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Abstract
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Tim Dettmers

Chair of the Supervisory Committee:

Luke Zettlemoyer
Computer Science and Engineering

The ever-increasing scale of foundation models, such as ChatGPT and AlphaFold, has revolutionized Al
and science more generally. However, increasing scale also steadily raises computational barriers, blocking
almost everyone from studying, adapting, or otherwise using these models for anything beyond static API
queries. In this thesis, I will present research that significantly lowers these barriers for a wide range of use
cases, including inference algorithms that are used to make predictions after training, finetuning approaches
that adapt a trained model to new data, and finally, full training of foundation models from scratch. For in-
ference, I will describe our LLM.int8() algorithm, which showed how to enable high-precision 8-bit matrix
multiplication that is both fast and memory efficient. LLM.int8() is based on the discovery and character-
ization of sparse outlier sub-networks that only emerge at large model scales but are crucial for effective
Int8 quantization. To empirically maximize inference efficiency for devices with limited memory footprint,
I will present k-bit inference scaling laws, which empirically determine the quantization procedure to get
the highest performance density per bit large language models (LLMs). The main finding of k-bit inference
scaling laws is that, in almost all cases, 4-bit quantization is the most effective way of getting the best LLM
performance for devices with limited memory. I will also discuss follow-up work, SpQR, which combines
the insights about outlier structures from LLM.int8() and the performance density maximizing approach
from k-bit inference scaling laws to achieve a quantization that replicates 16-bit performance with an av-

erage 4.6 bits per parameter. For finetuning, I will introduce the QLoRA algorithm, which pushes such



quantization much further to unlock the finetuning of very large models on a single GPU by only updating
a small set of the parameters while keeping most of the network in a new information-theoretically opti-
mal 4-bit representation. For full training, I will present SWARM parallelism, which allows collaborative
training of foundation models across continents on standard internet infrastructure while still being 80%
as effective as the prohibitively expensive supercomputers that are currently used. Finally, I will close by
outlining my plans to make future foundation models more accessible, which will be needed to maintain

truly open Al-based scientific innovation as models continue to scale.
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Chapter 1

Introduction

Large foundation models, such as AlphaFold [Jumper et al.,2021]] and ChatGPT [OpenAll[2023]] revolution-
ized computer science and biology by making it possible to transform simple input data into highly complex
outputs, such as protein structure or code generations, which are difficult to obtain with any other tool. Be-
cause foundation models can generate appropriate outputs from simple-to-understand inputs, they are highly
useful for various tasks and applications. These models mainly derive their utility through the unsupervised
pretraining of neural networks with large amounts of parameters on large amounts of data [[Brown et al.,
2020a; [Kaplan et al., [2020; [Hoffmann et al., 2022b]. However, such models also become increasingly inac-

cessible for researchers and practitioners due to their increasing computational and memory requirements.

In particular, we get the following numbers if we compare the memory capacity of consumer GPUs with
the largest model that can be generated from or finetuned. In the past years, memory on consumer GPUs
has been limited to 11 to 24GB of memory. Generating from or finetuning a large language model (LLM)
the maximum model size usable with such GPUs would be 5-10B parameters for generation and 0.75B
to 1.5B parameters for finetuning. However, the best open source models currently available have 70B
parameters [Touvron et al., 2023]] — almost 10x too large for generation and 100x too large for finetuning
— and as such, without methods that improve accessibility, these models cannot be run on consumer setups

and only on expensive GPU servers that start at $150,000.

Why is accessibility important? If more researchers and practitioners can access the best models, this

enables research into understanding how these models work, when they work well, when they fail, if they
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harbor privacy or copyright problems, how to shape interactions to improve user experience, and how to
advance the state of the art of foundation model performance. Accessibility of large-scale models is also
important because smaller models often yield much lower predictive performance and generation quality
[Brown et al., 2020a; |OpenAll 2023} [Kaplan et al., 2020; Hoffmann et al., 2022b]. As such, research on
the accessibility of large foundation models is critical to enable the progress of research outside of well-

resourced institutions, such as academic institutions.

This thesis presents research that shows that with the right scientific insights into the workings of foun-
dation models, we can derive new algorithms and systems that make these large foundation models much

more accessible and thus democratize access to large-scale models.

There are three main ways in which foundation models are used. These are: (1) inference of foundation
models, (2) finetuning of foundation models, and (3) pretraining of foundation models. Each of these comes
with its own challenges and particular user groups that face problems with access. For example, inference
of foundation models, producing predictions and generations from input data, is useful for students and
practitioners to run custom models on local devices such as laptops. By making large foundation models
accessible on laptops, students can explore the advantages and disadvantages of working with foundation
models, which is critical to developing the skills necessary to work with AI models when students join the
workforce. Researchers, particularly PhD students, mainly use foundation model finetuning to adapt models
to new research problems that require finetuning on task—or domain-relevant data. Since pretrained models
are difficult to use without the finetuning step, this is a particularly important step to make foundation models
useful for particular use cases. Pretraining foundation models are particularly useful for scientists who want
to train for new scientific disciplines. Models such as AlphaFold have been very useful for the biological
sciences. Still, most sciences do not yet have their own foundation model and might benefit significantly if

new models are pretrained on high-quality domain-relevant data.

This thesis develops contributions in these three areas to help these user groups access foundation mod-
els. The following sections outline these three major areas, why each area is important, what the major
challenges in each area are, and it outlines the contributions in this thesis that tackle those challenges. The

structure of this thesis follows the outline of the following sections.
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1.1 Accessible inference of foundation models

Model inference is the process where a foundation model is used to produce new predictions and generation
by processing input data not seen during training. For example, the ESM-2[Lin et al., [2022] protein model
can predict the structure of a protein from an input amino acid sequence, or GPT-4 [[OpenAll, 2023]] can take
Python code input and an instruction to generate a new function that uses the existing Python code in the
desired way.

There are two main ways that models are used during inference: single-batch and multi-batch inference.
In single-batch inference, the model receives one input query at a time and generates one output response
at a time. In multi-batch inference, the foundation model is queried with multiple inputs and generates
multiple outputs simultaneously. Single batch inference is most common for personal use, for example,
when one uses a large language model (LLM) on a laptop. Multi-batch inference is most commonly used by
companies with large-scale deployments where achieving high hardware utilization is critical to minimize

the total cost per generation or prediction.

Multi-batch inference. The main accessibility challenges for multi-batch inference are the GPU mem-
ory required for large models as well as achieving a high GPU utilization as measured in Floating-point
Operations Per Second (FLOPS). To accomplish both memory reductions and high FLOPS utilization, one
can compress the model weights and input hidden states of each layer through quantization. For example,
using 8-bit Integers for the model weights instead of the typical 16-bit Float halves the memory require-
ments and thus improves accessibility. Furthermore, to achieve higher FLOPS throughput, the input hidden
states can be quantized so that 8-bit matrix multiplication can be used, requiring both input matrices to have
the same data type. Modern hardware often enables about 2x higher computational throughput when using
8-bit matrix multiplication compared to the standard 16-bit matrix multiplication. As such, the quantization
of both the inputs and the weights leads to an effective and accessible solution for multi-batch inference.
Chapter 2] presents our work LLM.int8() [Dettmers et al.,[2022a]], where we develop the first Int8 matrix
multiplication that works for LLMs and which makes multi-batch inference much more accessible. The
key challenge to producing a stable 8-bit matrix multiplication is that large outliers are present in large-scale

models, which disrupt the quantization precision so that the LLM is no longer able to produce high-quality

23



generations. We characterize these outliers and show that for large-scale models, they follow a highly
structured pattern.

To solve this issue, we develop a simple algorithm that overcomes the quantization challenges and thus
makes 8-bit matrix multiplication possible. While LLM.int8() was the first technique that made multi-batch
inference of LLMs possible, it also laid the fundamental insight into emergent outliers, which has been

widely built upon in future work [Lin et al.l 2023}, |Xiao et al, 2022} Dettmers et al., 2023]].

Single-batch inference. The main accessibility challenges for singe-batch inference are mostly GPU
memory since the most common use-case is personal use on memory-limited devices such as laptops or
consumer GPUs. Since FLOPS throughput is not a major requirement for single-batch inference, only the
weights, and not the inputs, need to be compressed to receive memory and, with that, accessibility benefits.
Again, a very effective technique for compressing weights is quantization, which can reduce the 16-bit
weights to a lower precision.

However, the more a foundation model is compressed with quantization, the more the generation quality
degrades. This compression-quality tradeoff raises the question of which quantization techniques and bit-
precision yield the best quality predictions and generations per bit used for the foundation model. For
example, an 8-bit model with 1B parameters and a 4-bit model with 2B parameters have equal amounts of
total bits, 8B bits, but one of the models will have better predictive performance and thus higher performance
per bit or higher performance density. How can we maximize this performance density empirically?

Chapter 3] presents the research of a very large-scale empirical study of the compression-quality tradeoff
as measured as performance density per bit. We study all available open-source LLMs and study the per-
formance density for a variety of quantization methods and for 3 to 16-bit precision models. Through this
study of over 35,000 experiments, we find, empirically, that 4-bit precision and a particular set of quantiza-
tion techniques are almost universally optimal. Based on these findings, we develop a list of best practices
that now have been widely adopted for quantizing LLMs to make them accessible on low-grade GPUs
and consumer devices. Thus, this work has been critical for making LLMs and other foundation models
accessible for personal use.

Chapter[d]presents SpQR, a quantization algorithm and sparse representation that combines the previous

two approaches of low-bit quantization and outlier detection and isolation to develop even stronger compres-
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sion methods that preserve the performance of the LLM. Our method, SpQR, can compress an LLM to an
average of 4.6 bits per parameter while still maintaining the same quality as a 16-bit LLM. With SpQR, the
highest performance density of LLMs is achieved at an average of 3.4 bits per parameter, making LLMs

significantly more accessible on low-grade hardware and consumer devices.

1.2 Accessible finetuning of foundation models

Finetuning is the process of taking an already trained foundation model and adapting it with a small dataset
to improve its predictive and generative performance for new tasks or new domains. For example, one
can finetuning a protein model on a small database of cancer-related proteins to improve the accuracy of
predicting the 3D structure of novel cancer-related proteins, or a model can be finetuned on Python code to

make it better at generating correct and functional Python code.

The main accessibility challenge of finetuning is the enormous GPU memory that is required. For the
most common case of finetuning in 16-bit with the Adam optimizer [Kingma and Bal |2015]] one needs 12
bytes per parameter that is being finetuned. For example, a 70B parameter model will use 840GB of GPU

memory.

Chapter[S]introduces QLoRA, a technique that enables 4-bit finetuning of LLMs and reduces the memory
required during finetuning by a factor of 18x while still preserving the quality of the finetuning relative to 16-
bit finetuning. QLoRA applies the best practices from Chapter 3|for maximum performance density and then
couples this quantized 4-bit base model with low-rank adaptation (LoRA) [Hu et al., [2021] for finetuning.
While the base model is run in 4-bit, the LoRA adapters remain in 16-bit, and as such, backpropagation
of errors [Rumelhart et al., [1986] is used with 4-bit weights in the base model that produce 4-bit gradients,
which are used to update the 16-bit LoRA weights. This is a critical innovation since 4-bit gradients and 4-bit
weights yield unstable weight optimization, but 4-bit gradients and 16-bit weights yield stable optimization.
QLoRA also introduces the NormalFloat 4-bit (NF4) data type, which is information-theoretically optimal
for normally distributed neural network weights. We show that with this data type, QLoRA finetuning
achieves the same performance as regular 16-bit finetuning. Thus, QLoRA makes finetuning dramatically

more accessible while having no drawbacks in finetuning quality.
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1.3 Accessible training of foundation models

The training of the foundation model usually requires supercomputers that combine hundreds or thousands
of GPUs with a high-performance network, such as Infiniband with 400 Gbit/s bandwidth and nanosecond
latency. Due to the cost of supercomputers, large-scale training is usually only affordable by large compa-
nies. As such, the main accessibility problem for large-scale training is the requirement of supercomputers.

To overcome this accessibility challenge, a solution could be to split up the training over several loca-
tions so that the computational requirements can be met by combining the computational power of multiple
GPU clusters at multiple institutions. For example, if ten universities would sponsor 100 GPUs each, then
the computational power would be sufficient to train large models equivalent to Llama 70B [Touvron et al.,
2023 within a week. The main challenge of this approach is that the networking bandwidth across the inter-
net is rarely better than 1 Gbit/s, which is about 400x slower than the networking provided by the supercom-
puter. Additionally, latency between GPUs is nanoseconds in a supercomputer but about 70 milliseconds for
intercontinental communication. An additional challenge is that, unlike supercomputers, distributed com-
putation might include different hardware, in particular GPUs, and the training speed is usually determined
by the slowest GPU in the training system.

Chapter [0 introduces the SWARM parallelism system, which overcomes these challenges by combining
several parallelization strategies and workload scheduling algorithms. In particular, SWARM parallelism
uses delayed weight updates to overlap computation and communication within each geographic location,
while communication between locations is facilitated through stochastic routing of micro-batches in pipeline
parallelism. Stochastic pipeline parallelism allows for the fine-grained scheduling of individual data points
to individual GPUs, which makes it possible to balance the computational load so that no GPU is overuti-
lized. For training large neural networks between continents, SWARM parallelism achieves an efficiency
of about 75% of regular supercomputer training that is located in a single location. As such, SWARM
parallelism makes large-scale training accessible to institutions that can collaborate with others to meet the

computational requirements to train large models.

26



Chapter 2

LLM. int8 () : 8-bit Matrix Multiplication

for Transformers at Scale

2.1 Introduction

Large pretrained language models are widely adopted in NLP [[Vaswani et al., [2017b}; Radford et al., [2019;
Brown et al., 2020b; [Zhang et al.,|[2022] but require significant memory for inference. For large transformer
language models at and beyond 6.7B parameters, the feed-forward and attention projection layers and their
matrix multiplication operations are responsible for 95 ‘%ﬂ of consumed parameters and 65-85% of all com-
putation [Ilharco et al.l [2020]. One way to reduce the size of the parameters is to quantize them to less
bits and use low-bit-precision matrix multiplication. With this goal in mind, 8-bit quantization methods for
transformers have been developed [[Chen et al.,[2020; [Lin et al., 2020bj Zafrir et al.,2019; Shen et al., 2020].
While these methods reduce memory use, they degrade performance, usually require tuning quantization fur-
ther after training, and have only been studied for models with less than 350M parameters. Degradation-free
quantization up to 350M parameters is poorly understood, and multi-billion parameter quantization remains
an open challenge.

In this paper, we present the first multi-billion-scale Int8 quantization procedure for transformers that

does not incur any performance degradation. Our procedure makes it possible to load a 175B parameter

'Other parameters come mostly from the embedding layer. A tiny amount comes from norms and biases.
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Figure 2.1: OPT model mean zeroshot accuracy for WinoGrande, HellaSwag, PIQA, and LAMBADA
datasets. Shown is the 16-bit baseline, the most precise previous 8-bit quantization method as a baseline,
and our new 8-bit quantization method, LLM.int8(). We can see once systematic outliers occur at a scale of
6.7B parameters, regular quantization methods fail, while LLM.int8() maintains 16-bit accuracy.

transformer with 16 or 32-bit weights, convert the feed-forward and attention projection layers to 8-bit,
and use the resulting model immediately for inference without any performance degradation. We achieve
this result by solving two key challenges: the need for higher quantization precision at scales beyond 1B
parameters and the need to explicitly represent the sparse but systematic large magnitude outlier features that
ruin quantization precision once they emerge in all transformer layers starting at scales of 6.7B parameters.
This loss of precision is reflected in C4 evaluation perplexity (subsection[2.2)) as well as zeroshot accuracy
as soon as these outlier features emerge, as shown in Figure 2.1]

We show that with the first part of our method, vector-wise quantization, it is possible to retain perfor-
mance at scales up to 2.7B parameters. For vector-wise quantization, matrix multiplication can be seen as a
sequence of independent inner products of row and column vectors. As such, we can use a separate quanti-
zation normalization constant for each inner product to improve quantization precision. We can recover the
output of the matrix multiplication by denormalizing by the outer product of column and row normalization
constants before we perform the next operation.

To scale beyond 6.7B parameters without performance degradation, it is critical to understand the emer-

gence of extreme outliers in the feature dimensions of the hidden states during inference. To this end, we
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provide a new descriptive analysis which shows that large features with magnitudes up to 20x larger than
in other dimensions first appear in about 25% of all transformer layers and then gradually spread to other
layers as we scale transformers to 6B parameters. At around 6.7B parameters, a phase shift occurs, and all
transformer layers and 75% of all sequence dimensions are affected by extreme magnitude features. These
outliers are highly systematic: at the 6.7B scale, 150,000 outliers occur per sequence, but they are concen-
trated in only 6 feature dimensions across the entire transformer. Setting these outlier feature dimensions to
zero decreases top-1 attention softmax probability mass by more than 20% and degrades validation perplex-
ity by 600-1000% despite them only making up about 0.1% of all input features. In contrast, removing the
same amount of random features decreases the probability by a maximum of 0.3% and degrades perplexity
by about 0.1%.

To support effective quantization with such extreme outliers, we develop mixed-precision decompo-
sition, the second part of our method. We perform 16-bit matrix multiplication for the outlier feature
dimensions and 8-bit matrix multiplication for the other 99.9% of the dimensions. We name the combi-
nation of vector-wise quantization and mixed precision decomposition, LLM.int8(). We show that by using
LLM.int8(), we can perform inference in LLMs with up to 175B parameters without any performance degra-
dation. Our method not only provides new insights into the effects of these outliers on model performance
but also makes it possible for the first time to use very large models, for example, OPT-175B/BLOOM, on
a single server with consumer GPUs. While our work focuses on making large language models accessi-
ble without degradation, we also find that we maintain end-to-end inference runtime performance for large
models, such as BLOOM-176B and provide modest matrix multiplication speedups for GPT-3 models of
size 6.7B parameters or larger. We open-source our softwareE] and release a Hugging Face Transformers
[Wolf et al., 2019] integration making our method available to all hosted Hugging Face Models that have

linear layers.

2.2 Int8 Matrix Multiplication at Scale

The main challenge with quantization methods that use a single scaling constant per tensor is that a single

outlier can reduce the quantization precision of all other values. As such, it is desirable to have multiple

https://github.com/TimDettmers/bitsandbytes
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Figure 2.2: Schematic of LLM.int8(). Given 16-bit floating-point inputs X r16 and weights W f1g, the
features and weights are decomposed into sub-matrices of large magnitude features and other values. The
outlier feature matrices are multiplied in 16-bit. All other values are multiplied in 8-bit. We perform 8-
bit vector-wise multiplication by scaling by row and column-wise absolute maximum of C, and C,, and
then quantizing the outputs to Int8. The Int32 matrix multiplication outputs Out;32 are dequantization by
the outer product of the normalization constants C, ® C,,. Finally, both outlier and regular outputs are
accumulated in 16-bit floating point outputs.

scaling constants per tensor, such as block-wise constants [Dettmers et al.,[2022b|], so that the effect of that
outliers is confined to each block. We improve upon one of the most common ways of blocking quantization,
row-wise quantization [Khudia et al.,|2021]], by using vector-wise quantization, as described in more detail
below.

To handle the large magnitude outlier features that occur in all transformer layers beyond the 6.7B scale,
vector-wise quantization is no longer sufficient. For this purpose, we develop mixed-precision decompo-
sition, where the small number of large magnitude feature dimensions (=0.1%) are represented in 16-bit
precision while the other 99.9% of values are multiplied in 8-bit. Since most entries are still represented in
low-precision, we retain about 50% memory reduction compared to 16-bit. For example, for BLOOM-176B,
we reduce the memory footprint of the model by 1.96x.

Vector-wise quantization and mixed-precision decomposition are shown in Figure The LLM.int8()

method is the combination of absmax vector-wise quantization and mixed precision decomposition.

2.2.1 Vector-wise Quantization

One way to increase the number of scaling constants for matrix multiplication is to view matrix multiplica-

tion as a sequence of independent inner products. Given the hidden states X s € R?*" and weight matrix
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W6 € RM>¥° we can assign a different scaling constant ¢, ;to each row of X 16 and ¢, to each column
of W s16. To dequantize, we denormalize each inner product result by 1/(cz ;,4Cw;,q)- For the whole matrix
multiplication this is equivalent to denormalization by the outer product €y, ® Cuy, 4, Where ¢, € R* and

cw € R As such the full equation for matrix multiplication with row and column constants is given by:

1
Cpom ———Ci30=5-Ciza=S-A;gsBis =S - Q(Afi5) Q(Bsig), (2.1)

Casi6 ® Cwyig

which we term vector-wise quantization for matrix multiplication.

2.2.2 The Core of LLM.int8(): Mixed-precision Decomposition

In our analysis, we demonstrate that a significant problem for billion-scale 8-bit transformers is that they
have large magnitude features (columns), which are important for transformer performance and require high
precision quantization. However, vector-wise quantization, our best quantization technique, quantizes each
row for the hidden state, which is ineffective for outlier features. Luckily, we see that these outlier features
are both incredibly sparse and systematic in practice, making up only about 0.1% of all feature dimensions,
thus allowing us to develop a new decomposition technique that focuses on high precision multiplication for
these particular dimensions.

We find that given input matrix X6 € R® I these outliers occur systematically for almost all se-
quence dimensions s but are limited to specific feature/hidden dimensions k. As such, we propose mixed-
precision decomposition for matrix multiplication where we separate outlier feature dimensions into the set
O = {i|i € Z,0 < ¢ < h}, which contains all dimensions of ~ which have at least one outlier with a mag-
nitude larger than the threshold «. In our work, we find that & = 6.0 is sufficient to reduce transformer
performance degradation close to zero. Using Einstein notation where all indices are superscripts, given
the weight matrix Wi € R"*°_ mixed-precision decomposition for matrix multiplication is defined as

follows:

Crie~ > XhgWhi+Spi6- Y XEkWih (2.2)
heo hgO

where S 1 is the denormalization term for the Int8 inputs and weight matrices X;g and W 3.

This separation into 8-bit and 16-bit allows for high-precision multiplication of outliers while using
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memory-efficient matrix multiplication with 8-bit weights of more than 99.9% of values. Since the number
of outlier feature dimensions is not larger than 7 (|O| < 7) for transformers up to 13B parameters, this

decomposition operation only consumes about 0.1% additional memory.

2.2.3 Experimental Setup

We measure the robustness of quantization methods as we scale the size of several publicly available pre-
trained language models up to 175B parameters. The key question is not how well a quantization method
performs for a particular model but the trend of how such a method performs as we scale.

We use two setups for our experiments. One is based on language modeling perplexity, which we find to
be a highly robust measure that is very sensitive to quantization degradation. We use this setup to compare
different quantization baselines. Additionally, we evaluate zeroshot accuracy degradation on OPT models
for a range of different end tasks, where we compare our methods with a 16-bit baseline.

For the language modeling setup, we use dense autoregressive transformers pretrained in fairseq [Ott
et al.l 2019] ranging between 125M and 13B parameters. These transformers have been pretrained on
Books [Zhu et al., 2015]], English Wikipedia, CC-News [Nagel, 2016], OpenWebText [Gokaslan and Cohen,
2019|], CC-Stories [Trinh and Le| 2018|], and English CC100 [Wenzek et al., 2020]]. For more information
on how these pretrained models are trained, see |Artetxe et al.| [2021]].

To evaluate the language modeling degradation after Int8 quantization, we evaluate the perplexity of the
8-bit transformer on validation data of the C4 corpus [Raffel et al.,[2019] which is a subset of the Common
Crawl corpusE] We use NVIDIA A40 GPUs for this evaluation.

To measure degradation in zeroshot performance, we use OPT models [Zhang et al), [2022], and we

evaluate these models on the EleutherAl language model evaluation harness [Gao et al., 2021]].

2.2.4 Main Results

The main language modeling perplexity results on the 125M to 13B Int8 models evaluated on the C4 corpus
can be seen in Table We see that absmax, row-wise, and zeropoint quantization fail as we scale, where

models after 2.7B parameters perform worse than smaller models. Zeropoint quantization fails instead

*https://commoncrawl.org/
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Table 2.1: C4 validation perplexities of quantization methods for different transformer sizes ranging from
125M to 13B parameters. We see that absmax, row-wise, zeropoint, and vector-wise quantization leads to
significant performance degradation as we scale, particularly at the 13B mark where 8-bit 13B perplexity is
worse than 8-bit 6.7B perplexity. If we use LLM.int8(), we recover full perplexity as we scale. Zeropoint
quantization shows an advantage due to asymmetric quantization but is no longer advantageous when used
with mixed-precision decomposition.

Parameters 125M 13B 27B 6.7B 13B

32-bit Float 25.65 1591 1443 1330 12.45
Int8 absmax 87.76 16.55 15.11 14.59 19.08
Int8 zeropoint 56.66 1624 14.76 13.49 13.94
Int8 absmax row-wise 3093 17.08 1524 14.13 16.49
Int8 absmax vector-wise 35.84 16.82 1498 14.13 16.48
Int8 zeropoint vector-wise 2572 1594 1436 13.38 1347
Int8 absmax row-wise + decomposition 30.76  16.19 14.65 13.25 12.46

Absmax LLM.int8() (vector-wise + decomp) 25.83 1593 1444 13.24 1245
Zeropoint LLM.int8() (vector-wise + decomp) 25.69 1592 1443 13.24 1245

beyond 6.7B parameters. Our method, LLM.int8(), is the only method that preserves perplexity. As such,
LLM.int8() is the only method with a favorable scaling trend.

When we look at the scaling trends of zeroshot performance of OPT models on the EleutherAl language
model evaluation harness in Figure[2.T| we see that LLM.int8() maintains full 16-bit performance as we scale
from 125M to 175B parameters. On the other hand, the baseline, 8-bit absmax vector-wise quantization,
scales poorly and degenerates into random performance.

Although our primary focus is on saving memory, we also measured the run time of LLM.int8(). The
quantization overhead can slow inference for models with less than 6.7B parameters, as compared to a FP16
baseline. However, models of 6.7B parameters or less fit on most GPUs and quantization is less needed in
practice. LLM.int8() run times is about two times faster for large matrix multiplications equivalent to those

in 175B models.

2.3 Emergent Large Magnitude Features in Transformers at Scale

As we scale transformers, outlier features with large magnitudes emerge and strongly affect all layers and

their quantization. Given a hidden state X € R*" where s is the sequence/token dimension and A the
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hidden/feature dimension, we define a feature to be a particular dimension h;. Our analysis looks at a
particular feature dimension h; across all layers of a given transformer.

We find that outlier features strongly affect attention and the overall predictive performance of trans-
formers. While up to 150k outliers exist per 2048 token sequence for a 13B model, these outlier features
are highly systematic and only representing at most 7 unique feature dimensions h;. Insights from this
analysis were critical to developing mixed-precision decomposition. Our analysis explains the advantages
of zeropoint quantization and why they disappear with the use of mixed-precision decomposition and the

quantization performance of small vs. large models.

2.3.1 Finding Outlier Features

The difficulty with the quantitative analysis of emergent phenomena is two-fold. We aim to select a small
subset of features for analysis such that the results are intelligible and not to complex while also capturing
important probabilistic and structured patterns. We use an empirical approach to find these constraints. We
define outliers according to the following criteria: the magnitude of the feature is at least 6.0, affects at least
25% of layers, and affects at least 6% of the sequence dimensions.

More formally, given a transformer with L layers and hidden state X; € R®*" [ = 0...L where s is the
sequence dimension and A the feature dimension, we define a feature to be a particular dimension h; in any
of the hidden states X;,. We track dimensions /;,0 < ¢ < h, which have at least one value with a magnitude
of a > 6 and we only collect statistics if these outliers occur in the same feature dimension h; in at least 25%
of transformer layers 0...L and appear in at least 6% of all sequence dimensions s across all hidden states
X;. Since feature outliers only occur in attention projection (key/query/value/output) and the feedforward
network expansion layer (first sub-layer), we ignore the attention function and the FEN contraction layer
(second sub-layer) for this analysis.

Our reasoning for these thresholds is as follows. We find that using mixed-precision decomposition,
perplexity degradation stops if we treat any feature with a magnitude 6 or larger as an outlier feature. For
the number of layers affected by outliers, we find that outlier features are systematic in large models: they
either occur in most layers or not at all. On the other hand, they are probabilistic in small models: they
occur sometimes in some layers for each sequence. As such, we set our threshold for how many layers

need to be affected to detect an outlier feature in such a way as to limit detection to a single outlier in our
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smallest model with 125M parameters. This threshold corresponds to that at least 25% of transformer layers
are affected by an outlier in the same feature dimension. The second most common outlier occurs in only
a single layer ( 2% of layers), indicating that this is a reasonable threshold. We use the same procedure to
find the threshold for how many sequence dimensions are affected by outlier features in our 125M model:
outliers occur in at least 6% of sequence dimensions.

We test models up to a scale of 13B parameters. To make sure that the observed phenomena are not due
to bugs in software, we evaluate transformers that were trained in three different software frameworks. We
evaluate four GPT-2 models which use OpenAl software, five Meta Al models that use Fairseq [Ott et al.,
2019]], and one Eleuther Al model GPT-J that uses Tensorflow-Mesh [Shazeer et al.,[2018b|]. We also perform
our analysis in two different inference software frameworks: Fairseq and Hugging Face Transformers [Wolf

et al.l 2019].

2.3.2 Measuring the Effect of Outlier Features

To demonstrate that the outlier features are essential for attention and predictive performance, we set the
outlier features to zero before feeding the hidden states X; into the attention projection layers and then
compare the top-1 softmax probability with the regular softmax probability with outliers. We do this for all
layers independently, meaning we forward the regular softmax probabilities values to avoid cascading errors
and isolate the effects due to the outlier features. We also report the perplexity degradation if we remove
the outlier feature dimension (setting them to zero) and propagate these altered, hidden states through the
transformer. As a control, we apply the same procedure for random non-outlier feature dimensions and note
attention and perplexity degradation.

Our main quantitative results can be summarized as four main points.

(1) When measured by the number of parameters, the emergence of large magnitude features across all
layers of a transformer occurs suddenly between 6B and 6.7B parameters as shown in Figure as the
percentage of layers affected increases from 65% to 100%. The number of sequence dimensions affected
increases rapidly from 35% to 75%. This sudden shift co-occurs with the point where quantization begins
to fail.

(2) Alternatively, when measured by perplexity, the emergence of large magnitude features across all
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Figure 2.3: Percentage of layers and all sequence dimensions affected by large magnitude outlier features
across the transformer by (a) model size or (b) C4 perplexity. Lines are B-spline interpolations of 4 and 9
linear segments for (a) and (b). Once the phase shift occurs, outliers are present in all layers and in about
75% of all sequence dimensions. While (a) suggest a sudden phase shift in parameter size, (b) suggests a
gradual exponential phase shift as perplexity decreases. The stark shift in (a) co-occurs with the sudden
degradation of performance in quantization methods.
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Figure 2.4: The median magnitude of the largest outlier feature in (a) indicates a sudden shift in outlier size.
This appears to be the prime reason why quantization methods fail after emergence. While the number of
outlier feature dimensions is only roughly proportional to model size, (b) shows that the number of outliers
is strictly monotonic with respect to perplexity across all models analyzed. Lines are B-spline interpolations
of 9 linear segments.
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layers of the transformer can be seen as emerging smoothly according to an exponential function of decreas-
ing perplexity, as seen in Figure [2.3b] This indicates that there is nothing sudden about emergence and that
we might be able to detect emergent features before a phase shift occurs by studying exponential trends in
smaller models. This also suggests that emergence is not only about model size but about perplexity, which
is related to multiple additional factors such as the amount of training data used, and data quality [Hoffmann

et al., [2022a}; [Henighan et al., 2020].

(3) Median outlier feature magnitude rapidly increases once outlier features occur in all layers of the
transformer, as shown in Figure [2.4a] The large magnitude of outliers features and their asymmetric distri-
bution disrupts Int8 quantization precision. This is the core reason why quantization methods fail starting
at the 6.7B scale — the range of the quantization distribution is too large so that most quantization bins are
empty and small quantization values are quantized to zero, essentially extinguishing information. We hy-
pothesize that besides Int8 inference, regular 16-bit floating point training becomes unstable due to outliers
beyond the 6.7B scale — it is easy to exceed the maximum 16-bit value 65535 by chance if you multiply by

vectors filled with values of magnitude 60.

(4) The number of outliers features increases strictly monotonically with respect to decreasing C4 per-
plexity as shown in Figure 2.4b] while a relationship with model size is non-monotonic. This indicates that
model perplexity rather than mere model size determines the phase shift. We hypothesize that model size is

only one important covariate among many that are required to reach emergence.

These outliers features are highly systematic after the phase shift occurred. For example, for a 6.7B
transformer with a sequence length of 2048, we find about 150k outlier features per sequence for the entire

transformer, but these features are concentrated in only 6 different hidden dimensions.

These outliers are critical for transformer performance. If the outliers are removed, the mean top-1
softmax probability is reduced from about 40% to about 20%, and validation perplexity increases by 600-
1000% even though there are at most 7 outlier feature dimensions. When we remove 7 random feature
dimensions instead, the top-1 probability decreases only between 0.02-0.3%, and perplexity increases by
0.1%. This highlights the critical nature of these feature dimensions. Quantization precision for these

outlier features is paramount as even tiny errors greatly impact model performance.
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2.3.3 Interpretation of Quantization Performance

Our analysis shows that outliers in particular feature dimensions are ubiquitous in large transformers, and
these feature dimensions are critical for transformer performance. Since row-wise and vector-wise quanti-
zation scale each hidden state sequence dimension s (rows) and because outliers occur in the feature dimen-
sion h (columns), both methods cannot deal with these outliers effectively. This is why absmax quantization
methods fail quickly after emergence.

However, almost all outliers have a strict asymmetric distribution: they are either solely positive or neg-
ative. This makes zeropoint quantization particularly effective for these outliers, as zeropoint quantization is
an asymmetric quantization method that scales these outliers into the full [-127, 127] range. This explains
the strong performance in our quantization scaling benchmark in Table 2.1 However, at the 13B scale,
even zeropoint quantization fails due to accumulated quantization errors and the quick growth of outlier
magnitudes, as seen in Figure [2.44]

If we use our full LLM.int8() method with mixed-precision decomposition, the advantage of zeropoint
quantization disappears indicating that the remaining decomposed features are symmetric. However, vector-
wise still has an advantage over row-wise quantization, indicating that the enhanced quantization precision

of the model weights is needed to retain full precision predictive performance.

2.4 Conclusion

We have demonstrated for the first time that multi-billion parameter transformers can be quantized to Int8
and used immediately for inference without performance degradation. We achieve this by using our insights
from analyzing emergent large magnitude features at scale to develop mixed-precision decomposition to iso-
late outlier features in a separate 16-bit matrix multiplication. In conjunction with vector-wise quantization
that yields our method, LLM.int8(), which we show empirically can recover the full inference performance

of models with up to 175B parameters.
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Table 2.2: Different hardware setups and which methods can be run in 16-bit vs. 8-bit precision. We can
see that our 8-bit method makes many models accessible that were not accessible before, in particular, OPT-

175B/BLOOM.

Largest Model that can be run
Class Hardware GPU Memory 8-bit 16-bit
Enterprise 8x A100 80 GB OPT-175B / BLOOM OPT-175B / BLOOM
Enterprise 8x A100 40 GB OPT-175B / BLOOM OPT-66B
Academic server  8x RTX 3090 24 GB OPT-175B / BLOOM OPT-66B
Academic desktop 4x RTX 3090 24 GB OPT-66B OPT-30B
Paid Cloud Colab Pro 15 GB OPT-13B GPT-J-6B
Free Cloud Colab 12 GB TO0/T5-11B GPT-2 1.3B
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Chapter 3

The case for 4-bit precision:

k-bit Inference Scaling Laws

3.1 Introduction

Large Language Models (LLMs) are widely adopted for zero/few-shot inference |[Zhang et al.[[2022]]; Black
et al.|[2022];|[Zeng et al.|[2022];|Scao et al.|[2022], but they can be challenging to use both due to their large
memory footprints — up to 352 GB of GPU memory for 175B models — and high latency. However, both the
memory and latency are primarily determined by the total number of bits in the parameters. Therefore, if we
reduce the model bits through quantization, we can expect the latency of the model to reduce proportionally,

potentially at the expense of end task accuracy [Frantar et al., 2022a} [Park et al., {2022} |Yao et al., 2022].

Since we can quantize the parameters of a trained model to an arbitrary bit-precision, this raises the
question of how many bits should be used to optimally trade off accuracy and total model bits, given our
current base methods for model quantization. For example, if we have a 60B LLM in 4-bit precision
and a 30B LLM in 8-bit precision, which will achieve higher accuracy? To study such trade-offs, it is
helpful to take the perspective of scaling laws [Kaplan et al., 2020; [Henighan et al., 2020]], which evaluate
the underlying trends of variables to make generalizations beyond individual data points.

In this paper, we study bit-level inference scaling laws for zero-shot quantization to determine the preci-

sion that maximizes zero-shot accuracy given a certain number of total bits in the model. Our main finding
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Figure 3.1: Bit-level scaling laws for mean zero-shot performance across four datasets for 125M to 176B
parameter OPT models. Zero-shot performance increases steadily for fixed model bits as we reduce the
quantization precision from 16 to 4 bits. At 3-bits, this relationship reverses, making 4-bit precision optimal.

is that 4-bit parameters yield optimal performance for a fixed number of model bits across all model

scales and model families tested.

We study five different model families, OPT, Pythia/NeoX, GPT-2, BLOOM, and BLOOMZ [Zhang
et al., 2022; Black et al.| 2022; [Radford et al., |2019; |Scao et al., [2022]], with 19M to 176B parameters,
and for 3 to 16-bit precision. In addition, we run more than 35,000 zero-shot experiments to vary many of
the recently studied advances in quantization precision, including the underlying data types and quantization
block size. We find that reducing the precision steadily from 16 to 4 bits increases the zero-shot performance
for a fixed number of model bits, while at 3-bit, the zero-shot performance decreases. This relationship
holds across all models studied and did not change when scaling from 19M to 176B parameters, making

4-bit quantization universally optimal across all cases tested.

Beyond this, we analyze which quantization methods improve and which degrade bit-level scaling. We
find that none of the quantization methods we test improve scaling behavior for 6 to 8-bit precision. For
4-bit precision, data types and a small quantization block size are the best ways to enhance bit-level scaling
trends. We find that quantile quantization and floating point data types are the most effective, while integer
and dynamic exponent data types generally yield worse scaling trends. For most 4-bit models, a block size

between 64 to 128 is optimal in our study.

From our results, we can make straightforward recommendations for using zero-shot quantized mod-

els for inference: always use 4-bit models with a small block size and with a float data type. If trade-offs
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in total model bits or predictive performance are desired, keep the precision in 4-bit but vary the number of
parameters of the model instead.

While earlier work has shown that it is possible to significantly improve the predictive performance of
quantized models by using outlier-dependent quantization [Dettmers et al.| [2022a}; Xiao et al., 2022], we
show that this is not effective for bit-level scaling. In particular, we analyze instabilities in 3-bit OPT and
Pythia models and show that while these models can be stabilized through an outlier-dependent quantization
which we term proxy quantization, this does not improve bit-level scaling compared to 4-bit precision.
On the other hand, we highlight that one-shot quantization methods, that is, methods that optimize the
quantization through a single mini-batch of data, potentially could be scaled to be bit-efficient below the
4-bit level. Overall, these findings suggest that the most promising directions to improve zero-shot bit-level
scaling laws are to develop new data types and techniques that quantize outliers with high precision without
requiring a significant amount of additional bits. We also highlight the potential for one-shot quantization

methods as a way towards low-bit transformers if combined with our insights.

3.2 Background

It might be unintuitive that reducing the number of bits of a model is directly related to inference latency for
LLMs. The following section gives the background to understand this relationship. Afterward, we provide

a background on quantization data types and methods.

3.2.1 Relationship Between Inference Latency and Total Model Bits

While the main goal of our work is to find the best trade-offs between model bits and zero-shot accuracy for
LLMs, the total model bits are also strongly related to inference latency. The overall computation latency
— the time it takes from start to finish of a computation — is mainly determined by two factors: (1) how
long does it take to load the data from main memory into caches and registers, (2) how long does it take
to perform the computation. For example, for modern hardware like GPUs, it usually takes more than
100 times longer to load a number than to do an arithmetic operation with that number [Jia et al.l 2019a;
Dongarra, 2022]]. Therefore, reducing the time spent loading data from main memory is often the best way

to accelerate overall computation latency. Such reductions can be achieved mainly through caching and
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lower precision numbers.

Caching can reduce the overall latency of matrix multiplication by a factor of 10x or more [Jia et al.,
2019a], given that neither matrix entirely fits into the L1 cache of the device. In matrix multiplication,
bW = h, with the batch b and parameter matrix W, we load each row of b and each column of W and
multiply them — thus multiple loads from global memory occur for each row/column which can be cached. If
b entirely fits into the L1 cache, no reuse is possible because neither W nor b is loaded more than once from
global memory. This occurs if the inference batch size is below 60 or 200 for an RTX 3090 or RTX 4090
GPU. As such, caching is ineffective below these batch sizes, and the inference latency is solely determined

by the memory loaded from W.

Thus in the case where the mini-batch fits into the L1 cache, inference latency can be reduced by using
a smaller model with smaller W or by compressing an existing model to use a lower bit-precision per
parameter in W. For example, beyond their algorithmic innovation of improved rounding for quantization,
Frantar et al.| [2022a]] also developed inference CUDA kernels for 16-bit inputs and 3-bit integer weights,
which yields inference latency improvements of up to 4.46x compared to 16-bit inputs and weights for
OPT-175B — close to the 5.33x reduction in model bits. As such, reduction in the total model bits is strongly

correlated with inference latency for small inference batch sizes.

3.2.2 Data types

Here we provide a brief overview of the data types that we study.

We use four different data types. For Integer and Float data types, use IEEE standards. Our Float data
type has an exponent bias of 21, where E is the number of exponent bits. We also use quantile quanti-
zation, a lossy maximum entropy quantization data type [Dettmers et al.,[2022bf], where each quantization
bin holds an equal number of values. This ensures that each bit pattern occurs equally often. Finally, we use
dynamic exponent quantization [Dettmers, [2016]], which uses an indicator bit to separate an exponent bit
region and a linear quantization region. The exponent can vary from value to value by shifting the indicator
bit. This data type has low quantization error for tensors which have numbers that vary by many orders of

magnitude.
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3.2.3 Blocking / Grouping

Quantization precision is, in part, determined by whether all quantization bins are used equally. For example,
a 4-bit data type has 16 bins, but if, on average, only 8 bins are used, it is equivalent to a 3-bit data type.
As such, methods that help to increase the average use of all quantization bins in the data type can increase
quantization precision. In this subsection, we introduce blocking. Blocking/grouping methods chunk the
tensor into smaller pieces and quantize each block independently. This helps to confine outliers to particular
blocks, which increases the average number of bins used across other blocks and thus increases the average

quantization precision.

Blocking/Grouping. Blocking and grouping are similar concepts. In grouping, we sub-divide a tensor
along a certain dimension into n parts and assign each sub-tensor, called group, its own normalization
constant ¢, which is usually the absolute maximum of the group. In blocking, we view the tensor as a

one-dimensional sequence of values and divide this sequence into parts of size n called blocks.

In our work, we use blocking because, unlike grouping, it provides a measure of additional bits per
parameter independent of the hidden dimension. For example, using 16-bit normalization constants and a
block size of 64 means, we have an extra 16 bits every 64 parameters or 16/64=0.25 bit-per-parameter addi-
tional cost for using block-wise quantization — this is true for every model regardless of hidden dimension.

For grouping, the exact cost would depend on the size of the hidden dimension of each model.

For block-wise quantization, we use the notation of Dettmers et al.|[2022b]], which defines the block-wise
quantization with k bits, block-size B, input tensor T with n elements, n/B blocks as follows. If Q?ap()
maps the integer representation of a data type to the representative floating point value, for example, the bit
representation of a 32-bit float to its real value, and if we define the index of each block in 0..n/B by index
b, and we compute the normalization constant as m, = max(|Tp|), then block-wise quantization can be

defined by finding the minimum distance to the value of the quantization map as follows:

. _ok
P n=2 map N sz’

Q . .
T,F = argrgun\Qk (7) | (3.1
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)
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3.3 Outlier-dependent Quantization Through Proxy Quantization

Outlier features that emerge in large language models [|Gao et al., |2019; [Timkey and van Schijndel, 2021}
Bondarenko et al.l 2021 Wei et al., [2022; [Luo et al., [2021}; [Kovaleva et al., 2021} [Puccetti et al., [2022]
can cause large quantization errors and severe performance degradation [Dettmers et al.l [2022a; Zeng et al.,
2022;|Xiao et al.| 2022]]. While it has been shown that it is sufficient to use 16-bit inputs and 8-bit weights
to avoid this disruption [Zeng et al., 2022], it is unclear if outlier features can cause degradation if we use

16-bit inputs and weights below 8-bit precision.

To this end, we develop outlier-dependent quantization through proxy quantization, where we quantize
weights to a higher precision for the corresponding outlier feature dimensions to test how much precision
is needed for the weights. A significant challenge is that each model has a different number of outlier
features, and outliers partially depend on inputs that are different for each zero-shot task. As such, we seek

a model-independent model that has a constant memory footprint across all models and tasks.

In initial experiments, we noted that the criterion developed by|Dettmers et al.| [2022a]], which thresholds
the hidden states to detect outlier features, is unreliable as it depends on the standard deviation of the hidden
state. This causes problems because, for models such as OPT, the standard deviation of the hidden states
increases in later layers, which causes too many outliers to be detected. This also has been noted by Zeng
et al. [2022]. By inspecting this anomaly in OPT models, we find that a better measure of detecting outlier
dimensions is the standard deviation of the weights of each hidden unit of the previous layer. The standard
deviation of hidden unit weights that produce outliers are up to 20x larger than the standard deviation of

other dimensions.

With this insight, we develop what we call proxy quantization. Proxy quantization is input-independent
and, therefore task-independent, as it uses the standard deviation of each layer’s hidden unit weights as a
proxy for which dimensions have outlier features. For example, given a transformer with n linear layers
(FFN and attention projection layers) with weight matrices W; € R*° where h is the input dimension
and o the output dimension (thus o hidden units), we define the set of indices J to be quantized in higher
precision by:

Jit1 = arg’frnax std(W5)|.

. (3.2)
10 ;
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where std(-) is the standard deviation of the output dimension o. We then quantize the input dimensions

of the weight of the next layer in 16-bit if it is in set J and k-bit otherwise.

3.4 Experimental Setup

In our experiments, we use 16-bit inputs and k-bit quantized parameters for 3 > k£ > 8. Attention matrices
are not quantized since they do not contain parameters. We also use a 16-bit baseline that does not use any
quantization (16-bit floats).

To measure inference performance for k-bit quantization methods, we use perplexity on the Common-
Crawl subset of The Pile [[Gao et al., [2020] and mean zero-shot performance on the EleutherAl LM Eval-
uation harness [[Gao et al., 2021]]. In particular, for the zero-shot setting, we use the EleutherAl LM eval
harness [[Gao et al.,[2021] in the GPT-2 setting on the tasks LAMBADA [Paperno et al.,2016]], Winogrande
[Sakaguchi et al.,[2021]], HellaSwag [Zellers et al.,|2019]], and PiQA [Bisk et al., 2020].

The choice of these particular zero-shot tasks was mainly motivated by previous work [Dettmers et al.,
2022a; |Yao et al., 2022; Xiao et al., 2022]]. However, in our evaluation, we find that perplexity is a superior
metric since its continuous value per sample leads to less noisy evaluations. This has also been noted by
Frantar et al. [2022a]]. For example, when using perplexity to evaluate data types, quantile quantization
is the best data type. Still, when we use zero-shot accuracy as an evaluation metric, the float data type is
sometimes better because zero-shot accuracy is noisier. Furthermore, we find that across more than 35,000
zero-shot experiments, the Pearson correlation coefficient between The Pile Common Crawl perplexity
and zero-shot performance is -0.94.

This highlights that perplexity is sufficient and preferable for evaluation purposes. A serious drawback
is that perplexity is challenging to interpret. As such, we use zero-shot accuracies in the main paper for
clarity but encourage the reader to use perplexity measures. Since perplexity evaluations are so reliable, it is
possible to replicate our work by evaluating a small number of samples using the perplexity metric, which
makes the construction of scaling laws less computationally intensive.

Scaling laws. We try to fit power laws to our data, but we find that bivariate power functions with
respect to the number of parameters and the bit-precision provide a poor fit. However, when we fit linear

interpolations to represent scaling curves, we find that different bit-precisions are almost parallel, indicating
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Figure 3.2: Bit-level scaling laws for mean zero-shot performance across Lambada, PiQA, Winogrande,
and Hellaswag. 4-bit precision is optimal for almost all models at all scales, with few exceptions. While
lowering the bit precision generally improves scaling, this trend stops across all models at 3-bit precision,
where performance degrades. OPT and Pythia are unstable at 3-bit precision, while GPT-2 and BLOOM
remain stable.

that the scaling trends of different precisions can be represented faithfully by a base function and an offset

for each bit-precision. As such, we choose to use linear interpolations to represent scaling trends.

3.5 Results & Analysis

3.5.1 Bit-level Inference Scaling Laws

The main results are shown in Figure [3.2] which depicts the mean zero-shot accuracy over Lambada, PiQA,

HellaSwag, and Windogrande, given the total number of bits for OPT, BLOOM, Pythia, and GPT-2 for 3 to
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Figure 3.3: Bit-level mean zero-shot scaling laws for 4-bit Pythia models for different data types and block
sizes. Block size and data types yield the largest improvements in bit-level scaling. For Pythia, a small
block size adds only 0.25 bits per parameter but provides an improvement similar to going from 4-bit to
5-bit precision. In general, across all models, the float and quantile data types yield better scaling than int
and dynamic exponent quantization.

16-bit parameters.

We make the following observations:

* For a given zero-shot performance, 4-bit precision yields optimal scaling for almost all model families
and model scales. The only exception is BLOOM-176B where 3-bit is slightly but not significantly

better.

* Scaling curves are almost parallel, which indicates that bit-level scaling is mostly independent of

scale. An exception to this is 3-bit quantization.

* Pythia and OPT are unstable for 3-bit inference where performance is close to random (35%) for the

largest Pythia/OPT models.

3.5.2 Improving Scaling Laws

Given the main scaling results in Figure [3.2] an important follow-up question is how we can improve the
scaling trends further. To this end, we run more than 35,000 zero-shot experiments to vary many of the
recently studied advances in quantization precision, including the underlying data types, quantization block
size, and outlier-dependent quantization.

These methods usually improve the quantization error at a small cost of additional bits. For example,
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a block size of 64 with 16-bit quantization constants uses 16 extra bits for every 64 parameters, or 16/64 =
0.25 additional bits per parameter. Outlier-dependent quantization stores the top p% of weight vectors in
16-bit precision and increases the bits per parameter by p(16 — k), where k is the precision of the regular

weights. For example, for p = 0.02 and k = 4, the additional memory footprint is 0.24 bits per parameter.

No scaling improvements for 6 to 8-bit precision. We combine all possible combinations of quanti-
zation methods (data types, blocking) with 6 to 8-bit quantization, and we find that none of these methods
improve bit-level scaling. It appears that for 6 to 8-bit precision, the model parameters have enough pre-
cision to not cause any significant performance degradation compared to 16-bit weights. As such, scaling
behavior can only be improved by using less than 6-bit precision rather than enhancing the quantization

precision through other means.

Small block size improves scaling. For 3 to 5-bit precision, we do see improvements in scaling for
various quantization methods. Figure [3.3] shows that for 4-bit Pythia models, considerable improvements
in bit-level scaling can be achieved by using a small block size. To put this improvement into perspective:
Going from a block size of 1024 to 64 adds 0.24 bits per parameter but improves zero-shot accuracy almost as
much as going from 4 to 5-bit precision. As such, using a small block size adds a few extra bits compared to
improving zero-shot accuracy for 4-bit precision. Besides Pythia, GPT-2 models improve by a large degree.
BLOOM, BLOOMZ, and OPT models improve significantly, but less in magnitude compared to Pythia and
GPT-2 — this relationship likely arises from emergent outlier features. For 5-bit models, the improvement of
using small block sizes is minor but still significant. Small block sizes improve 3-bit scaling considerably

but still do not make it competitive with 4-bit precision scaling.

Data types improve scaling. From Figure we see that data types improve scaling trends for 4-bit
Pythia. In particular, the quantile quantization and float data types provide better scaling than integer and
dynamic exponent quantization. We generally find that quantile quantization is the best data type across all
models, scales, and precisions. The float data type seems to be superior to Integer quantization with a few
exceptions: Integer quantization is better than float quantization for 5-bit — it appears since the float data
type is quite dependent on the balance between exponent and fraction bits, the float data type can be better

or worse depending on the particular bit precision.
Outlier-dependent quantization improves stability, but not scaling. Finally, we noticed the 3-bit
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Figure 3.4: Bit-level scaling laws for outlier dependent quantization for OPT and Pythia. While proxy
quantization removes instabilities and improves the 3-bit precision scaling of OPT and Pythia, it still scales
worse than 4-bit precision. Proxy quantization is only useful for 3-bit precision weights. Proxy quantization
is not useful for models that are relatively stable such as 3-bit BLOOM and GPT-2.

instabilities in OPT and Pythia, and we relate them to emergent outlier features [Dettmers et al., [2022a}; Xiao
et al., [2022]). If we use proxy quantization to quantize the 2% most significant outlier dimensions to 16-bit
instead of 3-bit, we can increase stability and overall scaling for 3-bit Pythia and OPT models. This is shown
for OPT in Figure 3.4] (left). However, despite this improvement, 4-bit precision still provides better scaling.
For 4-bit precision, outlier-dependent quantization has no scaling benefit, as shown in Figure [3.4] (right),
which means 4-bit precision is optimal despite the considerable improvements for 3-bit precision when
using proxy quantization. As such, it appears the outlier features do not require more than 4-bit precision

weights to provide optimal bit-level scaling.

3.6 Related Work

Large language model quantization. The most closely related work is on large language model (LLM)
quantization for models with more than a billion parameters. Compared to smaller models, LLM quanti-
zation poses some unique challenges, such as emergent outliers [Dettmers et al., [2022a; [Zeng et al., [2022;
Xiao et al., 2022] and optimized low-bit inference for LLLMs [Frantar et al.| [2022a]); Park et al.| [2022]]; [Yao
et al.| [2022]]. One major defining factor between approaches is zero-shot quantization methods that directly

quantize a model without any additional information and one-shot quantization methods that need a mini-
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batch of data for quantization. While one-shot methods are more accurate, such as GPTQ, which optimizes
the rounding during quantization via a mini-batch of data [Frantar et al., [2022a], they are also more com-
plex and may require hours of optimization before a model can be used. On the other hand, the advantage
of zero-shot methods is that they can be used immediately, which makes them easy to use, but zero-shot

quantization methods often fail at lower precisions.

Quantization methods. Another aspect related to our work are quantization methods which can be grouped
into specific categories. For example, there are methods associated with blocking and grouping [Park et al.
[2022]]; Wu et al.| [2020]; Jain et al.[[2020]]; Nagel et al.| [2019]]; Krishnamoorthi| [2018]]; Rusci et al.| [2020]],
centering [Krishnamoorthi, [2018]; Jacob et al.l 2017], learned data types that are found through clustering
[Gong et al.l 2014; Han et al., 2015} |Choi et al., 2016} [Park et al., 2017]], or direct codebook optimization
[Rastegari et al.l 2016; Hou et al., 2016} [Leng et al., 2018} [Zhang et al., 2018]. While our work studies
grouping and blocking, we only study one data type that groups similar weights through their quantiles of
the entire input tensor [Dettmers et al., [2022b]. While we do not study learned data types in depth, we are

the first work that shows that these are critical for improving bit-level scaling for LLMs.

Scaling Laws for Inference. Early work in scaling laws highlighted the importance of studying how
variables change with scale since scale is one of the best predictors of model performance [Kaplan et al.,
2020; Rosenfeld et al., 2019; Hestness et al., [2017]]. Particularly, for inference, there has been work that
studies scaling trends of zero-shot performance for 4-bit vs. 16-bit models [Zeng et al., [2022]. We study
precisions from 3 to 16-bit and disentangle the factors that improve scaling. Work by [Pope et al.| [2022]
looks at scaling inference in a production setting where large batch sizes are common. While they only
study quantization rudimentary, they disentangle factors that lead to better model FLOPS utilization (MFU).
Since reducing the bit-precision of bits loaded leads to higher MFU, it is similar to our approach to studying
bit-level scaling. The main difference is that we vary the bit-width of models and study small batch sizes

that are common for consumers and small organizations.
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Table 3.1: WikiText-2 perplexity for 2-bit GPTQ and 3-bit Float with blocking. We can see that GPTQ is
superior to 3-bit Float if blocking is used. As such, methods like GPTQ are a promising way to improve

low-bit scaling. However, GPTQ requires blockui,%ﬁg,fer%f_glf, gr%(fgxslgf}lmg (see Figure @

Blocksize 2-bit GPTQ 3-bit Float

1024 11.84 13.26
256 10.00 10.38
64 9.18 9.99

3.7 Recommendations & Future Work

We make the following recommendations:
* By default, use 4-bit quantization for LLM inference as it offers the total model bits and zero-shot

accuracy trade-offs.
* Use a block size of 128 or lower to stabilize 4-bit quantization and improve zero-shot performance.

* Use a floating point or quantile quantization data type. In some cases, integer data types might be

preferable to improve inference latency depending on the implementation and hardware support.

A case where a higher than 4-bit precision is desirable is when one works with a GPU with enough
memory to hold a higher bit precision but not a larger model. For example, a 48 GB GPU has enough
memory to use a 66B model in 5-bit precision but cannot fit a 175B model in 4-bit. Therefore, if maximal
zero-shot accuracy is desired, 5-bit precision and a 66B model is preferable for this scenario.

Promising directions for future work. Our results highlight that 4-bit precision is currently bit-by-bit
the most efficient precision, but we also show that 3-bit scaling can be significantly improved. As such, a
promising research direction is to focus on low-bit precisions below 4-bit and improve their scaling trends.
It has been shown that one-shot quantization methods, like GPTQ, which use an input sample for optimizing
the quantization are more effective at low-bit precisions [Frantar et al., [2022af]. Table [3.1]| shows that 2-bit
GPTQ with blocking yields better performance than zero-shot 3-bit Float. This highlights that one-shot
methods are very promising for low-bit precisions.

On the other hand, Figure [3.5] also shows that 3-bit GPTQ without blocking scales worse compared
to 3-bit Float with a blocksize of 64 and 4-bit GPTQ without blocking yields similar scaling compared to

4-bit Float with a blocksize of 64. From these results, it appears that the insights gained from our zero-shot
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(see Table @)

scaling laws translate to one-shot quantization methods. This shows that zero-shot quantization research is
well suited for disentangling and understanding individual factors in quantization scaling, while one-shot
methods maximize performance. In contrast, current one-shot methods are expensive to study. For example,
repeating our scaling experiments for GPTQ only for the OPT-175B and BLOOM-176B models would
consume an estimated 5,120 GPU days of compute. Therefore, the combination of zero-shot quantization

scaling insights and one-shot quantization methods may yield the best future methods.

One challenge unaddressed in our work is that the data type should also be able to be used efficiently on
a hardware level. For example, while quantile quantization is the data type that shows the best scaling trends,
it requires a small lookup table that is difficult to implement in a highly parallel setup where parallel memory
access often leads to poor performance due to the serialization. This problem can be solved by designing
new data types that are both bit-level scaling efficient and hardware efficient. A different approach to this
problem would be hardware design: Can we design hardware to use data types such as quantile quantization
efficiently?

Both block-size and outlier-dependent quantization improve the quantization precision of outliers. While
outlier-dependent quantization does not offer improvements in scaling, it is reasonable that there are un-

known quantization methods that help with outliers and improve scaling trends simultaneously. As such,

another primary focus of future research should center around preserving outlier information while mini-

54



mizing the use of additional bits.

3.8 Discussion & Limitations

While we ran more than 35,000 experiments, a main limitation is that we did not consider certain classes
of quantization methods. For example, there are quantization methods where a data type is optimized with
additional input data [Rastegari et al., 2016j Frantar et al., 2022a] or from the weights of the model alone
[Gong et al., 2014]. Optimization from the weights alone is similar to quantile quantization which was the
most effective data type in our study. As such, this hints that such quantization methods could improve
scaling for inference and present a missed opportunity to be included in our study. However, our study is an
essential step towards recognizing the importance of these methods for optimizing the model-bits-accuracy
trade-off — a perspective that did not exist before.

Another limitation is the lack of optimized GPU implementations. It is unclear if other data types that
rely on lookup tables can achieve significant speedups. However, efficient implementations for our Int/Float
data types would be possible, and our results for other data types are still useful for the development of
future data types, which yield strong scaling and efficient implementations.

While we only study the latency-optimal perspective indirectly through studying the model-bits-accuracy
trade-off, a practical limitation of the latency-optimal perspective is that low-bit models with 16-bit inputs
might be less latency efficient if such a model is deployed to be used by many users [[Pope et al., 2022].
Given a busy deployed API with thousands of requests per second, the large mini-batches would no longer
fit into the cache. This means bit-level scaling laws would be increasingly unrelated to inference latency
in this case. For such high throughput systems, scaling laws that model both low-bit weights and low-bit
inputs are required to study optimal inference latency scaling. In short, our scaling laws are only valid for
cases where the mini-batch does not fit into the L1 cache of the device, and beyond this, a new set of scaling
laws is required.

A final limitation is that loading the weight matrix is only one part of inference latency which needs
to be optimized to achieve fast inference. For example, without optimizations for the attention operations,
multi-head attention can be a large chunk of the inference latency footprint [Jaszczur et al.L 2021} |Pope et al.,

2022]]. However, the overall memory footprint of the model is still reduced, making large language models
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more easily usable when GPU memory is limited.
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more easily usable when GPU memory is limited.
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Chapter 4

SpOQR: A Sparse-Quantized Representation
for Near-Lossless LLM Weight

Compression

4.1 Introduction

Pretrained large language models (LLMs) improved rapidly from task-specific performance [Wang et al.,
2018; [Devlin et al., 2018}; Radford et al.| [2019], to performing well on general tasks if prompted with
instructions [Brown et al., 2020bj; [Wei et al., 2021} OpenAlL [2023]]. While the improved performance can be
attributed to scaling in training data and parameters [Kaplan et al.| [2020; (Chowdhery et al.| [2022b]] recent
trends focused on smaller models trained on more data, that are easier to use at inference time [[Hoffmann
et al.| |2022aj Biderman et al., 2023]; [Touvron et al., 2023|]. For example, the 7B parameter LLaMA model
trained on 1 trillion tokens achieved an average performance only slightly lower than GPT-3 [Brown et al.,
2020b] despite being 25x smaller. Current techniques for LLM compression can shrink these models further
by a factor of about 4x, while preserving their performance [Dettmers et al.| [2022a}; Xiao et al.,|2022} [Frantar
et al., 2022a; Dettmers and Zettlemoyer, 2022[]. This yields performance levels comparable to the largest
GPT-3 model, with major reductions in terms of memory requirements. With such improvements, well-

performing models could be efficiently served on end-user devices, such as laptops.
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The main challenge is to compress models enough to fit into such devices while also preserving genera-
tive quality. Specifically, studies show that, although accurate, existing techniques for 3 to 4-bit quantization
still lead to significant accuracy degradation [Dettmers and Zettlemoyer, 2022} [Frantar et al.,|2022a]. Since
LLM generation is sequential, depending on previously-generated tokens, small errors can accumulate and
lead to severely diverging outputs. To ensure reliable quality, it is critical to design quantization that does

not degrade predictive performance compared to the 16-bit model.

In this work, we introduce Sparse-Quantized Representations (SpQR), a hybrid sparse-quantized format
which can be used to compress accurate LLMs to 3-4 bits per parameter while staying near-lossless: specif-
ically, SpQR is the first weight quantization method which is able to reach high compression ratios while
inducing end-to-end error of less than 1% relative to the dense baseline. This 1% relative threshold follows
the MLCommons standards [Reddi et al., 2020]; since LLM accuracy is usually measured in the stringent

perplexity metric, this is very challenging to achieve.

Our compression approach is motivated by a new analysis showing that LLM weight quantization errors
exhibit both vertical and horizontal group correlations, corresponding to systematic large errors correspond-
ing to input and output dimensions. While outlier input features have been observed before [Dettmers et al.,
2022a; [Xiao et al., 2022]], our work is the first to demonstrate that similar outliers occur in the weights, for
particular output hidden dimensions. Unlike input feature outliers, the output hidden dimension outliers

occur only in small segments for a particular output hidden dimension.

In SpQR, we resolve the difficulties posed by these correlations by combining two ideas. First, we
isolate outlier weights, whose quantization induces disproportionately high errors: these weights are kept
in high precision, while the other weights are stored in lower bitwidth. Second, we implement a variant of
grouped quantization with very small group size, e.g., 16 contiguous elements, but we show that one can

quantize the quantization scales themselves to a 3-bit representation.

To convert a given pretrained LLM into SpQR format, we extend the post-training quantization (PTQ)
approach recently introduced by GPTQ [Frantar et al., 2022al]. Specifically, this method passes calibration
data through the uncompressed model; to compress each layer, it applies a layer-wise solver with respect
to the L2 error between the outputs of the uncompressed model, and those of the quantized weights. Our

technique splits this process into two steps: an “outlier detection” step, in which we isolate weights whose
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Figure 4.1: Compressed LLM performance for LLaMA models. (left) LM loss on WikiText2 vs model
size. (right) Average performance on zero-shot tasks vs model size.

direct quantization has outsize impact on layer output behavior, and a compression step, in which > 99% of
weights are compressed to low-bitwidth. Furthermore, the whole representation is rendered more efficient
by compressing the quantization metadata. Our quantization algorithm isolates such outliers and efficiently
encodes a given model in SpQR format.

One key challenge in exploiting the SpQR format is computational efficiency, as sparse representations
generally have poor GPU support. We circumvent this issue by developing a sparse-matrix multiplication
algorithm that is specialized to our format. To use SpQR for generative inference, we combine sparse-matrix
multiplication for the outliers with dense-quantized matrix multiplication for the 3-4 bit “base” weights.
Our experimental evaluation, across LLMs from the LLaMA [Touvron et al., [2023|], Falcon [TII UAE,
2023a], and OPT [Zhang et al., 2022] families, shows that SpQR provides state-of-the-art trade-offs in
terms of accuracy versus model size (see Figure [4.1] for an illustration). For instance, SpQR can provide
3.4x compression without any degradation in perplexity, while also being 20-30% faster for LLM generation

compared to 16-bit inference.

4.2 Related Work

We focus our discussion on related post-training quantization (PTQ) methods [Nagel et al., [2020]], referring
the reader to the recent survey of |(Gholami et al.|[2021]] for full background on quantization. PTQ is popular
for one-shot compression of models with various sizes, based on a limited amount of calibration data, using
accurate solvers. Most PTQ methods, such as AdaRound [Nagel et al., [2020], BitSplit [Wang et al., 2020],

AdaQuant [Hubara et al.| 2021]], BRECQ [Li et al., 2021]], or OBQ [Frantar et al.,2022b]] were designed for

61



vision or small-scale language models. These recent approaches tend to use accurate solvers, which would

not scale to LLMs in terms of computational or memory cost, as they are 10-1000x larger in size.

Recently, there has been significant interest in obtaining accurate post-training methods that scale to
such massive models. Due to computational constraints, early work such as ZeroQuant [Yao et al., 2022],
LLM.int8() [Dettmers et al., [2022a]], and nuQmm [Park et al., [2022]] used direct rounding of weights to
the nearest quantization level, while customizing the quantization granularity (i.e., group size) to trade off
space for increased accuracy. LLM.int8() [Dettmers et al., [2022a]] suggested isolating “outlier features”
which would be quantized separately to higher bit-width. These approaches are able to induce relatively low
error, e.g., 5.5% relative LM Loss increase for LLaMA-7B at 4-bit weight quantization, provided that the
quantization granularity is low enough. GPTQ [Frantar et al., 2022a]] proposed a higher-accuracy approach
(e.g., 4% LM Loss increase in the above setting), which works via an approximate large-scale solver for the

problem of minimizing the layer-wise squared error.

Dettmers and Zettlemoyer| [2022]] provided an in-depth overview of the accuracy-compression trade-
offs underlying these methods, establishing that 4-bit quantization is an optimal point for round-to-nearest-
based methods, whereas higher compression can be achieved via data-aware methods such as GPTQ.
SparseGPT [Frantar and Alistarh, |2023|] presented an approach to jointly sparsify LLM weights to medium
sparsities, together with quantization of the remaining weights to a fixed given bit-width. One common
drawback of existing methods is that the accuracy loss relative to the original model is still significant (see
Section[4.5]). This is especially relevant to relatively small but easily deployable models, e.g., in the 7-13B
parameter range, where existing methods show drastic accuracy drops. We investigate this question here,

and provide a new compression format which can lead to near-lossless 3-4 bits compression in this regime.

A related question is performing both activation and weight quantization. |Dettmers et al.|[2022al]; Xiao
et al.[[2022]; [Yao et al.[[2022] showed that both activations and weights can be quantized to 8-bits.These
investigations yield insights into the sources of quantization error, in particular, the former two observe
“outlier features” with significantly higher magnitudes in the input/output of large LLMs, which induce

higher quantization error, and propose different mitigation strategies.

We analyze this phenomenon from the point of view of weight quantization that goes beyond outlier

features in the hidden state. While we find that input feature outliers of the current layer are correlated
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Figure 4.2: Weight log-sensitivities from the last attention layer of LLaMA-65B. Dark-blue shades indicate
higher sensitivity. The image on the left is a high-level view, resized to 1:32 scale with max-pooling. The
two images in the middle are zoomed in from the main figure. The two images are zoomed in sensitivities
of weights from to other weight matrices.

to hidden unit outliers weight in the previous layer there is not a strict correspondence. Such partially-
structured outlier patterns necessitate a fine-grained hybrid compression format that goes beyond algorithms

that exploit the column structure of outlier features found in previous work.

4.3 Quantization sensitivity of LLM weights

4.3.1 Parameter sensitivity under quantization

Not all parameters in a neural network are equally important. Intuitively, a weight could be seen as sensitive
to quantization if its rounding error is large, i.e., it is not close to a quantization point, and/or the inputs it is
usually multiplied with are large, amplifying even a small rounding error. These simple notions of sensitivity
however disregard the fact that LLLMs operate on very large vectors with significant correlations: a weight
w, may have a large rounding error while being strongly correlated to another weight w;, meaning that the
error of rounding up w, can be well compensated by rounding down wj. This idea is exploited by modern
quantization algorithms [Frantar et al.| [2022a}; |Yao et al.| [2022] and can lead to major improvements over
vanilla rounding, especially a low bitwidths. Properly capturing this aspect of sensitivity requires a more
robust definition.

For computational tractability, we assess sensitivity on a per-layer level using a small set of calibration
inputs X, collected by running them through the model up to the particular layer. We define the sensitivity

s;; of some weight w;; in the layer’s weight matrix ¥ as the minimum squared difference between the
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original predictions on X and those of any weight matrix W’ where this weight is quantized, i.e., ng =
quant(w;;): s;j = miny |[WX — W X|} s.t w;; = quant(w;;)
Crucially, all weights of W’ except for ng may take on arbitrary, not necessarily quantized, values

in order to compensate for the quantization error incurred by rounding w;;, thus capturing the correlation

aspect discussed above. Further, as we allow continuous values, this problem admits a closed-form solution:

i — (wij—quant(wi;))
) Q(XXT)_l

, as per the Optimal Brain Surgeon framework [Frantar et al.,[2022b|].

This saliency measure can be approximated efficiently by quantization solvers, such as GPTQ [Fran-
tar et al., 2022a]]. In more detail, GPTQ quantizes weight matrices column-by-column while in each step
adjusting the not-yet-quantized part to compensate for the quantization error in a similar sense as defined
above. Consequentially, instead of statically deciding all sensitivities in advance, they can be computed
dynamically as the algorithm processes each column, by using the inverse of the Hessian subselection cor-
responding to all not yet quantized weights. This matrix is already efficiently computed by GPTQ and thus
does not impose any additional overheads. The main advantage of this approach is that s;; is always deter-

mined based on the most current value of w;; and thus accounts for adjustments due to previously quantized

weights as well.

4.3.2 Exploring parameter sensitivity

Before we define out main method, SpQR, we provide a motivating analysis of parameter sensitivity which
uncovers that the location of sensitive weights in the weight matrix are not random but have particular
structures. To highlight these structural elements during the quantization process, we calculate the the per-
weight sensitivities and visualize them for the popular and highly-accurate LLaMA-65B model [Touvron
et al.l 2023]]. As the quantization method, we use GPTQ quantization to 3-bit, without weight grouping,
following [Frantar et al.,[2022a]]. We use C4 [Raffel et al., 2020a] as the calibration dataset, and we estimate
the error on 128 sequences of 2048 tokens each. Figure {.2] depicts the output projection of the last self-
attention layer of LLaMA-65B.

Using the sensitivity analysis, we observe several patterns in the weight matrix, often in a single row or
column. Since the large weight matrices in LLaMA-65B have too many rows/columuns to be respresentable

in a compact image (default: 8k x 32k pixels) we perform max pooling to visualize the matrices, that is we
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take the maximum sensitivity in each square of 32 x 32 rows and columns. This max pooling only affects
the leftmost image. Using this visualization, we observe that the quantization error patterns vary both by
layer type, for example attention vs multilayer perceptron (MLP), and layer depth. In particular, we find
that more sensitive outliers are present for deeper layers. To categorize outlier structures, we will use the

attention weight matrix as a reference. We make the following observations:

* Row outliers are shown in Figure 4.2 bottom-center as regions of high sensitivity within one output unit.
Some of these patterns span the entire row, while others are partial. In attention layers, some of the partial
row outliers correspond to some subset of attention heads. Column outliers appear in Figure bottom-
right, showing high sensitivity in select input dimensions (columns) across all rows. The latter is related

to the “outlier feature” phenomenon reported in Dettmers et al.|[2022a].

* Sensitive attention heads. (Figure top-center) — regular stripes of width 128 highlight all weights
corresponding to one attention head. This could be related to some attention heads having more important
functions [[Voita et al., 2019; [Vig, 2019; Olsson et al., 2022]. The corresponding “stripes” are horizontal
for attention Q & K projections, vertical in output projection, and absent from value projections and
any MLP weights. Of note, there is significant variation in individual weight sensitivity even within the

sensitive heads.

* The Rotary embedding pattern, a repeating vertical pattern of sensitivity with a period of 64 units. We
attribute this to the use of rotary embeddings [[Su et al.,2021]]: each attention head (dim = 128) is split into
two halves: the first 64 are “rotated” with cosine, and the other 64 use sine. Both sine and cosine rotation
use the same set of frequencies. Typically, the weights that correspond to low-frequency sines and cosines
are more sensitive than their high-frequency counterparts, as shown in Figure |4.2| (top-right). This pattern

is absent from any layer not using rotary embeddings.

» Unstructured outliers. Besides the above, each layer has a number of individual sensitivity weights that
do not fit into any of the above patterns. These unstructured outliers occur more frequently for columns
with largest input index (i.e., on the right side of the images). We believe is probably an artifact of the
GPTQ algorithm, which compresses one by one, using yet-uncompressed weights to compensate the error.

Thus, the rightmost batch of weights accumulates the most error.
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Next, we will leverage these findings to propose a compressed representation which can support all these

different outlier types.

4.4 SpQR: A Sensitivity-aware compressed representation

4.4.1 Overview

Existing LLM quantization algorithms treat low- and high-sensitivity weights equally; however, our above
discussion suggests that this may lead to sub-optimal compression. Ideally, we would want the represen-
tation to assign more of its “size budget” to sensitive weights. However, these weights are scattered in the
weight matrix as either individual weights or small groups, for example, partial rows or attention head. To
capture this structure, we are introducing two changes to the quantization procedure: one for capturing small
sensitive groups, and another for capturing individual outliers.

Capturing small groups of weights with bilevel quantization. In the previous section, we observed
several cases where weights behave similarly in small consecutive groups, with abrupt changes between
groups, for example for some attention head and partial row outliers (see Figure d.2). When applying a
standard approach, there will be many cases where these weights will be grouped together, sharing the same
quantization statistics. To reduce the number of such cases, we use groupwise quantization with extremely
small groups, typically of 8-32 weights. That is, for every 1 consecutive weights, there is a separate
quantization scale and zero-point. This choice runs contrary to current intuition: for instance, [Yao et al.
[2023]] recommends against small groups, arguing that the overhead for storing quantization statistics would
outweigh the precision advantages.

To circumvent this issue, we quantize the groupwise statistics themselves using the same quantization
algorithm as for weights — asymmetric (min-max) quantization. In other words, we group groupwise
statistics from 2 = 16 consecutive values and quantize them together in the same number of bits, such that
groups with atypical quantization parameters end up using more of the “quantization budget”. Finally, both
first and second-level quantization happens directly within the quantization process, allowing the algorithm
to compensate the second-level quantization error where possible.

High-sensitivity outliers. Our analysis shows the existence of cases where a small percentage of sen-
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Algorithm 1 SpQR quantization algorithm: the left snippet describes the full procedure, the right side
contains subroutines for bilevel quantization and finding outliers.
func SPQRQUANTIZE(W, X, b, 81, B2, T, A) i
Input: W € R™*™ — weight matrix, func error(W, H*)
X € R4 _ calibration data, I: § %:= fit_quantizer(W, 51)
b — the base number of quantization bits, 2: Wy := quantize(W, 5, 7)
B1, B2 — quantization group sizes, 3 B = (W —Wy)/H*
T — sensitivity outlier threshold 4: return £°

A — hessian regularizer, func outliers(W, H'¢, O)
1: E := float_matrix(m,n) // L2 error I: Byse = error(W,H®) for i =
2: H:=2XXT //L2 error hessian, R"*" 1,...,31 do
3: H* := Cholesky((H + A\I)~1)
4: @ :=int_matrix(m,n) // quantized weight end .
5: 0= /I a set of all outliers loo:={1,2,.. ’51}/{ }
6: S:=1( //asetof quantization statistics for : = 1, 31,2081,...n 3: Eq = error(W. joo, 100 loo)
do 4: I, = select(Ebage —Eq>71)
end 6:
W.izip,, O = outliers(W. i.i1 5, , H;f(i+ﬁl)7i:(i+ﬂl)0) 7: return W, O

8: §,%,S = fit_statistics(W. ;.;45,,S,0) for j =i,...,i + 51 do func fit_statistics(WW, S, O)
: We=W . (1 —is_outlier(W, 0))
8, Z := fit_quantizer(W, 1)

—

// § for scales, Z for zero points

end
Q. ; = quantize(W. ;, §, 2)
10: W, —dequantlze(Q s 85 2)

i Ss, Zs := fit_quantizer(s
11: E = (W.; —,)/H; - (1 —is_outlier(W. ;, O)) ;s 2 b, ((]]uantlzer(( %2))
ﬁ W:’]:(Hﬂl) Weistiron = B Hyjiig,) 5y = quantize(3, 5, Z,)
: — 2’ = quantize(Z, 5,, Z,)
}:: Wi (irprin = Wetirpm = B Hirp,) i) Si=SU {8+ 85,82, 2¢5 82, 22}

S = dequantize(sq, Ss, SZ)
Z := dequantize(zy, zs, 2,)
: return §, 2, S

16: Sy, Zy,Ss, Zs, S, Z, := gather_statistics(S)
17: Wiparse = gather_outlier_matrix (W, O)
18: return Q7 Sqa an 557 Zsa Sz; Zza Wsparse

—_ =
TEYRXIIUNE LD

sitive weights come in small groups (in the self-attention) or individual “outliers” (in the MLP). In some
cases, 1% of the weights account for over 75% of the total quantization error. Since these weights appear to

lead to high, irreducible error, we choose to keep these outliers in 16-bit precision.

The procedure for detecting the outliers is described in detail in Alg. |1} It relies on quantize, dequan-
tize and fit_quantizer functions that perform standard min-max quantization. The algorithm follows a
rough two-step procedure: (1) find and isolate outliers as 16-bit weights, (2) quantize the non-outlier “base”
weights into 3-4 bit and transfer the remaining quantization into the the 16-bit outliers weights. For the
outlier isolation step, the algorithm implements a filtering technique based on the sensitivity criterion in
defined in Section[4.3.1] which is used to isolate and separate outliers from base weights. We pick a model-

dependent sensitivity threshold 7 to obtain the desired number of outliers across the whole model. Usually,
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the percentage of outliers as a share of total parameters has good memory/performance trade-off at around
0.3% to 1% of outlier weights which translates to 7 € [0.1,0.40].

Following this first outlier detection step, we quantize the base weights ignoring all outliers that occur
in the same quantization group. As such, the quantization statistics (e.g., scales) are computed by excluding
outliers. This results in significant improvements in terms of error, since e.g. the min-max scales will be
significantly reduced. Interestingly, unlike Dettmers et al.|[2022a]], a weight can be chosen to be an outlier
not only if it causes error by itself, but also if the GPTQ algorithm can employ this weight to compensate
errors from many other weights. Thus, the resulting 16-bit value will contain not the original weight, but
a weight that was adjusted to minimize the output error. As such, SpQR goes beyond mere detection of
outliers towards the more general notion of isolating and treating outliers that occur during the quantization
process. Finally, the algorithm gathers and compresses sparse outlier matrix as well as the final quantization

statistics with bilevel quantization and returns the compressed weights and their metadata.

4.4.2 Storing and Inferencing on SpQR Models

Our algorithm converts homogeneous weights into different data structures of various sizes and precisions,
as depicted in Figure 4.3] Overall, the representation consists of four parts: (1) individual weight codes, (2)
first level quantized quantization statistics, (3) second level quantization statistics, and (4) the sparse outlier
indices and values. The first three parts are regular dense tensors that are easy to store and inference. In
turn, the sparse outliers present a bigger challenge.

A naive way to encode a sparse outlier matrix would be to use compressed sparse row (CSR) format. This
format groups outliers by their row index. In each row, CSR stores pairs of outlier value (e.g. float16) and it’s
column index (e.g. int16). In this format, at least half of the bits are spent on representing outlier locations,
not their values. To reduce this overhead, we replace outlier indices with relative index shifts between the
adjacent outliers. Instead storing a 16-bit index I, we could store 8-bit difference Ay = I — I_1, but
only if adjacent outliers are at most 255 columns apart.

In practice, not all outliers are within this range: about 3—7% of those outliers would not fit into 8-
bit Ax. Whenever adjacent outliers are too far away, we introduce an additional “virtual” outlier with
zero value. Virtual outliers have no effect on model behavior, but they allow storing all Ay, shifts as 8-bit

integers. This results in an average of 8—9 bits per real outlier index, compared to 16 bits in CSR. When
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Figure 4.3: A high-level overview of the SpQR representation for a single weight tensor. The right side of
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running GPU inference in this format, we can recover the outlier indices on the fly using the parallel prefix
sum (scan) algorithm [Harris et al.,|2007]]. The resulting format allows for a more memory-efficient outlier
representation with negligible effect on GPU inference speed. This format starts being more effective than
absolute indices at around 0.1% of the total number of weights.

Inference with SpQR. To illustrate the practicality of our approach, we design an efficient GPU-based
decoding implementation for the SpQR format, focused on the popular token-by-token LLM generation as
a use-case. We leverage the fact that autoregressive inference on GPUs is memory-bound, so high compres-
sion rates can hide decoding overheads, to a significant extent. At a high level, our algorithm loads group
statistics and the quantized weights into shared memory (SRAM), dequantizes to 16-bits, and then performs
matrix multiplication with 16-bit inputs. For handling outliers, we design a sparse matrix algorithm that
takes advantage of outliers that occur in rows. Roughly, the algorithm works as follows. First, (1) we di-
vide the matrix into equally sized blocks. Then, each GPU core (thread block) (2) loads a large slice of
outliers into shared memory (SRAM), and each GPU core (3) determines if outliers are part of the segment
or not. The corresponding weights are (4) loaded from main memory; finally, the matrix multiplication is
performed.

This algorithm essentially performs load balancing through steps (1-3), while step (4) tends to have
contiguous memory access due to the row-like patterns for the outliers. We will show in Section [4.3] that

this custom approach is faster than the sparse matrix algorithms in PyTorch.

4.5 Experimental Validation

Experimental setup. We focus on three main goals: 1) evaluating most compact representation with

which SpQR can replicate the performance of a 16-bit model within 1% perplexity, 2) controlling for the
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average number of bits per parameter across methods and compare to round-to-nearest (RTN) and GPTQ
baselines, 3) finding the best trade-off in terms of model size and performance. For these settings, we
evaluate the full SpQR algorithm on publicly-available LLMs. We focus on the LLaMA-{7, 13, 30, 65}B
model family [Touvron et al., 2023]] and Falcon-{7, 40, 180}B model family [TII UAE, 2023a]. We quantize
LLaMA models using the RedPajama dataset and Falcon models on RefinedWeb datasets [[T1I UAE,2023b]],
both of which represent the original training data or open replications of the training data. We compare SpQR
against two other post-training quantization schemes: GPTQ [Frantar et al.| [2022a] and simple rounding-
to-nearest (RTN) quantization, which is used by most other LLM compression methods [Dettmers et al.,
2022a; [Yao et al.l 2022]]. Both baselines use 4-bit quantization since it provides the best quality to size
trade-off [[Dettmers and Zettlemoyer, 2022]]. For SpQR, we consider both 3-bit and 4-bit base quantization,
though the resulting model size is slightly larger due to outliers.

We evaluate quantized model performance by two metrics. Firstly, we measure perplexity, measured
on the WikiText2 [Merity et al.l [2016], Penn Treebank [Marcus et al., [1994]] and C4 [Raffel et al., 2020a]
datasets. Secondly, we measure zero-shot accuracy on five tasks: WinoGrande [Sakaguchi et al. 2021]],
PiQA [Tata and Patel| |2003]], HellaSwag, ARC-easy and ARC-challenge [Clark et al.,2018|]. We use the LM
Evaluation Harness [Gao et al.,2021]] with recommended parameters. Our implementation takes around 4.5
hours on the largest model size (65B) on an NVIDIA A100 (80 GB). Our emory efficient implementations
take 12 hours on a small 24 GB GPU.

To control for model size, we evaluate RTN and GPTQ with 4-bit base quantization. For SpQR we use
3-bit base quantization, a group size of 8 with 3-bit for the first quantization, a group size of 64 for the
second quantization, and as many outliers as possible to still reach less than 4-bits per parameter on aver-
age. We aim to achieve near-lossless compression, for which we adopt the definition of the MLCommons
benchmark [Reddi et al., [2020]: 1% error relative to the uncompressed baseline. In all SpQR evaluations,

we choose 7 such that the proportion of outliers is under 1%.

Main Results. Figure measures model size versus perplexity on LLaMA models on WikiText2, and
accuracy on zero-shot tasks. We observe that SpQR outperforms GPTQ (and correspondingly RTN) at
similar model size by a significant margin, especially on smaller models. This improvement comes from

both SpQR achieving more compression, while also reducing loss degradation. In addition, if we measure
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Table 4.1: Perplexity on WikiText2 [Merity et al., [2016], C4 [Raffel et al., [2020a] and
Penn Treebank [Marcus et al., [1994] for SpQR and round-to-nearest (RTN) and GPTQ
baselines on LLaMA and Falcon models. We can see that SpQR reaches performances
within 1% of the perplexity with less than 4.5 bits per parameter. We also see that for
4-bits per parameter SpQR significantly improves on GPTQ with an improvement as large
as the improvement from RTN to GPTQ.

LLaMA

Falcon Size Method Avgbits Wiki2 C4 PTB

Size Method Avgbits Wiki2 C4 PTB 16.00 568 708 8.0

- 16.00 659 950 990 SpQR 4.63 573 7.13 8.88
SpQR 4.44 6.64 958 997

7B RTN 4 6.43 793 10.30
7B RTN 4 873 1256 13.76 GPTQ 4 6.13 7.43 9.27
GPTQ 4 691 993 10.33 SpQR 3.94 587 728 9.07

SpQR 3.92 6.74 9770 19.114 16.00 410 598 730

- 16.00 523 776 783 SpQR 4.69 414 601 7.33
SpQR 4.46 526 779 7.86

30B RTN 4 457 634 1.5
40B RTN 4 652 9.76 10.63 GPTQ 4 448 620 7.54
GPTQ 4 536 795 8.01 SpQR 3.89 425 6.08 7.38

SpQR 3.90 529 785 791 16.00 353 560 691

- 16.00 330 637  6.65 SpQR 4.71 357 564 693

180B GPTQ 4 366 683 658 65B  RTN 4 387 585 717
SpQR 3.83 343 641 6.71 GPTQ 4 383 580 7.07

SpQR 3.90 368 570 6.99

the bits per parameter needed to come within 1% of the 16-bit performance in terms of perplexity, Figure
shows that SpQR with 4.6 to 4.71 bits per parameter approaches the non-quantized models with at most 1%

margin of error for all models (see Table . 1| for exact values).

Additional results where we control overall model size and compare quantization methods at an average
of 4-bits per parameter are presented in Table [d.1] We see that SpQR improves over previous methods, with
the gap between SpQR and the next best method GPTQ being as large as the improvement of GPTQ over

naive RTN. For 4-bit, SpQR halves the error relative to the 16-bit baseline compared to GPTQ.

Ablations. The SpQR representation differs from standard quantization methods in two main ways: bilevel
quantization with small quantization group size and unstructured outliers. To understand the effect of small
group sizes, we compare 3-bit SpQR with group size 16, compressed using 3-bit bilevel quantization, versus
a setup with group size 48, keeping quantization statistics in 16-bit. Both configurations result in approx-

imately 3.6 average bits per parameter. For simplicity, neither uses outliers. We report both in Table 4.2]
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74Perplexity vs Outlier Types (WikiText2)

3. 3
Name Wiki2 C4 PTB  Avg bits — \
3.72 \
Uncompressed 353 562 691 16 2 °
GPTQ (4 bit) 3.83 5.80 7.07 4 E_) 3.701 '\ —e— Unstructured (SpQR)
= TN Rows (MSE)
-bit statisti 14 . .02 . ) | .
3 bltlitatlS‘tl(fS 3.7 573 7.0 3.63 L 3.68 ——Dettmers etal
16-bit statistics 3.84 583  7.12 3.67
3.661
Round zero 375 576 7.01 3.63 } * | } }
0 1 2 3 4

w/o act order 3.74 576 17.05 3.63 Outliers rate (%)

Table 4.2: Perplexity for LLaMA-65B model. Figure 4.4: Different outlier types, LLaMA-65B.
the ““3-bit statistics* entry corresponds to group size 16 with 3-bit statistics and *“16-bit statistics* stands for
group size 16 with 16-bit statistics. Given the same (slightly smaller) memory footprint, using quantized
statistics significantly improves language modeling loss.

Next, we ask whether it is necessary to use unstructured outliers, considering two outlier types. First,
we use the criterion of Dettmers and Zettlemoyer|[2022] to find column outliers and quantize them in higher
precision. The alternative is to treat the entire rows (output units / hidden units / neurons) as outliers: we
run SpQR without outliers, then select £ output units that have the highest quantization error (i.e., MSE
between layer predictions) and treat the entire rows as 16-bit outliers. We compare the three outlier types
on top of 3-bit SpQR and report the results in Figure .4l Overall, unstructured outliers reduce perplexity
significantly faster than their row counterpart and the criterion of |Dettmers and Zettlemoyer| [2022], even
after accounting for the different memory footprint.

Finally, we analyze the impact of the minor hyperparameter changes that we introduced at the end of
Section4.4] In Table[d.2](bottom), we evaluate quantization errors without these changes. The “Round zero”
entry corresponds to a version of SpQR where the zero-point is a 3-bit integer. This reduces the memory
footprint of SpQR, but results in a moderate increase in perplexity. Similarly, we evaluate SpQR without the
“act order” flag. This option re-orders the input dimensions by the diagonal of the inverse hessian, which
was introduced as a part of the GPTQ algorithm. Using this heuristic slightly improves loss, though not as

much as from quantized groups.

Inference Time. Finally, we evaluate LLM inference speed of SpQR for batch size 1 on a single A100
GPU. We measure inference speed in two setups: 1) generating 100 tokens from scratch and ii) adding 100

tokens on top of a 1024-token prefix (prompt). We compare our sparse matrix multiplication algorithm with
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the PyTorch default (cuSPARSE). We also compare against a 16-bit baseline. We measure the end-to-end
latency as inference steps per second for the full SpQR algorithm, that is for both the dense and sparse
multiplication part together. Results are shown in Table[d.3] where we see that our specialized sparse matrix

multiplication algorithm yields speedups of about 20-30% and is 2x faster than a PyTorch implementation.

Table 4.3: Inference speed comparison (tokens/s), OOM means the model did not fit in an A100 GPU.
We see that our optimized SpQR algorithm is faster than the 16-bit baseline and almost 2.0x faster than
quantized matrix multiplication + standard PyTorch sparse matrix multiplication baseline.

Method | fp16 (baseline) | SpQR (PyTorch) | SpQR (optimized)

LLaMA 7B 13B 30B 65B 7B 13B 30B 65B 7B 13B 30B 65B
scratch [47+2.3 37+£0.8 19£1.1 OOM|30+2.2 24+1.2 8.8+0.4 OOM|57+2.4 44+0.5 22+0.9 12£0.6
prefix 1024|146 £2.4 31 +£09 17£0.8 OOM |27+ 1.6 21 +1.1 6.5+0.7 OOM |55+ 2.1 37+0.8 22+ 1.3 11£0.6

4.6 Discussion & Limitations

We have presented SpQR, a compression approach which quantizes sensitive outliers in higher precision, to
achieve near-lossless 16-bit accuracy with less than 4.75 bits per parameter on average. We achieve even
better quality-size-tradeoffs when compressing to as little as 3.5 bits. This makes SpQR an ideal method for
compressing models for memory-limited devices. Despite our promising results, there are a few limitations.
The main limitation is that we do not evaluate the generative quality of quantized LLMs, but only the
predictive performance in terms of zero-shot accuracy and perplexity. While we believe that perplexity
measurements and generation quality are strongly related, this is a hypothesis we aim to investigate in
future work. While we devise a sparse matrix multiplication algorithm to accelerate the computation with
outliers, another limitation is that we do not fuse sparse matrix multiplication with regular quantized matrix
multiplication. Such an approach would yield even better inference time performance. We plan to investigate

such practical kernel extensions more generally in future work.
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Chapter 5

QLoRA: Efficient Finetuning of Quantized
LLMs

5.1 Introduction

Finetuning large language models (LLMs) is a highly effective way to improve their performance, [Min
et al., 2021;(Wei et al., 2021} Ouyang et al.,2022; Wang et al.| [2022clb; [Liu et al.,2022]] and to add desirable
or remove undesirable behaviors [[Ouyang et al., 2022; |Askell et al), 2021; Bai et al., 2022]]. However,
finetuning very large models is prohibitively expensive; regular 16-bit finetuning of a LLaMA 65B parameter
model [Touvron et al.l [2023]] requires more than 780 GB of GPU memory. While recent quantization
methods can reduce the memory footprint of LLMs [Dettmers et al., [2022a}, Dettmers and Zettlemoyer,
2022; [Frantar et al., |2022a} | Xiao et al., [2022], such techniques only work for inference and break down
during training [Wortsman et al., 2023]].

We demonstrate for the first time that it is possible to finetune a quantized 4-bit model without any per-
formance degradation. Our method, QLORA, uses a novel high-precision technique to quantize a pretrained
model to 4-bit, then adds a small set of learnable Low-rank Adapter weights [Hu et al.,[2021]] that are tuned
by backpropagating gradients through the quantized weights.

QLORA reduces the average memory requirements of finetuning a 65B parameter model from >780GB

of GPU memory to <48GB without degrading the runtime or predictive performance compared to a 16-bit
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Table 5.1: Elo ratings for a competition between models, averaged for 10,000 random initial orderings. The
winner of a match is determined by GPT-4 which declares which response is better for a given prompt of
the the Vicuna benchmark. 95% confidence intervals are shown (&£). After GPT-4, Guanaco 33B and 65B
win the most matches, while Guanaco 13B scores better than Bard.

Model Size Elo

GPT-4 - 1348 + 1
Guanaco 65B 41 GB 1022 +1
Guanaco33B 21GB 992 +1
Vicuna 13B 26GB 974 +1

ChatGPT - 966 £ 1
Guanaco 13B 10 GB 916 + 1
Bard 902 £ 1

Guanaco 7B 6 GB 879 £ 1

fully finetuned baseline. This marks a significant shift in accessibility of LLM finetuning: now the largest

publicly available models to date finetunable on a single GPU. Using QLORA, we train the Guanaco
family of models, with the second best model reaching 97.8% of the performance level of ChatGPT on the
Vicuna [Chiang et al.| 2023|] benchmark, while being trainable in less than 12 hours on a single consumer
GPU; using a single professional GPU over 24 hours we achieve 99.3% with our largest model, essentially
closing the gap to ChatGPT on the Vicuna benchmark. When deployed, our smallest Guanaco model
(7B parameters) requires just 5 GB of memory and outperforms a 26 GB Alpaca model by more than 20

percentage points on the Vicuna benchmark (Table [5.4).

QLORA introduces multiple innovations designed to reduce memory use without sacrificing perfor-
mance: (1) 4-bit NormalFloat, an information theoretically optimal quantization data type for normally
distributed data that yields better empirical results than 4-bit Integers and 4-bit Floats. (2) Double Quanti-
zation, a method that quantizes the quantization constants, saving an average of about 0.37 bits per parame-
ter (approximately 3 GB for a 65B model). (3) Paged Optimizers, using NVIDIA unified memory to avoid
the gradient checkpointing memory spikes that occur when processing a mini-batch with a long sequence
length. We combine these contributions into a better tuned LoRA approach that includes adapters at every

network layer and thereby avoids almost all of the accuracy tradeoffs seen in prior work.

QLORA'’s efficiency enables us to perform an in-depth study of instruction finetuning and chatbot per-
formance on model scales that would be impossible using regular finetuning due to memory overhead.

Therefore, we train more than 1,000 models across several instruction tuning datasets, model architectures,
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and sizes between 80M to 65B parameters. In addition to showing that QLOR A recovers 16-bit performance
( and training a state-of-the-art chatbot, Guanaco, (, we also analyze trends in the trained models.
First, we find that data quality is far more important than dataset size, e.g., a 9k sample dataset (OASST1)
outperformed a 450k sample dataset (FLAN v2, subsampled) on chatbot performance, even when both are
meant to support instruction following generalization. Second, we show that strong Massive Multitask Lan-
guage Understanding (MMLU) benchmark performance does not imply strong Vicuna chatbot benchmark
performance and vice versa—in other words, dataset suitability matters more than size for a given task.

Furthermore, we also provide a extensive analysis of chatbot performance that uses both human raters
and GPT-4 for evaluation. We use tournament-style benchmarking where models compete against each
other in matches to produce the best response for a given prompt. The winner of a match is judged by
either GPT-4 or human annotators. The tournament results are aggregated into Elo scores [Elo, [1967,[1978|]
which determine the ranking of chatbot performance. We find that GPT-4 and human evaluations largely
agree on the rank of model performance in the tournaments, but we also find there are instances of strong
disagreement. As such, we highlight that model-based evaluation while providing a cheap alternative to
human-annotation also has its uncertainties.

We augment our chatbot benchmark results with a qualitative analysis of Guanaco models. Our analysis
highlights success and failure cases that were not captured by the quantitative benchmarks.

We release all model generations with human and GPT-4 annotations to facilitate further study. We open-
source our codebase and CUDA kernels and integrate our methods into the Hugging Face transformers stack
[Wolf et al.,2019], making them easily accessible to all. We release a collection of adapters for 7/13/33/65B
size models, trained on 8 different instruction following datasets, for a total of 32 different open sourced,

finetuned models.

5.2 QLORA Finetuning

QLORA achieves high-fidelity 4-bit finetuning via two techniques we propose—4-bit NormalFloat (NF4)
quantization and Double Quantization. Additionally, we introduce Paged Optimizers, to prevent memory
spikes during gradient checkpointing from causing out-of-memory errors that have traditionally made fine-

tuning on a single machine difficult for large models.

77



Full Finetuning LoRA QLoRA
(No Adapters)

Optimizer /\

State
(32 bit)

war (111 T
Model arameter Updates ==
Gradient Flow ==

16-bit Transformer 16-bit Transformer 4-bit Transformer Paging Flow ==

(16 bit)

0
O
1
1

Figure 5.1: Different finetuning methods and their memory requirements. QLORA improves over LoRA
by quantizing the transformer model to 4-bit precision and using paged optimizers to handle memory spikes.

QLORA has one low-precision storage data type, in our case usually 4-bit, and one computation data
type that is usually BFloat16. In practice, this means whenever a QLORA weight tensor is used, we de-
quantize the tensor to BFloat16, and then perform a matrix multiplication in 16-bit.

We now discuss the components of QLORA followed by a formal definition of QLORA.

4-bit NormalFloat Quantization The NormalFloat (NF) data type builds on Quantile Quantization [Dettrniers
et al., 2022b; Petersen and Sutter}, |2023]] which is an information-theoretically optimal data type that ensures
each quantization bin has an equal number of values assigned from the input tensor. Quantile quantization
works by estimating the quantile of the input tensor through the empirical cumulative distribution function.

The main limitation of quantile quantization is that the process of quantile estimation is expensive.
Therefore fast quantile approximation algorithms, such as SRAM quantiles [Dettmers et al., 2022bf], are
used to estimate them. Due to the approximate nature of these quantile estimation algorithms, the data type
has large quantization errors for outliers, which are often the most important values.

Expensive quantile estimates and approximation errors can be avoided when input tensors come from a
distribution fixed up to a quantization constant. In such cases, input tensors have the same quantiles making
exact quantile estimation computationally feasible.

Since pretrained neural network weights usually have a zero-centered normal distribution with standard
deviation o, we can transform all weights to a single fixed distribution by scaling o such that the distribution

fits exactly into the range of our data type. For our data type, we set the arbitrary range [—1, 1]. As such,
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both the quantiles for the data type and the neural network weights need to be normalized into this range.

The information theoretically optimal data type for zero-mean normal distributions with arbitrary stan-
dard deviations o in the range [1, 1] is computed as follows: (1) estimate the 2¥+1 quantiles of a theoretical
N(0,1) distribution to obtain a k-bit quantile quantization data type for normal distributions, (2) take this
data type and normalize its values into the [—1, 1] range, (3) quantize an input weight tensor by normalizing
it into the [—1, 1] range through absolute maximum rescaling.

Once the weight range and data type range match, we can quantize as usual. Step (3) is equivalent to
rescaling the standard deviation of the weight tensor to match the standard deviation of the k-bit data type.

More formally, we estimate the 2¥ values ¢; of the data type as follows:

g = % (QX <2k:_1> +Qx <21k—:_11>) ) G.D
where Q) x (+) is the quantile function of the standard normal distribution N (0, 1). A problem for a symmetric
k-bit quantization is that this approach does not have an exact representation of zero, which is an important
property to quantize padding and other zero-valued elements with no error. To ensure a discrete zeropoint
of 0 and to use all 2* bits for a k-bit datatype, we create an asymmetric data type by estimating the quantiles
q; of two ranges ¢;: 2F~! for the negative part and 2*~1 + 1 for the positive part and then we unify these
sets of ¢; and remove one of the two zeros that occurs in both sets. We term the resulting data type that has

equal expected number of values in each quantization bin k-bit NormalFloat (NFK), since the data type is

information-theoretically optimal for zero-centered normally distributed data.

Double Quantization We introduce Double Quantization (DQ), the process of quantizing the quantiza-
tion constants for additional memory savings. While a small blocksize is required for precise 4-bit quanti-
zation [Dettmers and Zettlemoyer, 2022]], it also has a considerable memory overhead. For example, using
32-bit constants and a blocksize of 64 for W, quantization constants add 32/64 = 0.5 bits per parameter on
average. Double Quantization helps reduce the memory footprint of quantization constants.

More specifically, Double Quantization treats quantization constants c5P>? of the first quantization as
inputs to a second quantization. This second step yields the quantized quantization constants c5'® and the

second level of quantization constants clfP32. We use 8-bit Floats with a blocksize of 256 for the sec-
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ond quantization as no performance degradation is observed for 8-bit quantization, in line with results

from Dettmers and Zettlemoyer| [2022]]. Since the CFsz

are positive, we subtract the mean from cg be-
fore quantization to center the values around zero and make use of symmetric quantization. On average, for
a blocksize of 64, this quantization reduces the memory footprint per parameter from 32/64 = 0.5 bits, to

8/64 + 32/(64 - 256) = 0.127 bits, a reduction of 0.373 bits per parameter.

Paged Optimizers use the NVIDIA unified memory EI feature which does automatic page-to-page trans-
fers between the CPU and GPU for error-free GPU processing in the scenario where the GPU occasionally
runs out-of-memory. The feature works like regular memory paging between CPU RAM and the disk. We
use this feature to allocate paged memory for the optimizer states which are then automatically evicted to
CPU RAM when the GPU runs out-of-memory and paged back into GPU memory when the memory is

needed in the optimizer update step.

QLORA. Using the components described above, we define QLORA for a single linear layer in the

quantized base model with a single LoRA adapter as follows:
YBF16 XBF16d0ub]CDCquant( FP32 g—bit, WNF4) + XBF16L]13F16L5F16, (52)

doubleDequant(ciT32, 5Pt WD) — dequant(dequant(cET32, ¢5bit), Wbty — WBFI6, (5.3)

We use NF4 for W and FP8 for cy. We use a blocksize of 64 for W for higher quantization precision
and a blocksize of 256 for co to conserve memory.

For parameter updates only the gradient with respect to the error for the adapters weights ?—5 are needed,
and not for 4-bit weights 77 OE However, the calculation of 51— aE entalls the calculation of 537 8X which proceeds
via equation (5) with dequantization from storage WNF# to computation data type WBF16 to calculate the
derivative 2 aw in BFloat16 precision.

To summarize, QLORA has one storage data type (usually 4-bit NormalFloat) and a computation data
type (16-bit BrainFloat). We dequantize the storage data type to the computation data type to perform the

forward and backward pass, but we only compute weight gradients for the LoRA parameters which use

1
https://docs.nvidia.com/cuda/cuda-c-programming-guide
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Figure 5.2: Mean zero-shot accoracy over WinogrBRe ' #f8tlaSwag, PiQA, Arc-Easy, and Arc-Challenge
using LLaMA models with different 4-bit data types. The NormalFloat data type significantly improves the
bit-for-bit accuracy gains compared to regular 4-bit Floats. While Double Quantization (DQ) only leads to
minor gains, it allows for a more fine-grained control over the memory footprint to fit models of certain size
(33B/65B) into certain GPUs (24/48GB).

16-bit BrainFloat.

5.3 QLoRA vs. Standard Finetuning

We have discussed how QLoRA works and how it can significantly reduce the required memory for fine-
tuning models. The main question now is whether QLoRA can perform as well as full-model finetuning.
Furthermore, we want to analyze the components of QLoRA including the impact of NormalFloat4 over
standard Float4. The following subsections will discuss the experiments that aimed at answering these

questions.

Experimental setup. We consider three architectures (encoder, encoder-decoder, and decoder only) and
compare QLoRA with 16-bit adapter-finetuning and with full-finetuning for models up to 3B. Our evalua-
tions include GLUE [Wang et al., [2018|] with RoBERTa-large [Liu et al.,|2019], Super-Naturallnstructionss
[Wang et al.| 2022c|] with TS [Raffel et al.,[2020b], and 5-shot MMLU [Hendrycks et al., 2020] after fine-
tuning LLaMA on Flan v2 [Longpre et al.,|2023]] and Alpaca [Taori et al., [2023]].

To additionally study the advantages of NF4 over other 4-bit data types, we use the setup of Dettmers
and Zettlemoyer| [2022]] and measure post-quantization zero-shot accuracy and perplexity across different
models (OPT [Zhang et al., 2022]], LLaMA [Touvron et al.}[2023]], BLOOM [Scao et al., 2022], Pythia [Bi-
derman et al., 2023]]) for model sizes 125m - 13B. We provide more details in the results subsection for each

particular setup to make the results more readable.
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Table 5.2: Pile Common Crawl mean perplexity for different data types for 125M to 13B OPT, BLOOM,
LLaMA, and Pythia models.

Data type Mean PPL

Int4 34.34
Floatd (E2M1)  31.07
Floatd (E3M0)  29.48
NFloatd + DQ  27.41

While paged optimizers are critical to do 33B/65B QLORA tuning on a single 24/48GB GPU, we do

not provide hard measurements for Paged Optimizers since the paging only occurs when processing mini-
batches with long sequence lengths, which is rare. We do, however, perform an analysis of the runtime of
paged optimizers for 65B models on 48GB GPUs and find that with a batch size of 16, paged optimizers
provide the same training speed as regular optimizers. Future work should measure and characterize under

what circumstances slow-downs occur from the paging process.

4-bit NormalFloat yields better performance than 4-bit Floating Point While the 4-bit NormalFloat
(NF4) data type is information-theoretically optimal, it still needs to be determined if this property translates
to empirical advantages. We follow the setup from |Dettmers and Zettlemoyer| [[2022]] where quantized LLMs
(OPT [Zhang et al., 2022]], BLOOM [Scao et al.[[2022], Pythia|Biderman et al.| [2023|], LLaMA) of different
sizes (125M to 65B) with different data types are evaluated on language modeling and a set of zero-shot
tasks. In Figure [5.2] and Table [5.2] we see that NF4 improves performance significantly over FP4 and Int4

and that double quantization reduces the memory footprint without degrading performance.

k-bit QLORA matches 16-bit full finetuning and 16-bit LoRA performance Recent findings have
established that 4-bit quantization for inference is possible, but leads to performance degradation relative to
16-bit [Dettmers and Zettlemoyer, 2022; [Frantar et al., [2022a]. This raises the crucial question of whether
the lost performance can be recovered by conducting 4-bit adapter finetuning. We test this for two setups.

The first setup test if QLoRA can replicate 16-bit full finetuning performance for TS and RoBERTa
model finetuning.

For our second setup, since full finetuning models at and beyond 11B parameters requires more than
one server of high memory GPUs, we continue to test whether 4-bit QLORA can match 16-bit LoRA at

the 7B to 65B parameter scales. To this end, we finetune LLaMA 7B through 65B on two instruction
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Table 5.3: Mean 5-shot MMLU test accuracy for LLaMA 7-65B models finetuned with adapters on Alpaca
and FLAN v2 for different data types. Overall, NF4 with double quantization (DQ) matches BFloatl6
performance, while FP4 is consistently one percentage point behind both.

Mean 5-shot MMLU Accuracy

LLaMA Size 7B 13B 33B 65B Mean
Dataset Alpaca FLANv2 Alpaca FLANv2 Alpaca FLANv2 Alpaca FLAN v2

BFloat16 384 45.6 47.2 50.6 57.7 60.5 61.8 62.5 53.0
Float4 37.2 44.0 47.3 50.0 55.9 58.5 61.3 63.3 522

NFloat4 + DQ  39.0 44.5 47.5 50.7 57.3 59.2 61.8 63.9 53.1

following datasets, Alpaca and FLAN v2, and evaluate on the MMLU benchmark via 5-shot accuracy.
Results are shown in Table [5.3] where we see that NF4 with double quantization fully recovers the 16-bit
LoRA MMLU performance. In addition, we also note that QLORA with FP4 lags behind the 16-bit brain
float LoRA baseline by about 1 percentage point. This corroborates both our findings that (1) QLORA with
NF4 replicates both 16-bit full finetuning and 16-bit LoRA finetuning performance, and (2) NF4 is superior

to FP4 in terms of quantization precision.

Summary Our results consistently show that 4-bit QLORA with NF4 data type matches 16-bit full fine-
tuning and 16-bit LoRA finetuning performance on academic benchmarks with well-established evaluation
setups. We have also shown that NF4 is more effective than FP4 and that double quantization does not
degrade performance. Combined, this forms compelling evidence that 4-bit QLORA tuning reliably yields

results matching 16-bit methods.

In line with previous work on quantization [Dettmers and Zettlemoyer, [2022], our MMLU and Elo
results indicate that with a given finetuning and inference resource budget it is beneficial to increase the
number of parameters in the base model while decreasing their precision. This highlights the importance of
efficiency benefits from QLORA. Since we did not observe performance degradation compared to full-
finetuning in our experiments with 4-bit finetuning, this raises the question of where the performance-

precision trade-off exactly lies for QLoRA tuning, which we leave to future work to explore.

We proceed to investigate instruction tuning at scales that would be impossible to explore with full 16-bit

finetuning on academic research hardware.
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5.4 Pushing the Chatbot State-of-the-art with QLoRA

Having established that 4-bit QLORA matches 16-bit performance across scales, tasks, and datasets we
conduct an in-depth study of instruction finetuning up to the largest open-source language models available
for research. To assess the performance of instruction finetuning these models, we evaluate on a challenging
Natural Language Understanding benchmark (MMLU) and develop new methods for real-world chatbot

performance evaluation.

5.4.1 Experimental setup

We now describe an overview of the experimental setup.

Data As, to our knowledge, there is no comprehensive study of instruction-following datasets, we select
eight recent datasets. We include datasets obtained through crowd-sourcing (OASST1 [Kopf et al.| 2023]],
HH-RLHF [Bai et al., [2022]]), distillation from instruction-tuned models (Alpaca [Taori et al., 2023, self-
instruct [Wang et al.,|2022b]], unnatural-instructions [Honovich et al.,[2022]]), corpora aggregations (FLAN
v2 [Chung et al.,[2022]), as well as hybrids (Chip2 [LAION| 2023|], Longform [Koksal et al., [2023]]). These

datasets cover different languages, data sizes, and licenses.

Training Setup To avoid confounding effects from different training objectives, we perform QLoRA fine-
tuning with cross-entropy loss (supervised learning) without reinforcement learning, even for datasets that
include human judgments of different responses. For datasets that have a clear distinction between instruc-
tion and response, we finetune only on the response. For OASST1 and HH-RLHF, multiple responses are
available. We then select the top response at every level of the conversation tree and finetune on the full
selected conversation, including the instructions. In all of our experiments, we use NF4 QLORA with dou-
ble quantization and paged optimizers to prevent memory spikes during gradient checkpointing. We do a
small hyperparameter searches for the 13B and 33B LLaMA models and we find that all hyperparameter
settings found at 7B generalize (including number of epochs) except learning rate and batch size. We halve

the learning rate for 33B and 65B while doubling the batch size.
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Baselines We compare our models to both research (Vicuna [[Chiang et al.,2023|] and Open Assistant [Kopf
et al.| 2023]]) and commercial (GPT-4 [OpenAl, 2023]], GPT-3.5-turbo and Bard) chatbot systems. The Open
Assistant model is a LLaMA 33B model finetuned with Reinforcement Learning from Human Feedback
(RLHF) on the OASST1 dataset. Vicuna does full fine-tuning of LLaMA 13B on proprietary user-shared

conversations from ShareGPT and is thus the result of distillation from OpenAI GPT models.

Evaluation setup Chatbot evaluation is not straightforward since each prompt has many high-quality
responses which are challenging to rank. We therefore follow a comprehensive approach, which involves
(a) standard benchmarks that measures general language understanding performance (MMLU [Hendrycks
et al., 2020]]), (b) both automatic and human evaluation that measures how many responses from chatbot
A are better compared to chatbot B, (c) a round-robin tournament-style evaluation where chatbots compete

against each other in games where chatbot performance is measured as ELO.

5.4.2 Guanaco: QLORA trained on OASST1 is a State-of-the-art Chatbot

Based on our automated and human evaluations, we find that the top QLORA tuned model, Guanaco 65B,
which we finetune on a variant of OASST]1, is the best-performing open-source chatbot model and offers
performance competitive to ChatGPT. When compared to GPT-4, Guanaco 65B and 33B have an expected
win probability of 30%, based on Elo rating from human annotators system-level pairwise comparisons on
the Vicuna benchmark - the highest reported to date.

The Vicuna benchmark |Chiang et al| [2023] results relative to ChatGPT are shown in Table [5.4] We
find that Guanaco 65B is the best-performing model after GPT-4, achieving 99.3% performance relative
to ChatGPT. Guanaco 33B has more parameters than the Vicuna 13B model, but uses only 4-bit precision
for its weights and is thus much more memory efficient at 21 GB vs 26 GB, providing a three percentage
points of improvement over Vicuna 13B. Furthermore, Guanaco 7B easily fits on modern phones at a 5 GB
footprint while still scoring nearly 20 percentage points higher than Alpaca 13B.

However, Table [5.4] also has very wide confidence intervals, with many models overlapping in perfor-
mance. We hypothesize that this uncertainty comes from the lack of clear specification of scale, e.g., it is
unclear what 8 on a 10 point scale means across different scenarios. As such, we instead recommend using

the Elo ranking method [Elol [1967]], based on pairwise judgments from human annotators and GPT-4 to
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Table 5.4: Zero-shot Vicuna benchmark scores as a percentage of the score obtained by ChatGPT evaluated
by GPT-4. We see that OASST1 models perform close to ChatGPT despite being trained on a very small
dataset and having a fraction of the memory requirement of baseline models.

Model / Dataset Params Model bits Memory ChatGPT vs Sys Sys vs ChatGPT Mean  95% CI

GPT-4 - - - 119.4% 110.1% 114.5% 2.6%
Bard - - - 93.2% 96.4% 94.8% 4.1%
Guanaco 65B 4-bit 41 GB 96.7% 101.9% 99.3% 4.4%
Alpaca 65B 4-bit 41 GB 63.0% 77.9% 70.7% 4.3%
FLAN v2 65B 4-bit 41 GB 37.0% 59.6% 48.4% 4.6%
Guanaco 33B 4-bit 21 GB 96.5% 99.2% 97.8% 4.4%
Open Assistant 33B 16-bit 66 GB 73.4% 85.7% 78.1% 5.3%
Alpaca 33B 4-bit 21 GB 67.2% 79.7% 73.6% 4.2%
FLAN v2 33B 4-bit 21 GB 26.3% 49.7% 38.0% 3.9%
Vicuna 13B 16-bit 26 GB 91.2% 98.7% 94.9% 4.5%
Guanaco 13B 4-bit 10 GB 87.3% 93.4% 90.4% 5.2%
Alpaca 13B 4-bit 10 GB 63.8% 76.7% 69.4% 4.2%
HH-RLHF 13B 4-bit 10 GB 55.5% 69.1% 62.5% 4.7%
Unnatural Instr. 13B 4-bit 10 GB 50.6% 69.8% 60.5% 4.2%
Chip2 13B 4-bit 10 GB 49.2% 69.3% 59.5% 4.7%
Longform 13B 4-bit 10 GB 44.9% 62.0% 53.6% 5.2%
Self-Instruct 13B 4-bit 10 GB 38.0% 60.5% 49.1% 4.6%
FLAN v2 13B 4-bit 10 GB 32.4% 61.2% 47.0% 3.6%
Guanaco 7B 4-bit 5GB 84.1% 89.8% 87.0% 5.4%
Alpaca 7B 4-bit 5GB 57.3% 71.2% 64.4% 5.0%
FLAN v2 7B 4-bit 5GB 33.3% 56.1% 44.8% 4.0%
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Table 5.5: MMLU 5-shot test results for different sizes of LLaMA finetuned on the corresponding datasets
using QLoRA.

Dataset 7B 13B 33B 65B
LLaMA no tuning 35.1 469 578 634
Self-Instruct 364 333 53.0 567
Longform 32.1 432 56.6 59.7
Chip2 345 41.6 53.6 59.8
HH-RLHF 349 446 558 60.1

Unnatural Instruct 419 48.1 57.3 613
Guanaco (OASST1) 36.6 464 57.0 622
Alpaca 38.8 478 573 62.5
FLAN v2 445 514 592 63.9

avoid the problem of grounding an absolute scale.

Elo ratings of the most competitive models can be seen in Table 5.1l We note that human and GPT-4
ranking of models on the Vicuna benchmark disagree partially, particularly for Guanaco 7B, but are con-
sistent for most models with a Kendall Tau of 7 = 0.43 and Spearman rank correlation of » = 0.55 at the
system level. At the example level, the agreement between GPT-4 and human annotators’ majority vote is
weaker with Fleiss x = 0.25. Overall, this shows a moderate agreement between system-level judgments
by GPT-4 and human annotators, and thus that model-based evaluation represents a somewhat reliable alter-

native to human evaluation. See subsection ?? for further considerations.

Elo rankings in Table [5.6] indicate that Guanaco 33B and 65B models outperform all models besides
GPT-4 on the Vicuna and OA benchmarks and that they perform comparably to ChatGPT in line with
Table [5.4] We note that the Vicuna benchmark favors open-source models while the larger OA benchmark
favors ChatGPT. Furthermore, we can see from Tables[5.5|and [5.4] that the suitability of a finetuning dataset
is a determining factor in performance. Finetuning LLaMA models on FLAN v2 does particularly well on
MMLU, but performs worst on the Vicuna benchmark (similar trends are observed with other models). This
also points to partial orthogonality in current evaluation benchmarks: strong MMLU performance does not
imply strong chatbot performance (as measured by Vicuna or OA benchmarks) and vice versa.

Guanaco is the only top model in our evaluation that is not trained on proprietary data as the OASST1
dataset collection guidelines explicitly forbid the use of GPT models. The next best model trained on only
open-source data is the Anthropic HH-RLHF model, which scores 30 percentage points lower than Guanaco
on the Vicuna benchmark (see Table[5.4)). Overall, these results show that 4-bit QLORA is effective and can
produce state-of-the-art chatbots that rival ChatGPT. Furthermore, our 33B Guanaco can be trained on 24

GB consumer GPUs in less than 12 hours. This opens up the potential for future work via QLORA tuning
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Table 5.6: Elo rating for a tournament between models where models compete to generate the best response
for a prompt, judged by human raters or GPT-4. Overall, Guanaco 65B and 33B tend to be preferred to
ChatGPT-3.5 on the benchmarks studied. According to human raters they have a Each 10-point difference
in Elo is approximately a difference of 1.5% in win-rate.

Benchmark Vicuna Vicuna Open Assistant

# Prompts 80 80 953

Judge Human raters GPT-4 GPT-4 Median Rank
Model Elo Rank Elo Rank Elo Rank

GPT-4 1176 1 1348 1 1294 1 1
Guanaco-65B 1023 2 1022 2 1008 3 2
Guanaco-33B 1009 4 992 3 1002 4 4
ChatGPT-3.5 Turbo 916 7 966 5 1015 2 5
Vicuna-13B 984 5 974 4 936 5 5
Guanaco-13B 975 6 913 6 885 6 6
Guanaco-7B 1010 3 879 8 860 7 7
Bard 909 8 902 7 - - 8

on specialized open-source data, which produces models that can compete with the very best commercial

models that exist today.

5.5 Conclusion

We have shown evidence that our method, QLORA, can replicate 16-bit full finetuning performance with a
4-bit base model and Low-rank Adapters. This enables the finetuning of 33B parameter LLMs on a single
consumer GPU without any performance degradation thus enabling most research to perform research on

the largest LLMs with very few resources.
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Chapter 6

SWARM Parallelism: Training Large
Models Can Be Surprisingly

Communication-Efficient

6.1 Introduction

For the past several years, the deep learning community has been growing more reliant on large pretrained
neural networks. The most evident example of this trend is natural language processing, where the parameter
count of models has grown from hundreds of millions [Vaswani et al., [2017aj; Radford et al., 2018} [Devlin
et al., [2019] to billions [Narayanan et al., 2021; Raffel et al., 2020b; ?; Sun et al., [2021] to hundreds of
billions [Brown et al.,|2020a; |Fedus et al.,|2021; |Chowdhery et al., 2022a; Rae et al.,|2021]] with consistent
gains in quality [Kaplan et al., [2020]. Likewise, many models in computer vision are reaching the billion-
parameter scale [Ramesh et al., 2021} [Zhai et al.,[2021}; Dai et al., 2021; [Dhariwal and Nichol, 2021]].

At this scale, the models no longer fit into a single accelerator and require specialized training algorithms
that partition the parameters across devices [Krizhevsky et al.,[2012; [Dean et al., 2012]]. While these model-
parallel algorithms use different partitioning strategies, they all share the need to perform intensive device-
to-device communication [Narayanan et al.,|2019,2021]]. Also, if a single device fails, it will cause the entire

training process to break down. As a result, model-parallel algorithms are typically deployed in dedicated

&9



high-performance computing (HPC) clusters or supercomputers [Shoeybi et al., 2019; |Rajbhandari et al.,
2020; [Narayanan et al., 2021]).

This kind of infrastructure is notoriously expensive to build and operate, which makes it available only
to a few well-resourced organizations [Larrea et al., 2019} [Strohmaier et al., [2021}; Langston, [2020]. Most
researchers cannot afford the experiments necessary for a proper evaluation of their ideas. This ultimately
limits the scientific progress for many important research areas, such as solving NLP problems in “non-
mainstream” languages.

Several recent works propose more cost-efficient distributed training strategies that leverage fleets of
temporary “preemptible” instances that can be dynamically allocated in regions with low demand for hard-
ware and electricity, making them 2—-10 times cheaper than their dedicated counterparts [Harlap et al., 2017].
Another solution is to train in “collaborations” by pooling together preexisting resources or using the help
of volunteers [Diskin et al.,[2021}; |Atre et al.,[2021}; |Ryabinin and Gusev}, 2020; Yuan et al., 2022].

However, training in either of those setups requires specialized algorithms that can adapt to the changing
number of workers, utilize heterogeneous devices and recover from hardware and network failures. While
there are several practical algorithms for unreliable hardware [Kijsipongse et al., [2018}; |Lin et al.| |2020a;
Ryabinin et al., |2021]], they can only train relatively small models that fit into the memory of the smallest
device. This limits the practical impact of cost-efficient strategies, because today’s large-scale experiments
often involve models with billions of parameters.

In this work, we aim to find a practical way of training large neural networks using unreliable hetero-
geneous devices with slow interconnect. We begin by studying the impact of model size on the balance
between communication and computation costs of pipeline-parallel training. Specifically, increasing the size
leads computation costs to grow faster than the network footprint, thus making household-grade connec-
tion speeds more practical than one might think. This idea inspires the creation of SWARM parallelism,
a pipeline-parallel approach designed to handle peer failures by prioritizing stable peers with lower latency.
In addition, this approach periodically rebalances the pipeline stages, which allows handling devices with
different hardware and network speeds.

In summary, we make the following contributions:

* We analyze the existing model-parallel training techniques and formulate the “Square-Cube Law” of
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distributed training: a counterintuitive observation that, for some methods, training larger models can

actually decrease the network overhead.

* We develop SWARM parallelism, a decentralized model-parallel algorithnﬂhat leverages randomized
fault-tolerant pipelines and dynamically rebalances nodes between pipeline stages. To the best of our
knowledge, this is the first decentralized algorithm capable of billion-scale training on heterogeneous

unreliable devices with slow interconnect.

* Combining insights from the square-cube law, SWARM parallelism, and 8-bit compression, we show
that it is possible to train a billion-scale Transformer language model on preemptible servers with
low-power GPUs and the network bandwidth of less than 200Mb/s while achieving high training

throughput.

6.2 Background & Related Work

6.2.1 Model-parallel training

Over the past decade, the deep learning community has developed several algorithms for training large
neural networks. Most of them work by dividing the model between multiple workers, which is known
as model parallelism. The exact way in which these algorithms divide the model determines their training

performance and the maximum model size they can support.

Traditional model parallelism. Historically, the first general strategy for training large models was to
assign each device to compute a subset of each layer (e.g., a subset of neurons), then communicate the results
between each other [Krizhevsky et al., [2012; Ben-Nun and Hoefler, 2019; [Tang et al., [2020]. Since each
device stores a fraction of layer parameters, this technique can train models with extremely wide layers that
would not fit into a single GPU. However, applying traditional model parallelism to deep neural networks
comes at a significant performance penalty, as it requires all-to-all communication after each layer. As a

result, while intra-layer parallelism is still widely used [Shazeer et al.,2018a}; Rajbhandari et al., 2020]], it is

'The code for our experiments can be found at/github.com/iclr2023-submit/swarm
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usually applied within one physical server in combination with other strategies [Krizhevsky, 2014} Chilimbi

et al.,[2014; |Jia et al.l 2019b; [Narayanan et al.| 2021]].

Pipeline parallelism circumvents the need for expensive all-to-all communication by assigning each de-
vice with one or several layers [Huang et al.,2019|]. During the forward pass, each stage applies its subset of
layers to the inputs supplied by the previous stage, then sends the outputs of the last layer to the next stage.
For the backward pass, this process is reversed, with each pipeline stage passing the gradients to the device
that supplied it with input activations.

To better utilize the available devices, the pipeline must process multiple microbatches per step, allowing
each stage to run in parallel on a different batch of inputs. In practice, the number of microbatches is limited
by the device memory: this results in reduced device utilization when processing the first and the last mi-
crobatches, known as the “bubble” overhead [Huang et al., [2019]]. To combat this issue, subsequent studies
propose using activation checkpointing, interleaved scheduling, and even asynchronous training [Narayanan
et al.,[2019} 2021} [Huang et al.l 2019; [Shoeybi et al.,[2019;|Yang et al., 2019].

Aside from model parallelism, there two more strategies for training large models: data parallelism with
dynamic parameter loading [Rajbhandari et al., 2020] and model-specific algorithms such as Mixture-of-

Experts [Shazeer et al.| 2017].

6.2.2 Distributed training outside HPC

The techniques described in Section [6.2.T] are designed for clusters of identical devices with rapid and reli-
able communication, making them a natural fit for the HPC setup. As we discussed earlier, such infrastruc-
ture is not always available, and a more cost-efficient alternative is to use “preemptible” instances [Li et al.,
2019; [Zhang et al., 2020; Harlap et al., 2017] or volunteer computing [Kijsipongse et al., 2018}, Ryabinin
and Gusev, 2020; Atre et al.| 20215 [Diskin et al., 2021]]. However, these environments are more difficult for
distributed training: each machine can disconnect abruptly due to a failure or preemption. Besides, since
there is a limited number of available instances per region, training at scale often requires operating across
multiple locations or using different instance types.

To handle unstable peers and heterogeneous devices, the research community has proposed elastic and

asynchronous training methods, correspondingly. Moreover, training large models over heterogeneous de-
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vices can be optimized with global scheduling Yuan et al.| [2022].

By contrast, the largest models have billions of parameters, which exceeds the memory limits of most
low-end computers. However, model-parallel algorithms are not redundant, which makes them more vul-
nerable to hardware and network failures. There exist two methods that allow training large models with
unreliable devices [Ryabinin and Gusev,[2020; Thorpe et al.,2022]]: however, the first one supports only spe-
cific architectures and requires at least 1Gb/s bandwidth, whereas the second one has no publicly available
implementations, relies on redundant computations for fault tolerance and considers only the homogeneous

setup.

6.2.3 Communication efficiency and compression

In this section, we discuss techniques that address training with limited network bandwidth or high
latency, such as gradient compression or overlapping computation with communication phases. These tech-
niques are often necessary for distributed training without high-speed connectivity, because otherwise the

performance of the system becomes severely bottlenecked by communication.

Efficient gradient communication. Data-parallel training requires synchronization of gradients after each
backward pass, which can be costly if the model has many parameters or the network bandwidth is lim-
ited. There exist several methods that approach this problem: for example, Deep Gradient Compres-
sion [Lin et al) 2018]] sparsifies the gradients and corrects the momentum after synchronization, while
PowerSGD [[Vogels et al., [2019] factorizes the gradients and uses error feedback to reduce the approxima-
tion error. Recently, |[Wang et al.| [[2022a]] proposed to compress the changes of model activations, achiev-
ing high-speed communication for finetuning models of up to 1.5B parameters. Alternatively, |Dettmers
[2015]] uses 8-bit quantization to compress gradients before communication. We evaluate it along with
compression-aware architectures, leaving the exploration of more advanced approaches to future work.
Besides gradient compression, another effective technique is to use layer sharing [Lan et al., [2020],

which reduces the number of aggregated gradients by a factor of how many times each layer is reused.

Overlapping communication and computation. Model, pipeline, and data parallelism all have synchro-

nization points and require transfer of gradients or activations. One way to reduce the transfer cost is to
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overlap communication with computation, hiding the synchronization latency. This overlap can be achieved
by combining parallelism techniques [Krizhevskyl [2014; [Rajbhandari et al.| [2020], by synchronizing gra-
dients layer-by-layer in lockstep with backpropagation [Paszke et al.l [2019b], or by using pure pipeline
parallelism [[Huang et al.l 2019; Narayanan et al., 2019|]. However, pure pipeline parallelism requires many
stages to effectively hide the latency. To overcome this problem, we study inter-layer compression tech-

niques that work well even with relatively few pipeline stages.

6.3 Communication-efficient model parallelism

In this section, we outline our approach for training large models with heterogeneous unreliable poorly-

connected devices. To that end, the section is organized as follows:

* Section [6.3-T|analyzes how existing model-parallel algorithms scale with model size and shows con-

ditions where training increasingly larger models leads to less intense network usage;

* Section [6.3.2] describes SWARM parallelism — a decentralized algorithm for training large models

under the conditions outlined in Section [6.2.2)

6.3.1 The square-cube law of distributed training

To better understand the general scaling properties of model parallelism, we need to abstract away from

the application-specific parameters, such as model architecture, batch size, and system design. To that end,
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we first consider a simplified model of pipeline parallelism. Our “pipeline” consists of k stages, each repre-
sented by nxn matrices. Intuitively, the first matrix represents the input data and all subsequent matrices are
linear “layers” applied to that data. This model abstracts away from application-specific details, allowing us

to capture general relationships that hold for many models.

During “training”, stages iteratively perform matrix multiplication and then send the output to the sub-
sequent pipeline stage over a throughput-limited network. These two operations have different scaling
properties. The compute time for naive matrix multiplication scales as O(n?). While this can be reduced
further in theory [Coppersmith and Winograd, [1990; |Alman and Williams|, |2021], it is only used for very
large matrices [Zhang and Gaol, 2015} [Fatahalian et al.| 2004; |Huang et al., 2020]. Therefore, deep learning
on GPUs typically relies on O(n?) algorithms.

In turn, the communication phase requires at most O(n?) time to transfer a batch of nxn activations or
gradients. Therefore, as we increase the model size, the computation time grows faster than communication
time, regardless of which matrix multiplication algorithm we use. We refer to this idea as the square-cube

law after the eponymous principle in physics [Galileo, |1638}; |Allen, 2013]].

This principle applies to many real-world neural network architectures, albeit with some confounding
variables. In convolutional neural networks Fukushima|[[1980], the computation time scales as O( BH WCQ)
and the communication is O(BHW ('), where B, H, W and C stand for batch size, height, width and
the number of channels. Recurrent neural networks [[Rumelhart et al., (1986} [Hochreiter and Schmidhu-
ber, [1995] need O(BLH?) compute in terms of batch size, sequence length, and hidden size, respectively,
and O(BLH) or O(BH ) communication, depending on the architecture. With the same notation, Trans-
formers [Vaswani et al., 2017a] require O(BL?H) compute for attention layers, O(BLH?) compute for

feedforward layers, but only O(BLH) communication.

Based on these observations, we conclude that pipeline parallelism naturally grows more communication-
efficient with model size. More precisely, increasing the hidden dimension will reduce the communication
load per device per unit of time, making it possible to train the model efficiently with lower network band-
width and higher latenc While the exact practical ramifications depend on the use case, Section

demonstrates that some of the larger models trained with pipeline parallelism can already train at peak

?Latency slows the communication down by a constant factor that also grows less important with model size.
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Figure 6.2: An overview of SWARM parallelism, illustrating both normal operation, device failures and
adaptive rebalancing. One of the workers at stage 2 leaves; another peer from stage 3 takes its place by
downloading the latest stage 2 parameters and statistics from peers.

efficiency with only hundreds of Mb/s bandwidth.

In theory, the square-cube principle also applies to intra-layer parallelism, but using this technique at
500 Mb/s would become practical only for layer sizes of more than 2'6 units. Data-parallel training with
sharding or offloading [Ren et al., 2021]] does not scale as well, as its communication time scales with the
size of model parameters instead of activations. However, it may be possible to achieve similar scaling with

gradient compression algorithms.

6.3.2 SWARM parallelism

Traditional pipeline parallelism can be communication-efficient, but this alone is not enough for our setups.
Since training devices can have different compute and network capabilities, a pipeline formed out of such
devices would be bottlenecked by the single “weakest link™, i.e., the participant with the smallest training
throughput. As a result, the more powerful nodes along the pipeline would be underutilized due to either
lack of inputs or slow subsequent stages. On top of that, if any node fails or leaves training prematurely, it
will stall the entire training procedure.

To overcome these two challenges, we replace the rigid pipeline structure with temporary “pipelines”
that are built stochastically on the fly during each iteration. Each participant can send their outputs to any
peer that serves the next pipeline stage. Thus, if one peer is faster than others, it can process inputs from
multiple predecessors and distribute its outputs across several weaker peers to maximize utilization. Also,
if any participant disconnects, its predecessors can reroute their requests to its neighbors. New peers can

download up-to-date parameters and optimizer statistics from remaining workers at the chosen stage. This
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allows the training to proceed as long as there is at least one active participant per stage.

The resulting system consists of several consecutive swarms, as depicted in Figure [6.2] Peers within
one swarm serve the same pipeline stage (i.e., the same subset of layers with the same parameters). We
assume that the model consists of similar “blocks™ and thus partition it into evenly sized stages, leaving the
study of better strategies [Huang et al., 2019; Narayanan et al. [2019] as future work. During the forward
pass, peers receive inputs from predecessors (determined on each iteration) and send activations to peers in
the next stage. For the backward pass, peers receive gradients for outputs, compute gradients for layer inputs
and accumulate gradients for parameters. Once enough gradients are accumulated, peers form groups, run
All-Reduce to average gradients within their pipeline stages and perform the optimizer step.

SWARM parallelism can also use Delayed Parameter Updates (DPU) [Ren et al., 2021] to further im-
prove hardware utilization by performing the optimizer step in parallel with processing the next batch.
While it is technically asynchronous, DPU was shown to achieve similar per-iteration convergence as fully
synchronous training, both theoretically [Stich and Karimireddy, [2020; |Arjevani et al., 2020] and empiri-
cally [Ren et al., 2021} |Diskin et al., 2021]].

Each peer has queues for incoming and outgoing requests to maintain high GPU utilization under latency
and to compensate for varying network speeds. Similarly to other pipeline implementations [Huang et al.,
2019; Narayanan et al.l [2021]], SWARM parallelism uses activation checkpointing [|Griewank and Walther,

2000; (Chen et al., 2016] to reduce the memory footprint.

Stochastic wiring. To better utilize heterogeneous devices and recover from faults, we dynamically “wire”
each input through each stage and pick devices in proportion to their training throughput. To achieve this,
SWARM peers run “trainer” processes that route training data through the “stages” of SWARM, balancing
the load between peers.

For each pipeline stage, trainers discover which peers currently serve this stage via a Distributed Hash
Table (DHT, Maymounkov and Mazieres, [2002)). Trainers then assign a microbatch to one of those peers
based on their performance. If that peer fails, it is temporarily banned and the microbatch is sent to another
peer within the same stage. Note that trainers themselves do not use GPUs and have no trainable parameters,
which makes it possible to run multiple trainers per peer.

Each trainer assigns data independently using the Interleaved Weighted Round-Robin [Katevenis et al.,
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1991;; [Tabatabaee et al.l 2020] scheduler. Our specific implementation of IWRR uses a priority queue: each
peer is associated with the total processing time over all previous requests. A training minibatch is then
routed to the node that has the smallest total processing time. Thus, for instance, if device A takes half as
long to process a sample as device B, the routing algorithm will choose A twice as often as B. Finally, if a
peer does not respond or fails to process the batch, trainer will “ban” this peer until it reannounces itself in
the DHT, which is done every few minutes.

Curiously, different trainers can have different throughput estimates for the same device because of
the network topology. For instance, if training nodes are split between two cloud regions, a given peer’s
trainer will have a higher throughput estimate for peers in the same data center. In other words, trainers

automatically adjust to the network topology by routing more traffic to peers that are “nearby”.

Adaptive swarm rebalancing. While stochastic wiring allows for automatic rebalancing within a stage,
additional cross-stage rebalancing may be required to maximize throughput, especially when devices are
very unreliable. As we described in Section [6.2.2] our workers can join and leave training at any time. If
any single pipeline stage loses too many peers, the remaining ones will face an increased processing load,
which will inevitably form a bottleneck.

SWARM parallelism addresses this problem by allowing peers to dynamically switch between “pipeline
stages” to maximize the training throughput. Every 7' seconds, peers measure the utilization rate of each
pipeline stage as the queue size. Peers from the most underutilized pipeline stage will then switch to the
most overutilized one (see Figure for an overview), download the latest training state from their new
neighbors and continue training. Similarly, if a new peer joins midway through training, it is assigned to the
optimal pipeline stage by following the same protocol. As a side effect, if one pipeline stage requires more

compute than others, SWARM will allocate more peers to that stage.

6.4 Experiments

6.4.1 Communication efficiency at scale

Before we can meaningfully evaluate SWARM parallelism, we must verify our theoretical observations on

communication efficiency. Here we run several controlled experiments that measure the GPU utilization
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Table 6.1: Relative device utilization at 500 Mb/s bandwidth and varying network latency.

Relative GPU utilization
(100% - idle time)

base xxlarge  GPT-3 Ours

none 18.0% 32.1% 82.1%  89.5%

10ms 11.8% 28.9% 79.3%  87.2%

50ms 4.88% 20.1% 70.3%  79.5%

IOOms 2.78% 14.9% 60.2% 71 5%
1.53% 10.1% 48.5%

and network usage for dlfferent—mede-Ls&es—asmg—thelpansfemaepa;eh&eeture [Vaswani et al., |2017a]] that

has been widely adopted in various fields [Lin et al., 2021]]. To decouple the performance impact from other

Latency
(RTT)

factors, we run these experiments on homogeneous V100 GPU nodes that serve one pipeline stage over the
network with varying latency and bandwidth. We use a batch size of 1 and sequences of 512 tokens.

First, we measure how the model size affects the computation to communication ratio at 500 Mb/s net-
work bandwidth in both directions. We consider 4 model configurations: the base configuration from the
BERT paper [Devlin et al.| [2019]], “xxlarge" (“large” with d,;,04.;=4096), which is used in several recent
works [Lan et al., 2020;(Sun et al.,|2021;|He et al.,2020]], and a GPT-3-scale model with d,;,,q.;=12288 [Brown
et all 2020a]. We also evaluate a modified Transformer architecture (“Ours”) as defined in Section [6.4.3]
with d;,04.:=4096, 3 layers per pipeline stage and 8-bit quantized activations. This compression strategy
can significantly reduce network usage with little effect on convergence. In the first three configurations, the
model consists of 12 Transformer layers placed on 12 servers with a single GPU; in the last one, there are 4
servers, each hosting 3 layers.

As depicted in Figure [6.1] (right) and Figure [6.3] larger models achieve better GPU utilization rate in
the same network conditions, since their communication load grows slower than computation. More impor-
tantly, even at 500 Mb/s, the resulting GPU idle time can be pushed into the 10-20% range, either naturally
for GPT-3-sized models or through activation compression for smaller models. In addition, large models
maintain most of their training efficiency at the 100ms latency (Table [6.1)), which is roughly equivalent to

training on different continents [Verizon, 2021]].

6.4.2 Detailed performance comparison

Here we investigate how SWARM parallelism compares to existing systems for training large models:

GPipe [Huang et al.,|2019] and ZeRO-Offload [Ren et al., 2021]]. The purpose of this section is to compare
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the training throughput in “ideal” conditions (with homogeneous reliable devices and balanced layers), as
deviating from these conditions makes it infeasible to train with baseline systems.

We evaluate training performance for sequences of 4 Transformer layers of identical size distributed over
16 workers. The pipeline does not contain embeddings or language modeling heads, as it would result in im-
balance between the stages. Similarly to Section[6.4.1] we use two layer configurations: “xxlarge” (dyoqe1=4096,
drpn=16384, 32 heads) and “GPT-3" (d;,,0de1=12288, dppn=49152, 96 heads). The microbatch size is 4
for “xxlarge” and 1 for “GPT-3”, and the sequence length is 512.

To provide a more detailed view of the training performance, we measure two separate performance
statistics: the training throughput and the All-Reduce time. The training throughput measures the rate
at which the system can process training sequences, i.e., run forward and backward passes. In turn, the
All-Reduce time is the time each system spends to aggregate those accumulated gradients across devices.
The total time per step can be computed as batch_size / throughput + all_reduce_time.
Intuitively, training with small batch sizes is more sensitive to the All-Reduce time (since the algorithm
needs to run All-Reduce more frequently) and vice versa.

Hardware setup: Each worker uses a V100-PCle GPU with 16 CPU threads (E5 v5-2660v4) and 128
GB RAM. The only exception is for ZeRO-Offload with “GPT-3" layers, where we had to double the RAM
size because the system required 190GB at peak. Similarly to Section each worker can communicate
at a 500 Mb/s bandwidth for both upload and download for a total of 1 Gb/s. In terms of network latency,
we consider two setups: with no latency, where workers communicate normally within the same rack, and
with latency, where we introduce additional 100 & 50ms latency directly in the kerne]ﬂ

GPipe configuration: We use a popular PyTorch-based implementation of GPipq’ﬂ The model is par-
titioned into 4 stages repeated over 4 model-parallel groups. To fit into the GPU memory for the “GPT-3”
configuration, we offload the optimizer into RAM using ZeRO-Offload. Before averaging, we use Py-
Torch’s built-in All-Reduce to aggregate gradients. We evaluate both the standard GPipe schedule and the
1F1B schedule [Narayanan et al., 2019].

ZeRO-Offload configuration: Each worker runs the entire model individually, then exchanges gradi-

ents with peers. For “xxlarge”, we use the official implementation from Ren et al.| [2021]]. However, for

3More specifically, tc gdisc add dev <...> root netem delay 100ms 50ms
*The source code is available at ht tps: //github.com/kakaobrain/torchgpipe
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Table 6.2: Training performance for different model sizes.

Throughput, samples/s All-Reduce time, s/round

System
No latency Latency No latency  Latency

“GPT-3”

SWARM  0.619 0.558 441.7 4554

GPipe 0.633 0.477

1F1B 0.638 0.482 403 469.6

Offload 0.382 0.382 1527.9 16354
“xxlarge”

SWARM  2.358 2.161 45.36 51.269

GPipe 2.541 0.957

1F1B 2.550 0.987 44.17 64.828

Offload 3.08 3.08 168.71 252.26

“GPT-3”, we found that optimizer offloading still does not allow us to fit 4 layers into the GPU. For this
reason, we also offload the model parameters using the of f1oad_param option.

In turn, when training smaller models, ZeRO-Offload outperforms both SWARM and GPipe. This result
aligns with our earlier observations in Figure [6.1] where the same model spent most of the time waiting for
the communication between pipeline stages.

We also observe that ZeRO-Offload takes longer to aggregate gradients, likely because each peer must
aggregate the entire model, whereas in SWARM and GPipe, peers aggregate a single pipeline stage. The
variation between All-Reduce time in GPipe and SWARM is due to implementation differences. Overall,

SWARM is competitive to HPC baselines even in an idealized homogeneous environment.

6.4.3 Large-scale distributed training

To verify the efficiency of SWARM parallelism in a practical scenario, we conduct a series of large-scale
distributed experiments using preemptible (unreliable) cloud T4 and A100 GPUs over a public cloud net-
work.

We train a Transformer language model with the architecture similar to prior work [[Brown et al., [2020a;
?; ?] and 1.01 billion parameters in total. Our model consists of 3 stages, each containing a single Trans-
former decoder block with d,,,,qc; = 4096 and 16 layers per pipeline stage. All workers within a stage
serve the same group of layers, and all layers within each group use the same set of parameters, similarly

to ALBERT [Lan et al., |2020]. On top of this, the first stage also contains the embedding layer, and the
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Table 6.3: Pipeline throughput, layer sharing.

Throughput, Optimal
Hardware samples/s bandwidth, Mb/s
setup
Actual Best-case Upload Download
T4 17.6 19.2 317.8 397.9
A100 16.9 25.5 436.1 545.1

T4 & A100 27.3 — — —

Table 6.4: Pipeline throughput, default Transformer.

Hardware Throughput,
samples/s
setup R
Actual Best-case
T4 8.8 288.1
A100 8.0 382.5

T4 & A100 134 —
last stage includes the language modelinghead—Becauseoftayersharing, this model is equivalent to a 13B

model from [Brown et al.,[2020a] in terms of compute costs.

We use 8-bit compression [Dettmers et al., 2021]] for activations and gradients to reduce the commu-
nication intensity. SWARM nodes run rebalancing every 7' = 300 seconds, and trainers measure peer
performance using a moving average with @ = 0.1. SWARM is not very sensitive to the choice of these

hyperparameters.

First, to verify that model parallelism with asynchronous updates does not have significant convergence
issues, we train the model on the Pile [[Gao et al.l 2020] dataset with 400 preemptible T4 instances, each
hosting one accelerator. As a baseline, we use regular data-parallel training with offloading on 128 A100

GPUs. We run both experiments for approximately 4 weeks and compare the learning curves.

Figure shows the results of this experiment: it can be seen that the training dynamics of two ap-
proaches are indeed similar, which demonstrates the viability of SWARM parallelism for heterogeneous and

poorly-connected devices.

In the next experiment, we aim to measure the pipeline throughput in different hardware conditions and
to compare it with an estimate of best-case pipeline performance. We consider several setups: first, we use
the same 400 preemptible T4 nodes; in another setup, we use 7 instances with 8 A100 GPU each; finally,
we combine these fleets to create a heterogeneous setup. We examine the performance of the pipeline both

with weight sharing and with standard, more common, Transformer blocks.
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We measure the number of randomly generated samples processed by the pipeline both in our infras-
tructure and the ideal case that ignores all network-related operations (i.e., has infinite bandwidth and zero
latency). The ideal case is emulated by executing a single pipeline stage 3 times locally on a single server

and multiplying the single-node estimates by the number of nodes.

As demonstrated in the left two columns of Table[6.3]and Table[6.4] asynchronous training of compute-
intensive models with 8-bit compressed activations regardless of the architecture specifics allows us to
achieve high performance without a dedicated networking solution. Furthermore, the load balancing al-
gorithm of SWARM allows us to dynamically and efficiently utilize different hardware without being bot-

tlenecked by slower devices.

Next, we use the same load testing scenario to estimate the bandwidth required to fully utilize each
device type in the above infrastructure. For this, we measure the average incoming and outgoing bandwidth
on the nodes that serve the intermediate stage of the pipeline. We summarize our findings in the right
two columns of Table it turns out that with layer sharing and 8-bit compression, medium-performance
GPUs (such as T4) can be saturated even with moderate network speeds. Based on our main experiment,
the optimal total bandwidth is roughly 100Mb/s higher than the values reported in Table 3 due to gradient
averaging, loading state from peers, maintaining the DHT and streaming the training data. Although training
over the Internet with more efficient hardware might indeed underutilize the accelerator, this issue can be
offset by advanced compression strategies such as compression-aware architectures or layer sharing, as

shown in Table

6.4.4 Adaptive rebalancing evaluation

Lastly, we validate the efficiency of the peer rebalancing algorithm proposed in Section [6.3.2] We use
statistics of the number of active T4 nodes from the 32-hour segment of the experiment described in the
beginning of this section. We compare our strategy with a baseline that has no rebalancing and with an
always optimal strategy. Main details and analysis of the results shown are in Figure [6.5] and Table [6.5]
Notably, our strategy provides a significant improvement over the baseline that grows over time, and this

improvement persists even with infrequent rebalancing.
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Table 6.5: Relative throughput comparison of pipeline rebalancing methods.

% of optimal

Rebalancing
Overall First 1h Last 1h

None 82.7 99.0 45.4
T = 300 95.8 99.4 88.9
T =60 97.6 99.8 91.7

6.5 Conclusion

In this work, we evaluate the feasibility of high-throughput training of billion-scale neural networks on
unreliable peers with low network bandwidth. We find that this is feasible by training very large models
with pipeline parallelism. To this end, we propose SWARM parallelism to overcome the challenges of
pipeline parallelism for preemptible devices with heterogeneous network bandwidths and computational
throughputs. We show that SWARM parallelism is highly effective at rebalancing peers and maximizing
the aggregate training throughput. We also show that training large models with SWARM parallelism
and compression-aware architectures enables high utilization of cheap preemptible instances with slow
interconnect. As such, our work makes training of large models accessible to researchers that do not have

access to dedicated compute infrastructure.
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Chapter 7

Conclusion

In this thesis, we have shown that despite their enormous size, foundation models can be made more acces-
sible through a variety of means. We have shown that quantization is an effective means of making inference
and finetuning more accessible, while a combination of algorithms can be used to partition the training of
foundation models so that globally collaborative training is efficient and effective. All these solutions also

always preserve the quality of regular 16-bit approaches and, as such, yield efficiency at no cost to quality.

Reflecting on methodology There are two main approaches that were used in the work in this thesis com-
pared to other work in this area. The first is a careful analysis of failure points and information processing
patterns, which in turn led to understanding helpful for the design of methods that overcome difficulties
such as instability during quantization. The approach of analysis, until the exact source of the problem is
identified, leads to solutions that are generalized well. The second main approach was both broad and deep
experimentation with a focus on highly optimized baselines. These experiments often were broader and
deeper compared to other work, but the additional experiments led to highly robust results that helped with
the adoption of both methods and ideas.

In more detail, the first important step in developing the contributions in this thesis has been to derive
a general understanding of information processing patterns in foundation models and how amiable they
are for optimization. For example, the analysis and understanding of emerging outliers in large language
models (LLMs), how they disrupt quantization, and how these outlier patterns generalize to a wide variety

of models have been key to developing the first solution that allows for full LLMs to be run with 8-bit matrix
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multiplication without performance degradation.

To develop 4-bit finetuning (QLoRA), it was first necessary to understand how to best quantization
LLMs to maximize performance density per bit. As such, the thorough analysis of k-bit inference scaling
laws was a strict requirement for the development of QLoRA. Furthermore, analysis of instability patterns
was key to the development of QLoRA. In particular, while 4-bit gradients updating 4-bit weights resulted in
very unstable finetuning, the addition of LoRA allowed for 16-bit weights to be updated by 4-bit gradients
from the frozen base model. This insight, which was borne from the instability analysis, was critical to
develop a method that allows for stable 4-bit finetuning.

Finally, to achieve efficient globally distributed training of foundation models, the analysis of often
co-dependent components was required: the Square Cube Law showing that larger models are more com-
munication efficient, trade-offs for compressing communication points through quantization vs bottlenecks,
and the partition of different parallelization techniques coupled with 1-step stale stochastic gradient descent.
As such, in-depth analysis has been key to developing the scientific contributions of this thesis.

Another important step in developing this research was to take a highly empirical approach. The contri-
butions of LLLM.in8(), k-bit inference scaling laws, and QLoRA where built by experimenting with a broad
variety of open source models. This approach of using a breadth of models combined with extensive hyper-
parameter search for both baselines and new algorithms led to results that generalized well. Because of this
reliability, these contributions have been adopted widely and built upon. As such, experimenting with both

a large variety of models and also large variety of hyperparameter settings led to a high robustness.

Summary of results. The key results of this thesis can be summarized as follows.

LLM.int8() showed that large foundation models can be run in 8-bit without performance degradation
compared to the standard 16-bit precision. This was achieved by characterizing and isolating outlier hidden
states dimensions and their associated weights while all remaining 99.9% of values are quantized to 8-bit.

The k-bit inference scaling laws work used 16-bit inputs, but determined empirically which quantization
setup gives the most performance per bit in the model parameters. The main findings are: 4-bit is optimal for
most models, a quantization blocksize of 128 or lower is best, and the best data type are float or information
theoretically optimal data types.

SpQR is a followup work that showed that k-bit inference scaling laws can be improved from achieving
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the highest performance density at around 3.4 bits per parameter. This is achieved through a sparse mask

that isolated the outlier values that have the large effect of degrading the performance.

QLoRA applies the insights from k-bit inference scaling laws to finetuning and combines them with
LoRA for finetuning stability and achieving higher memory efficiency. It is the first finetuning method that
works with a 4-bit base model while also achieving the same performance as 16-bit finetuning. Also, based
on the insights from k-bit inference scaling laws, we introduce a data type, NF4, which is an information-
theoretically optimal data type for normal distribution that largely contributes to the strong finetuning per-

formance.

Finally, in SWARM we show that carefully composed algorithms, quantization, and system optimiza-
tions can lead to efficient training across continents that is 75% as fast as supercomputer training in a single
location while also maintaining the same performance as the regular stochastic gradient descent training

algorithm.

7.1 Broader Impacts

The broader impact of work in this thesis can be mainly characterized through the impact of the bitsand-
bytesﬂ library. We created the bitsandbytes library to make it easy to use the research algorithms presented
in this thesis. With roughly 1.6M installations each month and a total of 18M installations, bitsandbytes,
these algorithms are widely used by researchers and practitioners.

Beyond practical impact, the ideas presented in this thesis had a large impact on their own. For example,
LLM.int8(), with its characterization of outliers, led to follow-up work that is very distinctly built around
these outlier patterns. Such work includes AWQ [Lin et al., 2023]] and SmoothQuant [Xiao et al., 2022]],
QuaRot [[Ashkboos et al.| [2024]], AttentionSinks [Xiao et al.,[2023] all of which are influential on their own.

The insights from k-bit inference scaling laws also have been widely been adopted. After our work,
it became standard to use a block size of 128 or lower, and to achieve the best performance when limited
memory was available, 4-bit quantization is standard, while the precision for best performance has come

down to 6-bit — exactly as outlined by our best practices outlined in our k-bit inference scaling law work.

"nttps://github.com/TimDettmers/bitsandbytes

109


https://github.com/TimDettmers/bitsandbytes

7.2 Future work

While the work presented in this thesis makes large foundation models much more accessible for inference,
finetuning, and training, the main challenge that remains is that models still get larger and larger. With the
upcoming Llama 3 406BE] the model size of strong open source models increases 5x and 50x compared to
the most commonly used 8B parameter Llama 3 model which has been downloaded 3.2M times in the last
seven daysﬂ This compared to 4-bit inference and QLoRA improving the memory efficiency by a factor of
4x and 18x. Therefore, model capacity grows as fast, or faster when compared to the most commonly used
models, then progress in accessibility.

Due to these trends, it is critical to further improve the accessibility of these large models. However,
quantization, while being very successful at improving accessibility, has diminishing returns, and new meth-
ods are needed to improve accessibility. A very promising future direction is to focus on efficiency through
specialization. For example, QLoRA enables specialization and personalization with just 1% additional pa-
rameters compared to the base model. As such, one could have a single base model with 100s of adapters
that are swapped from and to disk as required for the particular task or domain. With this approach, the
main goal would be to distill the performance of a large model, for example, Llama 3 406B model, into a
smaller model, for example, Llama 3 8B model, that is specialized for a domain or task. This could be done

by generating synthetic data from the large model to finetune the smaller model [Wang et al.| 2022b].

https://ai.meta.com/blog/meta-1lama-3/
*https://huggingface.co/models
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