‘ T(}t‘gl‘i‘e‘i‘z‘)“ ‘ ‘ 6.08 ‘ 6.64 7.41 ‘ 7.88 8.93
| Speedup t | 1.00x | 1.65x 1.77x | 1.94x 2.16x | 2.29x 2.60 x
GPU ‘ Té‘;i‘;ﬁi‘};‘;t ‘ 88.58 11182 ‘ 98.10  127.69
| | \

1 ‘ 57.35 ‘ 79.63  97.88
\

Speedup 1 | 1.00x 1.39x 1.71x 1.71x 2.23x

4 CONCLUSION

In this paper, we propose a novel dynamic low-rank sparse adaptation method for the efficient fine-
tuning of sparse LLMs. Our method simultaneously sparsifies both LLM and low-rank adaptation,
ensuring that low-rank adaptation can be merged into LLM weight post-training, thereby not increas-
ing inference latency. Moreover, we introduce representation mutual information as an effective and
efficient metric for dynamically determining the layer-wise sparsity rates during fine-tuning. Addi-
tionally, we dynamically adjust the rank of low-rank adaptation based on the layer-wise reconstruc-
tion error changes during sparsity, ensuring a efficient fine-tuning budget allocation for each layer.
Extensive experiments demonstrate the effectiveness of our method in fine-tuning sparse LLMs.
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A LIMITATION

Although our LoSA method effectively enhances the accuracy of existing sparsity techniques under
different sparsity settings, there is still a gap to achieving lossless high-ratio sparsity for LLMs. This
underscores the need for future exploration of more efficient fine-tuning methods to further improve
the accuracy of sparse LLMs.

B RELATED WORK

LLM Sparsity. Existing sparsity methods (Huang et al.l |2025b), including SparseGPT (Frantar
& Alistarh| |2023)) and Wanda (Sun et al.| [2023), enable training-free sparsity of LLMs, effectively
eliminating non-essential weights while striving to preserve model performance as much as possi-
ble. However, existing sparsity methods can lead to significant accuracy degradation under high
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sparsity rates, partly because these methods pre-set uniform layer-wise sparsity rates, overlooking
the fact that redundancy levels vary between different layers of LLMs (Song et al.| [2024; Men
et al., 2024; (Chen et al., [2024). OWL (Yin et al., 2023) has recognized this issue and employs
heuristic metrics to set the sparsity rates of LLMs inversely proportional to the ratio of observed
activation outliers within each layer, thereby achieving a non-uniformly sparse LLMs. While setting
non-uniform pruning rates can partially improve the accuracy of sparse LLMs, the accuracy still
remains unsatisfactory. Therefore, fine-tuning sparse LLMs to restore their accuracy is necessary.
This paper proposes using low-rank sparse adaptation to restore the accuracy of sparse LLMs and
dynamically determine the layer-wise sparsity rates using representation mutual information during
the fine-tuning process. Representation mutual information (Bachman et al.,|2019; Tschannen et al.,
2019) have been successfully applied to prune small models such as CNNs and BERT (Zheng et al.}
20215 [Fan et al., 20215 Hu et al., |2024)). However, its application in pruning LLMs has not been
well explored. In this paper, we derive the use of the representation mutual information metric to
efficiently and rapidly determine the relative importance of each layer in LLMs during sparse fine-
tuning. Through extensive experiments, we validate the effectiveness of the representation mutual
information metric in pruning LLMs.

Low-Rank Adaptation (LoRA). LoRA (Hu et al| 2021) stands out as a highly effective
parameter-efficient fine-tuning (PEFT) method (Houlsby et al., [2019; [Pfeiffer et al.l 2020; [Lester,
et al., 2021 [Liu et al., 2021), which incorporates trainable low-rank matrices that seamlessly rein-
tegrate into the original model weights post-tuning, ensuring maintained efficiency without added
latency or memory overhead. In LoRA fine-tuning, a crucial rank parameter dictates the tuning
budget for each layer. AdaLoRA (Zhang et al., |2023b)) underscores the importance of adaptive al-
location, suggesting that this budget be tailored according to the significance score of each weight
matrix. SORA (Ding et al., 2023) is to dynamically adjust the rank of low-rank adaptation in the
training process with a sparse gating unit trained by proximal gradient method. ALoRA (Liu et al.,
2024) evaluates the importance of each rank, iteratively prunes low-contribution ranks, and reallo-
cates resources to achieve dynamic adjustment of ranks. Similarly, we have identified the issue with
the distribution of fine-tuning parameters during the fine-tuning of sparse LLMs. Uniformly set-
ting the rank size like LoRA, does not effectively restore the accuracy of sparse LLMs. Therefore,
this paper advocates for the dynamic allocation of the rank parameter budget, based on the sparse
reconstruction errors across different layers, to optimize tuning efficacy. Although both LoSA and
previous related works propose adjusting the rank in LoRA to achieve efficient parameter allocation,
LoSA’s dynamic rank adjustment strategy is specifically designed for sparse LLMs. Allocating fine-
tuning parameters based on reconstruction error helps minimize the reconstruction error of sparse
LLMs.

Joint Sparsity and LoRA. Combining network sparsity with LoRA has been shown to effectively
enhance the accuracy of sparse LLMs (L1 et al.| [2024bga; Zhao et al.| [2024). For instance, LLM-
Pruner (Ma et al.| 2023)) executes a one-shot structured pruning of LLMs, followed by fine-tuning us-
ing LoRA. LoRAPrune (Zhang et al.,2023a)) implements iterative structured pruning, where weight
importance is determined by replacing gradients on full weights with those calculated via LoRA.
LoSparse (Li et al.,[2023a) performs structured pruning on LLMs, using a combination of low-rank
and sparse matrices to approximate the original weight matrix. LoRAShear (Chen et al. 2023)) uti-
lizes LoRA in conjunction with dynamic fine-tuning strategies to reinstate knowledge in structural
pruning LL.Ms. All these studies apply LoRA to fine-tune structural pruning LLMs. Adjusting
the input/output dimensions of the two low-rank adaptations in LoRA and integrating them into
the structural pruning weights is straightforward (Zhao et al., 2024; |Guo et al.l 2023). However,
this approach is not viable for unstructured pruning (network sparsity). Unstructured pruning re-
moves individual weights, resulting in sparse LLMs. In contrast, low-rank adaptations remain dense
even after dimensional adjustments, making it impossible to merge them into sparse LLMs. Con-
sequently, this paper aims to explore effective techniques for integrating low-rank adaptations into

Table 10: Experimental results of comparison between cubic and linear sparsity schedule.

Method Perplexity Accuracy
Linear 8.04 57.79
Cubic 7.88 58.06
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the sparse weights of LLM. The goal is to ensure that sparse LLMs and low-rank adaptations share
the same sparse mask, thereby the model’s sparsity is preserved and inference latency remains unaf-
fected.

C MORE ABLATION STUDIES

C.1 CuBIC VS. LINEAR SPARSITY SCHEDULE

In Section [2.4] we gradually increase the sparsity rate using cubic sparsity schedule, where we
compare this with the setting of linearly increasing the sparsity rate. Linear sparsity schedule can be
be expressed as:

ot =0l -of (1,}) t=1,2,..,T (10)

where O/ is final sparsity rate and © denotes the average sparsity rate of the n layers at step .

We present the impact of using a cubic sparsity schedule versus a linear sparsity schedule on final
accuracy in Table Specifically, we provide results of LoSA fine-tuning LLaMA-2-7B at a 60%
sparsity rate, as obtained using Wanda method. The cubic sparsity schedule consistently outper-
forms the linear sparsity schedule in terms of accuracy. Compared to the linear sparsity schedule,
which removes redundant connections uniformly, the cubic sparsity schedule prunes the network
more aggressively in the initial phase when redundant connections are abundant, and then gradually
reduces the number of weights pruned each time as fewer weights remain in the network. Our exper-
iments showed that the cubic sparsity schedule performed better than the linear sparsity schedule,
which is why we adopted it.

C.2 PARTIAL OR ALL LINEAR LAYERS?

In our experiments, we applied low-rank adaptation to all linear layers in both the attention and
MLP modules of the LLM. We present the experimental results of applying low-rank adaptation to
only a subset of the linear layers in Table Specifically, we experimented with applying low-rank
adaptation solely to the linear layers within the attention of 60% sparse LLaMA-2-7B, as obtained
using Wanda. The results indicated that partial application of low-rank adaptation yielded worse
performance compared to applying it to all linear layers. We believe that since all the linear layers
are sparse, low-rank adaptation should be added to all of them to maximize the recovery of accuracy.

Table 11: Experimental results of adding low-rank adaptation to partial linear layers.

Linear Layer Perplexity Accuracy

QV 8.22 56.59
Q.K,V,0 8.13 56.95
All 7.88 58.06

C.3 COMPARISON WITH STRUCTURED PRUNING.

We compare the performance of structured pruning and unstructured pruning in Table [I2] Specifi-
cally, for structured pruning, we use the LLM-Pruner (Ma et al., 2023)) method to obtain the pruned
LLM and then perform LoRA fine-tuning on the pruned LLM, with the fine-tuning settings refer-
enced in Section [3.1] The acceleration data for structured pruning is obtained from LLM-Pruner
paper. From the experimental data in the table, we can see that unstructured pruning can achieve
basically the same acceleration effect on the GPU as structured pruning, while maintaining signifi-
cantly better accuracy than structured pruning.

C.4 LOSA vSs. "FINE-TUNE FIRST, THEN SPARSIFY”
A key issue addressed by LoSA is that LoRA cannot be merged into sparse LLMs. However, there is

a simple solution to this problem: first fine-tune the LLM using LoRA, and then apply sparsification
methods such as SparseGPT or Wanda. We call the above method as Fine-tune first, then sparsify”.
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Table 12: Comparison results of unstructured pruning and structured pruning.

Method Sparsity Perplexity Accuracy Speedup

LLaMA-2-7B 0% 5.12 61.88 1.00x

LLM-Pruner o tured 50% 23.25 5102 1.85 x
w. LoRA

R N0 6132 171 x
w. LoSA

We compare LoSA with this “Fine-tune first, then sparsify” approach in Table [I3] We use the
Wanda method to obtain sparse LLaMA-2-7B model and use LoSA or the “Fine-tune first, then
sparsify” method to fine-tune. As shown in the experimental data from Table the accuracy of
the “Fine-tune first, then sparsify” method is lower than that of LoSA, especially in high sparsity
settings, where it leads to severe accuracy degradation. In contrast, LoSA adopts an iterative sparse
fine-tuning approach that maintains good accuracy and can be merged into sparse LLMs, further

demonstrating the superiority of the LoSA method.

Table 13: LoSA vs. “Fine-tune first, then sparsify”.

Method Sparsity  Perplexity =~ Accuracy
LLaMA-2-7B 0% 5.12 61.88
“Fine-tune first, then sparsify” 50 % 7.00 60.35
LoSA 50 % 6.21 60.85
“Fine-tune first, then sparsify” 60 % 11.00 53.44
LoSA 60 % 7.88 58.06
“Fine-tune first, then sparsify” 70 % 71.57 34.99
LoSA 70 % 10.94 51.65

C.5 LOSA vS. SPARSE LORA

We show the effect of fine-tuning the sparse LLMs using Sparse LoRA, where Sparse LoRA is an
improved version of LoRA that has the same mask as sparse LLLMs and can be merged into sparse
LLMs. Specifically, we show the results for the 70% sparse LLaMA-2-7B (Touvron et al., [2023b)

model in Table [[4l
Table 14: LoSA vs. Sparse LoRA.

Method Perplexity HellaSwag Winogrande BoolQ OBQA PIQA ARC-e ARC-c Mean
LLaMA-2-7B 5.12 57.17 68.90 77774 3140 78.07 7639 4352 61.88
SparseGPT 27.42 33.08 58.41 6489 1740 6246 4322 2201 43.07
w. Sparse LoRA 11.26 43.63 62.06 6346 2280 70.84 5722  29.01 49.86
w. LoRA 11.06 44.80 62.90 6336 2420 7122 5871 30.12  50.76
w.LoSA 10.82 46.06 63.85 70.15 2480 7193 6044 30.35 52.51
Wanda 79.67 27.92 49.33 5287 12.60 5533 30.60 18.69 35.33
w. Sparse LoRA 12.74 40.53 56.84 64.08 2220 6853 5577 2637 47.76
w. LoRA 12.57 40.77 57.22 64.19 2240 6855 5732 2679 48.18
w. LoSA 10.94 45.10 60.93 67.65 2520 71.06 6250 29.10 51.65

Since Sparse LoRA’s Low-rank adaptation is also sparse, its accuracy is worse than LoRA, and it
is also much worse than LoSA. Additionally, since both Sparse LoRA and LoSA can be merged
into sparse LLMs, their inference acceleration effects are basically the same, and both outperform
LoRA. Overall, our proposed LoSA method outperforms both Sparse LoRA and LoRA in terms of

accuracy and inference acceleration.
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C.6 ABLATION EXPERIMENT ON OPT MODEL.

We present ablation experiments of our proposed strategies on the LLaMA-2-7B model in Sec-
tion [3.3] In this section, we further demonstrate the effectiveness of our two proposed strategies,
including Layer-wise Sparsity Rate (LSR and Section and Sparsity-Aware Rank Allocation
(SRA, Section [2.3), on the OPT model which is non-LLaMA architecture. Specifically, we used
the Wanda method to obtain a 70% sparse OPT-13B (Zhang et al., [2022) model. The experimental
results are in Table [T3

Table 15: Ablation experiment results on the OPT model.

Method Perplexity HellaSwag Winogrande BoolQ OBQA PIQA ARC-e ARC-c Mean
LoSA 19.75 45.20 59.91 6096 24.80 7339 57.65 29.01 50.13
w/o LSR 20.72 44.21 59.32 5934 2420 7245 57.10 28.15 49.24
w/o SRA 20.55 44.84 59.66 5924 2440 72.69 57.07 2841 49.47
w/o LSR & SRA 21.48 43.35 58.78 58.65 2390 7209 5645 2756 48.68

We can see that removing either the LSR or SRA leads to a decrease in LoSA accuracy. The results
demonstrate the soundness and effectiveness of LSR and SRA across different architectures.

D EXTENDING LOSA TO STRUCTURED PRUNING

Although LoSA focuses on fine-tuning unstructured pruned LLMs, we extended the LoSA method
to fine-tune structured pruned LLMs in this section. We use the Wanda-sp (An et al.,|2024) method
to determine the mask of structured pruned LLMs. We compared LoSA with SliceGPT (Ashkboos
et al., 2024), LLM-Pruner (Ma et al., 2023), LoORAPrune (Zhang et al, [2023a) and LoRAShear
(Chen et al.,|2023) on the LLaMA-1-7B model (Touvron et al., 2023a)) with 20% pruning rate. The
experimental results are reported in Table [T6]

Table 16: Experimental results of LoSA fine-tuning structured pruned LLMs.

Method Perplexity HellaSwag Winogrande BoolQ OBQA PIQA ARC-e ARC-c Mean
LLaMA-1-7B 5.69 73.18 78.35 7299 67.01 6745 4138 4240 63.25
SliceGPT 8.71 37.89 64.09 45.67 62775 53.62 3174 3320 46.99
LLM-pruner 8.14 69.54 76.44 68.11 6511 63.43 37.88  40.00 60.07
LoRAPrune 7.63 65.82 79.31 70.00 62.76 6587 37.69  39.14 60.05
LoRAShear / 70.17 76.89 68.69 6583 64.11 38.77 39.97  60.63
LoSA 7.07 71.67 78.17 71.56 6586 6693 40.66 40.50 62.19

Our LoSA method outperforms SliceGPT, LLM-Pruner, LoRAPrune and LoRAShear as shown
above, demonstrating the superior performance of LoSA.

E EXTENDING LOSA TO FINE-TUNE OTHER TRAINING-FREE SPARSITY
METHODS

Our LoSA method is designed for fine-tuning sparse LLMs, which means that LoSA can be com-
bined with any training-free sparsity methods to enhance their accuracy. We have demonstrated the
improvement that LoSA brings to SparseGPT (Frantar & Alistarh, [2023) and Wanda (Sun et al.,
2023). We further show the performance improvements of LoSA on other training-free sparsity
methods, including Pruner-Zero (Dong et al.,|2024)) and ALPS (Meng et al., [2024). All experimen-
tal data are based on a 70% sparse LLaMA-2-7B (Touvron et al., [2023b) model. The experimental
results are reported in Table

From the data above, we can observe that the accuracy of training-free sparse LLMs has significantly
decreased compared to the dense model. LoSA effectively improves the accuracy of sparse LLMs,
outperforming LoRA.
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Table 17: Experimental results of LoSA fine-tuning other training-free sparsity methods.

Method Perplexity HellaSwag Winogrande BoolQ OBQA PIQA ARC-e ARC-c Mean
LLaMA-2-7B 5.12 57.17 68.90 77.74 3140 78.07 7639 4352 61.88
Pruner-Zero 103.15 27.56 50.99 41.93 13.00 5690 34.47 18.60  34.78
w. LoRA 11.56 43.43 60.46 67.19  21.00 7040 59.60 2747 49.94
w. LoSA 10.78 45.56 62.10 69.15 25.00 7173 61.08 2945 52.01
ALPS 19.31 38.35 61.96 6459 2220 66.82 4837 2495  46.75
w. LoRA 10.83 47.54 62.88 69.11 27.00 7323 6170  29.78 53.03
w. LoSA 10.28 49.90 64.34 71.38 2810 7524 63.78 31.27 54.86

F COMPARISON OF LOSA AND MORE BASELINES

We present a comparison of LoSA with AdaLoRA (Zhang et al., [2023b)) and SoRA (Ding et al.|
2023) which dynamically adjust the rank of LoRA like LoSA. Since AdalLoRA and SoRA have only
been experimented on smaller models and there is no experimental data for LLMs such as LLaMA,
we use the open source codes of AdaLoRA and SoRA to fine-tune a 70% sparse LLaMA-2-7B
(Touvron et al., 2023b)) model obtained by the Wanda (Sun et al., |2023) method. Since the rank of
LoRA is 8, according to the original paper, the initial rank for each incremental matrix in AdaLoRA
is 12. The rank of the SORA method is set to 8, and other hyperparameters are set according to
the original paper. Other experimental settings follow those in Section [3.1] and are aligned with the
settings of LoRA and LoSA. The experimental results are reported in Table[T8]

Table 18: Comparison of AdaLoRA (Zhang et al.,|2023b)) SoRA (Ding et al., [2023)) and LoSA.

Method Perplexity HellaSwag Winogrande BoolQ OBQA PIQA ARC-e ARC-c Mean
LLaMA-2-7B 5.12 57.17 68.90 7774 3140 78.07 7639 4352 61.88
Wanda 79.67 27.92 49.33 52.87 1260 5533  30.60 18.69 35.33
w. LoRA 12.57 40.77 57.22 64.19 2240 6855 5732  26.79 48.18
w. AdaLoRA 12.08 41.01 57.78 64.73  23.00 69.09 57.77 2690 48.61
W. SORA 11.89 41.37 57.87 6495 2340 6878 58.25 27.17  48.83
w. LoSA 10.94 45.10 60.93 67.65 2520 71.06 6250 29.10 51.65

The results clearly show that our LoSA method outperforms AdalLoRA and SoRA, demonstrating
the effectiveness of LoSA. This is evident because AdaLoRA and SoRA only dynamically adjust
the rank, and the weights of AdaLLoRA and SoRA cannot be merged into sparse LLMs. In contrast,
LoSA dynamically adjusts the rank based on reconstruction error, determines layer-wise sparsity
rates for sparse LLMs, and adopts dynamic sparse fine-tuning. Additionally, LoSA weights can
be merged into sparse LLMs. These strategies ensure that LoSA achieves better accuracy than
AdalLoRA and SoRA.

G MORE EXPERIMENTAL RESULTS OF N:M SPARSITY

We demonstrated the accuracy of LoSA fine-tuning sparse LLMs with mixed 2:8 sparsity in Section
[3.4] In this section, we further demonstrate the accuracy of LoSA fine-tuning sparse LLMs with
mixed 2:4 sparsity and show the acceleration effect of the sparse LLMs with mixed 2:4 and mixed
2:8 sparsity on GPU. The results of LoSA fine-tuning the mixed 2:4 sparse LLaMA-2-7B (Touvron
et al.,|2023b) obtained by Wanda (Sun et al., 2023) method are shown in Table @}

LoSA improves accuracy for mixed 2:4 sparsity and outperforms LoRA. Since mixed 2:4 and mixed
2:8 sparsity is a specific type of sparsity pattern, it can also leverage the nm-vllm (NeuralMagic}
2024) inference engine to achieve accelerated inference on GPUs. We also measured the inference
acceleration effect of sparse LLaMA-2-7B with mixed 2:4 and mixed 2:8 sparsity on NVIDIA RTX
4090 24GB GPU. The results are shown in Table 201
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Table 19: Experimental results of LoSA fine-tuning the mixed 2:4 sparse LLaMA-2-7B obtained by
Wanda method.

Method Sparsity ~ Perplexity HellaSwag Winogrande BoolQ OBQA PIQA ARC-e ARC-c Mean
LLaMA-2-7B 0% 5.12 57.17 68.90 7774 3140 78.07 7639 4352 61.88
‘Wanda 2:4 11.02 40.92 62.43 67.65 2420 70.84 61.78  31.20 51.29
w. LoRA 2:4 8.27 50.37 64.80 7281  27.60 75.19 69.40 3558 56.54
w. LoSA Mixed 2:4 7.72 51.85 66.01 7451 2970 76.54 71.08 37.26 58.14

Table 20: Speedup of LLaMA-2-7B with mixed N:M sparsity on GPU.

Speed Dense Mixed 2:4 Mixed 2:8
Throughput (tokens/s) 57.35 98.35 133.40
Speedup 1.00x 1.71x 2.33x%

H EFFICIENCY ANALYSIS AS THE MODEL SIZE INCREASES

We measured the time consumption of our proposed methods, Layer-wise Sparsity Rate (LSR, Sec-
tion 2.2) and Sparsity-Aware Rank Allocation (SRA, Section [2.3), on LLM:s of different parameter
sizes using a single NVIDIA A100 80GB GPU. The results are reported in Table 21]

Table 21: Time consumption of our proposed methods on models with different parameter sizes.

Time (seconds) 7B 8B 13B 30B 70B
LSR 48 34 74 140 332
SRA 46 32 71 132 321

From the table, we can observe that as the model size increases, the required computation time also
increases. However, for the largest 70B model, the computation time for LSR and SRA are only

332 seconds and 321 seconds, respectively, which are very fast and have minimal computational
overhead.

I ANALYSIS OF SPARSITY RATE

We plot the layer-wise sparsity rate of the sparse LLMs obtained by our LoSA method in Figure[3]

Sparsity Rate Across Layers

—e— LLaMA-1-78
LLaMA-2-7B
—— LLaMA-3-8B
—— OPT-6.7B
--- Average (0.7)
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o
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Figure 3: Layer-wise sparsity rates of different LLMs.
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We observed that the RMI metric tends to assign lower sparsity rates to the initial and final layers of
LLMs while allocating higher sparsity rates to the middle layers. From the results, we can see that
there is a lot of redundancy in the middle layer of LLMs.

J DETAILED ZERO-SHOT TASK RESULTS

We evaluated a series of zero-shot learning tasks, as shown in Tables E] and E} These tasks include
HellaSwag (Zellers et al.| 2019), Winogrande (Sakaguchi et al., [2021)), BoolQ (Clark et al.,|2019),
OpenBookQA (Mihaylov et al., 2018), PIQA (Bisk et al., |2020), ARC-Easy, and ARC-Challenge
(Clark et al., 2018). We present detailed task performance metrics in Tables 22] 23] [24] 25] and 26|
providing a comprehensive understanding of the zero-shot capabilities of the related models.
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Table 22: Zero-shot accuracy results of LoSA for sparse LLaMAs at 50% sparsity.

Model Method HellaSwag Winogrande BoolQ OBQA PIQA ARC-e ARC-c Mean
Dense 56.92 69.93 7505 3440 7867 7534 4189 6174

SparseGPT  51.43 6788 7205 3000 7530 7138 3771 5796

LLaMA.L7p W LoRA 55.72 6850 7416 3100 7639 7146 4147 5983
AMA-LTB g sen 55.72 6922 7606 3200 77.04 7290 4087 60.54
Wanda 51.85 6606 7122 2880 7563 6911 3686 57.08

W. LORA 55.39 6701 7272 3200 7711 7235 39.68 5946

W. LoSA 55.72 68.03 7336 3140 7715 7348 4121  60.09

Dense 59.94 7277 7789 3320 7916 7740 4650 63.84

SparseGPT  54.95 7167 7697 3120 7726 7247 4198 6093

LLaMA.L13p W LORA 58.90 6993 8000 3340 7867 7393 4388 6268
aMA-1- W. LoSA 59.29 7119 80.03 3360 7922 7395 4437 63.09
Wanda 5571 7198 7590 3220 7726 7319 4352 6139

w. LoRA 58.64 7103 7969 3450 7840 7441 4479 6307

W. LoSA 58.85 7182 7977 3460 7878 7449 4608 63.49

Dense 6335 7569 8269 3600 8101 8030 5282 6741

SparseGPT  59.15 7522 8232 3500 7820 7896 4856 6534

LLaMA.L30p " LORA 60.50 7534 8346 3520 7922 8005 50.60 6631
aMA-1- W. LoSA 61.16 7543 8355 3530 7981 8032 5245 66.86
Wanda 60.93 7348 8190 3460 7927 7929 4966 6559

W. LoRA 62.37 7372 8272 3660 7954 7980 4983 6637

W. LoSA 63.02 7435 8520 3520 7971 8022 5265 67.19

Dense 57.17 6890 7774 3140 7807 7639 4352 6188

SparseGPT  52.37 6985 7502 2920 7546 7327 3985 5929

LLaMAn7p W LoRA 55.63 6835 7694 3190 7609 7332 41.04 6047
aMA-ZTB - Oy osa 55.73 68.67  77.19 3200 7571 7742 4249 6132
Wanda 52.49 68.19 7599 3120 7600 7277 3959 5946

w. LoRA 5531 68.11 7706 3180 7758 7273 4096 6051

W. LoSA 55.75 68.13  77.13 3300 7759 7306 4121 60.85

Dense 60.06 7222 8052 3520 7911 7942 4846  65.00

SparseGPT  55.83 7277 8144 3260 7802 7483 4224 6253

LaMAo.13p V- LORA 58.68 7206 8058 3440 7878 7748 4533  63.90
aMA-2- W. LoSA 58.92 7230 8144 3500 7938 77.68 4588 64.23
Wanda 56.90 7135 8184 3200 7840 7618 4352 6288

W. LoRA 58.77 7151 8177 3320 7943 7689 4531 6384

W. LoSA 59.00 7159 8183 3380 7947 7757 4701 6432

Dense 66.10 7806 8340 3720 8221 8255 5444 69.14

SparseGPT 6380 7885 8355 3820 8194 8240 5375 6893

LLaMAn7op V- LORA 63.45 7837 8474 3920 8297 8308 5512 69.56
aMA-2- W. LoSA 64.06 7857 8534 3920 8254 8331 5520 69.82
Wanda 64.10 7814 8250 3740 8188 8080 5265 6821

w. LoRA 64.06 7664 8330 38.10 8254 8338 5529 69.04

W. LoSA 64.16 7774 8557 3820 8259 8316 5614  69.65

Dense 60.19 7277 8135 3480 7971 8009 5043 6562

SparseGPT  53.39 7238 7927 3080 7606 7302 4198 60.99

W, LORA 57.40 7182 8191 3140 7851 7622 4514 6320

LLaMA-3-8B  grerrerern 57.85 7277 8199 3280 7862 7698 4838 64.20
Wanda 51.23 7024 7869 3020 7568 7104 4044 59.65

w. LoRA 56.95 7222 7818 3120 7818 7601 4582 6265

W. LoSA 57.29 7238 7875 3200 7845 7652 4821 6320

Dense 59.98 7332 8205 3320 7998 8157 5145 6593

SparseGPT  53.62 7214 8119 2920 7617 7449 4172 6122

LLaMA3.Lgp W LoRA 57.46 7182 8237 3200 7933 7854 4829 6425
AMA-3.1-8B gy 57.65 7230 8254 3240 7976 7875 4872 6459
Wanda 51.19 7072 7862 2680 7508 7311 4155 5958

w. LoRA 56.67 7119 7902 3060 7851 7748 4789 6305

W. LoSA 57.17 7135  80.55 31.60 78.67 7803 4797 63.63
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Table 23: Zero-shot accuracy results of LoSA for sparse LLaMAs at 60% sparsity.

Model Method HellaSwag Winogrande BoolQ OBQA PIQA ARC-e ARC-c Mean
Dense 56.92 69.93 7505 3440 7867 7534 4189 6174

SparseGPT  44.86 6361 7024 2440 7310 6262 3020 5272

LLaMA.L7p W LoRA 5227 6582 6492 2920 7584 6730 3612 5592
AMA-LTB g sen 52.30 6585 7443 2920 7606 6755 3626 5738
Wanda 43.63 6204 67.19 2500 7302 6261 3034 5198

W. LORA 52.00 6385 6667 2940 7548 6625 3413 5539

W. LoSA 52.16 64.17  69.66 2970 7576 6641 3558 5621

Dense 59.94 7277 7789 3320 7916 7740 4650 63.84

SparseGPT  49.06 6875 7037 2760 7563 6840 3620 5657

LLaMA.L13p W LORA 55.80 6796 7734 3060 7731 7075 4027  60.00
aMA-1- W. LoSA 56.22 6977 7893 3200 77.64 7163 4121 6106
Wanda 48.92 68.19 6982 2764 7491 6892 3493 5619

w. LoRA 55.34 6906 7627 3020 7688 7020 3976 59.67

W. LoSA 55.81 6985 7629 3100 77.97 7260 42.66 60.88

Dense 6335 7569 8269 3600 8101 8030 5282 6741

SparseGPT  55.03 7280 7650 3220 7683 7471 4332 6163

LLaMA.L30p " LORA 61.01 7260 8125 3500 7851 7807 4778 6490
aMA-1- W. LoSA 62.03 7291 8167 3630 7932 7925 5032 65.97
Wanda 56.71 7230 7624 3160 7767 7619 4652 6246

w. LoRA 60.31 7265 7905 3460 7889 7782 4821 6450

W. LoSA 61.02 7275 8156 3640 7922 79.12 5094 65.86

Dense 57.17 6890 7774 3140 7807 7639 4352 6188

SparseGPT 4574 6590 7199 2580 7111 6402 3276  53.90

LLaMAn7p W LoRA 51.51 6504 7379 3000 7479 6882 3857 5750
aMA-ZTB - Oy osa 52.95 6732 7382 3100 7597 6995 3863 5852
Wanda 442 6488 6584 2520 7209 6456 3080 5251

W. LoRA 5128 6582 7043 3020 7497 6936 3575 5683

W. LoSA 51.62 6693 7404 3140 7498 7037 3712 5806

Dense 60.06 7222 8052 3520 7911 7942 4846  65.00

SparseGPT  49.89 7088 7728 2880 7541 6898 3618 5820

LaMAo.13p V- LORA 55.85 6901 7813 3240 7742 7403 4070 61.08
aMA-2- W. LoSA 56.13 69.69  79.05 3260 77.99 7474 4147 6167
Wanda 48.82 6875 7728 2900 7584 6987 3780 58.19

w. LoRA 55.61 6898 7829 3120 7742 7235 4249 6091

W. LoSA 55.90 69.93 7838 3240 7791 7454 43.69 6182

Dense 66.10 7806 8340 3720 8221 8255 5444 69.14

SparseGPT  59.41 7664 8385 3560 8035 8026 4949 6652

w. LORA 61.86 7774 8483 3800 8166 8161 5256 6832

LLaMA-2-70B  premerrerery 62.23 7743 8490 3840 82.69 8290 5470 69.04
Wanda 59.43 7616 8410 3620 7992 8009 4795 6627

w. LoRA 62.43 7601 8425 3850 S81.01 8220 5324 6824

W. LoSA 62.54 7672 8648 38.60 8107 8304 5512 69.08

Dense 60.19 7277 8135 3480 7971 8009 5043 6562

SparseGPT  45.84 6851 7777 2280 7057 6216 3072 5405

LLaMAgp W LoRA 5291 6867 7691 2620 7517 7222 4078 5898
388 Losa 53.48 7024 8037 2820 7519 72.64 4198 6030
Wanda 38.02 60.14 6856 2000 6795 5993 2773 4890

w. LoRA 50.32 6543 7376 2680 7437 6944 3951 57.09

W. LoSA 51.54 6851 7557 2700 7557 7142  40.61 58.60

Dense 59.98 7332 8205 3320 7998 8157 5145 6593

SparscGPT 4553 6875 7765 2420 7138 6810 3498 5580

LLaMA3.Lgp W LoRA 5321 6835 7875 2800 7579 7391 4334  60.19
AMA-3.1-8B gy 53.62 6922 7997 2810 7617 7466 4347 60.74
Wanda 38.75 6085 7067 2140 6959 6019 2705 49.78

w. LoRA 51.47 6590 7385 2780 7524 7029 3874 5761

W. LoSA 51.85 6740 7483 2880 7534 7201 4027 58.64
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Table 24: Zero-shot accuracy results of LoSA for sparse LLaMAs at 70% sparsity.

Model Method HellaSwag Winogrande BoolQ OBQA PIQA ARC-e ARC-c Mean
Dense 56.92 69.93 75.05 3440 78.67 75.34 41.89 61.74

SparseGPT 34.58 56.43 64.80 16.80 64.25 45.24 23.12  43.60

LLaMA-1.78 W LoRA 45.86 60.93 63.12 2320 70.62 58.67 3046 5041
aviA-1- w. LoSA 46.45 64.09 68.65 2480 72.14 60.77 3225 52.74
Wanda 28.86 52.80 59.69 1420 57.56  31.27 17.75 3745

w. LoRA 41.70 57.85 65.05 22.60 69.48 54.12 2730 48.30

w. LoSA 45.13 60.06 67.65 2440 71.65 59.72 29.78 51.20

Dense 59.94 72.77 77.89 3320 79.16 77.40 46.50 63.84

SparseGPT 37.51 63.30 68.78  20.80 67.63 52.78 25.17  48.00

LLaMA-1-138 W LoRA 50.10 63.61 7229 2620 7443  64.56 3379  55.00
aviA-1- w. LoSA 51.28 64.88 7459 2920 7535 64.62 3576 56.53
Wanda 31.06 54.38 61.59 1620 62.68 42.05 17.58  40.79

w. LoRA 47.56 61.01 66.02  23.00 7274 61.57 30.89 51.83

w. LoSA 50.21 64.95 7116  25.60 74.10 66.16 3498 55.31

Dense 63.35 75.69 82.69  36.00 81.01 80.30 52.82 6741

SparseGPT 44.56 69.30 6535 25.80 7242 65.78 3225 53.64

LLaMA-1-30B % LoRA 55.66 72.13 7936 3040 77.15 73.86 42.83  61.63
aMA-L- w. LoSA 56.32 73.40 80.09 3230 7742 73.94 43.10 62.37
Wanda 44.23 67.01 66.70 2640 72.03 64.86 3225 5335

w. LoRA 53.78 67.72 77.74  30.80 76.44  68.22 38.74  59.06

w. LoSA 56.21 69.77 7850 3220 7731 73.90 43.09 61.57

Dense 57.17 68.90 77774 3140 78.07 76.39 4352 61.88

SparseGPT 33.08 58.41 64.89 1740 6246 4322 22.01 43.07

LLaMA-2-7B W LoRA 44.80 62.90 63.36 2420 71.22 58.71 30.12  50.76
aViA-2 w. LoSA 46.06 63.85 70.15 2480 7193 60.44 30.35 52.51
Wanda 27.92 49.33 52.87 12.60 5533  30.60 18.69  35.33

w. LoRA 40.77 57.22 64.19 2240 6855 57.32 26.79  48.18

w. LoSA 45.10 60.93 67.65 2520 71.06 62.50 29.10 51.65

Dense 60.06 72.22 80.52 3520 79.11 79.42 48.46  65.00

SparseGPT 36.90 61.64 66.02 21.00 67.57 52.61 2594  47.38

LLaMA-2-138 V- LoRA 49.86 66.77 71.99 2640 7421 6397 3294  55.16
AVIA-e w. LoSA 50.57 67.56 7642 2820 7427 67.47 35.67 57.16
Wanda 29.60 51.70 62.32 13.60 58.65 37.21 19.11  38.88

w. LoRA 45.70 60.93 6220 24.00 7198 60.23 29.27  50.62

w. LoSA 46.79 62.90 68.20 25.20 73.65 63.38 30.80 53.00

Dense 66.10 78.06 8340 37.20 8221 8255 5444  69.14

SparseGPT 50.98 75.45 80.06  30.00 7524 7357 40.61  60.84

LLaMA-2-70B W LoRA 59.50 74.98 84.04 3400 79.71 7841 49.40 65.72
ANVIA-e w. LoSA 60.21 75.09 84.72 35.00 79.80 79.43 50.60 66.41
Wanda 48.16 73.88 7446  27.00 74.86 72.69 38.31 58.48

w. LoRA 59.06 75.45 82.48 34.00 79.05 7841 4846  65.27

w. LoSA 60.10 74.66 8492 3410 79.16 79.38 50.51 66.12

Dense 60.19 72.77 81.35 3480 79.71  80.09 50.43  65.62

SparseGPT 34.26 56.75 66.51 16.80 63.28  42.09 2142  43.02

LLaMA-3.88 V- LoRA 44.93 62.35 61.59 21.80 70.57 60.06 31.23  50.36
T w. LoSA 46.09 62.98 62.87 23.80 72.09 62.96 3311  51.99

Wanda 27.36 49.96 53.33 12.00 56.04 31.86 1741 3542

w. LoRA 39.52 57.22 61.92 1740 68.44  56.40 28.24  47.02

w. LoSA 43.12 61.01 62.61 2320 7095 60.35 3140 50.37

Dense 59.98 73.32 82.05 3320 7998  81.57 5145 6593

SparseGPT 33.97 54.70 67.34 14.80 6192 4533 21.76  42.83

LLaMA-3.1-88 V- LoRA 45.44 61.33 7174 2180 71.60  60.73 33.64 5233
aViA-3. 1 w. LoSA 46.32 64.48 7419 2520 71.82 62.04 3434 54.06
Wanda 27.43 48.70 57.71 13.60 55.01 31.86 1843  36.10

w. LoRA 39.75 56.67 64.51 1940 6899 5572 27.65 47.52

w. LoSA 42.12 58.88 6534 21.20 7231 61.53 30.97 50.33
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Table 25: Zero-shot accuracy results of LoSA for sparse Vicuna/OPT at 50/60/70% sparsity.

Model Method HellaSwag Winogrande BoolQ OBQA PIQA ARC-e ARC-c Mean
Dense 59.64 71.59 8526 3680 79.00 78.66 47.78  65.53

SparseGPT ~ 56.88 69.82 83.58 3600 7722 7508 4571 63.40

Vi 13B50%) V- LORA 57.00 70.09 84.10 3620 78.13 7505 4437 63.56
teuna- °  w.Losa 57.39 7222 84.77 3630 7845 7538 4539 64.28
Wanda 56.67 70.96 83.68 3600 77.69 7555 4565 63.74

w. LoRA 57.30 71.51 83.67 3620 7845 76.18 4582 64.16

w. LoSA 57.34 71.88 8382 3660 78.67 7672 4585 64.41

Dense 59.64 71.59 8526 3680 79.00 78.66 47.78  65.53

SparseGPT 5175 68.27 81.09 3220 7480 71.65 42.02 60.25
Vicuna-13B(60%) - LORA 54.23 69.77 81.56 3230 77.15 7121 4261 6126
u ° w.Losa 54.67 70.09 81.62 3240 7731 7290 4271 61.67
Wanda 51.46 68.43 8171 3160 7465 7184 4164 60.19

W. LORA 54.08 68.55 8031 3200 7693 7191 4241 60.89

w. LoSA 54.85 69.14 8128 3280 7720 7197 42.66 6142

Dense 59.64 71.59 8526 3680 79.00 78.66 47.78  65.53

SparseGPT ~ 38.52 61.01 7330 17.80 67.30 5391  27.90 48.53

Vi 13B(70%) V- LORA 49.00 64.80 7391 2440 73.61 6574 3456 55.15
1cuna- °  w.Losa 49.40 64.96 7685 2640 7454 6658  36.09 56.40
Wanda 31.84 54.70 6278 1640 61.75 4487  22.10 42.06

W. LORA 45.77 60.93 6832 2420 7187 6237 3294 5234

w. LoSA 49.03 65.35 76.12 2700 7394 6540 3771 5637

Dense 52.43 65.04 6593 2720 7584 67.13 3294 5522

SparseGPT ~ 40.94 61.40 63.65 2100 69.10 5244 2594 47.68

o W. LoRA 46.79 60.77 63.79 2640 7296 5955  29.10 5134
OPT-I3B(70%) ' 1082 46.83 61.01  68.65 27.00 7299 60.02 29.69 5231
Wanda 34.36 55.09 55.02 1560 62.89 4373 2389 4151

W. LORA 44.81 59.69 60.52 2260 7193 5585 28.67 49.16

w. LoSA 4520 59.91 6096 24.80 7339 57.65 29.01 50.13

Table 26: Zero-shot accuracy results of LoSA for sparse LLaMA-2-7B at N:M sparsity.

Sparsity  Method HellaSwag Winogrande BoolQ OBQA PIQA ARC-e ARC-c Mean
Dense 57.17 68.90 7174 3140 78.07 7639 4352 61.88
SparseGPT 27.82 47.99 43.67 13.20 54.62 28.62 16.98  33.27

)8 w. LoRA 33.26 52.09 6220 19.00 61.21 4213 2031  41.46
) w. LoSA 36.14 54.85 62.32 1920 63.44 47.72 22770 43.76
Wanda 26.19 50.83 37.83 13.80 52.88 2652 2090 32.71

w. LoRA 29.10 51.54 6220 1440 58.22  37.33 18.26  38.72

w. LoSA 33.24 54.30 62.28 17.00 61.64 43.06 21.84 4191
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