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Abstract

A key challenge in modern computing systems is to access data fast enough to
fully utilize the computing elements in the chip. In Graphics Processing Units
(GPUs), the performance is often constrained by register file size, memory
bandwidth, and the capacity of the main memory. One important technique
towards alleviating this challenge is data compression. By reducing the amount
of data that needs to be communicated or stored, memory resources crucial for
performance can be efficiently utilized.

This thesis provides a set of approximation and compression techniques
for GPUs, with the goal of efficiently utilizing the computational fabric, and
thereby increase performance. The thesis shows that these techniques can
substantially lower the amount of information the system has to process, and are
thus important tools in the process of meeting challenges in memory utilization.

This thesis makes contributions within three areas: controlled floating-point
precision reduction, lossless and lossy memory compression, and distributed
training of neural networks. In the first area, the thesis shows that through
automated and controlled floating-point approximation, the register file can be
more efficiently utilized. This is achieved through a framework which establishes
a cross-layer connection between the application and the microarchitecture layer,
and a novel register file organization capable of leveraging low-precision floating-
point values and narrow integers for increased capacity and performance.

Within the area of compression, this thesis aims at increasing the effective
bandwidth of GPUs by presenting a lossless and lossy memory compression
algorithm to reduce the amount of transferred data. In contrast to state-of-
the-art compression techniques such as Base-Delta-Immediate and Bitplane
Compression, which uses intra-block bases for compression, the proposed
algorithm leverages multiple global base values to reach a higher compression
ratio. The algorithm includes an optional approximation step for floating-point
values which offers higher compression ratio at a given, low, error rate.

Finally, within the area of distributed training of neural networks, this thesis
proposes a subgraph approximation scheme for graph data which mitigates
accuracy loss in a distributed setting. The scheme allows neural network
models that use graphs as inputs to converge at single-machine accuracy, while
minimizing synchronization overhead between the machines.

Keywords: Floating-Point Precision, GPU, Approximate Computing, Mi-
croarchitecture, Compression, Register File, Machine Learning
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Chapter 1

Introduction

Since the beginning of the information age, the amount of created data has
grown exponentially. According to IDC’s forecast on data growth, the total
amount of data created, captured, copied, and consumed worldwide in the year
of 2020 is around 59 zettabytes (102! bytes), and is projected to grow to 149
zettabytes by 2024 [18].

This explosion of data is an invaluable source of information, which helps
us to learn more about the world. For example, large sets of scientific data
let us explore space, make new medical discoveries, predict our own impact
on the environment, and find new elementary particles. Also, big data is a
fundamental requirement of many new inventions and applications in areas
such as Al the internet of things, the entertainment industry, manufacturing,
and healthcare.

An important prerequisite to harness the information embedded within the
data is to have enough computing power to process it in a reasonable amount of
time. However, while the amount of available information explodes, the future
of computational performance growth is uncertain due to a number of barriers
in technology. Historically, the increase in computational performance was
mainly driven by transistor and clock frequency scaling according to Moore’s
law and Dennard scaling [10]. However, as Dennard scaling reached the end
of the road more than a decade ago due to increased current leakage in the
increasingly smaller transistors, architectural innovations based on thread level
parallelism (TLP) such as chip multiprocessors and GPUs have paved the path
forward.

TLP-based approaches, such as GPUs, also pose challenges. One key
challenge is accessing memory fast enough to feed the computational circuits.
As technology has progressed, the advances in improvement of memory access
time and bandwidth have fallen behind the improvements in computational
performance. This is commonly known as the memory wall [43]. For example,
GPUs offer a high computational throughput by designating a large part of
the die area to computational circuits, which can be individually accessed by
parallel threads. The challenge is to balance the use of resources in such a way
that the computational fabric is fully utilized.
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To reach peak performance, three main conditions, all related to memory,
have to be met:

1. Enough threads are available to fill the pipeline and hide memory latency.
The number of available threads is limited by the size of the register file
and shared memory.

2. Enough data is fed from the device memory to the chip. This is limited
by memory bus width and memory speed.

3. The application data fits in device memory. This is, naturally, limited by
the size of the main memory.

One important technique towards alleviating the effects of the memory
wall is data compression. By reducing the amount of information that needs
to be communicated and stored, memory resources crucial for performance
can be efficiently utilized. To this end, many compression algorithms directed
towards the memory hierarchy have been proposed. The algorithms can be
divided into two categories: lossless and lossy, where lossless algorithms are
the most important, because loss of information in an uncontrolled way is not
acceptable [37].

Lossless techniques aim at compressing data without any loss of information.
Lossless compression algorithms are usually either temporal-value based or
spatial-value based [37]. In temporal-value based algorithms, frequently occur-
ring values are encoded using smaller code words. Examples include Huffman
coding [17], Frequent Value Compression [44], Lempel-Ziv [45], and Run-Length
Encoding. In contrast, spatial-value based compression techniques leverage that
values tend to cluster around a base value, and that values can be efficiently
compressed as small deviations from a base value (e.g. Base-Delta-Immediate
(BPC) [32], Bitplane Compression (BPC) [23], and Thesaurus [11]).

In contrast to lossless techniques, a lossy compression algorithm returns an
approximated version of the original data. Lossy compression can be applied to
applications in which a small deviation of the output is acceptable. This is often
the case in domains such as real-time rendering, deep learning training and
inference, multimedia, and physics simulations, among others. Some examples
of lossy compression techniques include down-sampled textures in graphics
applications, precision-reduction of floating-point values [38], quantization of
neural networks (e.g. Deep Compression [15]), and storing approximately
similar memory blocks [28].

Common for most compression techniques, lossless or lossy, are that they are
carried out in one level only of the computer abstraction layer, typically within
the microarchitecture, to provide low-latency compression. However, for lossy
compression techniques, this results in complications: how much deviation from
the exact answer is tolerable must be established at the application-level. Hence,
for the produced output to be usable, the lossy compression algorithm has to
be aware of how much approximation the application can tolerate through an
error bound. At the same time, system- and architectural support is needed
to translate the error bound into efficient performance gains. Clearly, lossy
compression techniques and cross-layer frameworks aimed at controlling the
amount of approximation are required to fully utilize the potential of lossy
compression algorithms.
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This thesis aims at providing a set of controlled compression and approxima-
tion techniques for GPUs, with the goal of efficiently utilizing the computational
fabric, and thereby increase performance. As will be shown in this thesis, con-
trolled approximation can substantially lower the amount of information the
system has to process while providing high output quality, and is thus an
important tool in the process of debricking the memory wall.

1.1 Problem Statement

This thesis builds upon the work presented in Papers I-IV. The addressed
problems aim at exploring approximation as a way of decreasing the amount
of processed information in GPU systems, while still returning a result which
is sufficiently accurate.

The first problem investigated in this thesis is related to the precision
of floating-point values. Reducing the precision of floating-point values by
narrowing the bitwidth is an efficient technique to reduce the information
needed to be handled by the computer system, and can be leveraged to design
systems with higher performance [19] and higher energy-efficiency [20, 39].

However, reducing the floating-point precision in a controlled manner, which
guarantees that the output of the application stays within an acceptable error
bound, needs support across many of the abstraction layers. First, at the
application level, the error bound has to be established, which is how much
the produced output is allowed to deviate from the exact output. Next, at
the assembly language level, each floating-point value has to be annotated
with a precision which guarantees the error bound. At last, compiler and
architectural support is needed to translate the floating-point annotations into
efficient resource utilization. To this end, the thesis attempts to answer the
following questions: How can a connection, which guarantees that the output
is within a certain specified error bound, be established across the computer
abstraction levels? Next, if such a connection can be established, how can it be
leveraged to design microarchitecture features which translate approximations
into increased performance? These questions are investigated in Papers I and
I1.

Another problem, which is explored in paper III, involves compression
of floating-point values. While precision reduction is efficient in decreasing
processed information, it does not exploit the dimension of value locality which
is often present in sets of data [37]. However, floating-point values are known
to be more challenging to compress than other data types, for example integers,
due to how they are stored in bit space [2]. Thus, questions arise: how can
floating-point values be compressed efficiently, and how can approximations
further increase compression while keeping the output error low?

Finally, this thesis also seeks answers to a problem related to processing of
very large datasets, common in the domain of training deep neural networks. If
application data do not fit in GPU device memory, the system has to wait for
data to be loaded from elsewhere (storage or CPU RAM). Since the data is not
readily available, this results in performance degradation. A common solution
for applications such as Convolutional Neural Networks (CNNs) is to distribute
the training across a cluster of multiple GPU-equipped machines. This is
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done by dividing the dataset into a number of chunks, and let each machine
train a local model on its assigned data chunk. A single global model can be
constructed by aggregating the model parameters across the machines [9].

Although this approach is efficient for CNNs, that may operate on inde-
pendent pieces of input data such as images, data-parallel distributed training
is more challenging for other types of neural networks. For example, recent
efforts in research have adapted CNNs to operate directly on data modelled as
graphs [5, 14, 13]. This type of neural network is called Graph Convolutional
Networks (GCNs). However, splitting a large graph into smaller, independent
subgraphs requires removing the edges between the subgraphs, which causes
accuracy problems since information about the data is lost. To this end, Paper
IV seeks the answer to the question: is it possible to adapt data-parallel
distributed training to GCNs while maintaining a high accuracy?

1.2 Thesis Contributions

This thesis considers three areas: controlled floating-point precision reduction,
lossless and lossy memory compression, and distributed training of GCNs.

In the first area, this thesis shows that through automated and controlled
floating-point approximation, the number of threads available to the GPU
computation units can be increased by efficiently utilizing the register file
resources. This is achieved through two contributions:

e A heuristic for automating the process of selecting the precision of each
floating-point value given a certain output quality threshold. The worst-
case complexity of the heuristic is bounded by O(an) as opposed to
O(an?) in previous work [36], where a is the number of floating-point
precision levels and n is the number of analyzed values (Paper I).

e A novel register file organization and microarchitectural implementation
(Paper IT) together with a register file allocation algorithm (Paper I) that
together can leverage a lower precision of floating-point numbers, as well
as narrow integers, for increased capacity and performance. Evaluations
show that up to twice as many threads can be active simultaneously
which translates to a performance improvement of up to 79%, 18.6% on
average, when allowing for a slight output quality loss.

Within the second area, Paper ITI aims at increasing the effective bandwidth
of GPUs by presenting a lossless and lossy memory compression algorithm to
reduce the amount of transferred data. While state-of-the-art techniques such
as BDI and BPC build on the hypothesis that intra-block values are similar
and can be encoded efficiently using an intra-block base value, Paper III makes
the observation that this is not always true. Rather, values tend to cluster
around a small number of global base values. Based on this observation, Paper
III makes the following contributions:

e A lossless compression scheme, GBDI, for read-only data which uses
multiple global base values to achieve a higher compression ratio than
BPC. The evaluation shows that lossless GBDI offers a substantially
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higher geometric mean compression ratio (3.34x) than BPC (2.51x) across
both integer and float benchmarks.

e A new controlled approximation technique for floating-point values that
offers even higher compression ratio than lossless GBDI for floating-point
benchmarks, if controlled approximation is allowed. At a given error rate,
this technique offer a higher compression ratio than mantissa truncation.

Finally, Paper IV makes contributions in the third area. It explores
GCN training in a distributed setting, and observes that training on mutually
exclusive subgraphs results in a substantially lower accuracy than what full-
graph training on a single machine would yield. To mitigate accuracy loss in a
distributed setting, Paper IV makes the following contribution:

e A subgraph approximation scheme for graph data which mitigates the
accuracy loss and allows training of GCNs in a distributed setting to
converge at single-machine accuracy, while minimizing synchronization
overhead between the machines.

1.3 Thesis Organization

The rest of this thesis is organized as follows. Chapter 2 provides brief sum-
maries of Papers I-IV. Chapter 3 makes concluding remarks and outlines future
work.
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Chapter 2

Summary of Papers

This chapter provides summaries of Papers I to I'V. All papers are provided as
appendices to the thesis.

2.1 Paper I

This section provides an extended abstract of Paper I titled ” A Framework
for Automated and Controlled Floating-Point Accuracy Reduction in Graphics
Applications on GPUs” and published in ACM Transactions on Architecture
and Code Optimization (TACO), Volume 14 Issue 4, December 2017.

2.1.1 Summary

Reducing the precision of floating-point values is a technique which can be used
to both achieve higher performance [19] and higher energy-efficiency [20, 39].
This is especially true for GPUs, since many of its common tasks, for example
image-rendering, are in domains in which the output is inherently insensitive to
precision-reduction [33]. Since values with low floating-point precision can be
expressed with fewer bits, a substantially lower precision can open up for many
optimization approaches such as more resource-efficient register files [26], data
paths [38], functional units [31], and cache subsystems [19]. In order to leverage
microarchitectural support for narrow floating-point values, the operands have
to be annotated with a suitable precision at the instruction level.

The aim of Paper I is to propose a framework which provides instruction-
level annotations in an automated and controlled manner. Automated means
that the framework automatically, and transparently to the programmer, sets an
appropriate precision for each floating-point value in the program. Controlled
refers to guaranteeing that the quality of the output does not undercut a certain
quality threshold which is defined by the programmer at the application level.

Previous efforts have been made to provide a framework for automated
precision tuning. For example, Precimonius [35] automatically selects among
IEEE754-compliant data types for each source-level floating-point variable.
However, the approximation levels in Precimonius are constrained to IEEE754-
compliant data types, and the optimization targets source-level variables rather
than instruction-level floating-point operands. Furthermore, the scalability of

7
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the algorithm is limited (O(pn?), where p is the number of precision levels and
n is the number of floats to tune).

Another work which targets automated precision tuning is Chisel [29], but
like Precimonius, it does not target instruction-level floats. In addition, Chisel
employs a static interval analysis, which gives an upper bound on the required
precision, resulting in conservative bitwidths.

Unlike previous work, Paper I presents a data-driven method for automated
precision tuning which operates directly on compiled and optimized assembly
code. The proposed algorithm has a lower computational complexity than
Precimonius, with a worst-case computational complexity bounded by O(pn).
This is important, since Paper I targets virtual registers in Single Static
Assignment (SSA) form, of which there can be hundreds or thousands. The
goal of the proposed algorithm is to identify which floating-point registers can
be represented by lower precision formats and how much the precision can be
lowered, while still meeting the specified quality threshold. To find the optimal
set of all values and all precisions, an exhaustive search is required. Since
such a solution would not be practically viable (with a complexity of (O(p™)),
Paper I proposes a heuristic algorithm which empirically returns good results.

To show the benefits of floats with reduced precision, Paper I also sketches
the specification of a register file organization with the capability of storing
floats of variable precision densely. The register file is of particular interest
in GPU architectures. This is because GPUs hide latency by keeping a large
number of threads in flight simultaneously, and schedule a new thread whenever
a running thread stalls on a memory operation. Context switches happen at
the cycle level, which means that each active thread has to keep its state readily
available in the register file until it terminates. Hence, the size of the register
file has a direct impact on how many threads can be active simultaneously, and
thus affects performance.

The proposed register file organization stores variable-precision values
densely by dividing each physical register into slices, and allocate as many slices
as needed for each value. This makes it possible to store multiple values within
the same physical registers. The slices are accessed through an indirection
table, where pointers to the slices are stored for each value. Since the size of
each value is known at compile time, the indirection table can be configured
by the register allocator at compile time. To bridge the gap between the value
annotations and the register file, Paper I also proposes a register allocation
algorithm which is aware of the width of each value.

The contributions are evaluated on five graphics kernels. First, they are
compiled into a hardware-independent assembly format (LLVM IR [25]). Then,
instructions are injected that make it possible to dynamically set the precision
of each floating-point value. Next, the proposed precision-tuning heuristic
is applied to annotate each floating-point with a precision. The annotations
are then used by the width-aware register allocation algorithm to place the
values into the sliced register file. The output from the register allocation step
corresponds to the register pressure, that is, how many register resources are
used by each thread.

The evaluation compares three different low-precision floating-point formats:
IEEE754-compliant, mantissa truncation, and IEEE754-style. The IEEE7T54-
compliant format considers the approximation levels provided by the IEEE754
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standard (32-bit single-precision , and 16-bit half-precision). The mantissa
truncation format assumes a single-precision floating-point value where the
mantissa bits are dropped to a lower precision, but the exponent bits are kept
as is. The IEEE754-style format dynamically decreases the width of both
the exponent and mantissa fields, but keeps the ratio between these fields
approximately the same as in the IEEE754 standard. For both the mantissa
truncation and ITEEET754-style format, seven precision levels are considered (32
to 8 bits, in steps of 2).

The results show that the fine-grained formats, IEEE754-style and mantissa
truncation, enable the framework to remove more bits than the IEEE754-
compliant format does, at the same quality threshold. Furthermore, IEEE754-
style outperforms mantissa truncation in terms of removed bits.

In summary, if the IEEET54-style format is used, the register pressure can
be reduced up to 48%, 27% on average, while still maintaining a high output
quality. The results indicate that it is possible to considerably increase the
number of in-flight threads in GPUs by accepting a small loss of output quality,
and use the quality threshold as a knob to control the number of threads in
flight.
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2.2 Paper II

This section provides an extended abstract of Paper II titled ”A GPU Register
File using Static Data Compression” and published in the proceedings of
ICPP’20: 49th International Conference of Parallel Processing, Edmonton, AB,
Canada. August 2020.

2.2.1 Summary

As mentioned in Section 2.1, GPUs use large register files to achieve high
throughput and enable latency hiding of memory accesses. The trend is to
rely on increasingly larger register files in order to further increase thread-level
parallelism (TLP) [30]. However, large register files are power hungry, which
makes it important to seek for new approaches to improve their utilization.

Paper I showed that precision-reduction of floating-point values has the
potential of substantially lower the register pressure of each thread, while
still maintaining a high-quality output. However, Paper I only assumes the
existence of a register file with support for low-precision floats and does not
present any microarchitectural design of such a register file, nor how it could
be integrated into a GPU pipeline. Additionally, Paper I does not evaluate the
potential performance improvement given by such a register file.

Furthermore, Paper I does not investigate any other data types than floats.
However, studies have shown that a large portion of the integer operands stored
in the GPU register file are narrow [12, 41], meaning that they require less
than the width of a standard register of 32 bits. Support for narrow integers
could further lower the register pressure of each thread.

Previous work in the area [12, 41, 3] propose register file organizations which
pack operands by establishing their bitwidth at run time. This is achieved by
using zero/one-detection logic to remove redundant sign bits. However, this
approach does not work for floating-point data. In addition, the precision of
floating-point operands cannot be decided at run time, since it is not possible
to know what impact the precision-reduction of a specific operand would have
on the end result.

Paper II proposes a register file organization capable of storing operands
at a fine granularity regardless of operand type. This is achieved through
a compiler-assisted approach which annotates the precision needed for each
operand at compile time. Narrow integers are detected by leveraging static
range analysis [34], while the precision of each float is determined using the
framework presented in Paper I. The annotations are taken into consideration to
achieve a dense register allocation using the allocation algorithm from Paper I.
At run time, the proposed register file uses a configurable indirection table to
store the location of each operand.

The design of the proposed register file implies three main challenges, which
are addressed in Paper II. First, the indirection table is on the critical path,
since it has to be consulted for each register lookup. Hence, it is important that
the latency of the indirection table is low. Second, the indirection table also has
to handle multiple accesses per cycle, since several registers have to be read in
parallel. Third, the proposed register file is designed to support the IEEE754-
style format presented in Paper I, which means that conversions has to be
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carried out between full-precision floats and the low-precision formats which is
used to densely store the floats in the register file. Paper IT mitigates these
challenges by presenting an indirection table which matches the throughput of
the register file, as well as conversion units capable of carrying out the float
conversion in one processor cycle.

The proposed design is evaluated by modifying the cycle-accurate GPU
simulator GPGPU-Sim [4] to include the added microarchitectural components.
GPGPU-Sim simulates NVIDIA’s instruction set PTX, so the framework from
Paper I is modified to annotate each PTX register with a bitwidth. The
framework outputs the indirection table contents which points to the location
of each operand, which is then uploaded to GPGPU-Sim. In practise, a small
ISA extension could be employed to load the data into the indirection table.
This needs to be carried out only once per kernel launch, since the register
allocation is static.

The extended GPU pipeline is evaluated on eleven GPU kernels from various
application domains, in which the theoretical number of threads in flight is
limited by register pressure. The first four kernels are the graphics kernels
evaluated in Paper I. The other kernels are from benchmarks in the Rodinia
benchmark suite [6].

To tune the float precision, each kernel is coupled with a quality metric
suitable for its output. The graphics kernels output images and uses Structural
Similarity Index [42] as metric, while the Rodinia benchmarks use either
percentage of deviation from the correct output (six kernels) or a binary metric
of either correct or wrong (one kernel). Note that the choice of quality metric
has a large impact on how efficiently the framework can remove bits, as well as
the usability of the output. Ideally, the quality metric should be established by
domain experts. In Paper II, the coupled quality metrics are used to show the
potential of the work. Other quality metrics could be used without any other
change in methodology.

The kernels are evaluated in terms of register pressure, occupancy (the ratio
of active threads to the maximum number of threads supported by the core),
and performance in terms of Instructions Per Clock (IPC). The results show
that it is necessary to consider both narrow integers and precision-reduced
floats to achieve a substantial register pressure reduction across all benchmarks.
This register pressure reduction increases the occupancy, which leads to an IPC
increase by up to 79%, 18.6% on average, when allowing for a slight output
quality degradation. While register pressure reduction leads to an average
increase in IPC, the results also show that this is not always the case. It is
important to note that, while TLP is a prerequisite for high performance in
GPUs, a higher occupancy does not always lead to increased performance due
to the overall system complexity [40]. For example, the pipeline might already
be fully utilized, or the increased number of threads might cause contention in
caches.

In addition to the performance evaluation, Paper II also presents area and
power overhead analyses. The area overhead analysis uses transistor count
as a proxy to estimate area of the added microarchitectural structures and
finds that the total area increase is less than 1% of the transistor budget of
the baseline architecture. The power overhead is estimated analytically, and
shows that the proposed design increases power less than what a twice as big a
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register file would do. This comparison is interesting since for some kernels,
the proposed design more than double the number of active thread blocks.

In summary, Paper II proposes a new concept for efficient register-packing,
which combines static integer and float compression with a novel GPU register
file organization capable of lowering the register pressure. It presents a mi-
croarchitectural implementation of the proposed organization, together with
an evaluation as well as overhead estimations for area and power. The results
show that the IPC of the investigated kernels can be increased by up to 79%,
18.6% on average, when allowing for a slight output quality degradation.
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2.3 Paper III

This section provides an extended abstract of Paper III titled ” GBDI: Going
Beyond Base-Delta-Immediate Compression using Global Bases”. At the time
of this writing, the paper is under submission.

2.3.1 Summary

The performance of many GPU applications are limited by the available memory
bandwidth [40]. One approach to make more bandwidth available is to employ
compression of the transmitted data, which increases the amount of information
that can be communicated each clock cycle.

While many general compression techniques exist [37], compression in the
memory hierarchy has to incur a low latency since memory reads are on the
critical path. Thus, compression algorithms tailored for the memory hierarchy
are typically less complex than algorithms targeted for purposes such as storage.

One recently proposed compression technique to increase bandwidth in
GPUs is Bitplane Compression (BPC) [23]. It is built upon Base-Delta-
Immediate (BDI) compression [32], in which a block of data values is compressed
by utilizing data similarity within the block. This is done by selecting one of
the values as a base, and encode the other values as a difference (delta) from
that base.

The effectiveness of BDI-based compression relies on the hypothesis that
the delta can be compactly encoded because the values within the block are
similar. However, Paper III makes the observation that this is not always
the case. This is especially true for floating-point values, since the IEEE754
standard, where the bits in a value is split into three regions (sign, exponent,
and mantissa) results in that numbers that are perceived as numerically similar
cannot always be encoded compactly by using deltas.

Paper III observes that values tend to cluster around a few base values,
and these that clusters are spread across multiple value blocks. Based on this
observation, the paper proposes a lossless compression algorithm for read-only
data, called GBDI, that uses global bases shared by all input data, instead of
intra-block bases as in BDI. GBDI compresses the read-only data offline, and
decompresses the data at runtime.

The idea of GBDI is to use a small number of global bases across blocks to
minimize deltas, where each value is compressed as a global base pointer and a
delta. The global base values are stored in a small indexed lookup table. GBDI
takes a block of values as an input. For each value, it locates the closest global
base value, and computes the delta. Then, for each value, the delta and global
base pointer are concatenated into one data array. These data arrays are then
further compressed using the same approach as BPC: the matrix consisting of
the data arrays are transposed such that each row represents one bit position
of each data array, called bitplanes. These bitplanes are compared against a
frequent pattern table, and encoded with a small pattern representation if a
match is found.

The main challenge of GBDI is to find suitable global base values. An
intuitive approach is to locate value clusters through a standard clustering
technique such as kmeans [27]. However, such clustering techniques usually
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minimize the distance between the cluster center (base) and the values. Pa-
per ITI makes the observation that this approach is suboptimal for BDI-based
compression. Rather, what should be minimized is the number of bits needed
to encode the distance. Paper III shows that finding an optimal base b among
M values in a set of values x; € X is equivalent to minimizing the function
f() = Zij\ial log2(1 4+ |b— z;|), and that the global minimum is in one of the
values ;.

Kmeans can be modified to minimize the function f(b) instead of the dis-
tance, which substantially increases the compression ratio of GBDI when the
cluster centers are used as global bases. However, this solution is computa-
tionally heavy, since f(b) has to be evaluated for all z; to locate the global
minimum. Paper III employs a subsampling scheme to reduce the complexity,
but the complexity is still high (O(M?3/4)). Therefore, a heuristic with lower
complexity (O(Mlog(M))), called histogram binning, is also proposed.

The goal of histogram binning is to ensure that a majority of values are
close to a base value. This is achieved by constructing a histogram of all values,
and split it into a number of equal-range bins. The bins that contain the most
values are identified, and from these bins, the most frequently occurring value
is selected as a base. To find suitable bases, the heuristic sweeps over a fixed
number of bases and bins, compresses the data with GBDI, and chooses the
combination which maximizes compression ratio.

In addition to the lossless compression with global bases, Paper III also
proposes a lossy extension to GBDI which allows the algorithm to leverage
approximation of floating-point values. This extension is called BitPlane-
Aware Approximation (BPA), and is applied to floating-point values before the
deltas are computed. Essentially, BPA analyzes the ¢ least-significant mantissa
bitplanes of the floating-point values, where ¢ is an approximation threshold
set by the user. It approximates the bitplanes to either 0 or 1, depending on
which one is most common, and stores the approximated bitplanes as a small
array. During decompression, the t-bit array are inserted into the reconstructed
values to restore an approximate version of the original values. Compared to
truncation, when the ¢ least significant bits are simply set to 0, BPA offers a
higher compression ratio at a fixed, low, error rate.

To evaluate GBDI, GPU kernels from the Rodinia [6] and Parboil [1]
benchmark suits are investigated. The CUDA memory copy call feeds input data
into GBDI, and the resulting compression ratio is reported. The compression
ratio is analyzed as a function of the size of the global base lookup table, when
histogram binning is used to locate global bases. The results show that a
global base table size of only 256B (64 32-bit bases) has a geometric mean
compression ratio, across all benchmarks, of 3.34X, compared to 2.51X for
BPC using intra-block bases. In summary, for most benchmarks, GBDI yields
a substantial increase in compression ratio as compared to BPC. The exception
is if the benchmark contains values which gradually increase as we sweep over
the memory. In this case, an intra-block base yield very small deltas and thus
a high compression ratio.

The results also compare unmodified and modified kmeans (using distance
and f(b) as minimization objective, respectively). The modified version per-
forms better with a total geometric mean of 3.10X as compared to 2.60X.
However, histogram binning achieves an even higher compression ratio for
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many benchmarks (total geometric mean: 3.34X). This is because histogram
binning continuously evaluates the compression ratio, and chooses the best
performing bases. Since compression ratio not only depends on the size of the
deltas, but also the values within each block, histogram binning takes more
dimensions into consideration and might find better global bases.

In summary, Paper III contributes with a lossless compression algorithm for
read-only data, which uses multiple global bases to achieve a higher compression
ratio than BPC. It also shows that choosing base values that minimize the
distance between cluster values does not maximize compression, and proposes
to use the number of bits encoding the distance instead. Furthermore, the
paper contributes with histogram binning for clustering, a heuristic which
yields higher compression ratio than kmeans. Finally, the paper contributes
with a new approximation technique for floating point values which can further
increase compression ratio.
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2.4 Paper IV

This section provides an extended abstract of Paper IV titled ”Distributed
Training of Graph Convolutional Networks using Subgraph Approximation”.
At the time of this writing, the paper is under submission.

2.4.1 Summary

Data modeled as graphs are ubiquitous in application domains such as social
networks, biological networks, and e-commerce interactions. Recent research
has adapted machine learning techniques to train directly on graphs. One
important breakthrough is the development of Graph Convolutional Networks
(GCNs), which generalizes the function of Convolutional Neural Networks
(CNNs), to operate on graphs [24].

However, many real-world graphs are typically very large and do not fit in
GPU device memory, often making the problem of training machine learning
models on them intractable. GCNs are typically more memory demanding
than CNNs since processing a single vertex requires accessing its neighbours,
which means a large amount of data have to be accessed if the neighborhood is
large. Additionally, GCN algorithms often access neighbors multiple hops away,
which might require traversal of disparate graph sections without locality. This
poses challenges when the graph does not fit in memory. Previous approaches
alleviate these issues by constraining the number of dependent vertices through
sampling-based methods [13, 7, 16, 8]. However, heavily sampling the graph
may limit the achievable accuracy [21].

To alleviate the memory size constraints and the computing capacity of a
single machine, the training of CNN models turned to data parallel distributed
training. In such training, a number of machines independently train on
identical neural networks, but on different chunks of input data. A single global
model can be constructed by aggregating model parameters at regular intervals,
for example at the completion of a batch [9]. This works well for CNNs because
the input data can be divided into independent chunks. For example, if the
input is a set of images, each image is independent. Hence, when the dataset is
split into chunks, no information is carried between the chunks and each chunk
can be trained on independently. In contrast, if the input is a connected graph,
the equivalent of splitting the dataset into chunks is to partition the graph
into a number of subgraphs. Since the training of GCNs require not only the
vertex information but also the neighborhood, the GCN might need information
located on a different machine. If all such cross-machine information would be
communicated, a communication bottleneck would quickly arise.

Another approach is to ignore the information that spans multiple ma-
chines [21]. However, this solution might result in accuracy loss. For example,
when distributed on five compute nodes and ignoring cross-machine edges,
Paper IV notes that the accuracy of GraphSAGE [13] trained on the Reddit
dataset [13] drops from 94.94% to 89.95%, a substantial loss.

To mitigate this problem, Paper IV proposes a distributed training approach
for GCNs which reaches an accuracy comparable with that of training on a
single-system machine, while keeping communcation overhead low. This allows
GCNs to train on very large graphs on a distributed system where each
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machine has limited memory. This is achieved by a proposed subsampling
scheme, called Subgraph Approximation, which approximates the non-local
subgraph and making the approximations available in the local machine. The
intuition behind Subgraph Approximation is that each machine has a complete
view of one subgraph, and an approximate view of the rest of the subgraphs.

The scheme first partitions the graph into n non-overlapping subgraphs
g; € G, which are roughly equal in size. For each subgraph g; a fixed number
of vertices are randomly sampled for each of the other subgraphs in G, if the
vertex has a path to g;. Next, the subgraph g¢; is extended to include the
sampled vertices v, including the edges between v, and g;. The number of
sampled vertices is a user-defined input parameter.

The approach is evaluated on a cluster of identical machines, each equipped
with an AMD Ryzen 3 1200 Quad-Core processor, 32 GB memory, and a
NVIDIA GeForce GTX 1080 Ti. The cluster is configured in a master-worker
setting, where the master acts as a parameter server, and the workers are
responsible for the training. The master initiates the training by partitioning
the graph using the METIS library [22], applying subgraph approximation,
and distributing the subgraphs among the workers. The workers send their
trained model parameters to the master at the end of every epoch. The master
aggregates the parameters and averages them before distributing the results to
the workers, which initiates the next epoch. At the end of the training period,
the aggregated parameters from all workers form a global model.

The approach is evaluated on two GCNs: the GCN proposed by Kipf and
Welling [24] (called KW-GCN in the paper), and GraphSAGE [13], and two
datasets: Reddit [13] with 231K vertices and 11M edges, and Amazon2M [8]
with 2M vertices and 48M edges.

The evaluation first explores distributed training for the two GCNs when
trained on the Reddit dataset. On a single machine, the training for KW-GCN
and GraphSAGE converges at 92.90% and 94.94%, respectively. However, when
training on 5 workers in a distributed setting without Subgraph Approximation,
the corresponding accuracy is 50.20% and 89.95%, respectively, for KW-GCN
and GraphSAGE. Paper IV further investigates Subgraph Approximation by
trying different numbers of sampled vertices. For GraphSAGE, an overhead
of 2% of the total vertices, added to each machine, is enough to reach single-
machine accuracy. A further increase in overhead lets the model converge
faster, but does not necessarily increase accuracy.

KW-GCN is more sensitive to graph partitioning than what GraphSAGE is.
However, adding a small overhead substantially increases the model accuracy
bringing it close to the baseline (91.80% for an overhead of 5%).

When it comes to Amazon2M, it is more challenging to train on a single
machine for both GCNs: for KW-GCN, the adjacency matrix is too large to fit
in the GPU. For GraphSAGE, the training time is very long. However, the
trends are similar to that of training on the Reddit dataset: a small increase in
overhead substantially increases both accuracy and time to convergence.

In summary, distributed GCN training is efficient in reducing execution
time and memory footprint, but it can also cause accuracy problems. Paper IV
proposes a technique to mitigate the accuracy loss by introducing subgraph
approximation which helps the system to reach single-machine accuracy while
still keeping the memory footprint and communication costs low.
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Chapter 3

Concluding Remarks and
Future Work

As the amount of available information grows, new innovations in computing
devices are needed in order to process the information in a reasonable amount
of time. One key challenge is to overcome the memory wall, which has arisen
because the improvements in memory access time and bandwidth have fallen
behind the improvements in computational performance.

To this end, this thesis proposes a number of compression and approximation
techniques for GPUs, with the goal of efficiently utilizing the computational
fabric. The results show that the techniques presented in this thesis have the
potential of substantially increasing the performance of GPUs, especially if a
slight output quality degradation is allowed.

One contribution of this thesis is a framework which enables floating-point
precision in a controlled manner, which guarantees that the output is above a
pre-specified quality threshold. While the tuning method presented in Paper I
is applicable to any application, one challenge is to establish a quality metric
for all applications. This is not the same as an error measurement, since an
error measurement does not say anything about the end users’ perception of
the output, nor how usable the output is. One direction of future work is to
establish well-defined quality metrics for more domains in order to efficiently
apply the proposed precision-tuning method.

Moreover, this thesis proposes to leverage the precision-annotated instruc-
tions returned from the precision-tuning method to optimize the register file.
However, many other optimization opportunities are possible. For example,
annotations for load- and store instructions indicate that less data could be
read from and written to memory, which in turn may open up for further
optimizations in other levels of the memory hierarchy. On a similar note, the
annotations could be used as a guidance when deciding on the approximation
threshold for BitPlane-Aware Approximation, as presented in Paper III.

One limitation of GBDI, the compression algorithm presented in Paper I11,
is that it only targets read-only data. This is because an offline analysis of
all values is needed in order to locate suitable global base values. However,
another work in the area of compression techniques applied to the memory
hierarchy has made the observation that value locality changes slowly, and
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has proposed statistical compression schemes which only periodically profiles
the data [2]. An interesting future research direction is to investigate if it is
possible to extend GBDI for read-write data by employing an approach in the
same spirit. Furthermore, while Paper III analyzes the possible compression
ratio of GBDI, it does not explore what impact the compression scheme has
on the available bandwidth and performance. This is also a target for future
studies.

When it comes to Paper IV, an interesting direction of future work is
to investigate subgraph approximation for even larger distributed systems
and graphs. Also, the current study only explores distributed training, not
distributed inference. Hence, the study could be extended by also exploring
if subgraph approximation is viable in an inference setting. Another possi-
ble direction is to investigate load-balancing in combination with subgraph
approximation. While it is relatively easy to partition a graph into roughly
equal subgraphs in terms of vertices, the time it takes to train on one subgraph
also depends on the size of the neighborhood for each vertex. Hence, if the
subgraphs are equal in terms of vertex count but not in sparsity, the load
might not be balanced which increases execution time of the distributed system.
Finally, Subgraph Approximation uses randomized sampling to approximate
non-local subgraphs. However, deterministic sampling such as selecting the
vertices with the highest number of edges to the local subgraph might perform
better, since the information from such vertices are beneficial to many vertices
in the local subgraph. Exploring other sampling methods is also a possible
future research direction.
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