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Abstract

Due to the high memory and computational
costs associated with large language mod-
els (LLMs), model compression techniques
such as quantization, which reduces infer-
ence costs, and parameter-efficient fine-tuning
(PEFT) methods like Low-Rank Adaptation
(LoRA), which reduce training costs, have
gained significant popularity. This trend has
spurred active research into quantization-aware
PEFT techniques, aimed at maintaining model
accuracy while minimizing memory overhead
during both inference and training. Previ-
ous quantization-aware PEFT methods typi-
cally apply post-training quantization (PTQ)
to pre-trained LLMs, followed by PEFT to
recover accuracy loss. Meanwhile, this ap-
proach has limitations in recovering the ac-
curacy loss. In this paper, we propose L4Q,
a method that integrates Quantization-Aware
Training (QAT) with LoRA. By employing a
memory-optimized layer design, L4Q signifi-
cantly reduces QAT’s memory overhead, mak-
ing its training cost comparable to LoRA, while
preserving the advantage of QAT in producing
fully quantized LLMs with high accuracy. Our
experiments demonstrate that this combined ap-
proach to quantization and fine-tuning achieves
superior accuracy compared to decoupled fine-
tuning schemes, particularly in 4-bit and 3-bit
quantization, positioning L4Q as an efficient
QAT solution. Using the LLaMA and Mistral
models with instructional datasets, we show-
case L4Q’s capabilities in language tasks and
few-shot learning.

1 Introduction

Given their impressive scalability, Large Language
Models (LLMs) such as GPT, OPT, PalLM, and
LLaMA (Brown et al., 2020; Zhang et al., 2022;
Chowdhery et al., 2024; Touvron et al., 2023a,b)
have become popular in natural language process-
ing. However, their substantial memory and compu-
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Figure 1: A diagram of accuracy and inference speedup
of the quantized or fine-tuned LLaMA-1 7B models.
L4Q produces fast and accurate quantized model.

tational demands pose challenges for practical de-
ployment, making model compression (Han et al.,
2015) crucial for LLM deployment. Quantization is
a prominent method that reduces model size by low-
ering the bit precision of model parameters (Hubara
etal.,2017), so LLM quantization has been actively
studied (Liu et al., 2024; Xiao et al., 2023; Fran-
tar et al., 2023; Dettmers and Zettlemoyer, 2023).
These quantization methods are generally divided
into two categories: quantization-aware training
(QAT) and post-training quantization (PTQ). QAT
effectively reduces the quantization error by in-
tegrating quantization into the training process,
where both the model weights and the quantization
parameters are trained together (Esser et al., 2020;
Bhalgat et al., 2020). However, applying QAT to
LLM is challenging due to its significant memory
overhead. As aresult, PTQ, which applies quantiza-
tion without retraining the entire pre-trained model
weights and with minimal calibration of the quan-
tization parameters, is widely adopted for LLM
quantization (Xiao et al., 2023; Lin et al., 2024;
Heo et al., 2024).

Concurrently, to enhance the problem-solving
abilities of LLMs for specific applications, fine-
tuning pre-trained LLMs on downstream tasks is
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crucial as it improves accuracy on target tasks and
related tasks (Wei et al., 2022; Scialom et al., 2022).
However, fine-tuning is a resource-intensive pro-
cess due to the large number of model weights
involved. Parameter-efficient fine-tuning (PEFT)
addresses this issue (Hu et al., 2022; Li and Liang,
2021; Liu et al., 2022a; Wang et al., 2023) by train-
ing a small subset of parameters while freezing the
majority of pre-trained weights. One of the most
prominent techniques within PEFT is Low-Rank
Adaptation (LoRA) (Hu et al., 2022), which inserts
trainable rank decomposition matrices into each
layer to represent updates to the frozen weights.

The integration of quantization and PEFT holds
significant potential for developing efficient and
accurate LLMs for downstream tasks. Recent re-
search has introduced quantization-aware PEFT
approaches to achieve high-quality quantized mod-
els (Dettmers et al., 2024b; Kim et al., 2024; Xu
et al., 2023; Li et al., 2024). Previous works
involve a two-stage optimization strategy: first,
a PTQ technique, such as GPTQ (Frantar et al.,
2023), is applied to pre-trained LLMs for compres-
sion. Then, these quantized LLMs undergo PEFT,
such as LoRA, where quantized weights are kept
fixed and only the LoRA parameters are fine-tuned.
While fine-tuning can mitigate the effects of quan-
tization errors, separating quantization and fine-
tuning into distinct stages hinders the models from
achieving the best accuracy. Furthermore, as high-
precision LoRA parameters are adopted alongside
the quantized weight matrix, these methods eventu-
ally produce mixed-precision models, which limits
the efficiency of full quantization during inference.
Recently, QA-LoRA (Xu et al., 2023) addresses
this issue by strictly constraining the LoRA param-
eter structure to integrate with quantization param-
eters, but this constraint can limit the fine-tuning
capability.

In this paper, we propose a novel quantization-
aware fine-tuning technique, named L4Q (Low-
rank adaptive Learning quantization for LLMs).
L4Q addresses the limitations of PTQ-based PEFT
methods by introducing QAT alongside LoRA.
While QAT have advantages in reducing quanti-
zation error and LoRA enables memory-efficient
training, their straightforward integration dimin-
ishes the benefits of each approach. Therefore,
L4Q carefully integrates these two approaches to
properly leverage their advantages. First, L4Q ap-
plies the quantization process after fully combining
the model weights and LoRA parameters in the lin-

ear layer. This approach produces a fully-quantized
model that enables memory-efficient and fast in-
ference without limiting the training capabilities
of either QAT or LoRA. Moreover, to preserve the
memory-efficient nature of LoRA during training,
we design the backpropagation path of L4Q to elim-
inate the need to store weight gradients required
for QAT. Finally, the full integration of QAT and
LoRA in the proposed L4Q allows for the joint
optimization of both the quantization and LoRA
parameters, thereby improving the quality of the
quantized LLMs. As a result, L4Q significantly
improves the accuracy of quantized models while
maintaining low memory costs during both infer-
ence and training, and achieves inference speed
comparable to state-of-the-art approaches, making
it a more effective solution compared to previous
works, as illustrated in Figure 1.

2 Backgrounds

2.1 PEFT with LoRA

LoRA inserts the rank-decomposition matrices
composed of a pair of parameter matrices A €
R™% and B € R°*". Here, i and o represent the
size of input and output dimensions of the original
weight matrix, respectively. < 1, o is the rank of
the LoRA matrices, and « is a constant that adjusts
the influence of the LoRA matrices. During the
fine-tuning process, the pre-trained weight matrix
Wy € R°*' is frozen, preserving the pre-trained
features. For a given input activation X € R*s*?
(s: sequence length, b: batch size), the output
Y € Ro%**Y of a layer utilizing LoRA is com-
puted as follows:

Y = WoX + aBAX (1)

The fine-tuning of the LoRA parameters is guided
by the gradient of a loss function L, which is cal-
culated with respect to each parameter matrix. The
gradients are derived as follows:

0L oy

OL_ 0Ly 0L

0A  9X
Here, X := AX represents the intermediate input
activation of B, which is the transformation of X
by A. These gradients guide the adjustment of the
LoRA parameters to minimize the loss and more
accurately approximate the necessary updates to
the original model weights.
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2.2 Quantization

Uniform quantization is a widely used quantization
scheme due to its simplicity and broad compatibil-
ity with various computing kernels and hardware
units (Liu et al., 2022b). Therefore, we refer to the
term ‘quantization’ specifically as uniform quanti-
zation throughout this paper. A common practice
is to organize a quantization group consisting of a
certain number of consecutive weight elements that
share the same quantization scale s and zero-point
(bias) b.

The weights W within the quantization group
are quantized according to the following equation:

W —b
i = round(clamp(~—, Qx, Qp)) ()

Here, w denotes the quantized integer value.
Clamping is applied within the range Qy = —2"1
to Qp = 2"~ — 1, where n is the bit-width, fol-
lowed by the rounding function. We also note that
W, := w x s+brepresents the dequantized version
of the quantized weight, which is adjusted using s
and b from w to approximate the original weight.

During QAT, the straight-through estimator
(STE) approximates the derivative of the rounding
function with an identity function (Bengio et al.,
2013; Choi et al., 2018; Esser et al., 2020), enabling
gradients to propagate through non-differentiable
rounding operations and allowing effective weight
parameter training. LSQ (Esser et al., 2020) and
LSQ+ (Bhalgat et al., 2020) extend this process by
training quantization parameters s and b, alongside
the model weights. This tuning scheme provides
finer control over quantization, improving model
accuracy. The quantization parameters tuning dur-
ing backpropagation proceeds by using the chain
rule via W,. This is denoted as follows:

oL oL oW,
ds oWy 0s '

L AL W,
o~ aW, ob

“4)

As a consequence, the backpropagation process
requires the weight gradient aa—wL,q and the computa-

tion of the terms agz . agl;q regarding the non-linear
STE function.
ow,
Tq:—wJﬂfl, if Qv<w<Qp (5
s
ow,
8—6‘]:1, if w<Qn or w>Qp (6)

More details on QAT with LSQ and LSQ+ are
provided in Appendix A.1.

2.3 LLM Quantization

Quantization compress LLMs by lowering the bit
precision of model parameters (Hubara et al., 2017).
A key challenge is the introduction of quantization
errors that reduce model accuracy, leading to ex-
tensive research aimed at mitigating these losses
through calibration or training. A notable examples
of PTQ for LLM compression are GPTQ (Frantar
et al., 2023) and OmniQuant (Shao et al., 2023). In
contrast, QAT integrates quantization into the train-
ing process, adaptively training model parameters
to account for quantization errors during training,
ensuring that the quantized model retains much
of its accuracy and functionality through training.
Despite its advantages, QAT faces challenges, pri-
marily due to its high training overhead, which lim-
its its use in resource-intensive models like LLMs.
The memory overhead of QAT stems from storing
weight gradients and their optimizer states, each re-
quiring multiple times the memory of the weights.
Hence, even applying QAT to a 7B model requires
approximately 80GB of memory.

2.4 Quantization-Aware PEFT

To improve the accuracy of quantized LL.Ms, recent
research has introduced quantization-aware PEFT
approaches (Dettmers et al., 2024b; Kim et al.,
2024; Xuetal., 2023; Li et al., 2024). Among these,
QLoRA (Dettmers et al., 2024b), QA-LoRA (Xu
et al., 2023), and LoftQ (Li et al., 2024) stand out
as notable methods. As illustrated in Figure 2,
QLoRA begins by applying PTQ to a pre-trained
model. After this initial quantization, LoRA fine-
tuning is performed, with the quantized weight
parameters kept frozen. This allows the method to
correct quantization errors during the fine-tuning.
However, QLoRA introduces computational ineffi-
ciencies during inference due to the additional for-
ward path on LoRA parameters. This inefficiency
arises because the high-precision LoRA parame-
ters and low-precision quantized weights cannot be
merged into low-precision values. Advanced meth-
ods (Li et al., 2024; Qin et al., 2024) that build upon
QLoRA and share its layer structure also suffer
from this issue. We further examine the impact of
this unmerged LoRA path on inference efficiency
by comparing the speed of fully-quantized models
with mixed-precision models in Section 4.
QA-LoRA (Xu et al., 2023) addresses the is-
sue of high-precision LoRA parameters by modi-
fying the structure of the LoRA matrix, allowing
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Figure 2: A categorization of training scheme and inference strategy of QA-LoRA, QLoRA, QAT-LoRA, and
L4Q. Compared to QA-LoRA, L4Q utilizes higher optimization ability with non-constrained LoRA parameters and
quantization parameters. Additionally, compared to QLoRA and QAT-LoRA, L4Q exploit fully-quantized weights

rather than the mixed-precision weights during inference and perform a solid co-optimization of parameters.

these parameters to be integrated with the quantized
weights after training (Figure 2). The input dimen-
sion of the LoRA matrix A is set to the number of
weight quantization groups. This adjustment en-
sures that each element of B A corresponds directly
with individual quantization groups, enabling the
LoRA parameters to be seamlessly integrated into
the quantization bias as b’ = b— «aB A at the end of
training. Hence, QA-LoRA shares the same objec-
tive as our work. However, this solution presents
a new challenge: the constrained LoRA structure
in this setup limits the model’s ability to achieve
optimal accuracy during the PEFT stage.

A broader issue with existing quantization-aware
PEFT methods is that fine-tuning begins from a pre-
quantized model with inherent quantization errors,
which is suboptimal compared to starting from a
pre-trained model. LoftQ attempts to mitigate these
errors by approximating them with LoRA using it-
erative singular-value decomposition (SVD). How-
ever, this approach still cannot achieve a single
forward path due to the high-precision LoRA pa-
rameters, limiting subsequent adaptation. These
challenges underscore the need for further research
to improve quantization-aware PEFT techniques,
focusing on enhancing both quantization and PEFT
processes for better accuracy and inference effi-
ciency in LLMs.

3 Methods

3.1 Straight Integration of QAT and LoRA

QAT-LoRA One of the key principles in our pro-
posed L4Q scheme is the integration of the QAT
and LoRA to facilitate the simultaneous calibration
for quantization and fine-tuning on downstream
tasks. To achieve this, we begin with a straightfor-
ward integration of QAT and LoRA, referred to as
QAT-LoRA, which serves as our baseline approach
for combining QAT and PEFT.

In QAT-LoRA, pre-trained weights are frozen,
while LoRA parameters are added to the linear lay-
ers (Figure 2). Additionally, quantization scales
and bias parameters are introduced, similar to ad-
vanced QAT techniques like LSQ, which are crucial
for calibrating the quantization function. Freezing
the weights reduces the need for optimizer states,
while a small number of LoRA and quantization
parameters are introduced to approximate updates
to the weight matrix and to update the quantiza-
tion function, respectively. This results in more
efficient memory usage compared to standard QAT.
Detailed analysis results of the memory efficiency
of QAT-LoRA is further discussed in Section 4.
Limitations of QAT-LoRA While the previous
section introduced a straightforward integration of
QAT and LoRA—where quantized weights and
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LoRA parameters are maintained separately—this
approach presents several limitations. First, al-
though freezing the pre-trained weights eliminates
the need for optimizer states, weight gradients
aaTII;q must still be stored to update the quantiza-
tion parameters, as shown in Equation 5 and Equa-
tion 6. As a result, QAT-LoRA still incurs mem-
ory overhead from weight gradients, undermin-
ing the memory efficiency benefits of LoRA fine-
tuning. Secondly, QAT-LoRA produces a mixed-
precision model with both quantized weights and
high-precision LoRA parameters. This mixed-
precision approach negates the advantages of LLM
quantization, similar to previous methods such as
QLoRA and LoftQ discussed in Section 2.4. Lastly,
the gradient updates for quantization and LoRA pa-
rameters are decoupled, limiting the potential for
comprehensive optimization across the model. As
outlined in Equations 5 and 6, updates to the quan-
tization parameters rely on the quantized weight
matrix W, while updates to the LoORA parameters
depend on weights A and B. This limits the effec-
tiveness of model training, as it prevents holistic
adjustments where changes in LoRA parameters
could directly influence quantization adjustments
and vice versa.

To address these challenges, we introduce L4Q,
an enhanced integration of QAT and LoRA. L4Q
features an advanced layer design that seamlessly
integrates QAT and LoRA. By applying quanti-
zation after merging the weights and LoRA pa-
rameters, along with a custom backpropagation
path that reduces the memory overhead from the
complex quantization and LoRA processes, L4Q
effectively overcomes the primary challenges en-
countered with QAT-LoRA.

3.2 L4Q: Low-rank Adaptive
Quantization-Aware Fine-tuning

Fully-Quantized Linear Layer As high-
precision LoRA weights introduces inference
overhead, it is crucial to design a fully-quantized
linear layer. In this context, L4Q first combines
the original weights W and the LoRA parameters
BA into a unified parameter matrix:

Weomp = Wo +aBA (7

Then, quantization is applied to the fully combined
weight W, and produces w and W:

Wcom —b
W = round(clamp(%, Qn,Qp)) (8)

W, =1 xs+b )

In this way, during inference, L4Q only uses quan-
tized weights W, simplifying the forward path of
the linear layer from Equation 1 to as follows:

Y =W,X (10)

While QA-LoRA also achieves fully-quantized lin-
ear layers by introducing constraints on the LoRA
parameter structure, the proposed L4Q imposes
no such restrictions. This flexibility allows L4Q
to fully leverage the benefits of LoRA-based fine-
tuning, all with fully-quantized linear layers.
Memory Efficient QAT As discussed in the pre-
vious section, QAT requires weight gradients to
train quantization parameters s and b. Since weight
gradients are a major source of memory overhead
during training, we compute these gradients locally
in the backpropagation path as follows:

0L 0L .
=X
oW, oY

(11

We then use these weight gradients to calculate

gradients of s and b with Equation 5 and 6. Once
the gradient computation for the linear layer is com-
plete, the weight gradients are immediately flushed
to conserve memory.
Efficient LoRA Training Unlike the conven-
tional LoRA backward path which does not involve
the weight Wy as described in Equation 2, comput-
ing the gradients of the LoORA parameters in the
L4Q linear layer follows a more complicated back-
propagation path, tracing back from Equation 10
to Equation 7. Because a non-linear quantization
function is applied after LoORA during quantization
in L4Q, the gradients of the LoRA parameters de-
pend on both the weights (in their quantized form
w) and the weight gradients. This process can be
described as follows:

L 9L oW, OL 9L 9w,
0A~ OW, OA’ OB 0W, OB

(12)

We reuse the weight gradient a%q that have been
computed previously for quantization parameter
IWq W,
update. Therefore, we only compute 7 and 5z
to obtain the gradients of LoRA parameters. Both
terms are derived by applying the chain rule from
Equation 8 to Equation 7. Since Equation 8 con-
tains a rounding function, we apply STE and clar‘rj‘l;)—
. . . . . oW,
ing with conditional gradient propagation to 4

and %ng. This leads to the following expressions

oW, oW, .
for A and 5B
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oW, |aBT, if Qv <w<Qp (13)
oA o, otherwise
oW, JaAT, if Qv<w<Qp (14)
0B o, otherwise

Therefore, the proposed L4Q efficiently processes
LoRA training by simply reusing the weight gra-
dients computed for QAT parameter training. For
more detailed explanations of the gradient calcula-
tion in L4Q, please refer to Appendix A.2, and the
memory efficiency of L4Q will be further examined
in Section 4.
Joint Quantization and Low-rank Adaptation
Since %V‘L,q is involved in the gradient calculation
for the LoRA parameters (Equation 12), the pro-
posed L4Q ensures that the impact of quantization
is directly reflected in the updates to the LoRA pa-
rameters. This enables the joint optimization of
LoRA parameters and the quantization process, en-
hancing the accuracy of the fully-quantized LLMs.
In summary, the proposed L4Q produces a fully-
quantized model for memory-efficient and fast
LLM inference by fully integrating the model
weights and LoRA parameters prior to the quanti-
zation process. Additionally, the training process
of L4Q is memory-efficient due to careful handling
of gradient computation for quantization. Finally,
L4Q can improve the accuracy of quantized LLMs
through the joint optimization of the quantization
and LoRA parameters.

3.3 Quantization Parameter Initialization

LSQ+, a previous QAT approach, sets the quantiza-
tion range based on the weight standard deviation.
This is effective for CNNs, but it does not work
well on LLMs because activation outliers and their
corresponding salient weights are crucial for model
performance (Xiao et al., 2023; Dettmers et al.,
2024a; Lin et al., 2024). Hence, when initializing
quantization parameters, it is important to address
the outlier sensitivity of LLMs. To address this, we
propose L4Qjnit, a symmetric quantization scheme
that minimizes clipping errors by using a conserva-
tive scale to capture both minimum and maximum
outliers. The quantization scale is defined by the
following equation:

Qn

Max(W)

s = Max(] Or
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Figure 3: MMLU 5-shot results and clipping errors
for LLaMA-2 7B models after 100 training steps. The
results include clipping errors at both initialization and
post-training for the LSQ+, symmetric, asymmetric, and
L4Q initialization methods.

We evaluate models trained with L4Q using
various initialization methods, including conven-
tional min/max-based symmetric and asymmetric
schemes, and LSQ+i,;; schemes. We compare the
accuracy and the sum of clipping errors caused by
overflowed outliers at both initialization and after
training. As shown in Figure 3, LSQ+i,; and sym-
metric initialization result in higher clipping errors.
While asymmetric initialization avoids clipping
initially, its tight range, defined by minimum-to-
maximum values, becomes insufficient as weights
evolve, leading to increased clipping errors during
fine-tuning. In contrast, L4Qjy;; accounts for the
broader weight distribution in LLMs, effectively re-
ducing clipping errors. As aresult, L4Qjnic achieves
the highest accuracy, whereas LSQ+ip;; struggles
to recover from quantization errors. A detailed
explanation of LSQ+i,;;, Ssymmetric, asymmetric,
and L4Q initialization methods is provided in Ap-
pendix B.

4 Experiments

4.1 Experimental Settings

Target Foundation Models OpenLLaMA' 3B
model, LLaMA family models (Touvron et al.,
2023a,b) 7B to 33B, and Mistral-v0.1 7B (Jiang
et al., 2023) model are used for the evaluation.

Baselines We compare the proposed L4Q with
previous quantization methods and quantization-
aware PEFT methods. The baseline quantization
methods considered are LSQ for QAT, and GPTQ
and OmniQuant for PTQ. For quantization-aware
PEFT baselines, we include QLoRA, QA-LoRA,
and LoftQ. We apply uniform quantization in our
experiments to ensure consistency across methods.
The methods that were originally deployed with
non-uniform quantization are denoted with an as-

"https://github.com/openlm-research/open_llama

2007



terisk (*). For methods with LoRA adapters, in-
cluding L4Q, the adapters are initialized following
the original scheme: A is initialized using Kaiming-
uniform, while B is initialized to zeros. We also
note that the term fully-quantized refers to a condi-
tion in which all linear layers are quantized, while
non-linear components and the head layer remain
in higher precision.

Evaluation Setups We establish the L4Q frame-
work based on the open-source frameworks: Lit-
GPT? and huggingface transformers®. The mod-
els are symmetrically quantized with quantization
group size of 128 for the LLaMA and Mistral mod-
els, and 64 for the OpenLLaMA models due to
its small channel size. Also, the models are fine-
tuned with a LoRA rank r of 4 by default, and 8
for Mistral. We double the rank r in QA-LoRA for
a fair comparison in terms of the number of LoRA
parameters. Further details on the effect of rank
size and quantization group size can be found in
Appendix C. We use the Stanford-Alpaca (Taori
et al., 2023), a dataset that consists of 50k training
samples and 2k validation samples generated from
the GPT 3.5 (Brown et al., 2020). We use bfloat16
precision for numerically stable fine-tuning. All
experiments are conducted on an NVIDIA A100
80GB GPU. Detailed hyperparameter settings for
fine-tuning are provided in Appendix D.
Evaluation Metrics We evaluate the accuracy
of LLMs on Commonsense QA (CSQA) (Gao
et al., 2021) and MMLU (Hendrycks et al., 2021)
benchmarks. The CSQA benchmark comprises
seven multiple-choice tasks designed to evaluate
language models (Zellers et al., 2019; Bisk et al.,
2020; Clark et al., 2018; Sakaguchi et al., 2020;
Clark et al., 2019; Talmor et al., 2019). The MMLU
benchmark spans four subject categories made up
of 57 subcategories of language tasks.

4.2 Evaluation Results

Memory Cost for Fine-Tuning We measure the
peak memory usage during fine-tuning of 4-bit
LLMs, including L4Q and QAT-based baselines,
as shown in Table 1. While QAT and QAT-LoRA
incur significantly higher memory costs compared
to LoRA, L4Q’s memory usage remains compara-
ble to that of LoRA. This analysis shows that L4Q
effectively balances the advantages of QAT and
the memory efficiency of LoRA. Further analysis

Zhttps://github.com/Lightning-Al/lit-gpt.git
3https://github.com/huggingface/transformers. git

OpenLLaMA LLaMA
Methods 3B 7B 13B 33B
LoRA 15.1 25.1 43.8 71.9
QAT 44.2 79.5 OOM OOM
QAT-LoRA 22.6 41.9 70.6 OOM
L4Q 15.3 254 44.3 73.2

Table 1: Memory cost (GB) for fine-tuning LLMs on
NVIDIA A100 GPU. (OOM: Out of Memory)

Average speedup on LLaMA-1 models

B 4 bit (L4Q, QA-LORA)
1 N 4&16 bit (QAT-LoRA, LoftQ, QLoRA)
B 16 bit (Pre-trained) 2.25
1.56x

201 181 1.92

LLaMA-1 7B

LLaMA-1 13B LLaMA-1 30B

Figure 4: The average inference speedup of quantized
models compared to pre-trained models.

of the training efficiency of L4Q and the baseline
methods can be found in Appendix E.

Inference Speedup We measure the inference
speed of 16-bit pre-trained models and quantized
models using LLaMA-1 models. The average
speedup of quantized models compared to full-
precision 16-bit models is reported in Figure 4.
The quantized models include fully-quantized 4-
bit models (L4Q and QA-LoRA), which contain
only quantized parameters, and mixed-precision
4&16-bit models (LoftQ", QLoRA", and QAT-
LoRA), which use additional 16-bit LoORA parame-
ters. The inference speed was measured with input
batch sizes ranging from 1 to 64. The 4-bit mod-
els achieve a speedup of 1.8x to 2.3x over the
pre-trained models. Moreover, these 4-bit mod-
els achieve a 1.4x to 1.6x speedup compared to
mixed-precision models, which are also quantized
versions of LLMs. This demonstrates that the full
integration of QAT and LoRA in L4Q plays a cru-
cial role in inference speedup. Further analysis and
details on speedup can be found in Appendix F.
Accuracy Results We compare the CSQA and
MMLU benchmark accuracy of baselines and L4Q.
Table 2 and Table 3 present a comprehensive com-
parison between baselines and the proposed L4Q.
Since previous quantization-aware PEFT methods
involve a fine-tuning stage after PTQ, they gen-
erally achieve higher accuracy compared to PTQ
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Table 2: Accuracy (%) evaluation results with 4-bit quantization. We present the bit precision under each methods.
The notation ‘4&16’ refers to the use of 16-bit LoORA parameters with the quantized weights for inference.

Pre-trained LoRA GPTQ OmniQ LoftQ" QLoRA" QA-LoRA QAT-LoRA L4Q

Model Benchmark 16 16 4 4 4&16 4&16 4 4&16 4
OpenLLaMA 3B CSQA | 548 559 | 507 541 | 542 544 545 | 546 55.0
LLaMA-3 8B CSQA ‘ 65.6 67.2 ‘ 57.9 64.9 ‘ 63.3 58.6 58.0 ‘ 65.7 66.8
LLaMA-17B CSQA 61.7 63.4 59.4 58.1 62.6 61.3 61.3 62.4 62.7
MMLUo-shot 32.5 36.3 28.3 30.9 33.0 32.8 34.5 33.8 349
MMLUs-shot 35.1 36.7 32.7 33.3 35.1 33.6 35.6 34.8 35.7
LLaMA-1 13B CSQA 63.8 65.2 63.5 60.4 64.2 63.8 62.5 64.4 64.5
MMLUGo-shot 43.6 44.3 40.1 42.6 424 42.1 424 42.0 43.2
MMLUs-shot 46.3 47.0 45.7 45.7 45.4 459 45.8 45.5 46.0
LLaMA-1 33B CSQA 67.4 68.3 65.7 62.9 67.4 66.2 65.3 67.3 67.5
MMLUo-shot 53.0 54.4 51.4 52.0 51.8 51.0 489 52.3 53.3
MMLUs-shot 56.4 57.6 55.7 55.8 56.4 55.6 55.0 56.7 56.7
LLaMA-2 7B CSQA 61.9 63.3 60.7 59.5 61.7 61.3 61.0 61.9 63.6
MMLUo-shot 41.6 43.9 37.1 41.0 385 38.6 389 37.9 40.9
MMLUs-shot 45.4 46.0 429 454 43.7 44.6 444 43.8 45.5
LLaMA-2 13B CSQA 65.0 66.5 64.4 59.9 64.9 64.0 64.5 64.7 65.8
MMLUo-shot 52.1 525 50.0 51.8 51.7 50.7 50.4 50.7 519
MMLUs-shot 54.8 55.7 54.7 54.7 545 542 54.1 53.8 55.2
Mistral-v0.1 7B CSQA 66.2 66.4 65.3 64.7 60.7 65.8 65.4 64.5 66.1
MMLUo-shot 60.2 60.6 57.6 58.4 45.2 58.7 56.5 58.8 59.0
MMLUES-shot 62.6 62.9 61.0 61.0 45.7 61.1 61.2 60.2 61.4

Table 3: Accuracy (%) evaluation results with 3-bit quantization. We present the bit precision under each methods.
The notation ‘3&16’ refers to the use of 16-bit LoORA parameters with the quantized weights for inference.

Pre-trained LoRA GPTQ OmniQ LoftQ" QLORA®  QA-LoRA | QAT-LoRA L4Q

Model Benchmark 16 16 3 3 3&16 3&16 3 3&16 3
OpenLLaMA 3B CSQA ‘ 54.8 55.9 ‘ 522 50.0 ‘ 38.1 51.0 51.5 ‘ 532 54.0
LLaMA-38B  CSQA | 656 672 | 535 587 | 486 55.7 566 | 631 63.5
LLaMA-17B CSQA 61.7 63.4 534 56.5 49.8 59.1 58.7 60.7 61.2
MMLUo-shot 32.5 36.3 23.7 29.0 234 27.7 28.0 30.6 30.6
MMLUs.shot 35.1 36.7 27.3 31.6 23.1 31.5 29.1 31.5 31.8
LLaMA-1 13B CSQA 63.8 65.2 61.0 58.9 54.0 61.3 61.1 63.2 63.4
MMLUo-shot 43.6 443 33.1 34.8 25.0 36.1 37.5 38.8 40.7
MMLU 5 shot 46.3 47.0 38.2 41.6 253 40.4 38.2 40.9 41.8
LLaMA-1 33B CSQA 67.4 68.3 65.1 62.3 54.8 64.3 64.6 67.4 67.4
MMLUGo-shot 53.0 54.4 50.0 50.2 24.6 45.6 46.1 50.1 50.5
MMLUES-shot 56.4 57.6 51.9 52.4 24.0 50.1 48.7 50.6 53.1
LLaMA-2 7B CSQA 61.9 63.3 57.6 57.9 34.7 57.6 56.3 57.4 61.3
MMLUGo-shot 41.6 439 31.3 343 22.9 325 31.0 31.5 349
MMLUES-shot 454 46.0 37.5 37.7 24.2 37.6 37.5 36.8 38.0
LLaMA-2 13B CSQA 65.0 66.5 61.7 59.9 39.3 62.5 61.7 64.3 65.1
MMLUGo-shot 52.1 52.5 46.3 46.3 23.5 46.8 46.4 459 47.1
MMLUES-shot 54.8 55.7 50.4 50.2 26.0 50.6 49.9 48.9 50.0
Mistral-v0.1 7B CSQA 66.2 66.4 61.8 61.4 58.5 63.0 62.3 61.6 63.1
MMLUGo-shot 60.2 60.6 50.5 54.3 35.8 52.2 50.5 524 54.5
MMLUs.shot 62.6 62.9 49.6 55.9 37.1 53.6 51.7 54.0 56.2

methods. L4Q further enhances accuracy by in-
corporating the QAT strategy, achieving highest
accuracy compared to the baselines, and attaining
4-bit model accuracy comparable to that of 16-bit
models. Moreover, L4Q consistently outperforms
QAT-LoRA that keeps quantization and LoRA pa-
rameters decoupled. This highlights the advantage
of L4Q in accuracy through the joint optimization
of quantization and LoRA parameters. This impact
is more pronounced in 3-bit quantization, as some
PTQ-based PEFT approaches experience signifi-
cant accuracy degradation. The detailed results are
presented in Appendix G.

5 Conclusion

In this work, we introduce L4Q, a parameter-
efficient quantization-aware fine-tuning method for
large language models. L4Q enables element-wise
adaptation of model weights for downstream tasks
while simultaneously optimizing quantization pa-
rameters. This concurrent optimization ensures
that the adaptation parameters effectively account
for quantization errors. We demonstrate the effi-
ciency of L4Q, which significantly reduces train-
ing resource requirements compared to traditional
QAT. Moreover, since the L4Q layer is designed
to produce fully quantized low-bit model weights,
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it maintains inference efficiency, unlike QLoRA,
LoftQ, or QAT-LoRA, which results in mixed pre-
cision models. The effectiveness of L4Q as a QAT
framework is further supported by experimental
results in various task evaluations. L.4Q consis-
tently achieves superior quality maintenance in lan-
guage tasks, demonstrating its enhanced adaptabil-
ity compared to the QAT-LoRA and PTQ-based
PEFT methods.

Limitations

Our work focuses on efficient weight quantiza-
tion methods for large language models (LLMs),
but there are vertical approaches that could fur-
ther enhance inference efficiency and effectiveness,
integrated with our work. Activation quantiza-
tion offers a chance to further reduce computa-
tion costs when combined with weight quantization.
Similarly, KV cache compression could minimize
memory overhead and latency, especially for long-
context applications. Finally, refinement of LoRA
initialization schemes for quantized models may
improve accuracy of the fine-tuned models. We
believe that integrating these approaches with L4Q
could further improve LLM inference efficiency
and effectiveness, which we leave to future work.

Ethical Considerations

While our research contributes to the development
and application of machine learning, particularly in
language models, we recognize the potential soci-
etal implications associated with this work. Based
on the claims of the referenced sources — includ-
ing datasets, code, and models — we believe that
the artifacts do not violate personal identification
rights or contain offensive content. All datasets,
code, and models cited in this paper are publicly
accessible and processed solely for research pur-
poses. Our use of these artifacts is consistent with
their intended purpose.
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Appendix
A Details on Quantization Scale Learning Procedure

A.1 Quantization parameter update on QAT

From the conditions and notations in Equation 3, Equations 5 and 6 are derived as follows. First, the
derivative of s is presented as follows.

OWq_g(
ds  Os

- 0, .
WX s+b)= s%(w) +w = sa(round -clamp(w)) + @ (16)

By applying the STE, the rounding function is considered as an identity function. Therefore, the
rounding function, combined with a clamp function r := round - clamp, and its derivative is induced as

follows. Note that w = @.

Qn, if w<@n .

N , 0 L, iof Qv Sw < Qp

f(w) w, Z.f QN <w<Qp 8wf(w) {0’ otherwise (17)
Qp, if w>0Qp

By applying the chain rule, the derivation of term r(w) = t((WW — b)/s) is expressed as below.

d . oFow oF 9 W —b o, W-b
a(r(w)) = wds afwa(is ) = %(_782 ) (18)

Therefore, Equation 16 can be represented with a value w and quantized value w as follows.

Qn, if w<Q@n
—w+w, if Qn <w<Qp (19)
va Zf w > QP

oW, O, Wb o Wb

Os :S%(_ 52 )—HU:%( s

) +

Secondly, with a similar context above, the derivative of b is presented as follows.

ow, 0, . a . or, 0 W-—»~
b~ ap Ux sl =sgEw) H =g G o
T ) <w<
ow 1, otherwise
We also note that the gradient of W, is presented as follows.

oL oL _+
= ——X 22
ow, oY @2)

As aresult, the updates on the quantization scale and bias are calculated as multiplication of Equation 22
with Equation 16 and with Equation 20, respectively. This update helps calibrate the quantization function,
effectively reducing quantization errors.
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A.2 Quantization parameter and LoRA Parameter update on L4Q

In L4Q, as described in Equation 10, the quantized weight W, is obtained as follows. First, the pre-trained
model weight W, and LoRA parameters are integrated to We,, = Wy + aBA. Next, the integrated
weight is quantized by the quantization parameters s, b.

Here, the LoRA parameters A and B are independent of the quantization parameters, scale s and bias
b. Therefore, the derivatives of s, b follow the same process as in Equation A.1, but with the term w, w
defined as follows. Note that W, = w x s + b.

_Wo+aBA—b

, w=r(w) s.t. T=round-clamp (23)
s

Seen from the L4Q layer that integrates the LoRA parameters and quantization parameters together, A, B
are now considered as variables of W,. Therefore, from the conditions in Equation 10, the derivative of
A, B is presented as follows.

L 9W, dL 9L _ OL 9w,
0A~ 9A oW, 0B 0w, 0B

(24)

The derivatives 2 54 and ow 5 are then can be computed by applying the chain rule with w, as follows:

ow, owow, oW, oW, 0w

= = — 2
0A 0A dw’ OB ow 0B (25)
From Equation 23, the terms g;‘; g‘A” , and W can be expressed as follows:
ow aB"  dw aAT  OW 0 . or
DA~ s BB s ow ow WETD=s5, 20

Therefore, by substitution of Equation 26 and applying STE on - 9 from Equation 17 on Equation 25, the
equation is simplified by the crossed-out products between the terms. As a result, the partial derivatives
presented in Equation 12 can be derived as follows.

oW, _ owdW, _ BTy 50k _ [aBT, if Qv <w<Qp a7
0A  0A 0w s Tow’ o, otherwise
an_aﬂaﬁ_(sﬁ OZAT)_ aAl, if Qv <w<Qp (28)
OB  owodB  “ow s ' ]o, otherwise
Finally, substitution of Equation 27 and 28 to Equation 24 derives the Equation 29 and 30.
OL [aBT(8LXT), it Qv<w<Qp
9o _ (29)
0A 0, otherwise
0L  fa(fEXT)AT,  if Qv <w<Qp
— = ] (30)
0B 0, otherwise

This form closely resembles the original backpropagation structure of the LoRA parameters A, B

as shown in Equation 2, where the updates are expressed as g—f‘ = aa—@X T = a(BTgTL/)X T, and

g—é = ag—{;f( T = ag—é(AX )T, respectively. However, in L4Q, this process includes an added gating
condition on the quantized weights, which accounts for the integration of quantization into the LoRA
parameters. As a result, we conclude that the backward process of the L.4Q layer, which integrates both
quantization parameter learning and LoRA parameter adaptation, is designed to account for the impact of
quantization on the LoRA parameter updates.
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B Quantization initialization

We evaluate various quantization initialization schemes within L4Q, including method introduced in
Section 3.3, LSQ+ (Bhalgat et al., 2020), and conventional symmetric and asymmetric quantization
parameter initialization. The methods are depicted as L4Qjyic, LSQ+init, Symm, Asymm, respectively. In
specific, each methods can be represented as the equations below, with quantization scale s and bias b and
group-wise aligned model weight TV with quantization bit-width n and Qn = —2""!,Qp = 2"~ — 1.

o = Maz(|p —30(W)], |u+30(W)))

LSQi : i 31)
b=0 (32)

Symm: 5= ]\M“Téfbf(w)) (33)
b=0 (34)

Asymm: s =2 “x%VP) - g;”(w) (35)
b= Maz(W) — s x Qp = Min(W) — s x Qu (36)

LaQucs s = Mas( L5 L)) G7)
b=0 (38)

We report the detailed model accuracy evaluation results of L4Q fine-tuning across different initialization
methods, along with the quantization error and clipping error for each method, measured both at the
initialization point and the end of the training.The LLaMA-2 7B model was trained for 12,800 iterations
with a batch size of 128, using the same hyperparameters as in the main evaluation.

As shown in Table 4, while the overall quantization error remains relatively consistent across initializa-
tion methods and fine-tuned states, the clipping error exhibits significant variation. The clipping error
reflects the number of values clipped during quantization, and different initialization methods lead to
varying degrees of clipping throughout training. Notably, L4Q achieves the lowest clipping error and the
highest model accuracy, demonstrating the effectiveness of its initialization strategy.

Table 4: MMLU 5-shot benchmark and the sum of quantization errors for various quantization parameter initial-
ization methods within L4Q on the LLaMA-2 7B model. Quantization errors are represented in order of 10% and
clipping errors are represented in order of 103.

MMLU 5-shot Initial Post-train
Model Method #Bits | Human. STEM Social. Others Average | Ejuant  Eciip | Equant  Eeiip
LLaMA-27B LSQ+ 4 26.7 26.8 26.2 22.9 25.7 11.8 278.0 | 11.8 360.6
Symm 4 40.8 35.9 48.2 50.1 43.5 11.1  260.0 | 11.0 282.1
Asymm 4 41.0 37.1 49.7 50.2 442 10.5 0.0 10.5  64.7
L4Q 4 42.9 37.7 50.5 51.9 453 11.4 0.0 11.6  36.1
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C Ablative Study on L4Q Hyperparameters

C.1 LoRA Rank Size

We investigated the effect of LoRA rank size on L4Q training. Using the LLaMA-2 7B model, we
conducted training over 12,800 iterations with 128 batches. The remaining training conditions are
consistent with the main experiments. The evaluation results for CSQA and MMLU are presented in
Table 5 and Table 6, respectively.

Table 5: Commonsense QA benchmark result on LLaMA-2 7B model. The numbers represent accuracy (%) for

each task.

Model Rank ‘ HellaSwag PIQA ARC-c ARC-e Winogrande BoolQ OBQA Average

LLaMA-27B 1 57.6 78.4 455 77.0 68.2 774 34.0 62.6
2 574 78.5 45.1 76.2 69.3 77.6 34.0 62.6
4 57.5 78.2 46.1 77.1 68.7 78.1 354 63.0
8 56.9 78.5 46.3 78.1 69.3 77.8 34.8 63.1
16 57.2 78.1 46.3 77.2 68.7 78.9 334 62.8
32 57.8 78.4 46.2 77.1 68.7 78.2 35.8 63.2
64 574 78.6 46.1 77.1 69.5 78.5 34.8 63.1
128 57.5 78.1 46.0 77.0 68.8 78.4 35.4 63.0

Table 6: MMLU benchmark result on LLaMA-2 7B model. The numbers represent accuracy (%) for each category.

0-shot | 5-shot
Model Rank | Hums. STEM Social Others Avg. Hums. STEM Social Others Avg.
LLaMA-27B 1 374 333 434 440 394 4038 36.8 48.2 49.2 435
2 38.1 31.6 41.6 422 384 422 352 48.6 49.0 437
4 36.3 334 42.7 432 387 425 36.6 50.2 512 449
8 39.5 34.6 45.0 450 41.0 427 36.7 50.3 51.7  45.0
16 38.7 35.8 45.7 45.8 413 420 36.6 494 49.7 443
32 39.4 35.0 46.1 45,6 413 424 37.1 49.8 49.0 444
64 39.6 35.0 45.8 472 417 436 37.4 50.9 509 456
128 38.8 354 44.8 447 407 428 36.6 50.3 50.6 449

Increasing the rank beyond 4 does not lead to significant performance improvements, which aligns with
the observations in the original LoRA paper (Hu et al., 2022). Therefore, we generally applied a rank size
of 4, considering that higher rank sizes introduce memory and computational overhead during training.
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C.2 Quantization Group Size

We investigated the effect of quantization group size on L4Q training. Using the LLaMA-2 7B model,
we conducted experiments with group size 32 to 128 with the same training conditions in the main

experiments. The evaluation results for Commonsense QA and MMLU are presented in Table 7 and
Table 8, respectively.

Table 7: Commonsense QA benchmark result on LLaMA-2 7B model. The numbers represent accuracy (%) for

each task.
Model Group Size ‘ Hellaswag PIQA ARC-c ARC-e Winogrande BoolQ OBQA Average
LLaMA-27B 128 57.2 78.8 47.1 76.9 70.2 80.4 34.8 63.6
64 57.5 77.5 46.7 78.3 70.2 80.7 34.8 63.7
32 57.6 77.6 47.6 78.2 70.1 80.6 354 63.9

Table 8: MMLU benchmark result on LLaMA-2 7B model. The numbers represent accuracy (%) for each category.

0-shot \ 5-shot
Model Group Size | Hums. STEM Social Others Avg. Hums. STEM Social Others Avg.
LLaMA-27B 128 38.7 33.8 45.6 46.4 409 429 37.7 50.5 51.9 455
64 38.2 35.6 472 465 415 438 37.0 522 527 463
32 39.5 359 47.8 46.4  42.1 444 38.2 52.3 525 467

Having a fine-grained quantization group size leads to performance improvements, which aligns with
the observations in the conventional group-wise quantization works (Frantar et al., 2023). We applied
a quantization with the group size of 128 considering that smaller quantization group sizes introduce
memory and computational overhead during inference and training.
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D Experimental Settings

The baselines and L4Q are trained with AdamW optimizer (Loshchilov and Hutter, 2019) with a weight
decay of 0.01. For the learning rate scheduler, a cosine decay scheduler with a linear warm-up through
10% of the total training steps. Learning rates are presented in Table 9.

Table 9: Learning rate conditions used to fine-tuning on each models for L4Q and baselines: QLoRA", QA-LoRA,
and QAT-LoRA.

Methods
Model QLoRA® QA-LoRA QAT-LoRA  L4Q

OpenLLaMA 3B 1x107° 2x107° 5x107°  5x107°
LLaMA-1 7B 1x107° 2x107° 5x107°  5x107°
LLaMA-113B  1x107° 5x107° 4x107° 4x107°
LLaMA-133B  1x107° 5x107° 2x107%  2x1074
LLaMA-2 7B 2x107° 2x107° 2x107*  2x107?
LLaMA-2 13B 2x107° 2x107° 2x107% 2x1074
Mistral-v0.1 7B 1 x107° 5x 1076 - 5x 1076

The batch size is set to 128. For baselines that utilize PTQ-based schemes, such as QLoRA™ and
QA-LoRA, training is conducted for SOK iterations. For QAT-based methods, such as QAT, QAT-LoRA,
and L4Q, training is conducted for 25K iterations. This reduction in training length for QAT-based
methods is due to their faster convergence, as illustrated in Figure 5 with an example of LLaMA-2 7B.

Using the same training hyperparameters, including a learning rate of 2 x 107>, the joint training of
quantization parameters and LoRA weight parameters enables L4Q to converge more quickly. This allows
for halving the training length, which also helps mitigate overfitting.

Additionally, the training sequence length is set to match or exceed the maximum sequence length of
the dataset, which is 2048. The only exception is the 33B model with L4Q, where the training sequence
length is set to 128.

—4Q QLoRA*

3.5
3.0
2.5
2.0
1.5

Train Loss

1.0
0.5
0.0

Epochs

Figure 5: Train loss curve of L4Q and QLoRA. With a same training condition, L4Q converges faster than QLoRA.
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E Training Efficiency

E.1 Memory Usage

We report the memory usage of QAT (LSQ), quantization-aware PEFT baselines (LoftQ, QLoRA, QA-
LoRA, QAT-LoRA), and L4Q in Table 10. Note that QLoRA reduces memory usage further by employing
paged optimizers, a technique that can also be applied to other fine-tuning methods, including L4Q. We
plan to explore this vertical implementation in future work. As quantization-aware PEFT methods utilize
pre-quantized model weights, the memory usage of L4Q and quantization-aware PEFT methods differs by
the amount of the reduced memory usage of model weights during inference.

OpenLLaMA LLaMA
Methods 3B 7B 13B 33B
LoRA 15.1 25.1 43.8 71.9
LoftQ 5.2 7.9 19.6 31.9
QLoRA 5.2 7.9 19.6 31.9
QA-LoRA 7.8 14.8 27.8 67.2
LSQ 44.2 79.5 OOM OOM
QAT-LoRA 22.6 41.9 70.6 OOM
L4Q 15.3 25.4 44.3 73.2

Table 10: Memory cost (GB) for fine-tuning LLMs on a single NVIDIA A100 GPU. (OOM: Out of Memory)

E.2 Training Time

We report the total training time of L4Q, QAT (LSQ), and the quantization-aware PEFT baselines(QLoRA"
and QA-LoRA) in Table 11. While L4Q has a longer training time per step compared to the baselines due
to gradient recomputation during the backpropagation stage, the reduced number of training steps enables
L4Q to achieve similar overall training time performance. The training time for QAT on 13B and 33B
models was measured using 2 and 4 NVIDIA A100 GPUs on a single node.

Table 11: Training time (in hours) spent on fine-tuning on OpenLLLaMA and LL.aMA-1 models with a A100 GPU.

OpenLLaMA LLaMA
Methods 3B 7B 13B 33B
LSQ 8.6 17.1 354 76.9
QLoRA" 4.5 9.9 18.0 38.4
QA-LoRA 5.0 11.2 19.8 39.6
L4Q 4.4 10.1 16.9 37.9
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F Throughput and Speedup of fully-quantized models and mixed-precision models

We investigate the throughput and speedup of fully-quantized models and mixed-precision models,
demonstrating that, although the number of LoRA parameters is negligible, it causes a noticeable drop in
throughput when its forward path is not merged with that of the base linear layer. Using the LLaMA-1 7B,
13B, and 33B models, we conducted experiments to measure throughput (tokens per second) and compare
speedup. In both fully-quantized and mixed-precision models, uniform quantization is applied to the linear
layers, except for the head layer (Im_head), using the EXLLaMAZ2 kernel*, which is designed for 4-bit
weight-only quantized inference. For fp16 computations in LoRA within mixed-precision models or the
baseline, default GEMM kernels are used. We measured the elapsed time for inferencing 512 tokens over
2000 data points with batch sizes ranging from 1 to 64, calculating throughput by dividing the number of
tokens, which is set to be 512, by the elapsed time. The results are presented in Table 12.

Table 12: Throughput (tokens/sec) and Speedup for LLaMA models. L4Q represents fully-quantized models, and
QLoRA™ represents mixed-precision models. ’OOM’ indicates out-of-memory cases.

Batch size
Model Method 1 2 4 8 16 32 64 Speedup
LLaMA-17B  L4Q 38.04 75.12 148.63 216.51 255.64 276.43 31843 1.81

QLoRA™ 2480 47.88 96.51 184.06 23479 247.79 299.94 1.33
None 17.04 3381 67.27 124.13 199.19 241.31 OOM 1.00

LLaMA-1 13B L4Q 30.68 59.53 115.78 14444 160.95 191.20 OOM 1.92
QLoRA™ 19.71 3890 77.83 128.67 150.72 156.16 OOM 1.41
None 13.67 2697 5323 8547 12417 OOM OOM 1.00

LLaMA-130B L4Q 20.43 40.05 6400 7329 7977 OOM OOM 2.25
QLoRA"™ 1322 2548 50.81 66.89 7511 OOM OOM 1.44
None 913 1768 OOM OOM OOM OOM OOM 1.00

Fully-quantized models demonstrate a speedup of over 1.8x, while mixed-precision models achieve a
maximum speedup of 1.4x, despite using the same quantization scheme and execution kernel, compared to
the fp16 baselines. As a result, fully-quantized models achieve a 30% to 50% greater speedup compared
to mixed-precision models. This demonstrates that L4Q, which produces fully-quantized models, offers
higher inference efficiency and better hardware utilization than conventional quantization-aware PEFT
methods, such as QLoRA and LoftQ, which retain unmerged forward paths for LoRA.

*https://github.com/turboderp/exllamav2.git
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G Detailed Result on Main Evaluations

We present the Commonsense QA and MMLU benchmark results with averaged accuracy score on
Section 4. We present the detailed results of each benchmarks composed of several categories of tasks in
Table 13a to Table 14b below. Through evaluation, we demonstrate that L.4Q generally achieves higher
accuracy in low-bit quantized models compared to both PTQ methods and PTQ-based fine-tuning methods.
Notably, L4Q surpasses the pre-trained models on the Commonsense QA benchmarks and on the MMLU
benchmarks with LLaMA-1 7B and 33B models. In contrast, PTQ-based fine-tuning methods, including
those that incorporate high-precision LoRA weights, show lower performance compared to both L4Q and
the pre-trained models. These results emphasize the challenges of recovering from quantization errors
with PTQ alone and highlight the effectiveness of L4Q’s joint quantization and fine-tuning scheme.

Table 13a: Commonsense QA benchmark result. The numbers represent accuracy (%) of each task.

Model Method #Bits | Hella. PIQA ARC-c ARC-e Winogr. BoolQ OBQA Avg.
OpenLLaMA 3B None 16 ‘ 48.8 75.0 33.9 69.2 61.6 66.9 282 54.8
LoRA 16 49.8 75.6 37.0 70.2 63.1 68.0 272 559
GPTQ 4 47.9 75.1 31.0 58.8 60.5 57.9 236  50.7
OmniQ 4 48.2 73.8 33.1 69.5 60.1 67.5 26.6 54.1
LoftQ" 4&16 | 48.0 74.5 34.0 68.6 60.9 67.2 260 54.2
QLORA" 4&16 | 48.4 74.3 33.0 69.4 61.5 67.1 26.8 544
QA-LoRA 4 48.8 74.9 33.8 69.2 61.9 66.7 262 545
QAT-LoRA 4&16 | 48.8 74.5 35.0 70.1 61.9 65.2 27.0  54.6
L4Q 4 49.1 74.9 352 69.8 61.1 67.7 274  55.0
GPTQ 3 46.3 72.6 31.8 64.7 58.1 66.5 256 522
OmniQ 3 46.5 74.4 30.5 56.6 59.0 59.8 23.0  50.0
LoftQ" 3&16 | 27.9 57.3 19.5 37.3 51.0 61.9 120  38.1
QLoRA" 3&16 | 45.6 72.6 29.3 61.6 59.7 64.2 244 51.0
QA-LoRA 3 46.3 72.6 28.9 66.0 59.5 63.4 238 515
QAT-LoRA 3&16 | 46.7 74.1 332 67.2 60.5 64.1 264 532
L4Q 3 472 75.0 323 68.3 60.9 67.2 270  54.0
LLaMA-3 8B None 16 60.2 79.7 504 80.1 72.5 814 348  65.6
LoRA 16 60.6 79.9 53.8 82.7 74.7 82.8 360 67.2
GPT 4 56.8 69.3 31.8 62.6 73.1 78.5 33.0 579
Omni 4 59.2 78.6 49.6 79.7 72.5 81.1 334 649
LoftQ" 4&16 | 57.9 78.7 46.9 78.4 70.3 77.5 336 633
QLORA" 4&16 | 56.7 69.5 333 66.3 72.9 78.4 33.0 58.6
QA-LoRA 4 56.3 69.3 32.3 65.7 72.3 78.6 31.6  58.0
QAT-LoRA 4&16 | 59.1 79.8 50.1 80.2 74.0 83.0 342 65.7
L4Q 4 60.5 80.4 52.7 81.6 73.6 83.6 350  66.8
GPTQ 3 51.8 68.8 30.2 58.3 67.7 70.1 274 535
OmniQ 3 55.0 76.7 39.2 69.2 69.2 72.6 28.8  58.7
LoftQ" 3&16 | 359 68.8 29.8 57.7 59.0 67.9 20.8  48.6
QLORA" 3&16 | 534 72.2 31.8 62.9 69.2 71.5 28.8  55.7
QA-LoRA 3 52.7 73.5 36.4 67.9 67.6 71.7 26.6  56.6
QAT-LoRA 3&16 | 56.6 78.2 474 77.8 68.0 80.6 334 63.1
L4Q 3 56.5 78.1 47.8 78.6 69.2 82.0 322 635
LLaMA-1 7B None 16 57.0 78.7 41.9 75.3 69.9 75.1 344  61.7
LoRA 16 58.3 78.8 45.7 76.1 70.6 8.7 354 634
GPT 4 53.9 71.7 40.3 73.5 67.9 72.9 300 594
Omni 4 55.7 71.7 38.8 67.5 65.3 72.5 29.2 581
LoftQ" 4&16 | 57.8 79.2 43.1 76.9 69.8 75.8 354  62.6
QLORA" 4&16 | 56.7 78.9 41.8 75.2 70.0 74.6 322 613
QA-LoRA 4 57.2 78.9 41.2 74.9 70.6 73.6 326 613
QAT-LoRA 4&16 | 57.7 78.9 44.7 75.3 68.9 75.8 356 624
L4Q 4 57.8 79.1 45.3 76.0 69.5 76.1 348 627
GPTQ 3 46.6 71.9 324 65.4 65.0 68.0 246 534
OmniQ 3 54.0 77.1 35.6 64.9 64.7 71.2 280  56.5
LoftQ" 3&16 | 434 68.9 33.0 65.5 56.5 58.5 230 498

QLoRA" 3&16 | 53.9 76.2 39.3 71.5 68.9 72.8 31.0 59.1

Q 3 . . . . . . .
QAT-LoRA 3&16 | 56.1 774 416 728 680 760 330  60.7
£4Q 3 559 776 421 741 68.9 76.8 334 612
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Table 13b: Commonsense QA benchmark result. The numbers represent accuracy (%) of each task.

Model Method #Bits | Hella. PIQA ARC-c ARC-e Winogr. BoolQ OBQA Avg.
LLaMA-1 13B  None 16 ‘ 59.9 79.2 46.3 774 72.8 78.0 332  63.8
LoRA 16 60.8 79.7 50.3 78.6 72.3 80.2 348 652
GPTQ 4 58.9 79.3 46.5 77.0 72.7 76.5 338 635
OmniQ 4 58.6 79.7 43.8 73.5 70.5 68.7 284 604
LoftQ” 4&16 | 60.6 79.0 48.3 71.7 72.9 76.0 350 64.2
QLoRA™ 4&16 | 59.6 79.2 46.5 77.1 72.5 78.1 334  63.8
QA-LoRA 4 60.1 79.0 46.8 77.0 714 67.1 362 625
QAT-LoRA 4&16 | 60.9 79.2 48.2 78.6 71.5 77.0 356 644
L4Q 4 60.9 79.8 48.2 78.5 71.7 76.7 354 645
GPT! 3 57.3 77.3 42.6 73.0 71.0 74.6 314 610
OmniC 3 56.8 77.2 39.9 72.7 68.5 67.0 29.8  58.9
LoftQ™ 3&16 | 47.8 72.1 37.6 70.8 58.3 65.5 25.8  54.0
QLoRA" 3&16 | 56.6 77.8 43.9 75.1 70.8 73.5 31.6 613
QA-LoRA 3 57.7 78.0 447 75.3 71.2 68.6 324  6l.1
QAT-LoRA  3&16 | 59.1 78.1 46.3 77.0 70.8 74.7 362 632
L4Q 3 58.9 78.4 45.8 774 70.2 71.7 352 634
LLaMA-133B  None 16 63.3 81.0 52.8 80.4 75.9 82.6 360 674
LoRA 16 64.1 81.3 53.7 81.6 75.5 84.0 37.6 683
GPT 4 61.8 80.5 49.1 78.9 73.6 82.2 33,6  65.7
OmniC 4 62.3 80.0 48.5 75.8 73.9 69.1 31.0 629
LoftQ" 4&16 | 63.3 80.3 51.8 81.4 753 82.9 370 674

QLoRA®  4&16 | 623 802 502 795 74.9 810 354 662
QA-LoRA 4 . : ) : . . . .
&g-LoRA dgle| 023 813 330 816 74.9 827 354 613

GPTQ 3 60.9 78.7 46.7 77.5 74.7 82.2 348  65.1

OmniQ 3 61.4 79.6 46.0 74.2 74.3 71.3 292 623
LoftQ" 3&16 | 46.1 74.9 38.9 73.9 583 63.5 282 548
QLoRA" 3&16 | 59.6 78.7 46.0 76.8 72.5 81.6 346 643
QA-LoRA 3 61.1 79.6 47.8 78.0 73.8 79.3 33.0  64.6
QAT-LoRA 3&16 | 63.3 81.0 52.8 81.3 75.5 82.8 354 674
L4Q 3 63.0 81.0 52.6 81.4 75.5 82.8 354 674
LLaMA-2 7B None 16 57.1 78.1 43.4 76.3 69.1 71.7 314 619
LoRA 16 579 78.9 48.0 774 70.3 75.8 348 633
GPTQ 4 56.0 71.5 422 75.0 68.2 76.4 29.8  60.7
OmniQ 4 56.0 71.7 41.3 69.9 67.8 73.5 302 595
LoftQ" 4&16 | 57.0 78.0 433 76.3 69.2 76.8 314 61.7
QLoRA" 4&16 | 56.6 77.8 433 752 69.1 753 31.8 613
QA-LoRA 4 56.4 79.3 73.3 39.2 71.8 75.5 314 610
QAT-LoRA 4&16 | 56.6 71.7 43.7 75.6 69.5 71.7 326 619
L4Q 4 572 78.8 47.1 76.9 70.2 80.4 348  63.6
GPT 3 53.1 76.2 35.8 70.3 67.7 724 276  57.6
OmniQ 3 54.6 76.4 375 67.6 66.1 719 31.0 579
LoftQ" 3&16 | 27.1 55.7 19.0 31.1 48.8 48.1 12.8  34.7
QLoRA™ 3&16 | 524 75.9 37.6 69.9 65.6 74.1 274  57.6
QA-LoRA 3 56.5 71.8 423 74.7 68.0 30.8 438  56.3

Sféf—LoRA §&16 52.0 75.2 39.3 71.1 65.1 69.9 293 574

LLaMA-2 13B None 16 60.1 79.1 48.5 79.4 72.2 80.6 352  65.0
LoRA 16 61.2 79.4 53.0 79.8 732 81.4 374 66.5
GPT 4 59.5 78.3 47.3 78.7 72.1 80.9 342 644
Omni( 4 59.0 78.1 43.7 71.3 68.7 66.6 320 599
LoftQ" 4&16 | 60.0 79.3 48.1 79.7 71.9 80.7 348 649
QLoRA" 4&16 | 59.6 78.4 46.6 719 722 79.2 338 640
QA-LoRA 4 59.4 78.5 79.1 46.9 72.3 80.7 344 645
QAT-LoRA 4&16 | 59.5 78.8 48.4 79.2 71.5 80.9 344 64.7
L4Q 4 60.9 80.1 51.2 79.7 71.0 82.2 358 658
GPTQ 3 57.3 77.2 435 76.1 69.9 74.0 340 617
OmniQ 3 57.8 78.2 42.0 72.3 68.0 69.9 312 599

LoftQ" . 3&16 | 28.7 60.6 19.5 453 50.7 55.1 152 393

A-LoRA 573 772 760 434 70.1 73.7 340 617

QAT-LoRA 3&16 | 558 77.1  67.6 76.0 67.6 751 308  64.3

L4Q 593 787 512 78.5 70.6 799 374 651

Mistral-v0.1 7B None 16 612 806 504 0.9 73.9 836 326 662
LoRA 16 612 821 303 0.9 740 837 326 664

GPT 4 59.8 823 469 79.4 735 844 306 65.3

Omni 4 607 799 471 782 736 825 312 647

LoftQ 4&16 | 542 780 445 77.6 67.5 75.1 278 60.7

QA-LoRA 4 606 817 490 79.5 733 81.8 320 654
QAT-LoRA 4&16 | 603 800  46.8 78.6 734 826 298 645
L4Q 4 603 816 509 80.4 72.4 848 320 66.1
GPTQ 3 573 795 435 75.8 70.6 780 278 618
OmniQ 3 587 791 434 752 69.8 723 310 614
LoftQ 3&16 | 552 747 409 724 63.8 765 262 585
QLOoRA 3&16 | 575 803 466 767 69.8 80.7  29.6  63.0
QA-LoRA 574 787 439 757 70.9 809 284 623
QAT-LoRA 3&16 | 568 797 409  74.6 70.3 795 294  6L.6

4Q 3 575 802 477 78.0 66.5 838 284  63.1
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Table 14a: MMLU benchmark result. The numbers represent accuracy(%) of each task.

0-shot
#Bits | Human. STEM Social Others Avg.

S-shot
Human. STEM Social Others

Model Method Avg.
LLaMA-17B  None 16 ‘ 329 26.9 32.1 373 325 339 30.6 38.2 382 351
LoRA 16 36.1 315 36.9 406  36.3 34.4 30.3 39.9 43.1  36.7
GPTQ 4 28.4 27.1 27.0 304 283 315 304 33.7 357 327
OmniQ 4 31.1 26.7 29.8 355 309 31.1 29.8 35.5 375 333
LoftQ” 4&16 323 30.0 327 373 33.0 33.6 30.7 37.2 39.0 351
QLORA" 4816 33.1 27.1 33.1 375 328 323 29.0 354 38.0 33.6
QA-LoRA 4 335 29.5 375 379 345 34.1 31.2 38.5 39.0 35.6
QAT-LoRA  4&16 335 29.5 34.6 374 338 322 324 35.6 399 34.8
L4Q 4 324 32.1 36.7 394 349 342 30.7 384 39.8 357
GPTQ 3 25.0 225 22.0 245 237 25.9 25.7 28.2 297 273
OmniQ 3 27.8 29.7 26.8 322 29.0 31.6 32.1 33.7 297  31.6
LoftQ" 3&16 243 21.7 224 245 234 234 232 21.9 235 231
QLoRA" 3&16 27.8 27.1 26.6 29.1 27.7 30.5 28.6 32.1 349 315
QA-LoRA 3 28.9 27.1 25.8 29.6  28.0 29.1 26.6 29.7 31.1 29.1
QAT-LoRA  3&16 28.2 29.7 32.0 337  30.6 29.8 29.2 322 346 315
L4Q 3 29.5 27.8 32.1 333 30.6 29.3 31.0 33.5 304 318
LLaMA-1 13B None 16 41.0 36.5 49.3 48.6  43.6 43.8 353 52.7 542  46.3
LoRA 16 424 34.0 494 519 443 45.0 36.4 54.1 531 470
GPTQ 4 335 34.5 449 449  40.1 431 359 52.8 51.9 457
OmniQ 4 39.8 351 48.6 48.1  42.6 43.1 35.7 52.5 523 457
LoftQ" 4&16 39.0 34.8 47.8 485 424 434 343 52.3 521 454
QLoRA" 4816 39.0 357 475 472 421 43.8 35.3 52.0 528 459
QA-LoRA 4 353 352 47.7 479 424 43.0 34.6 53.0 53.6 458
QAT-LoRA  4&16 39.8 339 46.9 483 420 432 35.0 51.8 528 455
L4Q 4 40.5 353 49.5 485  43.2 434 36.1 52.3 532 46.0
GPTQ 3 32.1 27.2 36.3 368  33.1 36.0 29.8 422 456 382
OmniQ 3 32.6 28.2 37.1 41.8 348 39.1 33.1 47.5 476  41.6
LoftQ" 3&16 25.1 247 24.0 26.1  25.0 24.9 27.4 24.1 250 253
QLORA" 3&16 333 313 38.5 423  36.1 36.8 324 46.6 470 404
QA-LoRA 3 359 28.4 424 435 375 34.8 31.5 43.0 448 382
QAT-LoRA  3&16 37.6 31.6 41.9 443 388 38.0 34.1 44.5 479 409
L4Q 3 38.5 332 447 472 40.7 39.3 34.0 46.6 484  41.8
LLaMA-133B None 16 51.0 40.1 62.2 594 53.0 54.4 44.7 65.4 61.6  56.4
LoRA 16 49.2 41.3 61.4 587 544 55.2 46.1 66.4 633  57.6
GPTQ 4 494 39.6 59.1 581 514 52.5 45.1 64.2 622 557
OmniQ 4 48.5 40.3 61.3 59.1 520 53.4 44.8 64.7 61.1 558
LoftQ" 4&16 49.2 40.2 60.8 58.0 518 54.6 44.5 65.2 61.5 564
QLoRA" 4&16 48.5 39.0 59.7 57.8 510 54.5 442 63.4 60.5  55.6
QA-LoRA 4 452 39.7 56.6 555 489 52.7 435 63.4 61.0 550
QAT-LoRA  4&16 50.2 39.8 60.9 589 523 55.0 455 65.1 61.8  56.7
L4Q 4 50.8 42.1 61.5 594 533 53.5 46.6 66.1 61.8  56.7
GPTQ 3 47.0 39.0 57.9 573  50.0 494 423 59.2 575 519
OmniQ 3 46.5 40.0 59.0 56.7  50.2 46.5 43.8 60.0 602 524
LoftQ” 3&16 24.7 24.0 232 264 24.6 24.3 232 229 256 24.0
QLORA" 3&16 41.8 34.6 55.2 523  45.6 46.4 40.9 57.9 56.7  50.1
QA-LoRA 3 41.5 37.2 54.4 53.1 46.1 454 39.9 55.6 55.0  48.7
QAT-LoRA  3&16 47.7 38.9 58.0 56.6  50.1 46.8 412 58.2 57.5  50.6
L4Q 3 46.3 41.0 58.8 574 505 50.4 429 61.0 59.1 53.1
LLaMA-27B  None 16 39.3 34.0 47.9 46.0  41.6 42.8 37.0 50.6 522 454
LoRA 16 41.0 34.6 50.8 502 439 434 37.0 51.8 524 46.0
GPT 4 36.0 30.1 41.3 411 371 40.9 339 48.9 486 429
OmniC 4 377 34.6 472 457 410 424 37.7 51.1 51.6 454
LoftQ" 4&16 36.7 313 429 436 385 41.5 34.6 49.5 49.8 437
QLoRA" 4&16 373 315 433 427  38.6 42.1 35.9 50.2 51.1 44.6
QA-LoRA 4 37.3 323 435 430 389 42.0 35.7 49.6 50.8  44.4
QAT-LoRA 4&16 36.5 324 40.6 426 379 41.8 352 48.6 502 43.8
L4Q 4 38.7 33.8 45.6 464 409 429 37.7 50.5 519 455
GPT 3 28.9 28.5 353 337 313 36.0 31.7 39.3 435 375
OmniC 3 33.1 30.4 39.1 355 343 34.1 324 41.6 444 3717
LoftQ” 3&16 24.1 213 21.8 238 229 23.7 26.1 224 249 242
QLoRA" 3&16 30.2 29.1 36.0 355 325 354 325 40.5 427 376
QA-LoRA 3 28.9 27.8 347 337 310 36.0 31.6 39.5 434 375
QAT-LoRA 3&16 31.1 272 339 338 315 342 31.2 39.9 427  36.8
L4Q 3 31.0 327 38.6 392 349 343 323 422 449  38.0
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Table 14b: MMLU benchmark result. The numbers represent accuracy(%) of each task.

0-shot | 5-shot
Model Method #Bits | Human. STEM Social Others Avg. Human. STEM Social Others Avg.
LLaMA-2 13B  None 16 47.8 42.3 60.5 594 521 52.0 43.8 63.0 612  54.8
LoRA 16 48.8 42.4 60.9 59.2 525 54.4 44.3 63.4 60.8  55.7
GPTQ 4 46.5 40.2 57.7 56.8  50.0 52.3 43.1 62.7 61.5 547
OmniQ 4 47.8 41.9 60.1 589 518 53.0 43.0 62.5 60.5  54.7
LoftQ” 4&16 47.2 42.0 60.4 589 517 52.6 432 62.8 60.1 54.5
QLORA”" 4&16 46.9 40.9 58.8 57.6  50.7 51.3 43.1 62.5 60.8  54.2
QA-LoRA 4 46.5 40.8 58.3 574 504 51.6 425 62.3 60.7  54.1
QAT-LoRA 4&16 47.5 41.0 58.8 56.8  50.7 50.3 42.9 62.3 60.7 53.8
L4Q 4 48.4 41.8 60.4 584 519 53.6 443 62.7 60.5 552
GPT! 3 43.5 37.3 53.6 51.8 463 46.3 42.7 57.3 56.2 504
OmniQ 3 42.3 38.9 54.5 51.3 463 434 43.0 58.8 56.5  50.2
LoftQ" 3&16 24.2 21.7 23.8 237 235 24.6 28.5 24.0 274  26.0
QLORA”" 3&16 43.9 38.3 53.9 522  46.8 48.5 41.1 57.7 559  50.6
QA-LoRA 3 43.4 374 53.7 52.1 46.4 47.5 41.5 56.3 55.3 499
QAT-LoRA 3&16 42.5 37.3 53.0 52.1 45.9 44.8 40.5 56.3 55.7 489
L4Q 3 43.7 39.0 54.4 522 4741 46.6 39.8 58.4 56.7  50.0
Mistral-v0.1 7B None 16 54.1 51.2 70.5 67.8  60.2 56.5 52.6 73.5 704 62.6
LoRA 16 54.5 51.4 70.9 682  60.6 56.8 52.9 73.9 70.8 629
GPT! 4 51.8 474 68.1 655 57.6 55.9 50.4 71.6 68.1 61.0
Omni 4 52.4 49.2 69.0 65.7 584 55.1 51.8 71.2 68.5  61.0
LoftQ” 4&16 384 40.8 53.5 51.1 45.2 39.9 41.6 534 50.8  45.7
QLORA”" 4&16 52.6 49.2 69.6 66.0  58.7 55.7 51.7 71.2 68.0  61.1
QA-LoRA 4 51.4 46.4 66.0 64.1 56.5 56.1 514 72.0 67.6  61.2
QAT-LoRA 4&16 52.1 48.8 69.5 67.7 58.8 54.1 50.5 71.0 68.0  60.2
L4Q 4 52.6 48.9 69.9 67.1 59.0 56.3 51.1 71.7 68.8 614
GPTQ 3 45.0 424 59.7 572  50.5 43.0 43.0 574 57.8  49.6
OmniQ 3 494 44.9 63.4 61.6 543 50.0 47.0 66.1 63.0 559
LoftQ” 3&16 322 333 38.0 413 358 34.6 34.1 39.6 41.1 37.1
QLORA" 3&16 46.9 434 60.6 60.2 522 47.6 44.8 61.6 629  53.6
QA-LoRA 3 45.8 429 60.8 545 505 48.8 43.6 59.2 564  51.7
QAT-LoRA 3&16 47.6 43.0 61.3 599 524 48.5 46.3 63.6 60.2  54.0
L4Q 3 49.9 43.8 63.0 63.0 54.5 51.1 46.1 66.4 62.5  56.2
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