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Abstract

Large Language Models (LLMs) have demonstrated impressive performance across
various tasks. Nevertheless, deploying LLMs on edge devices presents significant
challenges, primarily due to their substantial model size (e.g., over 10 billion
parameters). Low-precision quantization is a promising way to reduce the memory
requirement of LLMs. However, directly applying ultra-low-bit quantization to
LLMs leads to significant performance degradation and fails to meet a specific
weight memory budget. In this paper, we propose LLM-MQ, a Mixed-precision
Quantization method, to address the above issues. Our method mainly contains
three folds: (1) We propose a sparse outlier protection strategy for low-precision
layers by protecting the outliers in FP16 format to maintain the performance.
(2) We propose sensitivity-based precision allocation to assign the proper bit-
width for each layer within the given budget for weight memory based on their
first-order information and quantization error. (3) We develop efficient CUDA
core kernels to accelerate mix-precision LLMs by fusing the dequantization and
General Matrix-Vector Multiplication (GEMV). With comparable performance on
various tasks, LLM-MQ can flexibly quantize LLMs that meet the given budget for
weight memory. On NVIDIA T4 GPU, we achieve up to 1.6 x end-to-end speedup
compared to the pytorch FP16 baseline.

1 Introduction

Large language models (LLMs) have exhibited impressive performance across various language tasks.
Recently, LLMs have led to the emergence of many interesting and helpful applications, such as
ChatGPT (1)), Copilot (2). However, deploying LLMs on edge devices has been challenging due
to the enormous model size. For example, the LLaMA-2-70b model (15) needs at least 140 GB of
memory for deployment. Even the NVIDIA A100 GPU with 80 GB memory is not enough to deploy
this model. It is especially not enough for devices with limited memory capacities.

To meet the demands of edge inference scenarios where model size constraints are paramount, the
memory overhead of weights is the main bottleneck. Consequently, low-precision weight-only
quantization can effectively reduce the memory requirement of LLMs. Furthermore, numerous
methods (8} 165 [12; [145 [7)) have been developed, all of which employ a consistent low-bit-width
representation across all layers. They successfully quantize the FP16 LLMs into 4-bit or 3-bit LLMs
with acceptable performance. However, for edge devices with more limited memory budgets, it is
challenging to push the bit-width for each layer to 2-bit without significant accuracy loss.
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Figure 1: (a) Sparse Outlier Protection. (i) Baseline methods directly quantize the original FP16
weights into 2-bit, with dramatically accuracy loss (ii) We keep 0.5% outlier at FP16 and quantize the
rest normal weights int 2-bit. (b) Sensitivity-based Precision Allocation. (i) Baseline methods use the
same bit-width for each layer. (ii) We assign lower bit-width to the less sensitive layers.

In this paper, we delve deeper into mixed-precision quantization to address the above issue. Given
that different layers exhibit varying sensitivities to quantization, assigning the appropriate bit-width
to each layer can provide advantages in meeting the specified memory budget while maintaining
minimal accuracy loss. The main contributions of this paper are:

* We propose a sparse outlier protection strategy to only quantize the normal weight into ultra-low
precision and keep the outliers in FP16 format. Experiments show that we can significantly
reduce the accuracy loss using 2-bit quantization.

* We propose a sensitivity-based precision allocation method by modeling the precision allocation
as an integer programming problem. Specifically, we model the given budget for weight memory
as a constraint of the proposed integer programming problem. Experiments show that we can
push the average bit-width into 2.8-bit.

* We design efficient CUDA kernels to accelerate the decoding stage by fusing the dequantization
and GEMYV operations and also design a memory arrangement strategy for odd-bit weights to
improve the speed of memory access further. On NVIDIA T4 GPU, we achieve up to 1.6x
end-to-end speedup compared to the pytorch FP16 baseline.

2 Method

2.1 Sparse Outlier Protection

As shown in Fig.[T|(a), while nearly 99.9% of the weights are concentrated around zero, the largest
value is ~ 107 larger than the mean value. 2-bit uniform quantization results in a quantization error
2.3 x larger than 3-bit uniform quantization, leading to significant accuracy loss. To counteract
this, we introduce sparse outlier protection, retaining 0.5% of outliers in FP16 while applying 2-bit
quantization to the remaining values. This method decreases the error by 1.56 times, approximating
3-bit quantization outcomes. For efficient computation, FP16 outliers are stored using the CSR
format, leveraging the sparse library (1)), akin to the SqueezeLLLM approach (7))."

2.2 Sensitivity-based Precision Allocation

The primary goal of quantization is to express model weights using low-bit-width representation,
ensuring the changes in the model output remain minimal (5)). Since different layers have different
sensitivities, we propose to assign a high bit-width to high-sensitivity layers and a low bit-width to
low-sensitivity layers in order to minimize the change in model output. To pinpoint the more sensitive
layers, we employ the first-order Taylor approximation in Eq.[I|to determine how the model output
changes in response to weight perturbations.

L(Qy(W:)) = LIW) + g7 (Wi — Qp(W))), M
where L is the loss function, g; is the gradient of the loss function with respect to the weight of i-th
layer W, and @() is the b-bit quantization function. Note that in LLMs, the hessian matrix of
~15% layers are not positive semi-definite, which means these layers have not converged to a local
minimum. In this case, the second-order information of LLMs struggles to show the change of loss
function accurately. We focus on the first-order information:

min |£(Qy(W:))| < |£(W;)| + min |gf (W; — Qo(W5))| = [L(W,)| + minsip,  (2)
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Figure 2: (a) Directly apply 2-bit quantization to the original weight. (b) Only apply 2-bit quantization
to the normal value while keeping 0.5% outliers in FP16 format.

where s; 5, stand for |g7 (W; — Q,(W,))|. We minimize the sum of s; ;, for all layers to minimize
the change of loss function. In addition, we propose to use three different bit-width, that is 2, 3 and 4.
We model the above bit-width allocation task as the following integer programming problem:

N
arg min Z Z Cib " Sib, (3)
b
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b [ b

Ci,b € {07 1} 7b S {27 374}7 (5)

where @ is the b-bit quantization function, B is the budget for weight memory of a certain device,
M is the function to calculate memory usage of weights, IV is the layer number of the target LLM,
and c; is the one-hot indicator of i-th layer to determine its proper bit-width. We use the budget for
weight memory as a constraint of the optimization objective. With the help of the efficient integer
programming solver, we can find a proper bit-width allocation scheme within a few seconds.

2.3 Efficient GPU Kernel Design

To maximize the utilization of the GPU’s memory resources, we store two 4-bit weights in one byte.
Eight 3-bit weights become three bytes, and four 2-bit weights are represented by one byte. To
accelerate the inference of quantized models, we integrate weight dequantization with GEMV in our
implementation, reducing memory access overhead. Additionally, we utilize the CUDA core instead
of the Tensor core as employed in AWQ (8)), primarily for two reasons: (1) The Tensor Core requires
that each dimension of the inputs be at a minimum of eight, which is not required in the CUDA Core.
In the GEMYV operator, the minimal dimension of the inputs is one. Using zero-padding to expand
the minimal dimension to 8 introduces inefficiencies. (2) The latency of GEMV latency is primarily
dictated by model weight memory access, and the enhanced computational capacity of the Tensor
Core does not alleviate this primary bottleneck.

3 Experiments

We focus on weight-only quantization with a group size of 128 (i.e., every 128 data points share a
scaling factor and a zero point.). We also use the reparameterization strategy introduced in AWQ (8)).
We conduct experiments of the proposed LLM-MQ on various benchmarks using LLaMA?2 (15)
and OPT (17) families. We assess the performance of quantized models across several benchmarks,
The evaluation code is based on Im-harness-evaluation|'} These include five zero-shot benchmarks:
PIQA (3), HellaSwag (16), WinoGrande (13), ARC-e (4), and OpenBookQA (10). Additionally,
we evaluate the model on a language modeling task using the Wiki benchmark (9). Tab. [I] presents
the primary results for LLaMA2-13B, while the performance of other LLMs are detailed in the
Appendix. Furthermore, in Tab. [T} we have not factored in the FP16 sparse weights when calculating
the average bit-width, as they have a minimal impact, increasing it by a maximum of 0.08 bits, which
is negligible.

The effect of the sparse outlier protection. As shown in Tab. [T} in the 3-bit and 4-bit quantization,
RTN (Round-To-Nearest), AWQ and SqueezeLLLM have no significant performance degradation.

"https://github.com/Eleuther Al/lm-evaluation-harness



Table 1: The performance of the LLaMA2-13B model on five zero-shot benchmarks by reporting
their average accuracy and one language modeling task using perplexity.

Method #Bit PIQA Hella. Wino. Arc-e OpenBookQA Avg. (1) Wiki(])
LLaMA2-13B 160 79.11 17659 69.77 5791 42.00 6508  7.89
40 7916 7590 69.61 56.69 42.00 6467  8.12

RTN 30 7705 73.68 67.64 5690 40.80 6323 926
20 5647 3794 5130 30.77 32.20 4174 105633

40 7900 7614 7032 5749 4220 65.03 8.08

AWQ ®) 30 7791 7462 6977 56.02 41.80 64.02 881
20 5076 2569 5028 26.98 31.60 37.06 5¢6

40 7894 7605 6914 57.70 42.80 64.93 8.44

SqueezeLLM (D) 35 78'60 7453 6740 56.73 4020 6350 929
40 7949 7631 6930 5850 41.20 6496  8.03

38 7922 7622 6985 5829 41.40 65.00  8.08

36 7905 7588 69.77 58.59 4220 6510 823

34 7949 7477 69.61 58.12 40.60 6452 8.6l

32 7933 7512 6796 57.87 41.60 6438 843

LLM-MQ 30 79.00 7508 6859 57.79 41.00 6429 854
(Ours) 28 7873 7432 6796 57.95 4120 64.03 3.83
26 7835 7381 68.03 5732 39.40 6338 935

24 7731 7293 6859 54.63 40.00 6269 1003

22 7677 7083 67.09 5526 38.40 61.67  10.80

20 7584 6832 6551 54.29 37.20 6023 1217

However, in 2-bit quantization, the performance of RTN degrades significantly on all tasks. The
performance of AWQ is even worse than RTN, especially on the Wiki benchmark. In LLM-MQ, we
only protect the top 0.5% of the largest value in each layer in FP16 format and quantize the rest of the
normal value to 2-bit. The average accuracy of LLM-MQ on zero-shot tasks is 23.17% and 19.16 %
better than AWQ and RTN. On the Wiki benchmark, the perplexity of LLM-MQ is more than two
orders of magnitude lower than that of other methods.

The effect of the sensitivity-based precision allocation. As depicted in Tab. [I] for 3-bit and 4-bit
quantization, RTN (Round-To-Nearest), AWQ and SqueezeLLLM do not have significant performance
degradation. As the average bit-width decreases, the performance across all tasks decreases gradually.
Furthermore, the performance loss of LLMs is more significant at lower average bit-widths. We
observed that when the average bit-width remains above 2.8 bits, the performance decline is notably
gradual, with sporadic instances of slight improvement. While quantizing the model to the average
bit-width of 3.6bit and 2.8bit, performance degradation remains under 0.5% in comparison to AWQ’s
4bit and 3bit models. In this case, if the target device is limited to deploying models with an average
bit-width of 2.8 bits, the performance of the LLM-MQ 2.8-bit model significantly surpasses the 2-bit
quantized models of AWQ and RTN.

The efficiency evaluation of the proposed CUDA kernels. In our implementation, the 2-bit and
3-bit kernels do not show significant speedup compared to the 4-bit kernel. The reason is that for
every bit-width, we ensure each thread processes a fixed amount of data. Consequently, during
2-bit and 3-bit quantization, the utilization of GPU bandwidth is less efficient compared to 4-bit
quantization. This hinders a higher acceleration ratio. We deploy our INT4 quantized LLaMA2-7B
model on NVIDIA T4 GPU with 16 GB memory for evaluation. Compared to the original FP16
model, with the output token number of 32, 128, 512, 1024, and 2048, our quantized model with
the proposed CUDA kernels demonstrate end-to-end acceleration factors of 1.27, 1.42, 1.65, 1.64,
and 1.45, respectively. For the proposed GEMV Kernel, the 4096 x4096 and 4096 x 11008 GEMV
kernels are 2.33 x and 2.48 x faster than CUBLAS FP16 GEMYV kernel.
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Appendix

A. Experiment on more LLMs

Table 2: The performance of the LLaMA2-7B model on five zero-shot benchmarks by reporting their
average accuracy and one language modeling task using perplexity.

Method #Bit PIQA Hella. Wino. Arc-e OpenBookQA Avg. (1) Wiki(])
LLaMA2-7B 160 7688 7295 6725 5349 41.00 6231 879
40 7704 7257 6654 5539 40.00 6231 921

RTN 30 7552 7110 6701 5278 40.20 6132 1121
20 5131 2627 4949 27.40 26.80 3625 26

40 7671 7258 6669 5328 41.20 6209  9.04

AWQ @®) 30 7666 7066 6543 52.65 40.60 6120 1030
20 4973 2614 4980 26.52 32.40 36.92 1e7

40 7671 7223 6827 5341 40.00 6212 950

SqueezelLM (1) 3'g 7650 69.95 6590 51.47 40.40 6084  10.56
40 7682 7242 6796 5379 41.40 6248 896

38 7709 7235 6701 5341 41.20 6221  9.04

3.6 7661 7185 6685 5274 39.80 6157 923

34 7595 7155 6725 5156 41.00 6146 934

32 7639 7128 6480 5257 39.40 6089 9.5

LLM-MQ 30 7628 7103 6598 51.47 40.00 6095  9.65
(Ours) 28 7601 7023 6622 5130 39.60 6067  10.17
26 7503 69.53 6496 50.13 40.40 6001 1096

24 7421 6767 6456 4836 3820 5860 1201

20 7448 6551 6385 4743 37.60 5777 1337

20 7231 6114 35991 4588 38.80 5561 15.93




Table 3: The performance of the OPT-6.7B model on five zero-shot benchmarks by reporting their
average accuracy and one language modeling task using perplexity.

Method #Bit PIQA Hella. Wino. Arc-e OpenBookQA Avg. (1) Wiki(])

OPT-6.7B 160 7644 6717 6519 60.10 37.20 6122 1229

40 7633 6569 6409 5859 37.60 6046  13.02

RTN 3.0 7242 5841 5991 52.40 34.60 5555 4315
20 4946 2608 4743 24.92 27.60 35.10 2e5

40 7639 6684 6456 60.10 36.60 6090 1244

AWQ ) 30 7579 6545 64.80 57.00 38.00 6021  12.99
20 7106 5672 5991 5274 35.00 55.09  18.77

40 7579 6586 6354 6027 37.20 6092 1245

SqueezeLLM (1) 35 7568 63.96 64.83 58.67 35.40 5972 1317
GPTO @ 40 7579 6586 6354 59.64 38.00 6057  12.88
3.0 7432 6007 6290 5391 35.60 5736  17.87

40 7639 67.16 6511 60.19 37.80 6133 1241

38 7639 6691 6511 60.10 38.20 6134 1246

36 7639 6632 6440 59.60 38.20 6098  12.97

34 7584 6577 6488 58.67 39.00 6083  13.17

32 7573 6534 6543 5892 36.60 6040  13.48

LLM-MQ 30 7612 6593 6377 5981 38.20 60.77  12.84

(Ours) 28 7584 6571 6330 59.60 38.60 60.61 1332

26 7497 6313 6440 57.66 36.40 5031  14.94

24 7552 6414 6496 5871 36.40 5095  14.64

22 7443 6270 6338 57.74 36.40 5893 1570

20 7427 6087 61.88 5593 35.20 5763 17.09

Table 4: The performance of the OPT-13B model on five zero-shot benchmarks by reporting their
average accuracy and one language modeling task using perplexity.

Method #Bit PIQA Hella. Wino. Arc-e OpenBookQA Avg. (1) Wiki(])

OPT-13B 160 7688 6981 6504 61.78 39.00 62.50  11.49

40 7622 6821 6464 6246 37.80 6187  11.88

RTN 30 7051 4557 5817 50.17 33.20 5152 4536
20 4946 2620 4949 2525 27.60 35.60 1¢6

40 7601 69.66 6543 6174 39.00 6237 11.60

AWQ ®) 30 7655 6825 6456 59.97 36.60 6119 12,03

20 7198 57.07 60.54 50.17 35.20 5499 16,06

40 7661 6891 6488 6229 39.00 6234 11.62

SqueezelLM (D) 315 7530 6636 6472 59.01 38.40 60.80 1337

PTQ @ 40 7633 69.02 6440 6027 38.00 61.60  11.74

30 7486 6446 6243  56.06 35.80 5872 13.07

40 7666 6937 6543 6136 38.00 6216 11.59

38 7677 6939 6527 60.94 39.00 6227  11.62

3.6 7622 6898 6448 61.74 39.60 6220  11.82

34 7671 6386 6488 62.04 39.20 6234 11.92

32 7595 6724 67.09 6027 37.80 6167 1270

LLM-MQ 30 7622 6843 6464 6208 39.40 6215 1199

(Ours) 28 7492 6713 6480 61.45 38.00 6126  12.88

26 7535 6688 6456 60.02 36.60 60.68  13.39

24 7470 6532 6417 59.09 36.20 5000 1445

20 7459 6259 6535 57.58 35.00 5002 15.79

20 7323 60.63 6417 5455 34.20 5736 17.24
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