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Abstract

This thesis introduces a Power-of-Two (PoT) quantization method designed for efficient low-
bit quantization of large language models (LLMs), targeting configurations as low as 2 or
3 bits. As LLMs expand in scale, the computational and memory demands required for
deployment increase, driving the need for effective quantization strategies. While traditional
quantization methods perform well at higher bit levels (e.g., 4 bits), their accuracy and
efficiency diminish significantly at more extreme low-bit settings. Our proposed two-step
PoT quantization approach addresses these limitations by focusing on maintaining high
model fidelity while achieving substantial reductions in memory and compute requirements.

The method begins with a data-agnostic scale initialization step to set an optimized
scaling factor without relying on calibration data. This is followed by a data-dependent
fine-tuning step that uses a learnable parameter to adjust the scale based on calibration
data, minimizing the alignment error between the original and quantized model activations.
Unlike uniform quantization methods, which typically require zero-point offsets, our PoT
quantization employs symmetric scaling, simplifying the quantization process while maintaining
the performance.

We validate our method through extensive experiments on LLaMA model families, including
LLaMA1 and LLaMA2 models with up to 30 billion parameters, achieving state-of-the-art
perplexity on benchmarks such as WikiText-2, C4, and PTB datasets. While traditional
methods excel in 4-bit quantization, our results demonstrate that PoT quantization is

particularly effective at 3-bit and 2-bit levels, where traditional methods struggle. Furthermore,



our approach’s dequantization scheme yields a modest speedup, highlighting its computational
efficiency as an additional benefit.

In conclusion, this work shows that PoT quantization, with the proposed enhancements,
provides an effective solution for deploying LLMs under stringent resource constraints, balancing

accuracy and performance for real-world applications on resource-limited hardware.



Abrégé

Cette thése propose une méthode de quantification en puissance de deux (PoT) destinée a la
quantification efficace a faible nombre de bits des grands modéles de langage (LLMs), avec
des configurations aussi basses que 2 ou 3 bits. A mesure que les LLMs croissent en taille,
les exigences en calcul et en mémoire pour leur déploiement s’intensifient, accentuant ainsi
le besoin de stratégies de quantification adaptées. Bien que les méthodes de quantification
traditionnelles soient performantes a des niveaux de bits plus élevés (par exemple, 4 bits),
leur précision et leur efficacité diminuent considérablement dans des configurations extrémes
a faible nombre de bits. Notre approche de quantification PoT en deux étapes répond a ces
limitations en se concentrant sur le maintien d’une haute fidélité du modéle tout en réduisant
significativement les besoins en mémoire et en calcul.

La méthode débute par une étape d’initialisation de I’échelle sans données, qui définit un
facteur de mise a 1’échelle optimisé sans recourir a des données de calibration. Cette étape est
suivie d'une étape de réglage fin dépendant des données, qui utilise un paramétre apprenable
pour ajuster I’échelle en fonction des données de calibration, minimisant I’erreur d’alignement
entre les activations du modéle original et celles du modéle quantifié. Contrairement aux
méthodes de quantification uniforme, qui nécessitent généralement des décalages de point
zéro, notre quantification PoT utilise une mise a ’échelle symétrique, simplifiant le processus
de quantification tout en maintenant les performances.

Nous validons notre méthode a travers des expériences approfondies sur les familles de
modeéles LLaMA, y compris les modéles LLaMA1 et LLaMA2 allant jusqu’a 30 milliards de

parameétres, atteignant une perplexité de pointe sur des ensembles de données de référence



tels que WikiText-2, C4 et PTB. Bien que les méthodes traditionnelles excellent dans la
quantification en 4 bits, nos résultats montrent que la quantification PoT est particuliérement
efficace a des niveaux de 3 et 2 bits, ou les méthodes traditionnelles rencontrent des difficultés.
De plus, notre schéma de déquantification apporte une accélération modeste, soulignant son
efficacité computationnelle comme un avantage supplémentaire.
En conclusion, ce travail montre que la quantification PoT, avec les améliorations proposées,

offre une solution efficace pour le déploiement des LLMs dans des environnements a ressources
limitées, équilibrant précision et performance pour des applications réelles sur du matériel

contraint en ressources.
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Chapter 1

Introduction

1.1 Problem Statement

1.1.1 Increasing Computational Demands of |large language models|

(LLM)|

In recent years, the development of [large language models (LLM)|has transformed the field of

matural language processing (NLP)| These models, which are trained to predict and generate

text, excel at various language-related tasks such as translation, summarization, and question
answering. Among the most impactful advancements has been the development of models
based on the Transformer architecture [48|, a deep learning structure introduced by Vaswani

et al. in 2017, which has become the backbone for many state-of-the-art [NLP] models.

A prominent subclass of Transformer models is the [generative pre-trained transformer|

, which is pre-trained on vast amounts of text data to capture general language
patterns. Notable examples of models include OpenAl’'s GPT-2 and GPT-3 [3,37],
and Meta AI’s OPT [58]. These models belong to a family of that have demonstrated
remarkable abilities in generating coherent and contextually relevant text based on an initial

prompt, with applications ranging from essay generation to basic conversations.



Despite their powerful performance, deploying large-scale models like GPT-3, which has
175 billion parameters, presents significant computational challenges. Training such models
can require tens to hundreds of GPU years [58]. Even after training, inference—using the

model to generate text or answer queries—remains computationally expensive. For example,

GPT-3’s parameters occupy approximately 350 GB in [16-bit floating-point (FP16)|format [3],

far exceeding the memory capacity of standard high-end GPUs (typically 16-80 GB). This
necessitates specialized hardware setups with multiple GPUs working in parallel, making
deployment costly and complex.

The high storage and computation demands limit the practical deployment of large
language models. Each pass of data through the model (known as a forward pass) involves
substantial matrix calculations, especially in the attention and feedforward layers that form
the core of the Transformer architecture. For real-world applications, these models face
significant constraints in terms of latency (speed), energy consumption, and cost—especially
when deployed in resource-constrained environments, such as edge devices or time-sensitive

cloud services.

Asllarge language models (LLM)g continue to grow in size, the need for efficient methods

to compress and deploy them without sacrificing accuracy becomes critical. This need drives
the exploration of quantization techniques, which reduce the computational and storage
requirements of these models by representing their parameters in fewer bits, thereby enabling

the deployment of large-scale language models in a wider range of settings.

1.1.2 Quantization: Overview and Evolution

Quantization is a process that maps input values from a large (often continuous) set to
a smaller (often finite) set, thereby reducing the bit precision of numerical representations.
Historically, quantization methods like rounding and truncation were introduced to approximate
continuous quantities and manage numerical stability in early computational tasks. Traces

of quantization can be seen as far back as the early 1800s, in methods related to least-squares



approximation and large-scale data analysis , and as early as 1867, when discretization
was used to approximate integrals [39)].

In modern applications, quantization has become fundamental to optimizing computational

efficiency in jneural networks (NNs). Early were typically smaller, but as models grew

more complex and over-parameterized, the need for more efficient representations became
clear. Quantization gained traction in deep learning for reducing model size and accelerating
inference, with initial applications in convolutional neural networks for tasks such as image

classification and object detection.

The recent advent of large language models (LLM)| has further elevated the importance

of quantization. As these models scale in size and complexity, quantization is now applied
to convert high-precision weights into low-bit representations, compressing model sizes and
enabling deployment on resource-constrained devices. By approximating high-precision weights
and activations with lower-precision values, quantization helps decrease memory requirements,
reduce computational costs, and improve inference speed, making [LLM] viable for real-time

applications on edge devices and in cloud environments with limited computational resources.

1.1.3 Challenges of [Weight-activate Quantization (WAT)| and the

Rationale for [Weight-only Quantization (WOQ)|

Quantization reduces both the memory and storage requirements of deep learning models by
converting high-precision weights to lower-precision formats, such as 8-bit |7| or even 2-bit
integer values. This compression decreases the model’s memory footprint, making it feasible
to store and transfer model weights more efficiently. However, achieving high compression
rates with minimal loss in model accuracy is challenging, particularly for extremely low-bit
representations.

In practice, quantization can reduce memory demands and improve data transfer efficiency.

By storing weights in low-precision formats, the model’s memory access and data transfer

between memory types, such as|[High-bandwidth Memory (HBM)|and |[Static Random-access|




Memory (SRAM)| become faster. This accelerated data transfer enables faster loading of

the model weights for inference or even low-bit training setups.

[Weight-activate Quantization (WAT)| [53], which reduces the precision of both weights

and activations to the same low-bit level, is especially effective at 8-bit precision, where it
enables matrix multiplications to occur directly in low precision, accelerating computations
by using 8-bit tensor core . This approach yields both memory and computation savings
in hardware designed for low-precision operations, and the quantized results generally remain
acceptable for large language models. However, at bit depths below 4 bits, weight-activation
quantization tends to result in a significant accuracy drop , limiting its applicability in

ultra-low-bit quantization.

In|Weight-only Quantization (WOQ)| weights are stored in low precision while activations

remain in higher precision. This requires that weights be dequantized back to before

performing [General Matrix Multiplications (GEMM)| with activation values [11]. Thus,

accelerating the dequantization process itself is crucial for maintaining computational efficiency.
By speeding up dequantization, the compressed weights can be accessed and utilized more
quickly in computations, reducing the overall latency and enabling faster inference. Effective
dequantization is particularly important in low-bit quantization setups, where the focus is

on efficient data handling and maximizing throughput.

1.1.4 Challenges of |Quantization-aware Training (QAT) and the

Feasibility of [Post-training Quantization (PTQ)|

Quantization techniques may generally be divided into [Post-training Quantization (PTQ)|

and [Quantization-aware Training (QAT)|[28]. [QAT]enhances model accuracy by incorporating

quantization directly into the training process. However, this approach is less practical due

to the excessive costs associated with managing vast numbers of parameters in pre-training

and fine-tuning steps. [Post-training Quantization (PTQ)|is a more pragmatic approach; it

is faster and requires no or few calibration data.



One challenge when quantizing large-scale [LLM]is that conventional [Quantization-aware|

[Training (QAT)|is often impractical. [Quantization-aware Training (QAT)|involves incorporating

quantization directly during training, which can improve accuracy by allowing the model to
adjust to lower precision. However, retraining [LLM] with is infeasible for models with
billions of parameters due to the excessive computational costs involved. This limitation is
compounded by the high resource demands of large [LLM] making unmanageable in
practice.

An alternative is [PTQ] a one-shot method that does not require retraining, making it a
more feasible solution for [LLM] allows compression of pretrained weights without fine-
tuning, achieving a balance between compression and accuracy. Although[PTQJmethods offer
this advantage, many techniques—such as round-to-nearest quantization |7}, 55|—struggle to
maintain accuracy for extreme compression, especially in low-bit configurations like 2-bit or

3-bit weight quantization.

For extremely large models like GPT-3 and |[Large Language Model Meta Al (LLaMA)|

[46], where every parameter reduction has a significant impact on memory usage, advanced
methods are essential to enable higher compression rates while preserving accuracy.
The primary aim is to find an optimal method that enables effective model compression
while supporting efficient dequantization. This focus is critical since faster dequantization
directly enhances computational throughput by expediting the conversion of low-precision
weights for GEMM] operations. However, achieving this balance remains an open challenge,
as quantization methods capable of preserving accuracy at high compression rates are still

underdeveloped.

1.1.5 Summary: Need for Low-Bit [Weight-only Quantization (WOQ)|

with Efficient Dequantization

As discussed in [I.1.1] there is an increasing demand for compressing [LLM] to address their

high memory and computational requirements, particularly through quantization. While



(1.1.3) has shown effectiveness at higher bit levels, such as 8-bit, it faces significant
accuracy challenges in low-bit configurations, limiting its applicability below 4 bits.
In response to these limitations, [WOQ) offers a promising alternative for ultra-low-bit

configurations. However, as discussed in is generally impractical for LLMs due to

the substantial computational resources required. Consequently, [Post-training Quantization|

(PTQ)| emerges as a feasible solution, yet current methods tend to achieve optimal

performance only at 4 bits. Lower-bit settings, such as 3-bit and 2-bit quantization, remain

challenging and require further exploration to ensure model accuracy.

Furthermore, to fully leverage low-bit quantization, an efficient dequantization process
is essential for speeding up both inference and training. Therefore, this thesis focuses
on developing a low-bit (3-bit, 2-bit) weight-only method that maintains accuracy

while enhancing dequantization efficiency, enabling faster and more practical deployment of

quantized [LLM]

1.2 Literature Review

1.2.1 Quantization Techniques in Deep Learning

Quantization technique generally falls into two main categories: |[Quantization-aware Training]

[(QAT)| and |[Post-training Quantization (PTQ)|[14}28|.

(QAT|maintains model performance by simulating quantization during the training process
itself, allowing the model to adjust weights to lower precision levels [2,/6]. This approach
leverages backpropagation to update quantized weights and can be effective in minimizing

accuracy loss. However, requires substantial computational resources and is therefore

less feasible for |[large language models (LLM)| which consist of billions of parameters. The

high computational costs make it challenging to apply directly to[LLM] as the training
process must accommodate the quantization constraints, adding to the overall training time

and resource demand [14}28|.



[PTQ], on the other hand, is a training-free method that quantizes models after training is
completed, requiring no retraining and minimal calibration data [13,32]. methods
such as AdaRound [32] and BRECQ [25] use gradient-based optimization to determine
optimal rounding thresholds for weights, aiming to minimize the quantization error. While
these techniques reduce time-intensive computations by bypassing the need for full model
retraining, tuning all weights remains computationally intensive for very large models. Due to
these limitations, most [LLM] quantization methods prioritize training-free approaches

[8,/11,]19L/51},53], which sacrifice some accuracy in lower-bit precision scenarios.

1.2.2 Methods in

[Post-training Quantization (PTQ)| has proven effective in [large language models (LLM)| by

providing a practical approach to reduce model precision without the high costs of retraining.
Notable methods include GPTQ [11], AWQ [26], and OmniQuant [42]. Each of these
methods contributes unique techniques to address the challenges of quantizing weights in

[LLM] such as minimizing quantization error, adjusting scaling factors, and managing outliers.

GPTQ GPTQ builds on the Optimal Blockwise Quantization (OBQ) algorithm 10|, which
quantizes each row of the weight matrix based on the reconstruction error relative to the
Hessian matrix. OBQ iteratively adjusts unquantized weights to mitigate errors, but this
requires frequent updates to the Hessian matrix, which can increase computational complexity.
GPTQ simplifies this by adopting a uniform left-to-right quantization order for each row,
effectively reducing the need for constant Hessian updates. By computing the Hessian only
during the quantization of one row and then reusing it for subsequent rows, GPTQ reduces
computational demands. This approach enables near-lossless quantization at 4-bit precision,

though its performance diminishes when generalized to lower precisions like 3-bit and 2-

bit [11).



AWQ Recognizing that certain weight channels are more critical for preserving model
performance, particularly those aligned with activation outliers, AWQ [26] implements a
reparameterization method to address these differences in channel importance. This approach
uses grid search to determine reparameterization coefficients, which effectively minimizes
reconstruction error by adjusting the scale of important channels. Although AWQ performs
well at 4-bit and shows acceptable performance at 3-bit, it struggles to maintain accuracy
at 2-bit precision due to limitations in preserving fine-grained weight information. AWQ’s
focus on critical channels makes it robust in higher precision, but it faces difficulties as bit

precision decreases.

OmniQuant To improve quantization in low-bit formats, OmniQuant [42| introduces
block-wise scaling adjustments. OmniQuant optimizes quantization boundaries within blocks,
allowing finer control over weight distributions, which can help retain model accuracy at
extreme low-precision levels. However, OmniQuant’s reliance on block-wise adjustments
presents challenges, as scaling for extremely low-bit quantization remains difficult to balance
between model accuracy and memory efficiency. OmniQuant’s approach reflects an attempt

to address limitations in both uniform and non-uniform quantization for [LLM]

Other PTQ Methods Several other[PTQ}based methods extend the capabilities of GPTQ
and AWQ. For example, SpQR 8] assigns higher precision to weight outliers while quantizing
the rest of the weights to 3 bits. OWQ [19] and LLM-MQ [20] offer mixed-precision strategies,
selectively retaining weights in higher precision to accommodate outliers or assigning bit-

widths dynamically using integer programming.

Summary Overall, these methods collectively aim to minimize quantization error
by tuning weight precision, either through uniform adjustments (e.g., GPTQ) or adaptive
strategies that recognize channel importance (e.g., AWQ). Although methods like OmniQuant
and AWQ have shown improvements at higher precision levels, challenges remain for maintaining

model fidelity at extremely low bit-widths, especially in 2-bit or sub-4-bit configurations.



Future work in PTQ-based quantization could integrate gradient-based optimizations from
for enhanced performance in ultra-low-bit scenarios while retaining PTQ’s efficiency

benefits.

1.2.3 Dequantization Challenges and Power-of-Two Quantization

for Efficient Inference

In [Weight-only Quantization (WOQ)| particularly within [PTQ] integer weights must be

dequantized back to[FPI6|to ensure compatibility with GPU-based [General Matrix Multiplicdtions

(GEMM )|operations during inference. This dequantization step introduces significant computational
costs, as it requires mixed-precision multiplications combined with zero-point additions,
which add latency and degrade inference speed.

Mixed-precision quantization methods, such as AWQ, SpQR [8], and LLM.int8() |7],
further complicate the dequantization process by retaining some critical weights in [FP16|
format. This adds to the computational complexity, as special kernels are needed to determine
whether each weight is in or quantized format. GPUs are generally optimized for
parallel dequantization, yet mixed-precision weights pose a challenge, as this structure
disrupts parallel processing efficiencies, making it difficult to streamline dequantization for

performance improvements.

IPower-of-Two (PoT)| quantization has recently emerged as a promising alternative to

traditional uniform quantization, especially in contexts where dequantization efficiency is
essential. By quantizing weights to values that are powers of two, PoT quantization enables
dequantization with shift and addition operations, rather than costly mixed-precision multiplications
[36,/55]. This shift-based approach can align effectively with the bell-shaped distribution of
weights in deep neural networks, providing higher resolution for small weight values and
speeding up the dequantization step significantly.

While [PoT]| quantization offers notable computational efficiency, its application to

language models (LLM)| introduces unique challenges. Originally developed for computer

vision tasks, DenseShift [21] successfully appliesquantization to models such as ResNet50,
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demonstrating performance gains in these traditional deep networks. However, when applied

to [LLM| naive quantization—such as round to nearest (RTN)| methods or adaptations

to state-of-the-art techniques like GPTQ, AWQ, and OmniQuant—results in significant
accuracy degradation due to the broader and more varied weight distributions of [LLM]
The coarse granularity of [PoT| quantization at higher weight magnitudes exacerbates this
degradation, indicating that direct adaptations from Computer Vision models are insufficient
for LLMs.

Recently, Shift AddLLM [57] has explored the use of quantization specifically tailored
for taking a different approach by implementing column-wise scaling and sequential
quantization. This technique allows each subsequent quantized value to compensate for
the error introduced by previous values, enhancing accuracy preservation. By quantizing
weights to[PoT]|values, Shift AddLLM enables dequantization using efficient shift and addition

operations, presenting a promising direction for [LLM] in WOQ)] settings.

These advancements highlight the potential of [PoT| quantization for but also underscore
the need for further refinement. While the efficiency of PoT quantization in reducing
dequantization complexity is advantageous, future approaches must carefully address the

accuracy challenges posed by the unique characteristics of LLM weight distributions.

1.3 Goal, Contribution, and Organization

1.3.1 Objective

This thesis aims to develop an effective [Post-training Quantization (PTQ)[ method that

leverages [Power-of-Two (PoT)| quantization to address limitations in existing quantization

approaches, particularly in extremely low-precision formats like 2-bit and 3-bit. Our goal

is to enhance accuracy and reduce memory costs, facilitating efficient deployment of

language models (LLM)[on GPUs.
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1.3.2 Two-Step Quantization and Dequantization Approach

We propose a novel two-step quantization approach specifically designed for [LLM]| The
first step involves finding an optimal initial scale factor based on the weight distribution,
which significantly improves quantization quality compared to round-to-nearest methods. In

the second step, we fine-tune the scaling by introducing a learnable coefficient on the clipping

bounds, enabling partial [Quantization-aware Training (QAT)| with minimal GPU resource

requirements. This process requires backpropagating only a minimal number of parameters,
making it computationally feasible for a single GPU.

In addition to the quantization approach, we provide a customized dequantization kernel
tailored to the [PoT|format. This kernel leverages the power-of-two representation to perform
dequantization using efficient bitwise shifts and additions instead of mixed-precision multiplications.
By exploiting the parallel processing capabilities of GPUs, our kernel achieves significant
speedup over traditional methods. Unlike previous [PoT| approaches, which are primarily
optimized for sequential processing on ARM CPUs, our method is optimized for GPU

parallelism.

1.3.3 Advantages of the Proposed Approach

Our approach offers multiple advantages:

e Improved Quantization Efficiency: Our method enables rapid quantization of

LLM]| with minimal resource requirements, making it feasible on a single GPU.

¢ Enhanced Accuracy at Low Bit Levels: The two-step approach effectively addresses
rounding errors, allowing PoT quantization to perform well at extreme low-bit levels,

such as 2-bit and 3-bit.

e Optimized Dequantization Speed: Our customized GPU dequantization kernel
accelerates inference by 3.6x on the NVIDIA V100 and 1.5x on the NVIDIA RTX

4090, taking full advantage of bitwise operations and GPU parallelism.
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1.4 Organization of the Thesis
The organization of this thesis is as follows:

e Chapter 2 provides a comprehensive overview of symmetric and non-symmetric quantization
techniques, including the dequantization process. It discusses existing methods
such as GPTQ, AWQ, and OmniQuant, which will be compared with our proposed

approach.

e Chapter 3 describes our method, focusing on [WOQ) for [PoT] quantization and

the design of an optimized dequantization kernel.

e Chapter 4 summarizes the results and key observations of our study, followed by a

discussion of potential future research directions.

e Chapter 5 gives a discussion of potential future research directions.

1.5 Notation

In this thesis, we adopt the following conventions for notations. Boldface lowercase letters,
such as x, denote vectors, and boldface uppercase letters, such as X, denote matrices. Scalars
are represented using normal lowercase and uppercase letters, such as x and X, respectively.
Superscripts, such as (1), are used to indicate quantities corresponding to the I-th layer in a
neural network.

For an m x n matrix A, its (¢, j)-th element is denoted by a;;, or A;;. The submatrix
containing rows ¢ to j is denoted by A;.;., and the submatrix containing columns ¢ to j is
denoted by A.;.;. The transpose of a matrix A is denoted as AT,

We use R to denote the set of real numbers and Z to denote the set of integers. For a
set §, 8" represents the set of n-dimensional column vectors with entries from &, and S™*"™

represents the set of m x n matrices with entries from S.
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For a scalar z, 7 represents its quantized value, while z denotes its dequantized value.
Similarly, for a vector x, X and X represent its quantized and dequantized vectors, respectively.
For matrices, XQ and X denote the quantized and dequantized matrices. These representations
are used consistently throughout this thesis.

For sets, such as a quantization grid, we use notations like G; to denote the grid for a
specific column i. The set typically contains elements derived from quantization parameters
such as scaling factors and quantization levels. The specific structure of such sets is introduced
in the respective sections.

The sign of a scalar x is denoted by sign(x), which returns 1 if z > 0, —1 if z <0, and 0
if z = 0. The clamp operation limits a scalar x to a specified range [min, max| and is defined

as
.

min, if x < min,

clamp(x, min, max) = x, if min < z < max,

max, if x > max.
\

The component-wise product of two vectors or matrices of the same dimensions is denoted
by A o B, where (A o B);; = a;; - b;; for all valid ¢, j. This operation applies multiplication
individually to corresponding elements.

For a matrix A, |A| = (|a;|). The Euclidean norm of a vector x € R" is [|x[[; =
V> @7, The Frobenius norm of a matrix A € R™ " is [|A||, i.e., |A|r = \/Zyil > i agy

Finally, for a random variable x, E[x] represents its expectation. If a random vector x

follows a normal distribution with mean g and covariance matrix 3, we write x ~ N (g, 3).
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Chapter 2

Background and Quantization

Techniques

This chapter covers essential quantization techniques for efficient deployment of large language
models (LLMs). We start by introducing the architecture of LLMs, detailing the layer-wise
computations that underpin model functionality. Following this, we explain core concepts,
distinguishing between uniform and non-uniform schemes, symmetric and non-symmetric
formats, and single- vs. mixed-precision strategies. We then introduce the primary quantization
paradigms, Quantization-Aware Training (QAT) and Post-Training Quantization (PTQ),
focusing on PTQ for its practicality in LLMs. Finally, we explore weight-activation and
weight-only quantization, examining their impact on memory efficiency and computational
complexity, with particular attention to the advantages of weight-only quantization in low-bit
scenarios.

Then, we explore state-of-the-art PTQ weight-only quantization methods, including
GPTQ [11], AWQ |26], and OmniQuant [42], providing a detailed overview of each method’s

strengths and limitations.
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2.1 LLM Architecture and Layer-wise Computation

2.1.1 Matrix Representations in LLaMA Models

In transformer-based models such as LLaMA [46], designed for language processing tasks,
each layer contains essential parameter matrices that enable the model to generate coherent
text, summarize, translate, and understand context by processing large volumes of text data.
These matrices include the query (W, € RémoderXdhead ) key (W), € RmoderXdhead) “value (W, €
Rmodet¥dhead ) - and output (W, € RdneadXdmodel) matrices within the attention module, as well
as matrices in the feedforward (FFN) module, specifically Wygy, € Rmoderxdr W .. €
Rémoder*dsi - and W oject € Réa*dmodel - Here, dpogel is the embedding dimension, dyeaq is
the dimensionality of each attention head, and dg is the intermediate dimension in the
feedforward network which is consistent across layers.

Let T be the length of the input sequence of the ordered tokens in a segment of text
processed by the model. In layer I, the input is the matrix H(=D € RT*@model  representing
the hidden state output from layer [ — 1. The matrix H©® is the initial input embeddings,
where each token in the sequence is mapped to a dp,oqe-dimensional vector in the embedding
space. To compute the output of layer [, the model first performs the self-attention operation.

The attention scores are computed as follows:

1. Self-Attention Layer: For each token’s representation within the input matrix H¢-1,
which serves as the hidden states passed into layer [, compute the Query (Q), Key

(K), and Value (V) transformations:
QY =HIYWO KO = H(l_l)W,(f), v = HEOWO, (2.1)

where W[(Il), Wg), and W are the respective weight matrices for layer [ that project

the input into the query, key, and value spaces, with dimensions as previously noted.
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The attention scores are computed using scaled dot-product attention:

A Q¥ KO V(l)) ¢ ( (z)K(l)T) VO 22)
ttention , , = softmax | ——— , .
\Y dhead

where softmax is applied along the sequence dimension to normalize the scores, and

dpeaq 1s used to scale the dot product for stable gradients.

The attention result is then projected through the Output (O):

HY = Attention(Q®, K, voW, (2.3)

attn

where O0) € RneadXdmode is derived from the weight matrix w in layer [. This
projection ensures that the attention output aligns with the original embedding dimension,

enabling the integration of results into subsequent layers.

. Feed-Forward Network (FFN) with SwiGLU Activation:

After the self-attention operation, the output is processed through a feed-forward
network, commonly referred to as a Multilayer Perceptron (MLP). An MLP
consists of fully connected layers, which serve to transform the input embeddings
and add non-linearity, enhancing the model’s expressive power. The MLP in each
Transformer layer utilizes a SWiGLU (Switchable Gated Linear Unit) activation function,

which is defined as follows:

! . l ! l ! ! l l I
ch)t = SWIGLU(H;t)thégwna Hgt)tnwéa)te) = ReLU(Hgt)thézzte) © (Hzgt)tnw((igwn)’
(2.4)
where WY and w?

down gate are the MLP weights for layer [, and © denotes element-wise

multiplication. Here, ReLU (Rectified Linear Unit) is an activation function that
outputs the input if it is positive and zero otherwise, introducing non-linearity to the

model. The activated output is then projected back to the original dimension with a
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bias matrix included:

HO — 7O WO B0 (2.5)

mlp act project + project’

where Wgr)oject and B}()?oject are the projection weight and bias for layer /.

. Layer Output with Residual Connection:

Each layer [ in the Transformer model applies residual connections to preserve information
from previous computations. This process combines the input from the previous layer
with the outputs of the self-attention and MLP components, allowing the model to
iteratively refine its representations across layers:

HO =HEY 4+ B +HY (2.6)

attn mlp?’

where H® represents the output of layer I, Hgt)t is the output from the attention

O]

mlp

n

mechanism, and H | is the output from the feed-forward network in layer [. These

residual connections help maintain the gradient flow across layers and support efficient
information propagation, ultimately enabling the model to capture complex patterns

over multiple layers.

The entire process for layer [ can be summarized as a transformation function:
HO = FOWO HED), (2.7)

where F represents the composite transformation of the attention and MLP modules
for layer [, and W® denotes the set of weight matrices:
l l l ! ! ! l !
Wu:hwmwywﬂwﬂ“w w® W

down? gate» project } :

This layered structure, connected by residual links, allows the LLaMA model to iteratively

refine its understanding of the input sequence across multiple layers.
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2.2 Introduction to Quantization

Quantization is a critical technique for reducing the memory and computational footprint
of large language models (LLMs) by converting high-precision values into lower-precision
representations [11,[26]. A typical quantization method consists of two primary steps:
mapping and rounding.

In quantization, several key quantities are involved:

e X: the original high-precision value.

)N(Q: the quantized value, typically stored in a low-bit integer format.

e X: the dequantized value that approximates the original X.

S: the scale factor, which maps the original value range to a quantized range.

e 7: the zero point, an offset to adjust the quantized range for alignment with the data

distribution.

In the mapping phase, high-precision discrete values within the IEEE 754 floating-point
range |34] are projected onto a finite interval suitable for the desired bit precision.

Quantization methods can be classified based on the mapping range as either symmetric
or non-symmetric. In symmetric quantization (see Section , the quantized range is
centered around a zero point, making it suitable for distributions that are approximately
symmetric. Non-symmetric quantization (see Section is preferred when the data
distribution has a significant bias.

Additionally, quantization can be divided based on value distribution within the quantized
range into uniform and non-uniform quantization (see Section and Section , as
further explored in Section [2.2.3] Uniform quantization maintains equal distances between
quantization levels, while non-uniform quantization varies level spacing to align more closely

with data distributions.
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The mapping approach can also vary based on precision. In single-precision quantization,
values are mapped to one consistent low-bit precision, whereas mized-precision quantization
assigns varying precision levels to different parts of the model, allowing for targeted optimization.
These approaches are discussed in Section [2.2.4]

Once values are mapped, the rounding phase adjusts these values to discrete integers
within the specified range. Rounding methods commonly include rounding to nearest (see
Section and stochastic rounding (see Section . Here, the quantized value )N(Q
represents a discrete approximation of the original high-precision value X, based on the
chosen rounding technique.

In practical model quantization tasks, different quantization methodologies are selected
based on specific requirements and objectives. These include Quantization-Aware Training
(QAT) and Post-Training Quantization (PTQ), as discussed in Section along with
weight-activation and weight-only quantization approaches covered in Section [2.2.6] Since
rounding plays a fundamental role in all quantization methods, we begin by introducing

rounding techniques in the following subsection.

2.2.1 Rounding Techniques

In quantization, after mapping the values to the desired range, a rounding method is applied
to convert floating-point values to integers. The choice of rounding method significantly
impacts the quantization error, particularly in low-bit quantization scenarios. The two

predominant rounding techniques are Rounding to Nearest and Stochastic Rounding.

Rounding to Nearest

Rounding to Nearest (RTN) is the simplest and most commonly used rounding technique.

In this method, each value is rounded to the nearest integer:
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ound () — X, ifX—|X]|<05 .

[X], if X —|X]>0.5,
where | X | represents the floor function, or the largest integer less than or equal to X,
and [ X'| represents the ceiling function, or the smallest integer greater than or equal to X.
This method minimizes quantization error for individual values but can lead to significant
precision loss in low-bit quantization, especially when accumulated over multiple layers in a

deep neural network.

Stochastic Rounding

To address the limitations of RTN, Stochastic Rounding introduces randomness in the
rounding decision. Instead of deterministically rounding up or down, each value is rounded

probabilistically, based on its fractional part:

| X |, with probability p(X) = [X] — X,
round(X) = (2.9)

[X], with probability 1 —p(X) =X — | X],

This ensures that the expected value of the rounded result remains close to the original
value, i.e., E{round(z)} = x (see 52| and [12]). Stochastic rounding has been shown to
perform well in low-bit quantization settings by spreading rounding errors more evenly across
computations, reducing the risk of catastrophic error accumulation in deep neural networks
[12,52].

Stochastic rounding is particularly useful in settings where preserving statistical properties
across layers is important, such as in post-training quantization for LLMs. However, relying
solely on element-wise rounding methods like RTN or Stochastic Rounding is often insufficient
for capturing the cross-effects of accumulated quantization losses across multiple layers in
deep neural networks, such as LLMs. These methods do not account for interdependencies

between parameters, which can lead to significant precision degradation when accumulated
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over many layers. Advanced quantization techniques have been developed to address these
limitations by incorporating layer-wise or block-wise adjustments to better handle the compounded

effects of rounding errors. These approaches will be introduced in more detail in Section [2.3]

2.2.2 Symmetric and Non-Symmetric Quantization

Quantization can be classified as either symmetric or non-symmetric, depending on whether
the quantized range is centered around a zero point, which serves as the midpoint of the
quantization range. Symmetric quantization is effective for data distributions centered
around a zero point, often zero, while non-symmetric quantization is advantageous for data
with a significant positive or negative skew. These approaches are illustrated in Figure [2.1]

In our quantization framework, quantization is applied to a set of scalar values, denoted
by {X}. The scalars Xy, and X, refer to the maximum and minimum values in {X},
respectively. The quantization parameters, specifically the scale S and (if needed) the zero
point Z, are shared across this group { X}, ensuring a consistent quantization scheme for all

values in the set.

Symmetric Quantization

In symmetric quantization, the quantized range is centered around a zero point Z = 0,
with values quantized symmetrically around this midpoint. This approach is well-suited
for weight distributions often centered near zero, which is common due to regularization in
neural networks [11|164|18].

For N-bit symmetric quantization, the quantized value )Z'symmetriciQ is computed as:

> X
XsymmetriciQ = round (g) y (210)

where the scale factor S is given by

max(|Xmax|7 |Xmin|)

5= N1 ]

(2.11)
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Symmetric quantization

0 B =
) . ................. >
0
Non — Symmetric quantization
O . ................. >
Z 0

Figure 2.1: Illustration of symmetric quantization (top) and non-symmetric quantization
(bottom). In symmetric quantization, the quantization range is centered around a zero point (e.g.,
[—127,127] for an 8-bit symmetric range), while in non-symmetric quantization, the range is shifted
to better accommodate an unbalanced data distribution.

Here, 2¥~! values are possible for the absolute magnitude of the data, with the remaining

bit reserved for the sign, yielding 2V !

— 1 intervals between values. This format typically
stores values in a sign-and-modulus representation, where the first bit stores the sign, and
the remaining bits represent the modulus of the value.

The dequantized value )Zsymmetric, an approximation of the original value X, is then

computed as:

Xsymmetric = Xsymmetric_Q : S (212)

Non-Symmetric Quantization

Non-symmetric quantization is useful for handling skewed data distributions by allowing
an adjustable zero point Z, aligning the quantized range more closely with the natural

distribution of values in {X} [30,33]. For non-symmetric quantization, the quantized value

22



Xnon-symmetric q 18 calculated as

> X
Xnon—symmetriciQ = round <§ - Z) ) (213)

where the scale factor S and the zero point Z are given by:

Xmax - Xmin

S = N 1 (2.14)
Z = round (X;nin) . (2.15)

In non-symmetric quantization, all N bits are allocated to represent the value, typically
stored in a two’s complement format, which yields 2V — 1 intervals in the quantized range.

The dequantized value )?non_symmetric, approximating X, is given by:

jznon-symmetric = ()?non-symmetric_Q + Z) - 8. (216>

Summary of Symmetric and Non-Symmetric Quantization

The table below summarizes the key differences between symmetric and non-symmetric

quantization, including the quantization and dequantization equations.

Symmetric Quantization | Non-Symmetric Quantization
Scale Factor (High Bit) max(“;(]{,“j’;wf(lnin‘) W
Zero Point Z (Low Bit) 0 round (Xyélin>
. - X X
Quantized Value (Low Bit) _ round () _ round (5 — Z)
Dequantized Value (High Bit) Xeymmetric_Q - S (Xnon_symmemciQ + Z) .S

Table 2.1: Summary of symmetric and non-symmetric quantization equations, with notation for
low-bit and high-bit components.

In summary, symmetric quantization provides computational efficiency and simplicity,
especially for data centered around zero, while non-symmetric quantization offers greater

accuracy by adjusting for data skew with a flexible zero point.
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2.2.3 Uniform and Non-Uniform Quantization

Quantization techniques can be further categorized based on the mapping procedure into
uniform and non-uniform quantization (see Figure [2.2]). These categories define how the

continuous values are distributed over the quantized range.

Uniform Quantization Non-Uniform Quantization

1.00 - 1.00

0.75 q 0.75 4

0.50 0.50
0.25 1 0.25 -
o 0.00 I_ o 0.00

-0.25 —0.25 4

—0.50 4 —0.50
-0.75 1 —0.75 1
-1.00 4 —1.00 -

T T T T T T T T
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
r r

Figure 2.2: Comparison between uniform quantization (left) and non-uniform quantization (right).
Real values in the continuous domain r are mapped into discrete, lower precision values in the
quantized domain (), which are marked with the orange bullets. Note that the distances between
the quantized values (quantization levels) are the same in uniform quantization, whereas they can
vary in non-uniform quantization.

Uniform Quantization

Uniform quantization divides the value range into equal intervals, making it computationally
efficient and straightforward for hardware implementation. This process, also known as
range-based or min-max quantization [17,40], maps continuous values to a discrete integer
range using a fixed scale S and, in non-symmetric cases, a zero point Z.

In symmetric quantization, the quantized value )Z'uniform_Q can be obtained using Equation ,
while in non-symmetric quantization, Equation is applied.

The dequantized value X uiform g can be reconstructed from )/ZuniformiQ by applying the
corresponding dequantization equations—Equation for symmetric quantization and
Equation for non-symmetric quantization.

24



For non-symmetric quantization, the choice of zero point Z is discussed in Section [2.2.2]
providing alignment with the data’s range. Uniform quantization is effective for evenly

distributed values, resulting in minimal precision loss compared to the full-precision model

[49].

Non-Uniform Quantization

Non-uniform quantization allocates quantized values based on the frequency distribution
of the data, providing more precision to frequently occurring values and less precision to
rare ones. This approach is beneficial for values that follow a non-uniform or heavy-tailed
distribution, which is often seen in trained neural network weights [15,[54]. As illustrated
in Figure neural network weights are typically denser around zero and sparser at the

extremes, aligning well with the concept of non-uniform quantization.

e Look-Up Table (LUT) Quantization: In LUT-based quantization, a set of quantized
values is stored in a look-up table. Each original input value is mapped to the
closest entry in this table, representing a quantized approximation of the original
value [4]45,/50]. This approach allows for efficient storage and retrieval, as the look-
up table only contains a reduced set of representative quantized values, minimizing

memory usage and speeding up computations.

e Power-of-Two (PoT) Quantization: PoT quantization typically uses symmetric
quantization, where the quantized values are restricted to powers of two without a
zero point [23,36]. This approach allows for efficient computations by enabling bitwise

shift operations instead of multiplications.

Different from Equation (2.11]), the scale factor S in PoT quantization is calculated as:

maX(|Xmax‘7 |Xmin|)

S =
Qqmax — ] ’

(2.17)
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— 2N71

where ¢nax — 1 for an N bits quantization. The quantized value )N(poTiQ is

obtained by:
> X
Xpor @ = round (log2 (|—S|>) : (2.18)

The dequantized value )N(poT is then computed as:

Xpor = 257 2 . sign(X) - S, (2.19)

where sign(X) represents the sign of X.

In general, the dequantization process in Equation can be faster than in Equation
because it enables the use of bitwise shifts instead of additions and multiplications,
providing a significant speed-up in dequantization. Additionally, if S is specifically
designed to be a power of two, such as S = 2* for some integer k, then the dequantized
weight )N(poT will also be a power of two, regardless of the original value of X.
This enables further optimization, as multiplications in inference can be replaced by
shift operations, leading to substantial computational savings in the inference steps of

the model.

Non-uniform quantization methods like LUT and PoT are advantageous over uniform

quantization methods when the original values are not uniformly distributed, as they allow for

more efficient representation. Additionally, they can potentially enable faster computations

if customized computation kernels are designed to leverage the non-uniform characteristics

of these methods.

For example, in LUT quantization, the retrieval process can be faster than performing

computations, as values are directly mapped to a stored set of representative quantized

values. In Power-of-Two (PoT) quantization, the dequantization process can be accelerated

if the algorithm is optimized to use bitwise shift operations in place of multiplications.

However, the dequantization for non-uniform methods like LUT and PoT needs to be

carefully designed to avoid performance issues, as these methods do not maintain a simple
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linear relationship between the quantized and original values. Without optimized dequantization,

these methods could potentially be slower than the standard uniform quantization.

Density Plot of first 4096 weights of Llamal 7B
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Figure 2.3: Weight distribution for LLaMal 7B, illustrating the typical dense mid-range and
sparse extreme values found in neural network weights.

2.2.4 Single-Precision vs. Mixed-Precision Quantization

Single-precision quantization refers to applying a consistent bit-width across all model weights,
where each weight is quantized to the same precision level, such as 8-bit or 4-bit integers.
This uniform approach simplifies computation, especially for hardware implementations, by
avoiding the complexity introduced by handling different precisions. While single-precision
quantization allows for efficient processing, it may sacrifice accuracy, particularly in low-bit
scenarios, due to the loss of granularity in representing critical model parameters.

In contrast, mixed-precision quantization selectively applies different bit-widths to different
weights based on their significance within the model. In this approach, certain weights are
retained at higher precision, often FP16, to preserve critical information, while other weights
are quantized to lower bit-widths, such as 4-bit or 8-bit integers. This technique, employed
by methods such as AWQ, OWQ), and SpQR, maintains higher accuracy by protecting the
precision of weights that contribute substantially to model performance, while still reducing

the memory footprint by quantizing less crucial weights.
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However, mixed-precision quantization introduces complexity during inference, especially
for GPU-based implementations. Efficient dequantization of mixed-precision weights is
challenging, as it disrupts parallel processing due to the varying bit-widths across weights.
Customized GPU kernels are often required to manage the heterogeneous precision levels
effectively, which can add significant computational overhead. Consequently, although mixed-
precision quantization can yield better accuracy, it may slow down inference due to the
intricate dequantization and computation processes required for handling diverse weight

precisions.

2.2.5 Quantization Training Paradigms: QAT and PTQ

In deep learning, two primary paradigms are used for training quantized models: Quantization-

Aware Training (QAT) and Post-Training Quantization (PTQ) [5]26}42,/53]. Both

methods aim to reduce the bit-width of model parameters, but they differ significantly in

computational demands and implementation, as shown in Figure [2.4]

Pre-trained model Pre-trained model

$
- Calibration data

finetuning Training data ‘ Quantization ‘

Quantized model Quantized model

(a) Quantization-Aware Training (b) Post-Training Quantization

Quantization

Figure 2.4: Comparison between Quantization-Aware Training (QAT, a) and Post-Training
Quantization (PTQ, b). In QAT (a), a pre-trained model undergoes quantization followed by
fine-tuning with training data to adjust parameters and mitigate accuracy degradation. In PTQ
(b), a pre-trained model is calibrated using a small subset of data (calibration data) to compute
the clipping ranges and scaling factors without additional fine-tuning.

e Quantization-Aware Training (QAT): QAT integrates quantization into the training

process, allowing the model to adapt to quantization constraints as it learns. This
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approach, often referred to as end-to-end quantization, involves incorporating simulated
quantization effects into the forward and backward passes. By embedding quantization
within the training loops, QAT enables the model to minimize quantization-induced
errors, leading to improved accuracy. However, QAT is computationally intensive
and typically requires substantial training data and resources, particularly for large
models like LLMs. Recent research has explored ways to reduce the data and compute

requirements for QAT, but these efforts remain challenging in practical applications.

e Post-Training Quantization (PTQ): PTQ applies quantization after the model
has been fully trained, making it more practical for large-scale models due to its
reduced computational requirements. Unlike QAT, PTQ does not adapt the model
to quantization during training, which can lead to accuracy degradation, especially
at low bit-widths. To mitigate this, PTQ methods often rely on minimal calibration
data, as seen in techniques like GPTQ and OmniQuant [11,42]. Some advanced PTQ
approaches, such as Adaptive Quantization (AdpQ), operate without any calibration
data, aligning layer-wise outputs using a limited number of sampled data points. This
calibration-free or minimal-calibration design allows PTQ to be implemented on a

single GPU, further enhancing its accessibility for large model deployment.

In summary, while QAT enhances model accuracy by directly addressing quantization
effects during training, it is resource-intensive. PTQ, by contrast, excludes itself from the
training procedure and instead applies quantization post-training, making it more computationally
feasible, though potentially less accurate, especially in very low-bit scenarios. The choice
between QAT and PTQ depends on the computational resources available and the required

trade-off between accuracy and efficiency.
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2.2.6 Weight-Activation Quantization vs. Weight-Only Quantization

Post-Training Quantization (PTQ) methods can be further categorized into weight-activation
quantization and weight-only quantization, each with distinct trade-offs in memory footprint,
computational efficiency, and model accuracy.

In neural networks, activations refer to the outputs produced by each layer after applying
a transformation to the input. They represent the intermediate values that carry information
through the network layers from input to output. Mathematically, for a given layer [, the

activation H® is computed as:

HO = 7OWO HI-D), (2.20)

which was previously introduced in Equation (2.7)) and detailed in Section m

e Weight-Activation Quantization: In this approach, both the weights and activations
are quantized to a lower bit-width (e.g., INT8). This results in a reduced memory
footprint and can accelerate inference due to the lower bit precision used throughout
the computations. However, quantizing activations alongside weights may lead to
some accuracy loss, especially in large language models (LLMs) where maintaining

high precision in activations can be critical.

e Weight-Only Quantization: In weight-only quantization, only the weights are quantized,
while the activations remain in higher precision (e.g., FP16). This approach strikes
a balance between memory savings and computational efficiency, preserving model
accuracy by keeping the activations in a high-precision format. Weight-only quantization
is particularly advantageous for scenarios where activation quantization may significantly

degrade performance.

The inference processes for these two approaches differ as follows:
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1. Inference Flow for Weight-Only Quantization (Figure [2.5|(a)):

(1
(2

Quantized Weight (INT8) — De-quantize (FP16)
Perform GEMM/GEMV with FP16 Activations

Use FP16 Accumulator

).
).
(3)-
).

(4). Produce FP16 Output Activation

In weight-only quantization, the quantized weights are first de-quantized back to FP16
before being used in matrix multiplications (General Matrix Multiply, GEMM) or
matrix-vector multiplications (General Matrix-Vector Multiply, GEMV). The high-
precision FP16 activations are then multiplied by the de-quantized weights using an

FP16 accumulator, resulting in a final FP16 activation output.

2. Inference Flow for Weight-Activation Quantization (Figure [2.5](b)):

(1). Quantized Weight (INT8)
(2). Quantize FP16 Activations to INTS8
(3). Perform GEMM with INT8 Accumulator

(4). De-quantize Output to FP16 Activation

In weight-activation quantization, both weights and activations are quantized to INTS.
The matrix multiplication and accumulation are performed with quantized values,
resulting in an INT8 accumulator. Afterward, the accumulated value is de-quantized

back to FP16 for the final output activation.

In these processes, GEMM (General Matrix Multiply) is used for matrix-matrix multiplications,
while GEMV (General Matrix-Vector Multiply) is used for matrix-vector operations, both

of which are central to the computations in LLMs. The choice between weight-only and
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Weight — De-quantization De-quantization <~ Bias

(INT 8) (INT8)
Activation — FP16 — Activation
Accumulator
(a) Weight-only Quantization
. _— FP16 FP16
Weight GEMM/GEMV [ Accumulator “— Bias
(INT 8) (INT 8)
Activation — Quantization De-quantization — Activation

(b) Weight-Activation Quantization

Figure 2.5: Inference flow for (a) Weight-Only Quantization and (b) Weight-Activation
Quantization.

weight-activation quantization impacts both memory efficiency and model performance, with

weight-only quantization often preferred for maintaining accuracy in LLMs.

2.3 State-of-the-Art PT(Q Weight-Only Quantization Methods

This section provides an overview of recent PTQ weight-only quantization methods designed

for LLMs, each focusing on reducing memory usage while preserving model accuracy.

2.3.1 0OBQ and GPTQ

In weight-only quantization, the Optimal Brain Quantization (OBQ) [10] approach aims to
minimize quantization error by selecting weights in a specific, greedy order. This section

provides the key ideas of OBQ and show how GPTQ improves its efficiency for large

models.
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0OBQ

OBQ aims to minimize the distortion in neural network behavior during quantization.
Consider a linear layer with a weight matrix W € R%" and an input matrix X € R™*4,
where d is the number of features. The goal of OBQ is to iteratively compute dequantized
weight values and update the remaining unquantized values in a manner that minimizes the
error in the output of the linear transformation.
To perform this, OBQ applies a column-wise iterative procedure to compute the dequantized

values for each column w; of W. The process is constrained by the bit-width N and the
derived parameters S; and Z;, which depend on the original weight values. For non-symmetric

quantization, these parameters are calculated as:

w, p— w .
Si __ Yi,max z,mln7 291
Z; = round (%) , (2.22)

where w; max and w; min are the maximum and minimum values of the weights in column w;,

respectively. Using these parameters, the dequantized grid G; for column i is defined as:
Gi={glg=(2+2)-S,2€{0,1,...,2% —1}},

At each iteration, OBQ selects an element from column w; to be quantized. The selection
process follows a greedy strategy, choosing the element that, when quantized, minimizes its

contribution to the overall error, i.e., find the row index ¢* such that

~ 2
¢* = argmin %, (2.23)
q

9,9

where H = 2X"X, w,; € G, is the dequantized value of w, ;, produced by (see Equation (2.16]))

U’?‘N’ - ({DQJQ + Zz) : Sia
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with the quantized integer value w,;, computed as (see Equation (2.13)))

(2

Wg,i, = round (Ugl — Zi) :

Once w,,; is quantized, the quantization error is compensated by updating the remaining

unquantized elements in w;. The update is computed as:

5 — _ Yai — Wy,i (H™)

), , (2.24)

:7q

where 0 represents the vector of updates to all unquantized elements in w;. The updated

value for the remaining unquantized elements w, is given by:
Wy = Wy + (ST, (225)

where r is any row index of the unquantized elements in w;.

This iterative process continues until all elements in w; are quantized. While not globally
optimal, the greedy approach enables a computationally efficient solution for quantizing the
weights.

The iterative nature of OBQ involves frequent updates to the inverse Hessian and sensitivity
evaluations for each weight element. For a single column, this complexity is O(d?), and for
the entire weight matrix W, it is O(n - d®), where d is the number of rows and n is the

number of columns. This limits its scalability for large-scale models.

GPTQ

GPTQ (Generalized Post-Training Quantization) enhances OBQ by addressing computational
inefficiencies and scaling challenges in large models. It introduces three key innovations:

arbitrary order quantization, lazy batch updates.
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1. Arbitrary Order Quantization In OBQ, weights are quantized in a greedy order,
selecting the weight with the smallest quantization error at each step (Equation (?77)).
However, this strategy offers minimal advantages for large models with millions of parameters.
GPTQ simplifies this process by quantizing weights in a predefined, fixed order, removing

the computational overhead of greedy selection while maintaining similar accuracy.

2. Lazy Batch Updates OBQ’s element-by-element updates involve frequent error
compensations (Equation (2.24))) that require memory-intensive matrix updates, causing
inefficiencies on modern GPUs. GPT(Q addresses this issue with a lazy batch update
strategy, which groups updates for B columns (a "lazy batch") at a time. The process

works as follows:

1. Local Updates (Per Column): Within the batch, each column is quantized element
by element. For each quantized element, local updates are applied to the column using
only the corresponding B x B block of the inverse Hessian H™!. This ensures efficient

parallel computation across columns within the batch.

2. Global Updates (After the Batch): Once all columns in the batch are quantized,
a global update is performed to propagate the cumulative quantization error to the

entire weight matrix W and the full inverse Hessian H™.

This two-step approach avoids frequent global updates and significantly improves GPU
utilization by concentrating computations on smaller B x B blocks during local updates,
followed by periodic global updates for accuracy. In practice, using a batch size B = 128

provides a good balance between computational efficiency and accuracy.

Algorithm The GPTQ algorithm for quantizing the weight matrix W using H™! and a

block size B is as follows:
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Algorithm 2.1 GPTQ: Quantize Weight Matrix W Using Cholesky-Based Inverse H™! and
Block Size B

W «— Odrow xd

ol > Initialize quantized weight matrix
E < 04,,.,xB > Initialize block quantization errors
Compute H™! by Cholesky factorization: H=LL", H! = L~ TL™!

for : =0,B,2B,...,d. do

for j=1,...,i+ B—1do

W:,j — quant(W. ;) > Quantize column j to the nearest value
E ., + w > Compute quantization error
J HY)j;
W:,j:(i—l—B) < W:,j:(i-l-B) — E;,j—i : (H_1>j:(i+B),j > Update WelghtS in block
end for
W.itn): < W. 15, —E- (H Y)iuim).648): > Update remaining weights
end for

Summary GPTQ simplifies and accelerates OBQ by leveraging fixed-order quantization,
batching updates, and stabilizing computations with Cholesky decomposition. These enhancements
make GPT(Q a scalable and efficient solution for post-training quantization in large-scale

neural networks.

2.3.2 AWAQ: Activation-Aware Weight Quantization

AWQ [26] is a weight-only quantization technique designed to address the varying importance
of weight channels in large language models (LLMs). It particularly focuses on channels
aligned with input features exhibiting activation outliers. By reparameterizing weights to
preserve critical channels, AW(Q improves quantization accuracy through selective scaling of

important weights.

w¢ = round (%) , (2.26)

36



where S = % is the scale factor, and N is the number of quantization bits. The

corresponding dequantized weights w are calculated as

W =23 W (2.27)

Here, we do not introduce a zero point Z, as it represents a fixed offset that does not affect

the error analysis.

Tw, where x € R? is a column vector representing the

Consider a linear operation y = x
input, and w € R? is a column vector representing the weights.
Now consider a scalar weight w, which is an element of the weight vector w. If we

multiply w by p > 1, and inversely scale a scalar activation x, the new quantization scale S’

is defined as
max (max(|w \ wl|), |w - p|)
IN-1 ’

S =

(2.28)

where w \ w denotes the rest of the elements in the weight vector w excluding the current

w, and with scaling we have

T , X w-p
= p)=9.Z. d : 2.29
S (wp) =8 romnd (57 ) (2.29)
and without scaling we have
- w
x-w=_S"-z-round <§> . (2.30)

Error Analysis The expected error from the rounding operation, denoted as roundErr(-),
remains consistent across the scaling and non-scaling cases in Equations (2.29)) and ({2.30)),
as rounding simply maps a floating-point number to the nearest integer. This introduces a

uniformly distributed error over the range [0,0.5] with an average value of 0.25:

roundErr(-) ~ 0.25. (2.31)
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AWQ states that scaling a weight w by a factor S does not significantly alter the maximum
value of the weight group w, as the scaling factor is not excessively large. The dynamic range
of the group remains dominated by the largest element, implying that S’ ~ S.

Quantization error arises when w is mapped to a discrete set of representable values.
This error propagates through operations involving the input x and the dequantized weight
w. The quantization error in the product zw is the difference between the exact value zw

and the quantized value zw:

Err(zw) = S - x - roundErr (%) ,

where roundErr(-) is given by Equation (2.31). Since S and z are not quantized and
do not participate in the quantization process, they do not introduce additional rounding
errors. Thus, the total quantization error is simply the rounding error scaled by S and =x.

When scaling by a factor p, the quantization error becomes:

r , T w-p
Err (2. (w-p)) =52 roundE .
IT (p (w p)) p roun rr( 5 )

The ratio of the new error to the original error is given by:

Err(%-(w'p)) AR
Err(zw) TSy

Since S’ &~ S and p > 1, the relative error decreases with scaling, indicating that scaling
improves quantization accuracy for important weights.

AWQ leverages the observation that a small subset of weights, referred to as salient
weights, significantly influences model performance. Salient weights are those that correspond
to channels with high activation magnitudes, as errors in these weights are more likely to
degrade model accuracy. A channel, in this context, refers to a row in the weight matrix
W, which corresponds to a column in the input activation matrix X. These channels are

identified by analyzing the input activations from a calibration dataset.
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For example, if the activation values in a particular column of X are large, the corresponding
row in W is considered salient. These salient weights play a critical role in the model’s
computations and require special attention during quantization to preserve model accuracy.
AWQ addresses this challenge by scaling the salient weights, which has been shown to
significantly improve model performance by reducing quantization errors for critical channels.
To balance the errors between salient and non-salient weights, AW(Q employs a data-driven
search to optimize the scaling factor p for each input channel (row).

The optimization is performed using the following objective function:

—_——

L(p) = Hdiag<p)—1 X - W - diag(p) — XWHF, (2.32)

where X is the input matrix from a calibration dataset, W is the original weight matrix,
diag(p) represents a diagonal matrix formed by the per-channel scaling factors in the vector

p, and W -/caég(p) is the dequantized weight matrix after scaling and quantization-dequantization.
The function L(p) quantifies the error introduced by the quantization and scaling process.

To find the optimal scaling factor vector p, AWQ employs a grid search, systematically
evaluating L(p) over a predefined set of candidate scaling factors and selecting the configuration
that minimizes the error. This approach ensures that salient weights are appropriately scaled,
reducing quantization errors while maintaining computational efficiency.

The scaling factor for each channel is defined as:

pi = PX» (2.33)

where pyx ; is the average magnitude of activations for channel 4, derived from the calibration
dataset, and the parameter « is a scalar hyperparameter shared across all channels, controlling
the degree of scaling globally.

The optimal « is determined by minimizing the objective function:
o = argmin L(p%), (2.34)
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which implies that px has been fixed and only « is the variable. Here, p§ = [p%l, PXas- s p%k]T,
where k is the number of rows of X, representing the number of channels. The parameter «
is typically searched over the range [0, 1].

To further reduce the mean squared error (MSE) during quantization, AWQ applies
weight clipping after determining the scaling factors p, ensuring that quantized weights
remain robust to activation outliers. By adaptively scaling critical weights, AWQ effectively
reduces quantization errors, particularly in salient weight channels aligned with activation
outliers.

This strategy enables AWQ to achieve robust quantization performance at low-bit precision

levels, such as 3-bit and 4-bit quantization, while maintaining a balance between compression

efficiency and model accuracy.

2.3.3 OmniQuant: Block-Wise Quantization with Learnable Weight
Clipping

OmniQuant [42] introduces a block-wise quantization approach for large language models
(LLMs) to minimize quantization errors efficiently. Previous post-training quantization
(PTQ) methods with gradient optimization, such as AdaRound [32] and BRECQ |[25],
become impractical for models with billions of parameters due to the vast solution space.
Instead of optimizing the entire model, OmniQuant performs block-wise quantization, which
reduces computational complexity and enables optimization on a single GPU.

The original OmniQuant method quantizes both activation values X (using Learnable
Equivalent Transformation, LET) and weights W (using Learnable Weight Clipping, LWC).
However, since this work focuses on weight-only quantization, we introduce LWC in detail

and omit LET from further discussion.
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Block-Wise Quantization Error Minimization

OmniQuant optimizes quantization error by dividing weights into manageable block-wise

components. For each layer, the optimization objective is:

(2.35)

min

2
{7i,6i} F

‘}‘(” (W.X) - FO (W, X) H

Explanations about the loss function are given below. Here F() represents the function of
the transformer block [, which transforms the input X using weights W, and it includes
both the attention mechanism and the MLP block within a transformer. The attention
block computes the query, key, and value projections and performs self-attention, while
the MLP block applies a feed-forward transformation to the attention output. For detailed

definitions of these components, refer to Section [2.1.1| In ([2.35]), W consists of group-specific

dequantized weights Wi(%, Bi), vi and f3; are learnable clipping parameters for group i, each
group /V\V/, contains non-overlapping sets of dequantized weights within the layer.

The use of group-wise learnable parameters 7; and f; aligns the scaling factor s; and
zero-point z; with the group structure. Instead of training 7 and [ for each individual
weight element, OmniQuant controls quantization at the group level. This strategy improves

feasibility and reduces optimization complexity while maintaining quantization accuracy.

Learnable Weight Clipping (LWC)

The Learnable Weight Clipping (LWC) mechanism optimizes the group-specific quantization

process. For each group 7, the quantized weights W?(%, B;) are defined as

S5

W?(%,&) = clamp <round (WZ> +2,0,2N — 1) , (2.36)

where
vi - max(W;) — ;- min(W;)
2N 1

8 = (2.37)

, 2 = —round (M> .

Sq
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The corresponding dequantized weights for group 1, Wi(%, Bi), are computed as

Wi, Bi) = s, - (va?(%-, B — z> . (2.38)

This group-wise clipping mechanism optimizes the quantization process by learning the
parameters ; and (;, which control the scaling and zero-point adjustments for each weight
group. By doing so, LWC minimizes the quantization error within each group while aligning
the group-level optimization with the overall block-wise minimization objective described in

the previous subsection.

Discussion, Feasibility, and Benefits of Learnable Weight Clipping

OmniQuant achieves a balance between accuracy and computational feasibility by grouping
weights and aligning the clipping parameters v; and (; within each group. This group-wise
optimization ensures that the scaling factor s; and zero-point z; remain consistent within a
group, reducing the complexity of training individual parameters for every weight element.
Instead of fine-tuning weights directly, OmniQuant optimizes only the clipping strengths ~;
and [3;, making the quantization process computationally efficient while preserving accuracy.

Learnable Weight Clipping (LWC) dynamically adjusts the quantization range to minimize
errors. When v =1 and = 1, LWC reduces to traditional Min-Max quantization, as used
in other quantization approaches [11]|. By learning 7; and 3;, LWC selectively preserves the
most important weight information, ensuring effective quantization even at extremely low-bit
settings.

This approach eliminates the computational burden of backpropagating gradients for
large weight matrices, making Quantization-Aware Training (QAT) feasible for large-scale
LLMs with billions of parameters. While OmniQuant originally included both LWC for
weight-only quantization and LET for weight-activation quantization, this discussion focuses
solely on LWC. This aligns with the primary goal of optimizing weight-only quantization to

achieve low-bit representations while maintaining model accuracy and efficiency.
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Chapter 3

Two Step Power-of-Two Quantization

Method

In this chapter we present a novel approach for quantizing large language models (LLMs)
using power-of-two (PoT) formats, addressing the challenges posed by extremely low-bit
scenarios and the need for efficient dequantization strategies. The chapter begins by analyzing
the performance limitations of current state-of-the-art (SOTA) quantization methods for
LLMs in Section [3.1.T]and highlighting the necessity of developing quantization methods that
are not only suitable for low-bit settings but also facilitate faster inference through efficient
dequantization techniques in Section [3.1.2] The motivation for adopting PoT quantization
is then presented in Section [3.2] establishing the advantages of aligning weight distributions
with PoT formats.

The chapter further explores the inability of existing SOTA quantization methods to
directly quantize weights into PoT formats in Section [3.3.1] and defines the optimization
objectives that underpin the proposed method in Section Subsequently, a detailed
description of the proposed two-step PoT quantization method is presented in Section [3.3.2]
including both data-agnostic scale initialization in Section [3.3.2] and data-dependent fine-
tuning in Section [3.3.2]for layer-wise reconstruction. Finally, the chapter describes an efficient

dequantization strategy tailored for PoT quantized weights in Section [3.3.3]
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3.1 Assessment of Low-Bit Quantization Methods for LLaMa

Models

This section aims to highlight the weaknesses of state-of-the-art quantization methods, such
as GPTQ, AWQ, and OmniQuant, when applied to LLaMa models, and intuitively motivate

the need for a novel quantization method that addresses these issues.

3.1.1 Quantization Performance Summary for LLaMa Models

Avg Bits  Model Size RTN GPTQ AWQ OMNI

7B 5.96 2.85 5.81 5.77
LLaMal 13B  5.20 5.20 5.25 5.18
4 30B  4.23 4.21 4.23 4.19

7B 5.72 2.61 5.62 9.59
13B 4.98 4.98 4.97 4.96

7B 7.01 6.55 6.46 6.16
LLaMal 13B  5.88 2.62 5.51 5.46
3 30B  4.87 4.80 4.63 4.58

7B 6.66 6.29 6.24 6.21
13B  5.51 5.42 5.32 5.28

7B 1.90e3 44.01 2.60edb  9.77
LLaMal 13B 781.2 15.6  2.80ed  7.93
2 30B  68.04 10.92 2.40e5 7.13

7B 4.20e3 36.77 2.20e5 11.23
13B  122.08 28.14 1.20eb  8.33

LLaMa2

LLaMa2

LLaMa2

Table 3.1: WikiText-2 perplexity of 2-, 3-, and 4-bit quantized LLaMa family models (LLaMa-1 and
LLaMa-2) using the studied quantization methods. Results are based on group-wise quantization

with a group size of 128. Lower perplexity values indicate better model performance, and the table

highlights the performance of Round-to-Nearest (RTN), GPTQ, AWQ, and OmniQuant across
different bit levels.

Table summarizes the perplexity scores for 2-bit, 3-bit, and 4-bit quantized versions
of the LLaMa models, including LLaMa-1 and LLaMa-2, developed by Meta [46,47|, using
various state-of-the-art quantization methods. Perplexity is a metric used to measure the

predictive accuracy of language models, with lower perplexity indicating better model performance.
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It is defined as the exponentiated average negative log-likelihood of the predicted probabilities
of the model [41].

The results are derived using WikiText-2, a widely used benchmark dataset for evaluating
language model performance on natural language processing tasks. WikiText-2 is a curated
dataset of Wikipedia articles, specifically designed for language modeling tasks, and contains
approximately 2 million tokens of clean and well-structured text. Its focus on high-quality
English content makes it ideal for assessing the generalization ability of language models.

The “Size" in the table gives the number of model parameters in billions.
The table summarizes key findings about the methods that previously reviewed in Section|[I.2.2]

We briefly recall their main characteristics here for context:

e GPTQ provides effective low-bit quantization down to 3-bit, outperforming standard
round-to-nearest (RTN) quantization by minimizing reconstruction errors using second-
order Hessian adjustments. However, the second-order Hessian inverse update in
GPTQ is limited in precision and risks overfitting to the calibration data. This may
compromise the robustness of the model when the quantized weights (\7\7) deviate

significantly from the original weights (W).

e AWAQ achieves more robust quantization by employing a mixed-precision approach
that preserves the most important (salient) weights in higher precision, thereby enhancing
model quality at 3-bit and 4-bit levels. However, at extreme low-bit (2-bit) levels,
the effectiveness of AW(Q decreases substantially, leading to significant degradation in

perplexity.

¢ OmniQuant introduces a learnable weight clipping strategy to refine the clipping
bounds of weights. This enables 2-bit quantization with minimal perplexity impact,
demonstrating OmniQuant’s adaptability for very low-bit quantization while maintaining
higher accuracy. However, there remains potential for improvement in both the 2-bit
perplexity and the dequantization speed, suggesting further exploration for enhanced

efficiency.
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3.1.2 Need for Efficient Low-Bit Quantization with Fast Dequantization

Table demonstrates the importance of developing quantization methods that can achieve
extreme low-bit (2-bit and 3-bit) quantization while preserving model accuracy. Additionally,
the need for faster dequantization is essential for practical deployment, as conventional
mixed-precision multiplication operations can significantly slow down inference.

To meet these requirements, an effective quantization method should:

1. Provide robust 2-bit and 3-bit quantization without compromising model quality.

2. Enable rapid dequantization for efficient inference, reducing reliance on costly mixed-

precision multiplications.

Developing a method that fulfills both requirements would significantly benefit the deployment

of large language models by balancing model compression with computational efficiency.

3.2 Motivation for Power-of-Two Quantization in LLMs

Power-of-two (PoT) quantization [9,21,22]24,/56| is a technique that maps weights to discrete
values that are powers of two, enabling efficient computation through bit-shifting operations.

In its traditional form, the quantized values are selected from the set:

{£0,£2°, £21 ..., £20=x)

= 2¥=1 1 for the quantization of N bits. This set provides a symmetric range

where ¢nax
of values around zero and is widely used for hardware efficiency. By mapping weights to
this discrete set, PoT quantization replaces floating-point multiplications with simple shift
operations, significantly reducing computational overhead [31].

However, recent advances, such as DenseShift [21], have introduced a modified version of

PoT quantization that excludes zero from the set, leaving only the non-zero values:

{£2° £21 ... £20max]
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This adjustment is particularly beneficial in low-bit scenarios by maximizing usable quantization
levels and reducing the need for handling zero, which can streamline dequantization. In our
method, we adopt this zero-exclusion approach as it aligns well with the motivations for PoT

quantization in large language models (LLMs).

3.2.1 Alignment with Weight Distribution in LLMs

Deep Neural Network weights generally exhibit a bell-shaped, long-tailed distribution [15],
as opposed to a uniform distribution. Power-of-two quantization naturally aligns with this
distribution, especially in lower-bit settings, as it provides denser quantization levels near zero
and sparser levels as values increase. This exponential spacing allows for greater precision
in representing smaller values, which are more frequent in LLM weights.

By choosing a zero-exclusion approach, we maximize the quantization levels allocated
to non-zero values, enhancing the quantization resolution in low-bit scenarios. This setup

enables our method to more accurately represent weights while minimizing quantization

errors, as illustrated in Figures and

3.2.2 Efficient Dequantization for Inference Acceleration

In weight-only quantization, quantized weights must be converted back to FP16 format
to meet GEMM (General Matrix Multiply) requirements during inference. While uniform
quantization typically relies on floating-point multiplication for dequantization (see Equation ),
which can be computationally expensive, power-of-two quantization enables faster dequantization
by replacing the multiplication of power-of-two values in Equation (2.19)) with efficient bit-
shifting operations. This method significantly reduces computational overhead.

Since the quantization scheme used here is symmetric, the absence of a zero-point Z
further reduces memory usage and simplifies the dequantization process by eliminating the
need for addition.

This optimized technique is particularly advantageous in low-bit quantization settings

and is described in greater detail in Section [3.3.3]
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(a) Density distribution of the first matrix from LLaMa 7B, showcasing min-max uniform and power-of-two
grids. The power-of-two grid is closely aligned with the parameter distribution near zero.
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(b) Quantization levels for uniform and non-uniform (PoT) quantization.

Figure 3.1: Illustrations of LLM weight distribution and power-of-two quantization alignment.
Power-of-two quantization aligns closely with LLM weight characteristics, especially in the low-bit
setting, enhancing accuracy.
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3.2.3 Conclusion

Power-of-two quantization, particularly in its zero-exclusion form, is well-suited for low-bit

quantization in LLMs, offering two main advantages:

1. Distribution Alignment: Power-of-two quantization closely aligns with the natural
distribution of LLM weights, accurately representing frequently occurring small values

and optimizing bit usage.

2. Efficient Dequantization: By using shift-based dequantization, power-of-two quantization

accelerates inference, addressing the computational inefficiencies inherent in low-bit

quantization.

These advantages make power-of-two quantization a strong choice for low-bit quantization
in LLMs. In the following section, we propose a specific algorithm to implement this

quantization strategy effectively.

3.3 Proposed method

3.3.1 Explore and Preliminaries
Exploration of Existing PoT Quantization Methods

We explore and implement state-of-the-art (SOTA) quantization methods that utilize power-
of-two (PoT) formats for quantizing large language models (LLMs). Our experiments reveal
that the value-based approaches, such as GPTQ and AWQ), perform poorly in extremely low-
bit settings, particularly at 2-bit precision. In contrast, OmniQuant, a scale-based method,
shows relatively better results, though its performance remains suboptimal for practical
deployment.

Value-based methods like GPTQ and AWQ directly adjust the quantized values to
minimize the quantization error. However, this strategy struggles in extremely low-bit

scenarios due to the lack of sufficient precision to faithfully represent weights. OmniQuant,
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on the other hand, adopts a scale-based approach, optimizing scaling factors to preserve
model accuracy across shared weights. This shared scaling simplifies representation and
enables gradient-based optimization techniques, allowing for partially quantization-aware
training on a small calibration dataset. By fine-tuning these scaling factors, OmniQuant
achieves better robustness compared to value-based methods but still faces limitations in
extremely low-bit settings.

Table [3.2] presents the performance (perplexity score) of state-of-the-art methods (AWQ,
GPTQ, and OmniQuant) under power-of-two (PoT) quantization, where the weights are
constrained to power-of-two formats. While these methods were originally designed for
general low-bit quantization, adapting them to PoT constraints highlights significant limitations.

The results reveal that none of the methods achieve successful 2-bit quantization in the
PoT format. Specifically, the lowest perplexity exceeds 100, indicating that the quantized
models fail to generate coherent or readable outputs—an outcome deemed unacceptable for
practical applications.

Given these limitations, we adopt a scale-optimization approach for our PoT quantization.
By leveraging shared scaling factors and efficient gradient-based fine-tuning, this approach
aims to enhance robustness and efficiency, particularly in extremely low-bit quantization

settings for LLMs. Detailed analysis and evidence for this method are provided in Section|3.3.1]

Avg Bits Model Size AWQ POT GPTQ_POT OMNI_ POT

7B 6.52 8.27 x 10* 6.37

LLaMal 13B 5.61 5.85 x 10* 5.60

3.125 30B 4.72 2.61 x 10* 4.75
7B 6.49 NAN 6.46

LLaMa2 o 5.43 6.41 x 10* 5.45

7B 2.69 x 10° 2.92 x 10° 888

LLaMal 13B  2.80 x 10° 1.83 x 10° 487

2.125 30B 2.39 x 10° 1.44 x 10° 297
7B 224 x 10° 2.78 x 10° 3730

LLaMa2 yap 1 o7 o 107 1.03 x 10° 812

Table 3.2: Performance in perplexity comparison of various quantization methods on different
LLaMa models and sizes, with a group size of 128.
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Optimization Objectives

Our approach aims to balance two objectives: aligning the dequantized and original weights
while minimizing output discrepancies in the quantized model.
To achieve this, we define two optimization objectives. At this stage, we provide a high-

level overview, with specific details on Step 1 and Step 2 presented in Section [3.3.2]

1. Weight Reconstruction Objective: The primary goal is to minimize the discrepancy
between the dequantized weights and the original weights. This objective ensures that
the quantization process is more robust and not overly reliant on calibration data to

avoid the overfitting issue. Formally, we define this objective as:

2
min HW@ —wo|" . (3.1)
s® F
where Wg-), the dequantized weight at position (i, j) at layer [, is defined as
— =20
wi=sl.p,;. oW Qs (3.2)

Here the factors on the right hand side of (3.2]) are explained as follows:

e The scaling factor matrix S® enforces shared scaling within groups of size G (e.g.,

G = 128) in each column. Specifically,

st =8\, if |i/G] = [k/G], (3.3)

)

Here ¢ and k are row indices of the elements in the j-th column in the same group

sharing the same scaling factor.
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e The sign matrix P represents the sign of each element in the original weight matrix

WO, Tt is defined element-wise as:

1 WY >0,
Pij =
-1 it W <o.

e The quantized weight Wg)z ; is obtained by applying the scaling factor Sz(é) to the
original weight Wl(j) and quantizing it within the range [0,2¥~! — 1]. Using the
‘clamp‘ function, the process is expressed as:

O]
w

Wg)w = clamp | round | log, U 0,20 — 1) (3.4)

]

where
4

[min if a < Imina

clamp(a, Inin, Imax) = § @ if Ty < @ < Lyax, (3.5)

[ Lmax if a > Inax.
This ensures that the quantized value W(Ql)z ; 1s within the valid range [0, 2N=1 1]

2. Output Alignment Objective: The second objective is to minimize the difference in
output between the quantized and original models by fine-tuning a deviation parameter
matrix I', which adjusts the scaling factors obtained from the first step. Unlike the
weight alignment optimization (step 1, Equation (3.1))), which focuses on optimizing
the scales (S), this step further refines the scales by introducing I". The optimization

problem is defined as:

. ~ 2 A
min || FO W, X) — FOWO @), %)+ ST, (3.6)

52



Here, F® represents the layer function for layer [, which transforms the input X using
the layer weights. This serves as a general framework for the transformation applied

by the layer. w® (T') represents the refined quantized weights, which incorporate T.

To ensure consistency, W(Z)(I‘) = WO when T = 0. Here, I' = 0 means that every
entry of I' is zero. This indicates that I' quantifies the deviation of W (') from WO,
The precise definition and formulation of W®(T') will be provided in Section m
Minimizing this objective balances two goals: aligning the outputs of the original and

quantized models, while keeping I" small to limit deviations.

Constraint on I': The adjustment parameter I' must satisfy a group-wise sharing

constraint, similar to the scaling factors S*). Specifically:
Lij =Tk, 1f [1/G] = [k/G], (3.7)

where G is the group size. This constraint ensures that all elements within the
same group share the same adjustment parameter, preserving the group-wise structure

critical for efficiency.

Together, these objectives form a robust framework for PoT quantization, ensuring that
both the weights and outputs of the quantized model remain closely aligned with their
original counterparts. In our proposed two-step approach, we first optimize the weight
reconstruction objective to initialize scaling factors in a data-agnostic manner. Subsequently,
we refine these factors using a small calibration set to minimize the output alignment error,

thereby improving quantization accuracy and stability.
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3.3.2 Proposed Two-Step Quantization Method

Calibration
= Samples
w
A v
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2 . H —H r
ngroup(b) Weerow ‘F r :ilg qlla.nt F |

. Step 1: data agnostic approximation / Step 2: data dependent fine-tune

Figure 3.2: Overview of the proposed two-step quantization method. The first step involves data-
agnostic scale initialization, while the second step refines the scaling using activation data from a
calibration set.

Step 1: Data-Agnostic Scale Initialization

To initialize our quantization process, we focus on optimizing the weight reconstruction
objective for each quantization group, aiming to minimize the weight alignment error as
defined in Equation (3.1).

As explained in Equation , each column of the weight matrix W is partitioned
into groups of G elements, where GG denotes the group size. In our numerical experiments,
we take G = 128 and GG = 64 to evaluate performance under different group configurations.
where each group shares the same scale factor Sg-). Let Wgoup,ij represents the weight at
position (7, j) within group.

The scale factor s for each group is initialized based on the maximum absolute value of

the weights within the group. Specifically, the initial scale s( is calculated as:

max | W group|

So =
0 QQmax — 1 ’

o4



where W, refers to a subvector of a column of W, formed by elements belonging to
the same group and gmax = 2" ! — 1 represents the maximum exponent level for n-bit
quantization.

To further optimize the scaling factor, we employ a grid search over possible scaling
adjustments. We define a set of scale adjustments B = {0.01xi : ¢ =1,...,200} and evaluate
each scaling factor by computing the mean squared error (MSE) between the original and
dequantized weights for each group:

b = argmin Q1(8), Qu(b) = [Wigoup — izvvgmul;,(b)H2

beB

. (3.9)

where Wgroup(b) represents the dequantized weights computed using the adjusted scale sq - b:

Wgroup,ij (b) =50-b- Pij : 2WQ’gr°up’ij(b), (310)

with the quantized exponents defined as

W Q) group.i (b) = clamp (round (1og2 (Wé%)) ,0,2N71 1) : (3.11)
S0 -

The optimal scaling factor for that group is s* = sq - b*.
These group-specific optimal scaling factors collectively form the matrix S®, which
serves as the optimal scale for the weight reconstruction objective defined in Equation ((3.1)).

Figure [3.2] (left side, Step 1) illustrates the abstract flow of the method.

Insights on Grid Search for PoT Quantization

From Equation , the round-to-nearest (RTN) scaling factor provides a naive initialization
for so. However, experiments show that the optimal scaling factor for many groups often
deviates significantly from the RTN value, sometimes requiring much larger or smaller
adjustments. This observation motivates the inclusion of a grid search over a wide range of

potential adjustments to refine the scale beyond the initial sg.
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Furthermore, the error landscape for power-of-two quantization across the grid is not
as smooth as that for uniform quantization. As shown in Figure [3.3] the loss surface
often contains sharp transitions due to the discrete nature of power-of-two scaling. This
characteristic can cause value-based methods to converge to suboptimal local minima. Our
grid search strategy explicitly addresses this challenge by exhaustively exploring the search
space, ensuring that the globally optimal scaling factor is selected for each group.

By incorporating this grid search into the quantization process, we achieve significantly
improved alignment between the original and quantized weights, providing a strong foundation

for subsequent optimization steps such as output alignment.

Error Lines: UNI vs. POT

UNI

0.00025
POT

0.00020

0.00015 - L]
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Figure 3.3: Error curves over 200 grid points in the range [0,2] for both uniform and power-of-two
scaling. Power-of-two scale results demonstrate less smooth loss curves compared to uniform scaling.

Therefore, we selected a search range of [0,2] with a precision of 0.01 as a balanced

trade-off between search speed and performance.
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Figure 3.4: Distribution of optimal scaling values across 200 grid points in the range [0,2] for both
uniform and power-of-two scaling. The results show that optimal power-of-two scaling values are
widely distributed and not centered around 1, deviating from the naive RTN scale.

Figure illustrates the distribution of optimal scaling values for both uniform and
power-of-two scaling across 200 grid points within the range [0,2]. For power-of-two scaling,
the distribution is spread out and lacks a concentration around 1, which is the naive RTN
scale. This indicates that power-of-two scaling requires a broader search range to accurately
capture the best scaling values, as these values frequently lie outside the predictions of
traditional scaling approaches.

Another key advantage of this approach is that each group can be searched independently.
This independence allows us to parallelize the grid search across all groups within a layer,
rather than looping over each group sequentially. By leveraging parallelism, we significantly
reduce the search time, achieving an efficient initial scale estimation for each group. This
parallel search provides a robust base scaling factor s* that sets up our second step, where
we further fine-tune the scaling factors, with minimal computational overhead.

The grid search for the optimal scaling factor s* is conducted in parallel across weight

groups. The following algorithm illustrates this process:
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Algorithm 3.1 Parallel Initial Scale Search

max |Wegroup|

L S0 ¢ T > Initialize scale using the max weight in each group
2: B+ {001 xi|i=1,...,200} > Define a range of scaling adjustments
3: Initialize b* for each group group > Prepare to store optimal scaling adjustments

4: for each group in parallel do
5: QM+ oo > Set the initial minimum MSE to infinity

6: for each b € B do

7: Sp4— S+ b > Adjust the scale by the current scaling adjustment b

8: Wgroup(b) — s - P-2Waerow(®) > Dequantize using scale s,

9: W Qgroup(b)  clamp (round <10g2 <%>) ,0,2N-1 1) > Compute the
quantized exponents

10: (Q1(b) < mean (HWgroupk — Wgroup(b) Z) > Calculate the MSE Q(b)

11: if Q1(b) < Q" then > Check if this adjustment yields a lower MSE

12: QT < Q4 (b) > Update minimum MSE

13: b* < b > Store the optimal scaling adjustment b for the group

14: end if

15: end for

16: s* 459 - b* > Compute the optimal scale for the group

17: end for

18: Assemble all s* into S? > Combine group-specific scales into the matrix S®

Step 2: Data-Dependent Fine-Tuning for Layer-Wise Quantization Reconstruction

In this step, we refine the scaling factor Sg-) from its initial value obtained in Step 1
(Section . This fine-tuning process introduces a learnable parameter matrix I' and
uses calibration data to minimize the output alignment error, as defined in Equation (3.6)).
By optimizing this objective, we aim to reduce the discrepancy between the original and
quantized model activations for each layer, further enhancing the robustness of the quantization

process.
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For clarity, we restate the optimization objective, previously introduced in Equation (3.6)),
as it is central to the current discussion. The objective, incorporating weight decay regularization,

is defined as:
min Oo(T) = | FOWO. x) — FOWOT). )| + 22

where \ is a regularization term. F® represents the function of the transformer block I,
which transforms the input X using weights W, it includes both the attention mechanism
and the MLP block within a transformer. The attention block computes the query, key, and
value projections and performs self-attention, while the MLP block applies a feed-forward
transformation to the attention output. For detailed definitions of these components, refer
to Section . The first term in Qo(T") captures the alignment between the output of the
original model and the quantized model, while the second term penalizes large deviations in
I' to mitigate overfitting during fine-tuning.

The refined scaling factor SZ(;)(I‘) is computed as:

s

ij

() = SE? (14 Tiy), (3.13)

where I';; represents the perturbation coefficient applied to the initial scaling factor SZ(-?.

Using this updated scaling factor, the dequantized weights Wg)(F) are expressed as:

() &
wi(r) =S,

ij

(T)- Py, - ng?u(r), (3.14)

where \/7\\78)2 j(I‘) is the quantized exponent value, computed as:

O]
W,

0,
Sij ()

Wg)w(]_“) = clamp | round | log, 0,2V 1| (3.15)

To enable gradient-based optimization despite the non-differentiable rounding operation

in Equation (3.15), we apply the Straight-Through Estimator (STE). In the backward
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pass, the gradient of the rounding function is approximated as:

~

[wiy
oWy, ° <10g2 (Sﬁ?m»
) I x O : (3.16)
9S;; () 0S;; ()

The rounding operation is ignored during backpropagation, and the gradient of the continuous
logarithmic term is used as a surrogate. Using this STE-based method, we can perform
quantization-aware training on the calibration dataset while only storing and updating
the minimal gradient associated with the parameter I'. This approach efficiently refines
the scaling factor without requiring extensive modifications, leveraging only the minimal
parameters necessary for calibration. Figure (right side, Step 2) illustrates the abstract
flow of the method. The detailed procedure for this fine-tuning is provided in Algorithm [3.2]

Algorithm 3.2 Fine-Tuning the Learnable Parameter I' for Scaling Factors

1: Initialize: I';; - 0 V(ij)
2: Set Parameters: Learning rate 7, weight decay A, epochs N

3: for epoch =1 to N do

4: for each input activation X in the calibration set do

5: Horig < FOWO, X) > Compute original output
6: Sl(j)(l") — SZ(-;») (14Ty) > Update scale
T Wg)”(I‘) < clamp (round (log2 <%>) L0, 2N 1)

8: WZ(;)(F) — SE;)(I‘) Py - oW Gy () > Dequantize weights
9: Hquant — F (l)(W(l)(I‘), X) > Compute quantized output
10: Q2(T) < |[Horig — Hquant”% + %HI‘H2 > Compute loss
11: Iy« 1y —n- %ﬁf) > Update T via gradient descent
12: end for

13: end for
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3.3.3 Efficient Dequantization for Power-of-Two Quantized Weights

In our proposed quantization approach, we utilize a Power-of-Two (PoT) dequantization
method, which offers computational efficiency by replacing floating-point multiplications
with bitwise operations and integer additions. This section details the implementation
of dequantization for PoT quantized weights and provides a comparison with traditional

uniform quantization.

Power-of-Two (PoT) vs. Uniform Dequantization

For PoT quantization, each quantized weight WO is reconstructed directly from the quantized

weight tensor Wg) and the scaling factor S as:

—

WO =80 oW, (3.17)

W = (-1)% 0 2F, (3.18)

where S® represents the scaling factor for each quantization group. Here, Wg) encodes the
quantized representation using a sign bit (S) and an exponent (E).
In contrast, traditional uniform quantization employs a non-symmetric dequantization
approach:
— —~
WO = (W8 +2)08, (3.19)

where Wg) is the quantized value, Z is the zero-point offset, and S is the scaling factor.

The key distinction between the two approaches lies in computational efficiency. While
uniform quantization relies on floating-point operations to apply both S and Z, PoT quantization
eliminates the need for floating-point arithmetic. Instead, the exponent 2F in Equation (3.18])
can be efficiently implemented using bit-shifting operations, significantly speeding up the

dequantization process in low-bit scenarios.
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FP16 Format and Efficient Dequantization

To efficiently multiply PoT quantized weights by FP16 values, we leverage the structure of
FP16 representation. Each FP16 value x consists of three parts: the sign bit S, the exponent
bits E, and the mantissa bits M:

Sign Exponent Mantissa
7\ 7\

/\ N 7 N
r= S El,...,E5 Mh...,Mlo.

The full value of x is computed as:
= (—1)°x 257 x 1.M. (3.20)

For a PoT quantized weight w in the format wqg = S'E’ (where S’ is the sign and E’ is the

exponent), the dequantized multiplication of z and w is computed as:
zw = (—1)5+5 x 2BFE15 5 1 M. (3.21)

Dequantization Process: Computation Flow for PoT

The computation for PoT dequantization can be broken down into the following steps:

1. Extract the Exponent Bits: We isolate the exponent bits from the quantized weight
wq = SoE1E> using an AND operation with a mask 000011 to retrieve the exponent
bits 0000E1 E2

2. Combine Sign and Exponent: Right-shift SE;E; by three positions to align the
sign bit Sp with the remaining exponent bits. We then apply an AND operation with
100000 to extract SO0000, followed by an OR operation to merge the sign and exponent
bits into SoO000E; E,.
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FP16 Dequantization
decompress(@q) : —22 X spot : 0.012 = wq : —0.048
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Figure 3.5: Multiplication between FP16 scale and power-of-two weights for a 3-bit example,
implemented through efficient bit manipulation and fixed-point integer addition for accelerated
PoT dequantization.

3. Apply Scale: The resulting bits So0000E; E, are right-shifted by 10 bits and added to
the scale s to produce the FP16 dequantized weight, completing the computation for

each element in parallel.

Figure [3.5] illustrates the bitwise operations involved in the PoT dequantization process,

demonstrating how the exponent and sign bits are manipulated for efficient dequantization.

Performance Evaluation

We tested our dequantization kernel on various GPU architectures to assess the efficiency of
our PoT approach. Our implementation achieved a 3.6 x faster warp cycle on the Tesla V100
and a 1.5x speedup on the NVIDIA RTX 4090 compared to uniform FP16 dequantization.
These results underscore the practical benefits of PoT dequantization over traditional weight-
only methods, particularly for large language model inference on GPU-accelerated systems.
In summary, our PoT dequantization process, by leveraging bitwise operations, is optimized

for GPU parallelism, allowing efficient scaling and dequantization in large-scale models.
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Chapter 4

Experiments and Results

In this chapter, we evaluate the effectiveness of our proposed Power-of-Two (PoT) quantization
method for weight-only quantization in Large Language Models (LLMs). Our goal is to
optimize the scale factor to enhance model accuracy at extremely low-precision quantization
levels (2 or 3 bits). We integrate PoT quantization within the PyTorch framework using
HuggingFace’s LLaMA model family, specifically testing on LLaMA1 and LLaMA2 models
at 7B, 13B, and 30B parameters [46//47]. All experiments are conducted on a single NVIDIA
V100 GPU with 32GB of memory, which accommodates the entire quantization process.
Additionally, we benchmark CUDA kernel warp cycles on both the NVIDIA RTX 4090 and
NVIDIA Tesla V100 GPUs to compare the efficiency of PoT dequantization with traditional

mixed-precision multiplication-based uniform dequantization on varying GPU architectures.

4.1 Experimental Settings

Our two-step quantization method includes the following configurations:

e In Step 1 (Data-Agnostic Scale Initialization), a grid search is conducted over the

range |0, 2| with a step size of 0.01 to find the optimal initial scale for each quantization

group.
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e In Step 2 (Data-Driven Fine-Tuning), we use a calibration dataset of 128 randomly
selected 2048-token segments from WikiText-2. The learning rate is set to 1 x 1073
with a weight decay of 1 x 107!, For 3-bit quantization, we train for 10 epochs, while

for 2-bit quantization, we use 40 epochs.

4.2 Perplexity Calculation

Perplexity is a standard metric for evaluating language models, measuring how well a model
predicts a sample of text. It is commonly used in generation tasks and reflects the model’s
confidence in its predictions. For a language model with probability distribution P, the

perplexity P over a dataset with /N tokens is defined as:

P = exp <—% Zlog P(mﬁ) ) (4'1)

where P(x;) is the predicted probability of the i-th token in the sequence. Lower perplexity
indicates higher confidence and accuracy, as it implies the model assigns higher probabilities
to the correct tokens. We evaluate perplexity on WikiText-2 [29] and C4 [38] to assess the

language generation performance of our proposed PoT quantization compared to baselines.

4.3 Baselines

As the first approach to apply power-of-two quantization on LLMs, we benchmark PoT
against several leading methods in the broader domain of uniform weight-only quantization.

The baselines include:
e Vanilla Rounding to Nearest (RTN) [7]
e GPTQ [1]]

o AWQ [26]
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e OmniQuant [42]

Since methods focusing on weight activation quantization or mixed-precision quantization
are not aligned with our objectives, they are excluded from our comparison. To ensure fair
evaluation, all baselines are adapted to a power-of-two format where applicable. For uniform
quantization baselines, we maintain a group size of 128 and set both scale and zero-point

offsets to 16 bits, matching the average bit usage in our PoT approach.

4.4 Quantization Results on PoT and Uniform Quantization
Baselines

In our experiments, we evaluate the performance of standard PTQ algorithms (GPTQ,
AWQ, and OmniQuant) adapted to power-of-two (PoT) quantization with a group size of
128. When using PoT quantization across all methods, we maintain a group size of 128,
while uniform quantization baselines use group sizes resulting in an average of 4.25 bits. For
uniform methods with a 128 group size, 16-bit zero-point offsets allow flexibility that PoT
quantization does not offer, as our method only employs symmetric scaling.
The following tables provide a detailed comparison of perplexity results across the WikiText-

2, C4, and PTB datasets, demonstrating the effectiveness of our PoT quantization method in
2- and 3-bit scenarios. These results consistently highlight that PoT quantization, specifically
tailored through our approach, surpasses traditional methods adapted to PoT and yields

lower perplexity scores on challenging language modeling benchmarks.

4.4.1 WikiText-2 Quantization Comparison

Table .1 and Table [£.2] present the perplexity comparison across various LLaMa model sizes

for both PoT and uniform quantization.
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Avg Bits Model Size AWQ POT GPTQ_ POT OMNI_POT PoT

7B 6.52 8.27 x 10* 6.37 6.25

LLaMal 13B 5.61 5.85 x 10* 5.60 5.50

3.125 30B 4.72 2.61 x 10* 475 4.58
7B 6.49 NAN 6.46 6.22

LLaMa2 5 5.43 6.41 x 10* 5.45 5.34

7B 2.69 x 10° 2.92 x 10° 888 10.86

LLaMal 13B 2.80 x 10° 1.83 x 10° 487 8.54

2.125 30B  2.39 x 10° 1.44 % 10° 297 7.47
, 7B 2.24 x 10° 2.78 x 10° 3730 12.80

LLaMa2 —jap o7 100 1.03 x 10° 812 9.18

Table 4.1: Performance comparison of various quantization methods adapted to power-of-two
(PoT) format on different LLaMa models and sizes, with a group size of 128. Our PoT method
shows superior results, overcoming the limitations of applying PoT to existing uniform quantization
methods.

Avg Bits Model Size RTN GPTQ AWQ OMNI PoT

7B 701 655 6.46 616  6.12
LLaMal 13B 588  5.62 551 546  5.42

3.25 30B 487  4.80 4.63 458  4.50
7B 6.66  6.29 6.24 621  6.03

LLaMa2 = jop 551 549 5.32 528  5.24

7B 1.90e3 44.01 2.6 x10° 9.77 9.79
LLaMal 13B 781.2 156 2.8x10° 7.93 7.96
2.25 30B 68.04 1092 24x10° 7.13 7.01

7B 4.20e3  36.77 2.2x10° 1123 11.03
13B 122.08 2814 12x10° 833 8.29

LLaMa2

Table 4.2: WikiText-2 perplexity of 2- and 3-bit quantized LLaMa family using uniform
quantization for baseline methods and PoT quantization for our method.

4.4.2 C4 and PTB Quantization Comparison

We also provide the perplexity results on the C4 and PTB datasets to further validate the
effectiveness of our PoT method. Tables 4.3 and [£.4] show that our PoT method maintains a
lower perplexity compared to the baselines, even under power-of-two quantization constraints.

The results shown in Tables and confirm the robustness of our PoT quantization
method, even when adapted to different datasets like C4 and PTB. Our method achieves
superior perplexity performance on these datasets, especially in the lower-bit configurations,

further demonstrating its applicability across varied model sizes and data distributions.
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3-bit 2-bit
GPTQ AWQ OMNI RTN PoT GPTQ AWQ OMNI RTN PoT

1-7B 7.85 7.92 7776 8.62 779 2771 1.90e5 13.04 1.00e3 14.82
1-13B 7.10 7.07 706 749 7.05 1529 230e5 10.40 447.64 11.62
1-30B 647 6.37 6.38  6.58 6.35 11.93 2.40e5 9.41 99.45 11.56
2-7B 7.89 7.84 7.87 840 7.87 33.70 1.70e5 15.45 4.90e3 18.87
2-13B 7.00 6.94 6.99 718 6.98 2097 940e4 11.15 139.65 12.84

Model

Table 4.3: Perplexity comparison across LLaMa models at various bit levels on C4.

OMNI PoT
3-bit  2-bit  3-bit  2-bit

LLaMA1 7B 33.78 97.78 30.46 48.53
LLaMA1 13B 21.08 40.66 22.10 32.19
LLaMA1 30B 17.31 29.68 17.04 29.50
LLaMA2 7B 26.81 165.48 27.24 58.79
LLaMA2 13B 31.53 275.30 29.73 89.06

Model

Table 4.4: PTB Perplexity results for different LLaMa models using OMNI (g128) and PoT (g64)
configurations.

By utilizing group size adjustments and PoT constraints, our method avoids the need
for zero-point offsets required in uniform quantization and maintains competitive results.
The use of symmetric scaling without additional offsets helps streamline the quantization

pipeline, ensuring both efficiency and model fidelity.

4.5 Ablation Studies

To further understand the effectiveness of each step in our two-step PoT quantization process,
we perform an ablation study on various configurations. Table shows the impact of each
step on perplexity for LLaMa models of different sizes. Results indicate that both steps
are crucial for achieving optimal performance. Specifically, Step 1 (Data-Agnostic Scale
Initialization) alone provides a significant improvement, while the additional data-driven

fine-tuning in Step 2 further reduces perplexity substantially.
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Model Step 1 Step 2 Perplexity

X X 408838.25

v X 20135.70
1-7B

X v 01.87

v 4 9.79

X X 40328.34

v X 8267.57
1-13B

X v 103.45

v v 7.96

Table 4.5: Ablation study on perplexity for different configurations of the PoT method for LLaMA
models.

The ablation study highlights that Step 1 (Section [3.3.2)) alone, while effective, cannot
achieve the high accuracy observed with the complete two-step process. Step 2 (Section|3.3.2))
fine-tunes the scale using calibration data, enabling the model to handle nuanced patterns

in the data better.

4.5.1 Efficiency of Step 2 (Section [3.3.2)) : Epoch-Wise Perplexity

and Loss Reduction

To further illustrate the efficiency of Step 2 (Section , we record the perplexity and loss
values for each epoch during fine-tuning on the LLaMA 13B model. Table [4.6] demonstrates
that Step 2 (Section achieves consistent reductions in perplexity and loss with each
epoch, reflecting the effectiveness of the data-driven fine-tuning process in optimizing the
scale for PoT quantization.

The ablation study and epoch-wise analysis highlight that Step 1 (Section alone,
while effective, cannot achieve the high accuracy observed with the complete two-step process.

Step 2 (Section [3.3.2)) fine-tunes the scale using calibration data, enabling the model to handle
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Epoch 3-bit Perplexity 3-bit Loss 2-bit Perplexity 2-bit Loss

1 6.8546 6.2062 1.01e6
2 5.9315 3.8642 3209.49
3 5.7009 3.0159 239.271
4 5.5911 2.5444 94.2473
5 5.5361 2.2745 49.9549
6 5.5133 2.1291 31.4580
7 5.4922 2.0373 23.2966
8 5.4833 1.9688 18.2681
9 5.4815 1.9264 15.3137
10 0.4787 1.8962 12.8997

25.7530
20.4510
17.1299
15.3905
13.4980
11.9883
10.5491
9.5961

8.6508

7.8868

Table 4.6: WikiText-2 Perplexity and Loss of LLaMA 13B model during Step 2(Section [3.3.2))

fine-tuning.

nuanced patterns in the data better. This iterative learning in Step 2 (Section |3.3.2)) allows

for precise adjustments, progressively reducing perplexity and loss with each epoch.

4.6 Quantization Efficiency

In addition to the accuracy results, we also evaluate the time required for quantizing models

of different sizes. Table[4.7|shows the quantization time for LLaMA models at 4-bit precision

across various model sizes, providing insight into the efficiency of our quantization method.

These quantization is on a single Titan V100 GPU.

Model 7B 13B 30B

Quantization Time (hours) 0.71 1.26 3.07

Table 4.7: LLaMA 4-bit Quantization Time
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4.7 Dequantization Efficiency

To evaluate the efficiency of our PoT quantization approach, we measure warp cycles during
dequantization on different GPU architectures. Table 4.8 summarizes the results, showing

that our method achieves significant performance improvements over uniform FP16 dequantization.

GPU Model Uniform FP16 PoT Quantization Speedup

Tesla V100 110 cycles 30 cycles 3.66x
RTX 4090 98 cycles 60 cycles 1.48x

Table 4.8: Dequantization efficiency measured in warp cycles on NVIDIA Tesla V100 and RTX
4090 GPUs.

The results indicate that our PoT dequantization kernel is highly optimized for parallel
execution, achieving a 3.66x speedup on the Tesla V100 and a 1.48x speedup on the RTX
4090 compared to the traditional FP16 approach. These efficiency gains demonstrate that
PoT quantization is well-suited for high-performance inference tasks, making it a valuable

method for large-scale LLM deployments on both current and older GPU architectures.

4.8 Conclusion of Experiments

Our PoT quantization method presents a robust, low-bit quantization solution tailored for
large language models. The experiments demonstrate that our two-step approach achieves
state-of-the-art perplexity across diverse benchmarks while significantly enhancing inference
efficiency. The ablation studies and comparative evaluations with existing methods adapted
to PoT reveal the unique challenges of PoT quantization and underscore the effectiveness
of our method in addressing them. These results indicate that with targeted optimizations,
PoT quantization can be a powerful, accuracy-preserving approach for efficient deployment

of LLMs.
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Chapter 5

Conclusion and Future Work

5.1 Conclusion

We have presented a novel non-uniform post-training quantization technique that leverages
the hardware acceleration benefits of power-of-two quantization. By employing a two-
step scale factor initialization and tuning process, our method effectively overcomes the
typical accuracy limitations associated with power-of-two quantization. The empirical results
demonstrate that the proposed approach significantly outperforms existing methods at stringent
quantization levels of 3 bits and 2 bits. Furthermore, the design enhances computational
efficiency by enabling parallel search capabilities and reducing training durations even with
minimal batch sizes. This efficiency ensures that the quantization process can be executed
on standard hardware configurations without specialized requirements.

Notably, the proposed method achieves a 3.6 x speedup in dequantization on the NVIDIA
V100 and a 1.5x speedup on the RTX 4090 compared to traditional weight-only uniform
quantization. These performance gains translate directly into improved real-time inference
capabilities, making the approach highly practical for deployment in resource-constrained

scenarios.
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5.2 Limitation

Despite its advantages, our method primarily accelerates dequantization rather than the
entire inference process. While power-of-two quantization simplifies computations by enabling
shift and addition operations, real inference speedup remains constrained by the lack of
optimized computational kernels tailored for power-of-two arithmetic. Existing deep learning
frameworks and hardware accelerators are not fully optimized to exploit the efficiency potential
of power-of-two quantization at the inference stage.

Addressing this limitation requires further advancements in hardware-aware kernel design,
ensuring that power-of-two arithmetic operations are efficiently implemented within existing
deep learning inference engines. This remains an open challenge and an important direction

for future work.

5.3 Future Work

While this work primarily focuses on weight-only quantization to power-of-two values, future
research could explore quantizing the scale factors themselves into power-of-two values.
Such an advancement would enable the entire network to rely solely on shift and addition
operations, further optimizing computational efficiency. Another promising avenue is the
quantization of activation values to power-of-two formats. This extension could align low-bit
tensor core computations with high-bit tensor core precision, thereby reducing data transfer
overheads and potentially enabling all operations to occur within the same precision core.
These advancements would further streamline the computation pipeline and maximize the
resource efficiency of low-bit quantized large language models, opening new possibilities for
deploying these models in real-world applications.

Additionally, I plan to produce more results on various language models and evaluate
them on diverse downstream tasks, including LM Harness benchmarks, to provide deeper

insights into the practical impact and performance of these quantization techniques.
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