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Abstract

Demands for storing huge volumes of data and limited communication network
bandwidth call for effective data compression with high performance and energy efficiency to
reduce high storage and communication costs for a wide range of systems and applications.
Data compression consists of two types: lossy and lossless. Canonical Huffman encoding and
Gzip are two popular lossless compression techniques. Hardware implementation of such
lossless compression techniques in many-core processors and other hardware platforms is
crucial in achieving optimized performance and energy-efficiency. This dissertation analyzes
static and dynamic canonical Huffman codec algorithms, Gzip compression techniques, and
presents high throughput and energy-efficient hardware and software implementations with
good compression ratios.

Canonical Huffman encoding is naturally sequential which consists of several tasks:
finding a histogram of symbol-frequencies, sorting of symbols, Huffman tree creation, building
canonical code tables, and encoding symbols. This dissertation demonstrates energy-efficient
canonical Huffman encoder architectures exploiting task-level parallelism for the above tasks
and introduces a concurrent approach to execute sorting, Huffman tree creation, and code
length computation tasks that yields better memory efficiency and performance than the
conventional approach. The proposed architectures are implemented on a many-core array,
Intel i7, Nvidia GT 750M, Intel FPGA, and 45-nm ASIC.

The many-core encoder implementations achieve a scaled throughput per chip area
that is 89.2x and 4.7x greater on average and 44.7x and 8.2x greater in terms of scaled
energy efficiency (compressed bits encoded per energy) than the Intel i7 and Nvidia GT
750M, respectively executing the common Corpus benchmarks for data compression. Encoder
implementations on the many-core processor array yield scaled throughput per chip area and
scaled energy efficiency that is 58 x and 4.8 x greater on average than the state-of-the-art
efficient canonical Huffman encoder implementation on Tesla V100 GPUs executing the

enwik8 dataset.

Scaled synthesis results from a proposed pipelined canonical Huffman encoder 45-nm
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ASIC results in 2.44x greater on throughput, 3.5x lower on total power dissipation, and
7.6x lower energy dissipation over Intel FPGA implementations.

Next, this dissertation presents bit-parallel static and dynamic canonical Huffman
decoder implementations using an optimized lookup table approach on a fine-grain many-
core array, Intel i7, Nvidia GT 750M, Intel FPGA, and 45-nm ASIC. The many-core
implementations achieve a scaled throughput per chip area that is 891x and 7x greater on
average and scaled energy efficiency (compressed bits decoded per energy) that is 149.5x and
3.9x greater on average than the i7 and GT 750M, respectively.

The 45-nm ASIC synthesis results show that the pipelined and memory-efficient static
decoder yields a 5.1x throughput improvement and 13.4x energy efficiency improvement
over the FPGA implementation.

Furthermore, this dissertation presents energy-efficient and high throughput Gzip
hardware architectures using a chained hash bank memory design of depth three for LZ77
encoder and synthesis results of the Gzip compression engines implemented in a 45-nm ASIC.
The proposed encoder architectures exploit both static and dynamic canonical Huffman
encoders along with a pipelined LZ77 encoder. The pipelined Gzip engine using a static
canonical Huffman encoder with a parallel window size (PWS) of 16 bytes per clock cycle,
achieves a maximum input throughput of 2.53 GB/s, while the dynamic canonical Huffman
encoder-based Gzip compressor achieves a maximum input throughput of 0.52 GB/s. To the
best of our knowledge, this Gzip compressor offers the highest reported compression ratio in
the literature of 2.47 for the Calgary Corpus benchmark.

Finally, this dissertation presents DeepScaleTool, an open-source tool for the accurate
estimation of deep-submicron technology scaling by modeling and curve fitting published data
by a leading commercial fabrication company for silicon fabrication technology generations

from 130 nm to 7 nm for the key parameters of area, delay, and energy.
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Chapter 1

Introduction

This chapter presents a brief overview of lossless compression techniques and lays out the

research motivation and organization of this dissertation.

1.1 Data Compression

In today’s information age, global data production continues to increase significantly.
Recently, certain external factors, such as the COVID-19 pandemic, fueled the volumes of data to
greater heights. In the first quarter of 2020 alone, global data usage increased by 47% [1].

To accommodate such scenarios and future surges, a promising way is to opt for data
compression. Data compression reduces data storage space and therefore data compression is pivotal
in alleviating the cost of data storage and movement in data centers and other industries with a
limited budget for capacity and I/O bandwidth. The vast volumes of data get compressed, which
in-turn demands fewer computing resources to store, process, and transmit data.

From an economic point of view, due to data surge the global data compression market is
expected to reach $4.51 billion by the year 2026 to cater to several industries that generate and store
massive amounts of user data and online activity [2], for example, finance and banking, media and
entertainment, health care, social media, communications, retail and e-commerce. Consequently,
data compression and decompression techniques are becoming increasingly valuable.

Data compression consists of two types: lossy and lossless. In lossy compression, the
compressed data doesn’t need to translate into its exact original contents after decompression, which

is shown in Figure 1.1. Therefore, lossy compression is suitable for the applications where loss of
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Figure 1.1: Example of lossless vs. lossy compression.

information is acceptable. For example, visual and multimedia data (audio, video, and images) can
be compressed by degrading the contents to an acceptable extent, especially in streaming media to
improve data bandwidth. However, lossless compression is typically required for text and data files,
such as bank records and text articles, software codes, and genomic data, where the compressed
contents must match with the original contents as any loss of data consistency and accuracy are
intolerable for the above data sets.

The efficacy of data compression is measured by a metric called compression ratio. The
compression ratio is the ratio between the size of the uncompressed or original data and the size of

the compressed data.

Compression ratio = Size of uncompressed data | Size of compressed data (1.1)

For example, if the size of the uncompressed data is 100 KB, a compression ratio of 2
yields compressed data of size 50 KB. Lossy compression algorithms achieve higher compression
ratios than lossless compression, but at the cost of quality loss.

The data compression model can be fixed (static) or adaptive (dynamic). With static data



compression, both the sender and receiver know the probability of data distribution beforehand.
Therefore, a fixed code table with code words for corresponding symbols in the data set can be
generated. However, in the case of dynamic compression, the frequency distribution of the symbols
in a data set is not known. Therefore, the compressor determines the statistical distribution of all
symbols in the data set first, creates a code table, and then proceeds to encode the symbols.

The compression ratio of dynamic data compression is better than the static data com-
pression techniques as the earlier one is not tuned to specific distribution of symbols in advance.
Dynamic data compression is preferred over static for streaming data sets. However, dynamic data
compression results in lower compression speed. The dynamic compressor generates the symbol and
frequency distribution from the data stream, encodes the symbols, and the compressed stream is

passed to the receiver along with the required information to reconstruct the code table.

1.2 Lossless Compression Techniques

Lossless compression techniques are primarily divided into two categories: statistical
compression and dictionary-based compression. Huffman compression, arithmetic compression, and
Shannon-Fano compression are well-known statistical or entropy-based lossless compression tech-
niques. Similarly, Lempel-Ziv (LZ77, LZ78) compression techniques are frequently-used dictionary-
based lossless compression techniques.

The statistical compression techniques rely on statistical models to encode single symbols
to bit strings that use fewer bits. However, the dictionary-based compression techniques don’t
encode single symbols into bit strings; rather, they encode variable length sub-strings by short

codewords.

1.2.1 Shannon-Fano Compression

Shannon-Fano compression [3,4] is a variable-length encoding scheme that assigns codewords
to each symbol based on their probability of occurrence. The compression scheme starts with laying
out a list of probability or frequency of a given set of symbols. Next, the symbols are sorted in
decreasing order of their frequencies. The next task is to split up the list into two parts while making
sure that the total probability of both parts being as close to each other. Next, the left sub-group

is assigned as binary “0” and the right sub-group is assigned as binary “1”. The above process



continues until each symbol is separated into left and right sub-groups. Finally, the least-frequent
symbol gets assigned to the longest codeword and the most-frequent symbol gets assigned to the
shortest codeword, which sets the average bits per symbol in a data set lower than the traditional
ASCII encoding. However, Shannon-Fano codes are sub-optimal, which means that they don’t

always result in the best possible code length.

1.2.2 Huffman Compression

Huffman compression [5] is one of the most popular lossless compression techniques that
is slightly different than the Shannon-Fano compression algorithm. The first step in Huffman
compression is the same as for Shannon-Fano compression, i.e., to sort the symbols in a given
data set per their frequencies of occurrences. Next, a Huffman tree is created by first taking the
two nodes with the smallest probability as the leaf nodes and generating an internal node with a
frequency of the sum of the frequencies associated with the two child nodes. The first extracted
node is the left child and the other extracted node is the right child. The new node is added to the
list of symbols. This process is repeated until all symbols in a data set are placed in the Huffman
tree and the tree reaches the root node. After the Huffman tree is created, a binary “0” is assigned
to each left nodes and a binary “1” is assigned to every right nodes of the tree. Finally, codewords
are assigned to symbols by traversing the tree from the root node to the corresponding leaf nodes
and appending the resulting binary bits. In general, Huffman compression always results in at least
the same average code length as of Shannon-Fano compression and the resulting codewords are
always optimal. Therefore, Huffman compression is preferred over the Shannon-Fano compression
technique. However, the inefficiency with the Huffman codes are that they are always integer-length

codes.

1.2.3 Canonical Huffman Compression

Canonical Huffman compression is a type of Huffman compression where code assignment
is canonical instead of the the tree traversal-based approach in the case of the regular Huffman
method. In regular Huffman encoding, the encoder passes the complete Huffman tree to the decoder
so that the decoder traverses the tree to decode every encoded symbol. However, in the case of

the canonical Huffman encoding, code length for each symbol is enough for the decoder to decode



each encoded symbol and the tree traversal step is eliminated from the decoding process. Therefore,
canonical Huffman coding reduces the memory footprint and executes faster than the regular

Huffman decoder, while preserving the same compression ratio.

1.2.4 Arithmetic Compression

Arithmetic compression is a data compression technique that tackles the inefficiency of
Huffman’s representation of the compressed data by assigning the entire message into a single
number, which is a fraction between 0.0 and 1.0. Therefore, a better compression ratio is achieved
than the Huffman compression by lowering the number of bits to represent the code lengths at the
cost of a more complex algorithm. However, arithmetic compression is slower than the Huffman
compression. Therefore, Huffman compression is used frequently as the critical step in several

lossless compression standards.

1.2.5 Lempel-Ziv Compression

Lempel-Ziv compression [6] methods don’t consider the individual symbols’ frequencies to
do the compression. Instead, they look for repeated sequential patterns of characters in a streaming
message. Therefore, they are effective at compressing long strings of repeated characters. The basic
idea behind Lempel-Ziv (LZ) compression methods is to process the input data stream sequentially
and find the best string match at any current location to that of previous occurrences. If any
match is found, the compressor points to that previous occurrence, or else, outputs the symbol and
continues this process to find the best possible string match.

LZ77 compression [6] is a lossless compression technique that replaces the repeated
occurrences of data with a reference to the earlier presence in the data stream. The compressor
encodes a string match by a length-distance pair, where length denotes the match length, and
distance or offset depicts the exact distance to the previous occurrence. The compressor uses a
fixed-length sliding-window over previously seen characters to keep track of the past occurrences,
and increasing the size of the sliding-window increases the overall computations. Therefore, to
alleviate this situation, LZ78 compression was proposed [7], where, instead of a sliding window,
the encoder maintains a dictionary of unlimited collection of previously-seen phrases. Instead of

outputting the best possible string match, just an index to the dictionary is sufficient. Also, LZ78



doesn’t need to pass on the length of the phrases to the decoder as the decoder already is aware of

this information.

1.2.6 Deflate Compression

Deflate [8,9] is one of the most widely used lossless compression standards that uses a
combination of LZ77 and Huffman compression techniques to achieve better compression efficiency
than standalone LZ77 or Huffman compression. A deflate stream consists of a series of blocks
that holds the header information. Based on the header information, static or dynamic Huffman
compression is used.

The gzip [10] file format is based on deflate compression. The gzip implementation allows
end-users to select a compression ratio and intended speed of encoding as they are inversely related,
which is discussed in Chapter 8. Acceleration of the gzip compression results in lower compression
ratio. Therefore, a good trade-off between compression ratio and encoding speed is decided for any

application.

1.2.7 Zstandard

Zstandard (zstd) is a lossless compression algorithm designed by Facebook [11,12]. Zs-
tandard is a combination of entropy coders, Huffman Coding and finite state entropy (FSE) [13]
which performs well on modern CPUs and improves upon the trade-offs made by other compression
algorithms. Zstandard combines the dictionary-matching from LZ77 with a large search window
and entropy coding from FSE and Huffman. Zstandard provides a higher compression ratio than

the deflate compression at a similar or faster compression speed.

1.3 Research Motivation

The demands for storing a huge volume of data and limited communication network
bandwidth calls for effective data compression with high performance and energy efficiency. Moreover,
energy efficiency in large data centers is an important concern, where a large chunk of the overall
global power dissipation is used. To mitigate such concerns, data compression plays a key role as

storage, network, and computing power of processing elements benefit due to the resulting lower



data footprint. Along with increased system performance, data compression reduces the overall

storage cost as well.

Compression ratio is one of the critical parameters for several applications that adopt data
compression techniques. For example, in SSD applications that utilize expensive Flash memory,
higher compression ratio is crucial, due to the architecture involved in writing the data where a flash
cell must be erased before it can be reprogrammed, and the nature of the media with the limited
number of program and erase cycles available. In Flash operations, erasure can only occur on a block
level, whereas programming is done on page level, leading to a larger portion of the flash getting
erased and rewritten than needed for any new data. Lossless compression with higher compression

ratio enables the need of fewer program and erase cycles, extending the SSD lifetime [14].

With the diminishing returns from the Moore’s law and Dennard scaling, clock frequency can
no longer be significantly boosted up due to the limitations on power budgets. Therefore, acceleration
of any computing workload primarily depends on parallel execution per clock cycle. Several hardware
accelerators for lossless data compression using Field Programmable Gate Arrays (FPGAs), massively
parallel Graphical Processing Unit (GPUs), and Application Specific Integrated Circuits (ASICs)
were proposed that outperformed the software implementations on Central Processing Unit (CPUs)-
based implementations. While the throughput and compression ratio of those compression and
decompression hardware implementations were extensively studied in the literature, energy-efficiency
of both compression and decompression hardware implementations were not discussed often with
proper benchmarks. That gives us the first research question: How do performance, area
utilization, and energy-efficiency of various lossless compression and decompression

techniques vary with computing platforms?

Huffman encoding is sequential in nature. Therefore, to attain improved encoding through-
put most of the research work focused on splitting up the input data stream into blocks of data
which can be encoded and decoded independently. However, this results in degradation of com-
pression ratio and may not be suitable for several compression standards. Moreover, very little
research has been done on the efficient hardware implementations for canonical Huffman encoders
and decoders. Therefore, we investigate the second research question: How can the canonical
Huffman encoding be accelerated despite having such serial bottleneck in its pipeline,

while preserving the compression ratio?



Similarly, hardware implementations of regular/canonical Huffman decoders were proposed
either by splitting up the original data block into several chunks or exploring the synchronization
property of Huffman codes. However, not all Huffman codes are synchronized. Moreover, independent
encoding/decoding of the data chunks degrades compression ratio as discussed in the previous
paragraph. This brings us the next research question that needs to be investigated: how can the
canonical Huffman decoder architectures be optimized for performance and energy-

efficiency?

In the case of the gzip compression pipeline, LZ77 compression plays a critical role, where
the string matching block is a primary factor for the overall timing critical path. The string
matching block can be accelerated by using proper hashing method per the benchmarks. Moreover,
in gzip there is a trade-off between compression efficiency and compression throughput. Most of
the literature on Deflate compression employed a static Huffman encoder to speed-up the overall
compression. However, to obtain high compression ratio a dynamic canonical Huffman encoder is
required. Therefore, a proper study of the compression throughput vs. compression ratio
along with designing the optimized architectures for LZ77, both static and dynamic
canonical Huffman compression is the next research question that this dissertation

addresses.

To answer all the above research questions, this dissertation first investigates the design of
efficient canonical Huffman encoder architectures leveraging task-level parallelism and concurrent
execution of symbol-frequency sorting, Huffman tree creation, and code length computation. The
proposed encoder architectures have been implemented on ASIC [15], FPGA [16], and a many-core
processor array [17-19]. Second, an optimized lookup table (LUT)-based decoding architecture
has been proposed for both static and dynamic canonical Huffman decoders. The proposed
decoder architectures have been implemented on ASIC, FPGA, and a many-core processor array.
Third, to optimize the throughput and study the throughput vs. compression ratio of the gzip
compression, optimized hashing-based string matching techniques have been investigated and
hardware implementation on ASIC for the gzip pipeline is proposed. The performance evaluation of
all the designs have been done using standard lossless compression benchmarks. Metrics such as
throughput per area and bytes encoded per unit energy are compared to results with optimized

software implementations on an Intel i7 and massively parallel GPU.



Finally, this dissertation presents DeepScaleTool [20], a tool for the accurate estimation of
technology scaling in the deep-submicron era as the traditional Dennard scaling factors go obsolete.
DeepScaleTool is designed by modeling and curve fitting published data by a leading commercial
fabrication company for silicon fabrication technology generations from, 130 nm to 7 nm for the key

parameters of area, delay, and energy.

1.4 Computing Platforms

The lossless compression and decompression designs are evaluated on the following hardware

platforms:

e A many-core processor array (32 nm) running at 1.2 GHz at 0.9 V [19]

Intel MAX 10 FPGA (55 nm) with a base clock frequency of 50 MHz [16]

NanGate 45 nm ASIC Library [15]

Intel i7 CPU (22 nm) with a base clock frequency of 2.3 GHz [21]

Nvidia GT 750M (28 nm) GPU with 384 shader cores running at a base clock of 941 MHz [22]

1.4.1 The Targeted Many-Core Processor Array

The use of many-core processor array platform is to provide fine-grained or task-level
parallelism, which differs from single instruction multiple data (SIMD) architecture that offers
coarse-level parallelism. GPUs are the prime examples of SIMD-based computing machines [22,23].
The targeted many-core processor array platform in this dissertation is the KiloCore chip, a 1000-
processor chip [17-19], which is based an asynchronous array of simple processors design paradigm.
There are two other chips based on such many-core processor array paradigm, a 36-processor
AsAP [24-26] and a 167-processor AsAP2 [27,28].

Over the years, fine-grained many-core processor array-based computing platforms have
demonstrated significant energy-efficiency and throughput per area improvements over general
purpose processors and SIMD-based GPUs across several signal processing applications. A few of
those applications are as follows: display stream compression (DSC) decoder [29,30], low-density

parity check (LDPC) decoder [31], parallel Advanced Encryption Standard (AES) computing



engines [32,33], H.264/AVC baseline residual encoder [34, 35], Context-Based Adaptive Binary
Arithmetic Coding(CABAC) encoder [36], pattern matching [37,38], and sparse matrix multiplication

engines [39].
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Figure 1.2: Micrograph of the KiloCore chip, with key statistics [40].

Figure 1.2 shows the micrograph of the 32 nm KiloCore chip with key details of the chip.
The KiloCore chip consists of 1000 RISC-style processors and 12 64-KB independent memory
modules. Each processor has an instruction memory of 128x40-bits, a data memory of 256x16-bits,
and two 32x16-bits input FIFOs [19]. Processors are connected by a 2D circuit-switched mesh
network, allowing for nearest-neighbor communication to adjacent processors, as well as long-distance
communication to connect non-adjacent cores. Each processor occupies 0.055 mm? and has an

average maximum clock frequency of 1.78 GHz at 1.1 V.

The applications are implemented on the KiloCore chip by writing individual tasks in
C++ or assembly language and the applications are simulated and verified using a cycle-accurate

simulator.
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1.5 Benchmarks and Performance Evaluation

We consider various corpus lossless text compression benchmarks [41] as follows to validate
the compression and decompression designs. The following benchmarks cover a wide range of files

of different sizes and symbol distributions.
e Artificial corpus [41]
e Calgary corpus [41]
e Canterbury corpus [41]
e Large corpus [41]

We verify the functionality of each design first before conducting the performance evaluation.
The performance in terms of throughput per area and compressed bits encoded or decoded per unit

energy of the computing platforms is evaluated for each implementation.

1.6 Dissertation Organization

The remainder of this dissertation is organized as follows. Chapter 2 provides a compre-
hensive background of the lossless compression and decompression techniques. Chapter 3 presents
architectures for the optimized canonical Huffman encoding and implementations on a many-core
processor array. Chapter 4 presents the proposed architectures for canonical Huffman decoders
and their implementations on a many-core processor array. Chapter 5 discusses the design of the
canonical Huffman encoders on ASIC and FPGA. Chapter 6 discusses the design of the canonical
Huffman decoders on ASIC and FPGA. Chapter 7 covers the detailed hardware implementation
of the gzip compression pipeline on ASIC. Chapter 8 presents the DeepScaleTool, a tool for the
accurate estimation of technology scaling in the deep-submicron era. Finally, Chapter 9 concludes

the dissertation and proposes future work.
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Chapter 2

Background

This chapter overviews background of several lossless compression and decompression
techniques which are the primary research interests of this dissertation, such as canonical Huffman
encoder, canonical Huffman decoder, LZ77 encoder, and gzip compression, covering the corresponding
algorithms, examples, and hardware or software implementations. A detailed literature survey of

the encoders and decoders is illustrated.

2.1 Huffman Encoder

Huffman encoding is a variable-length and prefix-free encoding that encodes the symbols
based on statistical redundancy of symbols in the data sets. The more common symbols are encoded
using fewer bits and the less frequent symbols get assigned to longer code words. The prefix-free
property of Huffman coding ensures that no code word is a prefix of any other code word. Huffman
encoding works by creating a binary tree, called a Huffman tree, based on the symbol-frequency
distribution, and then encoding symbols that are present at leaf nodes by traversing the tree from
root to leaf nodes and assigning bit “0” to the left child node and “1” to the right child nodes.

Figure 2.1 details the Huffman compression pipeline. First, the frequency of each symbol in
the uncompressed data set is computed. Next, the symbol-frequency list is sorted in non-decreasing
order per corresponding frequencies. Next, the Huffman tree building process begins with the two
nodes with smallest probability taking the leaf nodes, which creates a new internal node having these
two nodes as children. The weight of the new node is set to the sum of the weights of the children.

The first extracted node is the left child and the other extracted node is the right child. The left,
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Figure 2.1: Example of Huffman compression. S: Symbol, F: Frequency, CW: Codeword.

right, and new nodes form a sub-tree. The new node is added to the list of symbols. The above steps
are repeated on the new internal node and on the remaining symbols until only one node remains,
which is the root of the Huffman tree. After the Huffman tree is built, each symbol is encoded with
bits by traversing the tree from root to corresponding leaf nodes and assigning assigning bit “0” to
the left child node and “1” to the right child nodes. For example, in Figure 2.1 symbol “B” gets
“0000” and symbol “F” gets “0001”. Similarly, symbol “A” gets encoded to “01” and so on. Next, a
code book is created with symbols and corresponding code words, which helps in generating the
encoded bitstream.

Using ASCII encoding, the source data shown in Figure 2.1 consumes 37*8 = 296 bits of
space. The total number of symbols is 37 in the source data. However, Huffman compression on the
same data set results in 9*2 + 2*4 4 4*3 + 10*2 + 10*2 + 2*4 = 86 bits of storage, achieving a

compression ratio of 3.44.

2.2 Canonical Huffman Coding

Canonical Huffman encoding utilizes canonical code assignment process. Once the Huffman
tree is built like in regular Huffman encoding, the idea is to assign code words to a list of symbols
sorted lexicographically or alphabetically, based on starting code word and then increment by one

for the rest of the symbols sequentially. This canonizing code assignment process helps the decoder

13



-~
Stream of / AN ‘,/ N\ Encoded

Symb"'Sf l Huffman ﬂ Code Canonical || Bitstream
AEAC... . (L__Length Codeword |!00 10 00 110...

I AEAC
s cw

L

2 00

4 01
b8 l 3 10

2

2

4

S

110
1110

I
I
|
|
|
|
|
|
| 1111

s — — — — — — — —

N Regular Huffman 7 N\ Canonical Coding

N e o . . — . o — — — — — ~ —

Figure 2.2: Example of canonical Huffman compression. Canonical Huffman expression differs from
regular Huffman compression only in the code assignment stage.

not to require the Huffman tree to be sent by the encoder; rather, only code length information
for each symbol is required to rebuild the code book. Therefore, canonical Huffman encoding is
memory-efficient. Moreover, canonical Huffman encoding results in the same compression ratio as

with regular Huffman encoding.

Canonical Huffman encoding starts with finding the symbol frequency histogram from the
stream of uncompressed symbols. Figure 2.2 shows that once the symbol-frequency information
is computed, the next task is to sort the symbol-frequency list and build a binary Huffman tree.
Next, in the case of regular Huffman encoding, the code word generation module traverses the
Huffman tree from root to leaf nodes and assigns bit “0” to the left child node and “1” to the right
child nodes to create code words for symbols. However, in case of canonical Huffman encoding
process, the first step after creating a Huffman tree is to find the code length for each symbol. In
the example shown in Figure 2.2, symbols “B” and “F” have code lengths of 4-bits, symbol “C” gets
a code length of 3-bits and so on. Next, the starting code word for each code length is computed
per Algorithm 1, where “MAX BITS” denotes maximum code length and “bl_count[ |” gives the

number of symbols having the same code length.

Therefore, symbol “A” gets assigned to code word “00”, symbol “C” codes to “110” and
so on. Next, the rest of the symbols in the same code length group are encoded by subsequently

incrementing the starting code by one. Therefore, symbol “D” gets assigned to code word “01”,
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Algorithm 1 Computation of starting codeword for each code length [§]

code = 0;

bl_count[0] = 0;

For (bt =1; bt <= MAX_BITS; bt + +)
code = (code + bl_count[bt-1]) << 1;

next_code[bt] = code;

symbol “F” gets encoded to “1111” and so on. Finally, the code book is constructed with symbols
and corresponding code words, which is used to encode all symbols, and thereby creating the encoded
bit stream.

Canonical Huffman encoding on the source data shown in Figure 2.2 results in 86 bits of
storage, achieving the same compression ratio of 3.44 with regular Huffman encoding. In the case of
the canonical Huffman encoder, along with the encoded bit stream, header data with code length

information is sent to the decoder to reconstruct the code book.

2.2.1 Static and Dynamic Canonical Huffman Coding

The canonical Huffman encoding can be static or dynamic. The static version of the
encoder uses a static code [8] table to encode the symbols. Table 2.1 depicts the static code table
that is used for Deflate compression. The static code tables are predefined for various compression
standards. However, in the case of the dynamic canonical Huffman encoder, Huffman trees are
created dynamically for blocks of uncompressed data. Dynamic canonical Huffman encoding method
achieves better compression ratio than the regular canonical Huffman encoding at the cost of
compression speed. Deflate supports both static and dynamic canonical Huffman coding, providing

a range of compression speed vs. compression efficiency.

2.2.2 Related Work

There has been extensive work on designing Huffman encoders for various applications.
Mukherjee et al. [42] proposed parallel Huffman encoders that generated the codewords for a symbol
in one clock cycle. However, their implementation was limited to static Huffman codes. Liu et
al. [43] proposed VLSI implementation of variable-length codec using efficient memory architecture

for accessing Huffman trees. Park et al. [44] demonstrated ASIC implementation of Huffman coding
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Table 2.1: Static Code Table for Deflate. This table is adopted from [8].

Literal Value | Bits Codes

0-143 8 00110000
through 10111111

144 - 255 9 110010000
through 111111111

256 - 279 7 0000000
through 0010111

280 - 287 8 11000000

through 11000111

for 8-bit symbols using a single processing element to reduce area overhead. Rigler et al. [45]
designed dynamic Huffman encoders for GZIP on FPGA, where two memory blocks were used to
store the Huffman tree nodes to track the leaf and parent nodes.

Matai et al. [46] proposed the first hardware accelerator for complete pipelined stages of
canonical Huffman encoders on a FPGA using high-level synthesis tools. The authors proposed
several optimization techniques to accelerate each stage of the encoder with input sizes 256, 536, and
704 symbol frequencies per their requirement from LZ77 stage. Overall, a detailed benchmarking
and analysis is missing, which is critical as performance and energy-efficiency of the encoder strongly
depends on the data sets and corresponding symbol distribution.

There were some previous work that focused on designing Huffman encoder ASICs for
image or video compression standards. Patrick et al. [47] proposed a variation of Huffman encoding
to perform JPEG encoding using a DSP processor. However, the details regarding architecture and
hardware implementation results were not discussed for the Huffman encoder. Later, various other
work also proposed Huffman encoder designs for JPEG [48-50].

Satpathy et al. [51] designed a canonical Huffman encoder for DEFLATE compression in
ASIC where they eliminated the serial dependency of the encoder by using concurrent computation
of sorting and tree construction and other optimizations. Recently, a high-throughput ASIC
architecture was proposed by Shao et al. [52] for a canonical Huffman encoder. The authors
demonstrated a parallel computing architecture for sorting and code length computation blocks,

which results in improved throughput for JPEG data sets. However, the encoding process relies on

16



a sorting operation every time a new node is generated in the Huffman tree. Also, energy-efficiency
results for various benchmarks were not reported.

In the past, several GPU-based parallel Huffman encoders were proposed, especially for
the field of high performance computing. Rahmani et al. [53] designed parallel Huffman encoders in
the CUDA framework where a parallel prefix-sum based method was used. However, this method is
unsuitable for shorter code words and degrades memory bandwidth of GPUs. Sitaridi et al. [54]
proposed a specific file format for compression where the input is split into chunks and exploits
both intra and inter-block parallelism. Funsaka et al. [55] proposed a dictionary-based compression
for GPUs without closely following Huffman’s method. Similarly, Angulo et al. [56] implemented
Huffman compression of seismic data on GPU by altering the original Huffman encoding scheme.

Patel et al. [57] used the Burrows-Wheeler transformation to accelerate GPU compression;
however, the implementation didn’t yield better results than the single-core CPU implementations
due to the sorting stage. Recently, Tian et al. [58] proposed a parallel implementation of Huffman
encoding algorithm on GPUs. The authors proposed a novel reduction-based encoding scheme
that results in higher GPU memory bandwidth utilization. In this design, the code word encoding
scheme follows the regular Huffman’s method.

In this dissertation, we propose energy-efficient mapping of the canonical Huffman encoders
on a many-core processor array, FPGA, and ASIC. We deploy task-level parallelism for the entire
encoding pipeline, strictly follow Huffman’s original method, and preserve the compression efficiency.
We also propose a method of concurrent tree building and code length computation design to bypass
the storage of the complete Huffman tree with references for each of the child nodes to their parents

nodes. This mechanism makes the encoder more efficient in terms of speed, area, and memory usage.

2.3 Huffman Decoder

In Huffman coding, the Huffman tree that is generated during the encoding process is
passed to the decoder in the header information. The decoder traverses the tree to decode each
symbol [46] after parsing the encoded bitstream. This slows down the decoding process and adds
complexity to the compressed bitstream header.

Figure 2.3 shows the Huffman decoder that uses tree traversal-based approach. The decoder

parses each bit from the encoded bitstream and traverses the tree starting from the root node. For
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example, “01” routes to symbol “A”. Similarly, the next iteration of “11” results in the symbol “E”,

and so on. This process continues until the last bit in the encoded bitstream.

Huffman tree traversal
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) g,81 A D E
Encoded bitstream p!
0 4 C
AN

B F

Decoded symbols

Huffman tree

Figure 2.3: Huffman tree-traversal based decoding.

2.4 Canonical Huffman Decoder

In the case of canonical Huffman coding, the encoder assigns the codes based on canonical
coding assignment: the code for the first symbol with a specific code length is computed based on
both code for the first symbol in the previous code length group and the number of symbols for
the previous code length [8]. The details of canonical code assignment steps are discussed in the
deflate standard [8]. Subsequently, the codewords for the rest of the symbols with the same code
length can be computed by incrementing the codeword of the predecessor symbol by one [59]. The
code assignment technique in canonical Huffman coding enables the decoding of the compressed
bitstream without a Huffman tree. Instead, the canonical Huffman encoder sends the number of
symbols per code length and the corresponding lexicographically sorted symbols in the header to
the decoder, where the codes can be easily regenerated.

A canonical Huffman decoder can be static or dynamic. The static decoder ensures that the
code table containing symbols and corresponding code lengths is indexed correctly by the encoded
bitstream. The code table is fixed in this case, hence it is called a static decoder. In the case of the

dynamic canonical Huffman decoder, a code table is created for each encoded data block based on
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Figure 2.4: Static and dynamic canonical Huffman decoder block diagram. The dynamic code table
generation task is only necessary in a dynamic canonical decoder.

the header information. The canonical code assignment process enables the decoder to self-generate
a code table at the receiver based on the code length information in the header.

Figure 2.4 shows a block diagram representation of the static and dynamic canonical
Huffman decoder, which shows the extra task in case of a dynamic canonical Huffman decoder of

forming a code table.

2.4.1 Dynamic Canonical Huffman Decoder

The dynamic canonical Huffman decoder first recreates a dynamic code table by using the
code length sequences and symbols from the header, which is described in the following Section 2.5.
Next, the compressed bitstream is indexed into the dynamic code table to decode the symbols. In
Deflate format each block is coded independently by creating dynamic code tables for each block
per header information, making the decoding process slower than the static decoder. However, the

speed up in the case of the static decoder comes at the cost of reduced compression ratio.

2.4.2 Algorithm and Example of Canonical Huffman Decoder

Figure 2.5 depicts the canonical Huffman decoding process for a given encoded bitstream
and header. The number of symbols for each code length from the header is used to generate the
starting codeword for each code length per the starting codeword generation logic [8]. The next step
is to read the starting symbol for each code length and assign the corresponding starting codeword
to it [59]. The rest of the symbols with the same code length are assigned by incrementing the

codeword of the predecessor symbol by one.

19



Header
Number of symbols for each code length: 0, 4

Lexicographically sorted symbols per code length: A, B,C,D

Encoded bitstream
Starting codeword generation logic | 1101110010

! !

Code No.of  Starting Code Code Symbol Address Symbol Code Encoded Decoded

length  symbols codeword length word index length bitstream symbol
1 0 0 2 00 A 00 A 2 11 D Decoded symbols
2 4 2 2 01 B 01 B 2 01 B _—
2 10 c 10 C 2 1 D DBDAC
2 1 D 11 D 2 00 A
10 c

Starting codeword

for each code length All codewords Code table Code table indexing
and hashing symbol

Figure 2.5: Example of a dynamic canonical Huffman decoding process which consists of the
following tasks: computing the starting cdoeword for each code length, mapping of symbols to
codewords, code table containing symbols and code lengths, and decoding of symbols by parsing
the encoded bitstream.

For example, symbol “A” gets the starting codeword which is “00”. Therefore, symbol
“B”, “C”, and “D” get the subsequent codewords which are “01”, “10”, and “11” respectively. The
maximum code length is two; therefore, a code table of four words is created and each word stores
both symbols and code lengths. Each codeword acts as an address index to the code table. When
the number of symbols is less than the depth of the LUT, the contents of the LUT are populated
based on the prefix of the codeword for each symbol as shown in the earlier work [59].

Once the code table is constructed, the index decoding task performs the following sub-
tasks: first, read 2 bits (same as MAX_BITS for this example) at a time from the encoded bitstream,
index it to the code table, and extract the corresponding symbol as the output, which results in
“DBDAC” as the decoded symbols for this example. For the static canonical Huffman decoder,
the code table is pre-defined and the bitstream indexing task follows the same process as for the

dynamic canonical Huffman decoder.

2.4.3 Related Work

The serial dependency of the Huffman decoder results due to the intrinsic dependency
between locations of adjacent symbols in the bitstream [60]. Therefore, to parallelize the decoding

process many prior attempts alter Huffman’s original method by splitting up the input data into
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Figure 2.6: Self-synchronization property of the Huffman Codes that enables parallel decoding.

independent chunks which can be compressed and decompressed separately [59]. However, this

method is unsuitable for several file formats [61].

Mukherjee et al. [42] were among the first to propose parallel and adaptive Huffman
encoders that generated the codewords for a symbol in one clock cycle. However, the proposed
Huffman decoder was limited to static Huffman codes and the performance was limited due to the
Huffman tree traversal approach. Seong et al. proposed a variable length decoder using a LUT
partitioning approach to reduce the power dissipation based on code frequency [62]. However, details
regarding LUT generation from the encoded bitstream and header information were not provided.

Also, the hardware implementation was specific to MPEG-2 applications only.

One of the first real-time and variable length decoder implementations was proposed on
FPGAs using an optimized lookup table (LUT) [63]. The static lookup table decodes one symbol
per clock cycle. However, due to a maximum limit in the length of the data input stream of 8
bits, more than one clock cycle is necessary to decode a codeword of longer than 8 bits. The
authors in [64] investigated a speculative parallel approach for Huffman decoder and used that in
Gzip decompression. The parallel scanning of the end of each block can be accomplished; however,
the probability of false-positive boundaries is the bottleneck in achieving high performance. Most
recently, Ledwon et al. proposed a high throughput hardware accelerator for DEFLATE compression
and decompression using high-level synthesis [65] and an optimized LUT architecture from the

paper [66]. The authors [65] reported the static and dynamic throughput for the Calgary corpus
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files; however, the detailed architecture to generate the optimized LUT from the header information

and energy efficiency (compressed bytes per unit energy) results were not reported.

There has been some work on accelerating canonical Huffman decoders by using GPUs.
Angulo et al. [67] implemented Huffman compression and decompression of seismic data on GPU by
altering the original Huffman encoding scheme. Also, the proposed design was limited to seismic
datsets. The Burrows-Wheeler transformation used by the authors Patel et al. [68] to accelerate
GPU decompression speed didn’t work well when compared to CPU implementation due to the
Huffman tree traversal approach. Ozsoy et al. [69] implemented the Lempel-Ziv-Storer-Szymanski
(LZSS) lossless data compression algorithm and showed a significant improvement of compression
speed over CPU platforms. However, the decompression performance resulted in a lower speed up
due to the memory intensive workload creating a bottleneck for the CUDA implementation [69].
Reference [70] presented an efficient implementation of decompression using GPUs without closely

following Huffman’s method [61].

The authors [61] investigated the self-synchronizing property of the Huffman code that
enabled massively parallel implementations on Nvidia GPUs following Huffman’s original method.
The self-synchronization property of Huffman codes enables the Huffman decoder to correct itself
even after initial erroneous output [71,72]. For example, if a decoder starts decoding from an
intermediate bit of a codeword sequence, it results in a wrong decoded symbol as the intermediate bit
position and start of codeword sequence may be different. However, once there is a correct decoded
symbol, subsequent decoded symbols are all correct. Figure 2.6 demonstrates the self-synchronization
property of Huffman codes. Decoder A and decoder B start concurrent decoding, but starting at
different bits of the encoded bitstream. Therefore, decoder B results in wrong outputs at first.
However, once the synchronization point is achieved, subsequent outputs are all correct. In terms of
hardware complexity, finding synchronizing points across data chunks adds significant computational
complexity to the decoding module. Moreover, the authors [73] demonstrated that some of the

Huffman codes would never be self-synchronized.

The authors [73] proposed a new technique called Huffman coding with a gap array to
eliminate the self-synchronization decoder’s performance bottleneck. Using gap array enables finding
the correct beginning of the encoded data sequence; however, it adds area and encoding time

overhead. Moreover, compression efficiency gets affected due to addition of gap array to the encoded
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bitstream. Most recently, the authors [71] analyzed both self-synchronization and gap array Huffman
decoding methods and proposed error-bounded lossy compression and decompression of scientific
data.

In this dissertation, we propose detailed energy-efficient architectures for canonical Huffman
decoders and mapping of them on many-core processor array, FPGA, and ASIC. We show an
optimized look-up table structure for the decoder that results in less area and code table construction

time than the traditional architectures.

2.5 Gzip Compression

Gzip compression is based on Deflate [8], which is a lossless compression algorithm. Gzip
was originally created by Philip Katz to develop PKZIP [74]. The Deflate format was later utilized
by Jeanloup Gailly and Mark Adler in their open-source software application, gzip [8], and the
software library, zlib [9], which was created in order to facilitate the usage of the PNG lossless
compressed image format.

Deflate is now commonly used by many different compression and decompression applica-
tions, such as Hypertext Transfer Protocol (HTTP) standard [75], .zip [76], .gz [77], and .png [78]
file formats etc [79]. Each of these compressed file formats includes a header and footer wrapper

that encloses the binary Deflate compressed data payload.

2.5.1 Deflate Compression Algorithm

Deflate is a lossless data compression technique comprising both LZ77 and Huffman coding.
Since the LZ77 encoding format is patented, Deflate describes a similar but more general algorithm
for replacing duplicated strings [79]. Figure 2.7 shows the two-stage Deflate encoding steps, where
LZ77 encoding is the first level of compression at byte-level and then canonical Huffman compression

accomplishes the second stage of compression at bit-level.

2.5.2 LZ77 Encoding

LZ77 compression replaces repeated occurrences of a string with references to a single copy
of that string existing earlier in the uncompressed string stream. A match is encoded by a pair of

numbers called a length-distance pair. As each byte of the file is read, it is recorded in a history
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Figure 2.7: Block diagram representation of Deflate compression showing that first stage of LZ77
Compression does byte-level compression based on string match and the second stage does bit-level
compression.

Pre-compression abec compres s abec

Match distance = 13

During compression 5 p ¢ compress 'a b c
A—

Match length = 3

Post-compression abec cCompTres s (3,13)
A—

(Length-distance pair)

Figure 2.8: Example of a LZ77 encoding process which consists of the following two tasks: find the
best possible string match and encoding the length-distance pair from the string match process
using Huffman encoding.

buffer and any potential previous matches are looked up in that buffer. The length-distance pairs
correspond to the length of a match and the distance back within the history buffer. In the Deflate
format, matching strings of lengths of up to 256 bytes long and match distances of up to 32,768

bytes are allowed.

Sliding direction >
Current pointer

Previous data l Next data
p r e v ¢ a b x y z

Current data to be hashed
Figure 2.9: Sliding window mechanism.

Typically, a fixed-width sliding window is used, which slides across the sequence of input
bytes, as shown in Figure 2.9. Based on the current pointer, a fixed number of bytes of input are

hashed, which is basically turning the current bytes to a fixed-length hash signature. Next, the hash

24



Primary Hash Table Secondary Hash Table

é\ P tr s1
fa‘;@%i}t 0s_str_s
*?\80
Hash (strin Hash (strin
A— Pos_str M, Pos str p Pos_str_s2
(a) Single hashing (b) Chained hashing
Hash collision is possible Hash collision is avoided

Figure 2.10: Single vs. chained hashing to find the matched strings.

signature is looked up in the hash table. The hash tables can be single or multi-staged. Single stage
hashing may result in collision due to multiple input bytes translating to the same hash signature.
The Deflate specification recommends using chained hash tables to find potential matching strings,

though any match-finding method can be used [79] as shown in Figure 2.10.

The hash signature is looked up in a primary hash table, which contains the positions of
all of the most recently hashed and stored strings. If more than one string maps to the same hash
signature, the table will contain a link chaining from that signature’s position in the primary hash
table to a secondary hash table. A chain of such links can be traversed to find all the positions of

matching strings that have the same hash value [79].

Figure 2.10 shows the single vs. chained hash tables. To avoid a hash collision, chained
hash tables are used that adopt indirect indexing based on a primary hash signature. The next
task is to find the best match length. The potential matches from the compare windows are then
compared to the current window and the longest match keyword is used to replace the input bytes
with a length-distance pair. Figure 2.11 depicts the best string match length computation process.
To attain the best possible compression ratio, the LZ77 compressor tries to find the best possible
match. However, string matching logic is a part of the critical path affecting the overall compression

speed. Therefore, a trade-off between compression speed and compression ratio must be attained.
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Figure 2.11: Best string match length computation.

2.5.3 Canonical Huffman Compression for Deflate

In Deflate compression, canonical Huffman compression does the bit-level compression after
LZ77 encoding. Deflate supports both static and dynamic canonical Huffman compression. Normally,
two pre-defined code tables are used in the case of the static canonical Huffman compression, one
for length and the other for distance. Figure 2.13 shows the static code table for length, where
symbols 257 to 285 are the length symbols. Symbols 286 and 287 are not actually used for encoding,
but are, rather, used in the construction of the Huffman code [79]. Figure 2.12 shows the static

code table for distance that contains 30 different distance symbols from 0 to 29.

The extra bits that are shown in Figure 2.12 and Figure 2.13 correspond to a binary
offset that is added to the base length or distance value after decoding. In Deflate static Huffman
encoding, the literal/length codes are from 7 to 9 bits long and the distance codes are fixed-length
5-bit codes that are just the binary values of their symbols (e.g., the static code for distance symbol
5 is “5’b00101” [79]. In dynamic encoding, both the literal/length and distance codes can be from 1
to 15 bits long. In both static and dynamic encoding, the length codes may be followed by 0 to 5

extra bits and distance codes may be followed by 0 to 13 extra bits [79].
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Extra Extra Extra

Code Bits Dist Code Bits Dist Code Bits Distance
a 5] 1 18 4 33-48 28 a9 1825-1536
1 4] 2 11 dq 49-64 21 9 1537-2048
2 4] 3 12 5 65-96 22 1@ 2049-3872
3 4] 4 13 5 97=128 23 18 3073-4096
4 1 5,6 14 6 129-192 24 11 4097-6144
5 1 7.8 15 il 193=-256 25 11 6145-8192
[+ 2 9-12 16 7 257-384 26 12 8193-12288
7 2 13-16 17 7 385-512 27 12 12289-16384
8 3 17=24 18 8 513-768 28 13 163B5-=24576
9 3 25-=32 19 8 769=1024 29 13 24577-32768

Figure 2.12: Static code table for distance [8].

Extra Extra Extra
Code Bits Length{s) Code Bits Lengths Code Bits Length{s)

257 @ 3 267 1 15,16 277 4 67-82
258 @ 4 268 1 17,18 278 4 83-98
259 @ 5 269 2 19-22 279 4 99-114
260 @ & 278 2 23-26 280 4 115-13@
261 @ 7 271 2 27-38 281 5 131-162
262 @ 8 272 2 31-34 282 5 163-194
263 @ 9 273 3 35-42 283 5 195-226
264 e 18 274 3 43-50 284 5 227-257
265 1 11,12 275 3 51-58 285 a 258
266 1 13,14 276 3 59-66

Figure 2.13: Static code table for length [8].

2.5.4 Details of Deflate Compressed Format

Each block of compressed data begins with 3 header bits containing the following data:
first bit, BFINAL, and next 2 bits, BTYPE. BFINAL is set if and only if this is the last block of
the data set. BTYPE specifies how the data are compressed, as follows: 00 - no compression, 01 -
compressed with fixed Huffman codes, 10 - compressed with dynamic Huffman codes, 11 - reserved
(error). The only difference between the two compressed cases is how the Huffman codes for the
literal /length and distance alphabets are defined [8].

Figure 2.14 shows the configuration of the header for various modes of Deflate compression.
The length of a Deflate block is unknown until the EOB code has been found. LEN denotes code
lengths and NLEN denotes number of symbols with each code length. In the Deflate format, all of
the data elements (i.e., Huffman codes, block headers, code lengths, etc.) are packed into bytes

starting with the least significant bit of the byte [79].
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BFINAL BTYPE LEN NLEN LEN Bytes of Uncompressed
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Compressed with static Huffman codes (Mode 01)

BFINAL BTYPE Compressed Data EOB
BFINAL BTYPE #ofcodes Code Length Compressed EOB
Sequence Data

Figure 2.14: Deflate header configuration [8].

2.5.5 Related Work

Over the years several Gzip-based encoder designs have been proposed on CPUs, GPUs,
FPGAs, and ASICs. Normally, the best string matching algorithm on software for LZ77 uses a
sliding window size of 32 KB. However, processing speed of such a window is very slow due to
extensive string search. The sliding window size determines the speed as well as the compression
ratio. Reducing the sliding window size can increase the performance; however, compression ratio
gets degraded.

Most of the work on LZ77 compression focuses on parallel sliding widow design and
intelligent hash function for better string match output. The use of parallel window size (PWS)
parameter is very common with the recent Gzip designs. Overall performance of the compressor
primarily depends on efficient string match logic and how the history buffer is stored. The second
stage of the Gzip is canonical Huffman-based bit-level encoding and it can be either static or
dynamic based on performance vs. compression ratio trade-offs.

Mohamed et al. [64] proposed the first FPGA-based Gzip compressor using Open Computing
Language (OpenCL). The design uses a fully-connected hash dictionary and a static canonical
Huffman encoder. The proposed design also uses duplicated hash dictionaries to avoid any possible
conflicts. They reported a compression ratio of 2.17 for the Calgary corpus.

Researchers from Microsoft [80] proposed a scalable fully pipelined FPGA accelerator
that performs LZ77 compression and static Huffman encoding. They employed a number of hash

tables with a parameter called hash table depth (HTD), which is equivalent to the number of hash
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chain walks allowed in the original DEFLATE algorithm. To improve overall compression, the
algorithm doesn’t commit the matches immediately, but instead searches for another match at the
next position. If a longer match is found, the algorithm truncates the previous match to a literal
and repeats this process of lazy evaluation until it encounters a worse match. Otherwise, it emits
the previous match and skips forward by the match length; this repeats until it covers the entire
input data set.

Ledwon et al. [79] proposed a Gzip compressor on Xilinx Virtex UltraScale+ FPGA using
high-level synthesis (HLS). They used a PWS of 16 bytes and only static Huffman encoding is
performed, providing a fixed input compression rate of 16 bytes per clock cycle. The hash bank
architecture consists of 32 banks, with 3 depth levels and 512 indexes per bank. The static canonical
Huffman encoder was used to make the design simpler. The compressor achieved a geometric mean
compression ratio of 1.92 across Calgary corpus.

In this dissertation, we investigate the effect of both static and dynamic canonical Huffman
encoders on overall Deflate compression speed and compression ratio by implementing a Deflate
compressor on ASIC and analyzing the performance, energy-efficiency, and compression ratio results

on standard lossless compression benchmarks.
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Chapter 3

Canonical Huflman Encoders on

Many-core Processor Arrays

This chapter presents canonical Huffman encoder designs on a many-core processor array.
The encoder designs exploit task-level parallelism for the entire encoder pipeline and details out
a concurrent sorting, Huffman tree build, and code length computation technique for optimized

performance, area, and energy-efficiency.

3.1 Design Space Exploration

The canonical Huffman encoder executes the following tasks before encoding the uncom-

pressed data set.

e Histogram module parses the serial stream of symbols and computes the corresponding

symbol-frequency distribution for the complete data stream.

e Sorting module receives the symbol-frequency distribution for the data set and sorts the

symbols in non-decreasing order per symbol frequencies.

o Huffman tree building module receives the sorted symbol-frequency list and build the Huffman

tree following the regular Huffman’s algorithm.

e Code length computation module traverses the Huffman tree from root to leaf nodes and

outputs the code length for each symbol.
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e (Canonical code assignment module receives the code length information for each symbol and

generates canonical codewords following canonical code assignment algorithm.

Conventionally, all the above tasks are done serially. However, some of the recent work [46,

51,52] tried to alleviate this issue by proposing concurrent operations across the encoder pipeline.
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Figure 3.1: The sorted symbol-frequency list re-sorts after every intermediate node generation
during Huffman tree creation.

3.1.1 Re-sorting of the Symbol - Frequency List

One of the computationally-intensive task is to do re-sorting of the symbol-frequency list
after every new node generation during the Huffman tree creation process. This process needs
several cycles of computation and hurts the encoder pipeline’s latency. Therefore, the authors [46,51]
proposed a technique where in new intermediate nodes are stored in a separate list and those nodes
are always sorted in non-decreasing order. This approach guarantees correct child nodes selection
for every sub-tree creation and the same technique has been used in our designs.

Figure 3.1 shows the conventional steps of re-sorting the symbol-frequency list with every
intermediate node generation. Figure 3.2 demonstrates with the addition of a new list for the

intermediate nodes, re-sorting is avoided, while both approaches use the same sized lists in total.

31



N F \
N1 4

N2 8
Intermediate node list N3 17
s F |s F s F N F SF N4 20
B 2 B 2 B 2 [NiET B 2 N5 37
F 2 F 2 F 2 P 17" 20
BN | SN —~C 4 8 —...—C 4 /a: ADE
A 9 A 9 4 A 9 4 cC A 9 4 c
D 10 D 10 B F D 10 B F -- Bf |\=
E 10 E 10 E 10 E 10
Sorted S-F list
\ Re-sorting at every stage of Huffman tree creation X /

Figure 3.2: The sorted symbol-frequency list doesn’t need to re-sort as there is an additional list for
intermediate nodes, which makes sure correct child nodes are chosen for each sub-tree creation.

3.1.2 Concurrent Sorting, Huffman Tree Creation, and Code length Computa-

tion

Traditionally, sorting, Huffman tree building, and code length computation modules run
sequentially. The researchers from Intel labs [51] proposed a concurrent sorting and Huffman tree
creation method, where they demonstrated a design that initiates Huffman tree creation before
complete sorting of symbol-frequency occurs. The idea behind the proposed design was originated
from the necessity of only two symbols with smallest frequencies at any cycle of sub-tree creation.

Figure 3.3 shows iterative approach for depth computation, where pointer to parent’s node
traversal until the root node subsequently gives number of hops and hence, the code length for each
symbol. The depth measurement task in this case starts only after the complete Huffman tree is
created and highly iterative hurting the performance.

However, none of the works so far show a concurrent approach for the above three tasks.
Figure 3.4 demonstrates an non-iterative approach for depth computation, where traversal through
pointer to parent’s node until the root node is not required and code length computation can
concurrently start along with sorting and tree building process. The idea stem from the observation

that sub-tree creation in case of Huffman tree can be either in horizontal or vertical direction, which
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Figure 3.3: Depth measurement starts after creation of Huffman tree by traversing successive
parent-children pointers until it reaches at root node and counting the hops in between.
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Figure 3.4: Huffman tree creation drives concurrent execution of depth measurement by observing
the selection of nodes to create a sub-tree, enabling a non-iterative process.

can be tracked with a single bit at every stage. Also, code length for every symbol in the same level
or depth of the tree is same, and the maximum depth depends on total number of symbols in the
data set.

This method doesn’t apply to two special cases: a data set with all equi-probable symbols,

where maximum code length can be computed as [logy N|, where N denotes number of symbols in
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a data set. Another corner case with Huffman tree creation is when symbol frequencies are in the
format of a Fibonacci series. In that case, whole tree grows in vertical direction, making maximum
code length as N — 1. Both special cases have been considered in our design. However, with real

compression benchmarks we haven’t encountered such special cases.

3.1.3 Elimination of Storage of Complete Huffman Tree

Conventionally, whole Huffman tree is stored in memory along with a pointer for each
parent node, which is useful or depth measurement. We investigate whether it’s necessary to store
complete Huffman tree when canonical Huffman encoder relies on code length and whole tree doesn’t
need to be sent out to decoder.

Figure 3.5 demonstrates that by adopting the proposed method of code length computation
shown in the previous subsection, there is no need to store the complete tree and compute reference
pointers for each node. Rather, the same symbol-frequency list, resulting after sorting can be

updated with symbol-code length list.
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Storage of Symbol nodes, generated nodes, and pointers. No need of pointer logic and pointer bits.
Pointer generation logic is required. No need to store the whole Huffman tree.

Figure 3.5: Eliminating the storage of the complete Huffman tree enables non-requirement of
creating pointer for each parent node.

3.2 Mapping of the Canonical Huffman Encoder Tasks

The mapping of the canonical Huffman encoders on a many-core processor array chip

comprises of the following tasks.
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Figure 3.6 shows the data flow diagram showing mapping of the tasks of the canonical

Huffman encoder on a many-core processor array by using conventional approach using 68 processors

and 4 SRAM modules.
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Figure 3.6: Data flow diagram showing mapping of the tasks of the canonical Huffman encoder on a
many-core processor array.
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Figure 3.7: Serial histogram computation data flow diagram. The processors in a single lane are
designed to obtain the symbol frequency pairs in a serial fashion.

3.2.1 Histogram Computation

The histogram computation block serially receives the stream of symbols and computes the

corresponding frequency for each symbol in an uncompressed data set. The straightforward serial

approach to compute symbol-frequency on the many-core processor array is to serially streaming the

symbols through a lane of processors that are programmed to increment the symbol-frequency and
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Figure 3.8: Parallel histogram computation for throughput improvement. The intermediate results
from individual processor lanes are merged to obtain the final symbol frequency pairs.

then pass on the computed histogram through communication processors to store them in a SRAM
block for the next task of encoder. For example, Figure 3.7 shows that a lane of 16 processors can
be used to find the histogram data of 512 symbols by adopting serial partitioning approach, where

each processor is assigned to count up frequency of 32 symbols.

We achieve better throughput for the histogram block by adopting data level parallelism.
Data parallelism approach divides the input stream of symbols into different chunks of data that are
processed through lane of processors and finally, histogram output per lane are merged to provide
the total histogram of symbol-frequency. The maximum frequency for each symbol is limited to

65535.

The input partition processor pass on the stream of symbols to one of the four lanes as
shown in Figure 3.8. The processors in the same row assigned for partial histogram task will buffer
the symbols, compare them with the address index and increment the corresponding counter by one
for any match. In that way each lane of processors will compute per-lane histogram information.
The lane of processors in each row then downstreams the data to merge processors. Merging
processors will accumulate partial histogram data for each symbol and finally, compute the total
histogram. In total, 37 processors are used for parallel histogram computation, that achieves

3.7xbetter throughput than the serial implementation at the cost of extra 28 processors.
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Figure 3.9: Mapping of the sorting kernel using Row sort. Row sort kernel uses split processors to
split up the input list and distributes them to the row of SAISort processors. Finally, the output
from the SAISort processors are merged through the merge processors to result the sorted list.

3.2.2 Sorting

The sorting module sorts the symbols per increasing order of their frequencies per symbol-
frequency histogram and results a list of sorted symbol-frequency. We adopt the proposed row sort
architecture for mapping of the sorting operation into the many-core array that utilizes simple

kernels and fit within the target many-core architecture [40].

In row sort, when stream of data enters the processor array, a set of processors first split
up the data and distribute the input record into each of the rows in the array. Next, each row sorts
the given input and results in intermediate sort output. The intermediate sort output from each row
are then merged using merge processors to result the final sorted list. The two-stage mapping of the

row sort operation enables parallel sorting operation and speeds up the data path for any given list.

First, the four processors in the first column splits up the unsorted list and pass them to
four rows, which perform the first pass sorting based on serial array of insertion sorts, or SAlsort,
using eight processors [40]. The results from lane of processors doing first pass sorting gets passed

to the merge processors. Four merge processors are used to merge intermediate sort data to produce
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the final sorted list. Next, the sorted list is written into the sorted symbol-frequency memory.

Symbol ~ Freq. Left, right, and parent

F New nodes nodes organization
B 2 N F L R N
F 2 N1 4 B F N1
cC 4 N2 8 N1 C N2
A 9 N3 17 N2 A N3
D 10 N4 20 D E N4
E 10 N5 37 N3 N4 N5

(1) (n (111

Figure 3.10: Storage of the Huffman tree’s nodes in a list-based memory layout. (I) Symbol
frequency distribution table (II) New nodes frequency table (III) Lists to store symbols, their left,
right, and parents nodes

3.2.3 Huffman Tree Generation

The Huffman tree kernel works in parallel with sorting to speed up execution and improve
throughput. The idea of concurrent execution of both tasks stem from the idea of the sorting results
in creating a new node only once at a time. Therefore, the tree node creation can be initiated once
first pass sorting is completed.

There are three separate lists that are mapped to lane of processors to store all nodes
of Huffman tree. It supports any distributing of Huffman tree creation. Figure 3.16(I) shows the
first list that contains symbols and their frequencies, all of them are sorted per frequency, resulting
from the sorting module. Figure 3.16(II) shows the second list that contains new nodes and their
respective frequencies.

The way we have designed the second list of new nodes is that we can avoid sorting of the
whole list every time a new node is generated. This architecture follows the proposed algorithm [46],
where in first two minimum elements from the sorted symbol-frequency list is first chosen. Next, an
intermediate node N1 is added to the new node-frequency list. Next, the algorithm selects the next

element K1 from the sorted symbol list and compares F1 and NI1. If the frequency of E1 is smaller
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Figure 3.11: Efficient storage of the Huffman tree’s nodes along with information on parental nodes.
(I) Architecture with a pointer to each node that stores the corresponding parent nodes [46]. (II)
Direct address index access using the child node that hashes out the corresponding parent node.

than frequency of N1, E1 is the left child. Otherwise, NI is the right child. If there is no element
left in the intermediate list after selecting the left child, next element from the sorted symbol list is
chosen and made as right child. This process continues until all the elements in the sorted symbol
list are processed. Therefore, this tree building process with a separate list for the intermediate
nodes avoids re-sorting every time an intermediate node is generated. Symbol-frequency list and

new node lists are stored in 4 processors.

3.2.4 Code Length Generation

The primary task of the code length computation unit is to first obtain the depth of every
node in the Huffman tree. Normally, the steps include traversing the whole Huffman tree from
root to any nodes and thereby, the critical path delay becomes huge. In the architecture shown
in Figure 3.11(I), for each node we need to find parent’s index address P_I and thereby, we can
subsequently have the total depth by finally reaching at the parent index address of 0. For example,

symbols “B” and “F” points to address index 1, address index 1 points to address index 4, and
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Figure 3.12: Code length generation process: (I) Symbols vs. code length (II) Number of symbols
for each code length (IIT) Starting code word for each code length

finally, address index 4 points to address index 0. Therefore, code length of symbols “B” and “F” is
4.

However, this process requires to store pointer to parent’s address index, along with both
child nodes as a memory word, which may not fit within the memory word size constraints for some
computing platforms. Therefore, we have proposed a memory layout that needs to store only the
parent nodes and nodes can be directly used to index the memory to hash out parent node, which
can be subsequently used to reach at the final node of the tree, which is the root node. In this
case, each memory access will be incremented by one starting for any symbol and final value of the
counter gives the code length for any symbol once the final memory access gives out the root node.
We need to store the tree nodes in maximum 1023 memory words for 512 symbols. Figure 3.11(II)
shows the memory layout which is mapped to a single SRAM block of the many-core processor

array.

3.2.5 Canonical Code Assignment and Encoding

Figure 3.12 describes the code word generation process. This includes first finding code
length for each symbol from depth kernels. Next, a code length processor acts as a counter to store
total number of symbols for each code length.

Finally, using the algorithm by deflate [8] we can find starting code word for each symbol.
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Figure 3.13: Serial vs. parallel depth measurement. In parallel approach, depth of any node can be
obtained by iterating through parent node of each node via address indexing. However, in the case
of serial approach complete traversal of root-nodes is required, which slows down the process.

The efficient codeword generation processors are responsible for finding the starting codeword for
each code length first, and then, incrementing codeword by one subsequently for rest of the symbols
with same code length.

Once the code words for each symbol gets computed, the processors at the downstream
direction writes the codeword to the linked big memory for each symbol, which is the address
index for corresponding write operation. Once codewords for all symbols are written into the code
book memory, input symbols are read and encoding of each symbol happens by writing out the

corresponding codeword from each processor.

3.2.6 Concurrent Sorting, Huffman Tree Building, and Code Length Computa-

tion Architecture

Conventional canonical Huffman encoder architecture requires complete Huffman tree

creation, storing all child and corresponding parent nodes, and subsequently, traversing through
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Figure 3.14: Proposed architecture for concurrent Huffman tree building and code length
computation.

the memory through multiple iteration for every parent node address to find the code length. We
proposed an efficient approach to execute one pass sorting, both Huffman tree building and code

length computation together, which is discussed in Section 3.1.

The proposed architecture stems from the idea that canonical Huffman encoder doesn’t
need to send the Huffman tree to the decoder and the codeword computation unit only needs code
length information to complete the canonical coding step. Therefore, it may not be necessary to
store the parent node address index for all nodes and execute multiple iteration-based code length
computation.

Figure 3.14 shows the proposed architecture for concurrent Huffman tree building and
code length computation. In the proposed architecture, a bit vector is updated with the bit “0” as
long as the current sub-tree is at the same level, which is denoted by accessing either two symbols
from the symbol list or new node list. With the level increasing up, the bit vector is updated
with the bit “1”. This process is adopted to keep track of the symbols that cater to Huffman tree
growing in horizontal direction. Finally, adding the bit map contents and subtracting from the

number of symbols gives us the starting code length (i), which is the code length for the two symbols
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with the smallest probabilities. Rest of the code lengths can be computed in parallel by doing the
computation as shown in Figure 3.14 using both total number of symbols and number of extra

symbols present at each level.

The data flow mapping of the proposed architecture on the many-core processor array is
similar to the baseline implementation except, the Huffman tree processors computing tree nodes
and pointer references are no longer required. Instead, two processors are used to store the bit map
and pass along to code length computation processor column to compute code length in parallel.

The proposed architecture also reduces the big memory requirement, which is used to store tree

nodes.
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Figure 3.15: The entire optimized encoder application is mapped to 66 processors, three 64 KB
memory (on the bottom of the array), and I/O ports on the edge of the array.
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Table 3.1: Throughput per area and Compressed bits encoded per energy data for KiloCore
implementations at supply voltages of 0.56 V and 1.1 V.

Benchmark VDD | Throughput/Area | Compressed Bits/Energy
V) (Mbps/mm?) (Bits/nJ)
Artificial Corpus 0.56 8.5 202.3
1.1 13.3 97.1
Calgary Corpus 0.56 22.3 489.8
1.1 35.5 238.8
Canterbury Corpus | 0.56 11.1 263.6
1.1 18.2 129.9
Large 0.56 2.3 46.6
1.1 3.6 229

3.2.7 Application Task Mapping into Many-Core Array

For the optimized encoder design using concurrent sorting, Huffman tree building, and code
length computation architecture to execute on the processor array, it must first be mapped onto the
array given its particular constraints in processors, memory, and I/O. A specifically-designed CAD
tool for the many-core processor array performs a one-to-one mapping of the tasks onto physical
processors. In addition, the mapping tool allocates chip interconnects to task graph communication
links. Figure 3.15 shows the completed mapping of the optimized decoder application onto a

many-core processor array using a total of 66 processors and three memory modules.

3.3 Results and Discussions

This section discusses the benchmarks, simulation set up, results of many-core implemen-

tations, and presents comparisons with the optimized Intel i7 and GPU software implementations.

3.3.1 Benchmarks and Computing Platforms

We evaluate the canonical Huffman encoder designs on the following computing platforms.

e Intel i7-4850HQ containing four cores and eight threads with a base clock frequency of
2.3 GHz [21].
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Figure 3.16: The execution time distribution of canonical Huffman encoding, where critical path
lies in the sorting and Huffman tree creation modules.

e Nvidia GeForce GT 750M with 384 shader cores running at a base clock of 941 MHz [22].
e KiloCore a 1000-processor array with each processor running at 1.78 GHz [17].

We consider various lossless text compression benchmarks (Artificial corpus, Calgary corpus, Can-
terbury corpus, and Large corpus) to validate the canonical Huffman enocder designs and compare
the performance and compressed bits decoded per energy of the computing platforms. We verify the
functionality of each design first before conducting the performance evaluation. The benchmarks

cover a wide range of files of different sizes and symbol distribution.

3.3.2 Simulation Setup

We simulate the KiloCore designs using a cycle-accurate simulator which is modeled based
on the fabricated chip data [17]. First, the simulations are conducted with the base supply voltage
of 0.9 V to analyze the key parameters of throughput, area, power, and workload per unit energy.
Later, we scale the supply voltage to 1.1 V to see the effect of voltage scaling on performance and
energy efficiency while preserving the functionality of each design.

We report the simulation results for Intel i7 and Nvidia GT 750M GPU after speeding up

the execution time by triggering the —O3 flag for both gcc and nvee compilers respectively. We have
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referred to the source code for canonical Huffman encoder implementation [81] for Intel i7-4850HQ
implementation. The source code has been modified for bit-parallel LUT-based decoding. For
power calculations for the Intel i7-4850HQ chip, TDP /2 = 23.5 W is used since the actual power
dissipation is not known [59]. The die area of the Intel i7-4850HQ is reported as 260 mm? [21].

We have validated the encoder [61] on a CUDA-enabled GT 750M GPU with compute
capability 3.0 and a TDP ratings of 50 W. Therefore, we consider a TDP /2 = 25 W for power
calculations since the actual power dissipation is unknown. The die area of the GT 750M GPU is
reported as 118 mm? [22].

We have also compared many-core implementations with Nvidia Tesla V100 GPU-based
two most recent work using enwik8 data set. The Tesla V100 GPU has a TDP ratings of 250 W.
Therefore, we consider a TDP /2 = 125 W for power calculations since the actual power dissipation

is unknown. The die area of the GT 750M GPU is reported as 37045.5 mm? [22].

3.3.3 Canonical Huffman Encoders on KiloCore Array

The resulting area, throughput, throughput per area, and energy efficiency data are
reported in Table 4.2 for the optimized implementations. The optimized implementation achieves
a throughput that is 18% greater on average than the baseline implementation. Similarly, the
optimized implementation depicts an energy efficiency improvement of 33% greater and area

utilization reduction of 5% on average than the baseline implementation.

3.3.4 Comparisons of Results for Intel i7, Nvidia GT 750M, and KiloCore Array

Implementations

Table 4.2 compares the performance of the canonical Huffman decoder designs on a variety
of programmable hardware: general-purpose Intel i7 CPU, Nvidia GT 750M GPU, and KiloCore
processor array. The i7, FPGA, and GPU values are scaled to 32 nm (technology for KiloCore) to
account for differences in technology generations using scaling data by the DeepScaleTool [20)].

The GPU implementation its huge die area results an average throughput improvement
of 8.5x and 5x when compared to optimized KiloCore and Intel i7 implementations respectively.
However, in terms of both throughput per chip area and energy efficiency the proposed many-core

processor array implementations have clear advantages—the optimized KiloCore design gives an
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Table 3.2: Throughput per area and Compressed bits encoded per energy data for Intel i7, Nvidia
GPU, and Many-Core (KiloCore) implementations. The i7, and GPU values are scaled to 32 nm
(technology for KiloCore) to account for differences in technology generations using scaling data by
the DeepScaleTool [20].

Benchmark Platform Throughput | Area | Throughput/Area | Bits/Energy
(Mbps) (mm?) (Mbps/mm?) (Bits/1J)
Artificial Corpus i7-4850HQ [81] | 98.5 548.5 0.2 4.2
GT 750M [61] 525.3 154.9 3.4 21.1
Many-Core 65.6 4.1 16.1 202.3
Calgary Corpus i7-4850HQ [81] | 263.5 548.5 0.5 11.2
GT 750M [61] 1405.6 154.9 9.1 56.2
Many-Core 175.7 4.1 42.6 489.8
Canterbury Corpus | i7-4850HQ [81] | 135.4 548.5 0.2 5.8
GT 750M [61] 722.4 154.8 4.7 28.9
Many-Core 92.3 4.1 22.5 263.6
Large i7-4850HQ [81] | 26.7 548.5 0.1 1.1
GT 750M [61] | 141.9 154.8 0.9 5.7
Many-Core 19.7 4.1 4.8 46.6
enwik8 Tesla V100 [82] | 7400 37045.5 0.2 19.7
Tesla V100 [58] | 34800 37045.5 0.1 92.7
Many-Core 224.5 4.1 40.9 131.5

throughput per area improvement of 4.7x and 89.2x over GT 750M GPU and Intel i7 respectively
and an energy-efficiency improvement of 8.9x and 44.7x over GT 750M GPU and Intel i7
respectively. Figure 4.8 shows the throughput per area improvement for KiloCore and GT 750M
GPU when normalized to Intel i7 Similarly, Figure 8.2 compares the gain in energy efficiency for

KiloCore and GT 750M GPU when normalized to Intel i7.

We have also validated the encoder implementations on KiloCore using enwik8 data set and
throughput per area and Compressed bits encoded per energy data comparisons with an optimized
GPU implementation is shown in Table 4.2. The KiloCore implementations achieve throughput
per area improvement of 58x and 272x than the most-recent work [58] and [82], respectively.
Similarly, the KiloCore implementations achieve energy-efficiency improvement of 4.8 and 22.7 x

than the most-recent work [58] and [82], respectively. Figure 3.19 shows the scatter plot comparing
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Figure 3.17: Comparison of scaled throughput per area (Mbps/mm?) for the many-core array
(KiloCore) and Nvidia GeForce GT 750M GPU, normalized to Intel I7-4850HQ.

the encoder results for the enwik® data set.
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Chapter 4

Canonical Huffman Decoders on

Many-core Processor Arrays

This chapter presents canonical Huffman decoder designs on a many-core processor array.
The decoder designs use serial task partitioning-based code table construction and an optimized

LUT-based indexing architecture.

4.1 LUT-based Indexing Architecture

The canonical Huffman decoder architecture primarily comprises of the two tasks: creating
a code table and indexing the code table to lookup a symbol. For the static canonical Huffman
decoder, the code table is pre-defined and the bitstream indexing task follows the same process as
of the dynamic canonical Huffman decoder. In case of dynamic decoder the code table needs to be

dynamically generated per bitstream header, which slows down the overall execution.

Generally, canonical Huffman decoding is performed by indexing encoded bits to hash out
a symbol from a LUT. LUT-based indexing is faster than any other approach. The LUT can be of
single or multi-level based on area and performance trade-offs. A single-level LUT can hash out a
decoded symbol in a clock cycle, while multi-level LUT takes multiple clock cycles; although, in

case of later, memory footprint to store the LUT is lesser than the earlier.
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4.1.1 Baseline Architecture

The baseline architecture [59] follows a big LUT indexing approach, where input codewords
are directly indexed into a LUT of depth of (1 << maximumcodelength). Figure 4.1 shows the
baseline architecture for dynamic canonical Huffman decoder. First, the starting code word for each
code length is computed using shifters and adders. Next, the rest of the symbols with same code
length gets assigned codewords by incrementing the codeword of the predecessor symbol by one
due to the contiguous codeword assignment property of the canonical Huffman code. This is done
in parallel as the number of symbols per code length is provided from the header. The codewords
are then indexed into the lookup table that consists of the words with symbols and code length
information. The symbol and code length sets are replicated for the corresponding LUT index as
shown in the work [59]. The final task is to index the lookup table to decode the corresponding

symbol.

Number of symbols for each code length

N1 N2 N3 N14 N15 .
@ index 0

—
cl ¢2 ¢3 c14 c15 index L = 215 -1
Starting codeword for each code length Index translation logic
13 bits
c3 index 0 A | 0000
@ =3
+ "
&. C3n3-1
All codewords for code length = 3 index L M T 1111
C3, CS-, C32, - C3N3_1 LUT

Figure 4.1: Baseline architecture for direct codeword indexing into a LUT which covers the following
tasks: finding starting codeword for each code length and subsequently, all codewords, translating
codewords to address indices, and finally writing the symbol-code length pairs into the LUT.
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Algorithm 2 Optimized LUT Indexing Method

1. D < Number of encoded symbols; // Depth of LUT
2. SB < Symbol size in bits

3. LB + Maximum code length (L) in bits

4. W < SB + LB; // Width of LUT

5. Find starting codeword (ci) for each code length cl..cL [§]
6. Countli] <~ Number of symbols with code length i
7. Find address indices for starting codewords

add_is[1] < 0

fori=2. L

add_is[i] < add.is[i-1] + Count[i-1]

end for

8. Find address indices for all codewords

for each parsed bitstream sequence B

do

len < [1 .. L] per range of B w.r.t starting codewords
add-i < add-is[len] + [B - ci]

Decoded symbol < LUT|[add_i]

end for
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Figure 4.2: Code length computation and indexing architecture, where il, i2, .., i15 denote the
address indices for the starting codewords and cl, c2, .., ¢15 denote the starting codewords.

4.1.2 Optimized Architecture

The biggest drawback in the baseline architecture is that the size of the LUT adds both
space and time complexity to the design as the table grows bigger for an input bitstream encoded
with longer code lengths. For example, in case of DEFLATE the LUT should be designed with a
depth of 32768 due to maximum code length of 15 in the dynamic Huffman decompression. We
overcome this bottleneck in the optimized architecture by adopting an optimized LUT and efficient
LUT indexing mechanisms. The optimized LUT indexing algorithm is shown in Algorithm 2. The
optimized lookup table where the maximum depth is same as the available number of symbols, and
each word is comprised of symbol (9-bits) and code length (4-bits) set of 13-bits considering a 512
symbols alphabet and a maximum code length of 15. This LUT architecture provides a scalable
platform for different compression standards that supports wide range of alphabet size and code
lengths.

Moreover, we propose an efficient architecture for LUT indexing in Figure 4.2 per Algorithm
2. The starting codeword computation task is conducted by the architecture shown in Figure 4.1.
The comparators will decide the code length of the buffered bitstream data by comparing them with

the ranges of starting codewords. For example, a codeword that is greater than equal to “c1” and
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less than “c2” should be of code length 1. The starting codewords take the address indices based on
number of symbols for each code length. For example, a compressed bitstream with the number
of symbols, “17, “27, and “4” for code length of “1”7, “2” and “3” respectively, are assigned as
follows: starting codewords of code lengths “1”7, “2”, and “3” get address indices of “0”, “1”, and
“3” respectively. For rest of the symbols the address index of LUT can be calculated in the following
steps: by subtracting the buffered bitstream from the starting codeword, then adding to the address
index of corresponding starting codeword as the symbols of the same code length are stored in

contiguous memory space of LUT, which is shown in Figure 4.3.

) 13 bits
@ index 0 index 0 A T 000D
. I I
index L
L=N1+N2+ . +N15-1 index L M | 1111
LUT index translation logic LUT

Figure 4.3: Optimized LUT architecture for decoder where depth of LUT depends on the maximum
number of symbols that are present in the compressed bitstream instead of maximum code length.

4.2 Mapping of the Baseline and Optimized Architectures on a

Many-Core Processor Array

This section lays out the mapping of the baseline and optimized architectures for dynamic
canonical Huffman decoders on a many-core processor array.
4.2.1 Baseline Implementation

The baseline implementation is same as the optimized kernel implementation from our
earlier work [59]. In this implementation, starting codeword computation task is sped up by

exploiting loop unrolling and distributing the task across set of processors. Next, the processors
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Figure 4.4: Mapping of the header to LUT conversion logic and bitstream decoding: (a) this
architecture involves starting codeword generation (CodeWgen) for each code length, subsequently
assigns codewords to all symbols, and loads the symbol and corresponding code length data into a
LUT. (b) this architecture uses the bitstream chunk as hash index, access the LUT, and read the
corresponding symbol and code length. The corresponding symbol is decoded as the output and
code length is used to decide the next chunk of the encoded bitstream [59].

downstream the starting codeword data to the processor in south, where each processor dedicated
for a code length then maps the symbols with the corresponding codewords by canonical code
assignment process [59]. Next, a set of processors combines code length and symbol set as a word to
be written into the LUT.

The LUT indexing task is executed by assigning codewords as direct addresses for the
memory module and then the symbol is looked up from the SRAM module which is mapped as the
LUT shown in Figure 4.4. The next task is to buffer the encoded bitstream data, which is sent to
the processors to the south, who are responsible to generate the read address and index the two
bytes chunk to the memory module through the memory controller processor to lookup the symbol.
The corresponding code length feeds back to the barrel shifter, which in turn decides the next chunk
of data to be indexed. The baseline implementation is mapped onto the physical array using 52

processors and a memory module.

4.2.2 Optimized Implementation

In this section, we propose an optimized version of the decoder which utilizes an improved

LUT indexing method. This improved method retains the same starting codeword computation
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Figure 4.5: Mapping of the optimized architecture for: (a) LUT generation and (b) bitstream
indexing.

task mapping as in the baseline implementation, i.e., loop unrolling the task across 14 processors
to speed up the execution. To reduce the execution time for the dynamically created LUT for
every input bitstream, we optimize both LUT size and data write operation into it as discussed in
Section 4.2. The header data consisting of the encoded symbols that are sorted per code length are
combined with the corresponding code lengths as the words to be written into the LUT. In this
implementation, there is no need to find all possible codewords which helps in reducing the number
of processors unlike the baseline implementation. Moreover, the LUT write address generator task
is simpler than the baseline implementation as discussed in Section 4.1. The task graph of the

optimized implementation is shown in Figure 4.5.

The shift buffer task comprises shifting the buffer processor data by the code length of the
previously decoded symbol, which is mapped into one processor. The LUT word gets partitioned
into symbols and code lengths, and the decoded symbol is sent to the output stream. In this
implementation, the bitstream buffering and indexing task requires two processors to do both code
length computation and index address computation tasks. In total, the optimized implementation

requires 25 processors and a memory module, which reduces the required area by over 2x compared
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to the baseline implementation.
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Figure 4.6: The entire optimized decoder application described in Section 4.2.2 is mapped to 25
processors, a single 64 KB memory (on the bottom of the array), and I/O ports on the right edge of
the array.

4.2.3 Application Task Mapping into Many-Core Array

For the unmapped task graph shown in Figure 4.5 to execute on the processor array, it
must first be mapped onto the array given its particular constraints in processors, memory, and 1/0.
A specifically-designed CAD tool for the many-core processor array performs a one-to-one mapping
of the tasks onto physical processors. In addition, the mapping tool allocates chip interconnects to
task graph communication links. Figure 4.6 shows the completed mapping of the optimized decoder

application onto a many-core processor array using a total of 25 processors and a memory module.

4.3 Results and Analysis

This section discusses the benchmarks, simulation set up, results of the many-core implemen-

tations, and presents comparisons with the optimized Intel i7 and GPU software implementations.

4.3.1 Benchmarks and Computing Platforms

We evaluate the canonical Huffman decoder designs on the following computing platforms.
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Table 4.1: Throughput per area and Compressed bits decoded per energy data for KiloCore
implementations at supply voltages of 0.9 V and 1.1 V.

Benchmark Design VDD | Throughput | Area | Throughput/Area | Bits/Energy
V) (Mbps) (mm?) (Mbps/mm?) (Bits/1J)
Artificial Corpus Baseline 0.9 334.17 3.02 110.51 697.18
1.1 520.01 3.02 171.96 538.21
Optimized | 0.9 432.27 1.54 280.88 1436.90
1.1 678.54 1.54 440.90 1100.01
Calgary Corpus Baseline 0.9 867.68 3.02 286.93 1602.31
1.1 1355.38 3.02 448.21 1289.33
Optimized | 0.9 1168.07 1.54 758.98 3448.84
1.1 1855.69 1.54 1205.78 2845.84
Canterbury Corpus | Baseline 0.9 432.25 3.02 201.21 857.00
1.1 693.76 3.02 229.42 698.22
Optimized | 0.9 539.36 1.54 350.46 1737.50
1.1 884.54 1.54 574.75 1442.05
Large Baseline 0.9 74.86 3.02 297.59 137.47
1.1 119.39 3.02 39.48 108.20
Optimized | 0.9 103.72 1.54 67.40 306.67
1.1 166.47 1.54 108.17 241.37

e Intel i7-4850HQ containing four cores and eight threads with a base clock frequency of
2.3 GHz [21].

e Nvidia GeForce GT 750M with 384 shader cores running at a base clock of 941 MHz [22].

e KiloCore a 1000-processor array with each processor running at 1.78 GHz [17].

We consider various lossless text compression benchmarks (Artificial corpus, Calgary corpus, Can-
terbury corpus, and Large corpus) to validate the canonical Huffman decoder designs and compare
the performance and compressed bits decoded per energy of the computing platforms. We verify the
functionality of each design first before conducting the performance evaluation. The benchmarks

cover a wide range of files of different sizes and symbol distribution.
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4.3.2 Simulation Setup

We simulate the KiloCore designs using a cycle-accurate simulator which is modeled based
on the fabricated chip data [17]. First, the simulations are conducted with the base supply voltage
of 0.9 V to analyze the key parameters of throughput, area, power, and workload per unit energy.
Later, we scale the supply voltage to 1.1 V to see the effect of voltage scaling on performance and
energy efficiency while preserving the functionality of each design.

We report the simulation results for Intel i7 and Nvidia GT 750M GPU after speeding up
the execution time by triggering the —~O3 flag for both gcec and nvee compilers respectively. We have
referred to the source code for canonical Huffman decoder implementation [81] for Intel i7-4850HQ
implementation [59]. The source code has been modified for bit-parallel LUT-based decoding. For
power calculations for the Intel i7-4850HQ chip, TDP /2 = 23.5 W is used since the actual power
dissipation is not known [59]. The die area of the Intel i7-4850HQ is reported as 260 mm? [21].

The massively parallel decoder [61] has been implemented on a CUDA-enabled GT 750M
GPU with compute capability 3.0 and a TDP ratings of 50 W. Therefore, we consider a TDP /2 =
25 W for power calculations since the actual power dissipation is unknown. The die area of the GT

750M GPU is reported as 118 mm? [22].

4.3.3 Implementation Results

The resulting area, throughput, throughput per area, and energy efficiency data are re-
ported in Table 4.1 for both baseline and optimized implementations. The optimized implementation
achieves a throughput per chip area that is 2.62x greater on average than the baseline implementa-
tion. Similarly, the optimized implementation depicts an energy efficiency improvement of 2.13x

greater and area utilization reduction of 50% on average than the baseline implementation.

4.3.4 Comparisons of Results for Intel i7, Nvidia GT 750M, and KiloCore Array

Implementations

Table 4.2 compares the performance of the canonical Huffman decoder designs on a variety
of programmable hardware: general-purpose Intel i7 CPU, Nvidia GT 750M GPU, and KiloCore
processor array. The i7 and GPU values are scaled to 32 nm (technology for KiloCore) to account

for differences in technology generations using scaling data by the DeepScaleTool [20]. KiloCore
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Figure 4.7: Comparison of scaled energy efficiency (Compressed Bits/uJ) for the many-core array
(KiloCore) and Nvidia GeForce GT 750M GPU, all normalized to the Intel i7-4850HQ.

implementations yield a reduction in power dissipation of 77x and 7T0x when compared to Intel i7
and GPU implementations respectively.

The GPU implementation using a massively parallel decoding algorithm and exploiting
its huge die area results an average throughput improvement of 14x and 35x when compared to
optimized KiloCore and Intel i7 implementations respectively. However, in terms of both throughput
per chip area and energy efficiency the proposed many-core processor array implementations have
clear advantages—the optimized KiloCore design give an throughput per area improvement of 7x
and 891x over GT 750M GPU and Intel i7 respectively. Figure 8.2 compares the gain in energy
efficiency for KiloCore and GT 750M GPU when normalized to Intel i7. Similarly, Figure 4.8 shows
the throughput per area improvement for KiloCore and GT 750M GPU when normalized to Intel i7.

To summarize different canonical Huffman decoder algorithms: the decoder eliminates

bit-serial decoding approach that uses tree traversal method. A big LUT-based approach [59]
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Figure 4.8: Comparison of scaled throughput per area (Mbps/mm?) for the many-core array
(KiloCore) and Nvidia GeForce GT 750M GPU, normalized to Intel 17-4850HQ implementations.

speeds up the decoding process at the cost of big area overhead per maximum code length. The
optimized LUT-based decoding approach that is presented in this work cuts down the significant
delay in code table construction and helps in achieving better performance and energy efficiency.
Self-synchronization based decoding enables parallel decoding; however, the performance gain is

highly statistical.
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Table 4.2: Throughput per area and Compressed bits decoded per energy data for Intel i7, Nvidia
GPU, and Many-Core (KiloCore) implementations. The i7 and GPU values are scaled to 32 nm
(technology for KiloCore) to account for differences in technology generations using scaling data by
the DeepScaleTool [20].

Benchmark Platform Throughput | Area | Throughput/Area | Bits/Energy
(Mbps) (mm?) (Mbps,/mm?) (Bits/1J)
Artificial Corpus i7-4850HQ [81] | 288.6 548.52 0.53 9.33
GT 750M [61] | 8475.45 154.86 54.73 301.72
Many-Core 678.54 1.54 440.90 1436.90
Calgary Corpus i7-4850HQ [81] | 563.36 548.52 1.03 18.22
GT 750M [61] | 29,478.94 154.86 190.36 1049.45
Many-Core 1855.69 1.54 1205.78 3448.84
Canterbury Corpus | i7-4850HQ [81] | 437.99 548.52 0.80 14.17
GT 750M [61] | 10,053.12 154.86 64.92 357.89
Many-Core 884.54 1.54 574.75 1737.50
Large i7-4850HQ [81] | 143.66 548.52 0.26 4.65
GT 750M [61] | 2195.51 154.86 14.18 78.16
Many-Core 166.47 1.54 108.17 306.67
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Chapter 5

Design of Canonical Huffman Encoder

Hardware Accelerators

This chapter presents hardware architectures for both static and dynamic canonical
Huffman encoders. The proposed architectures are implemented on MAX10 FPGA and 45 nm

ASIC, and the synthesis results on performance and energy-efficiency are discussed.

5.1 Static Canonical Huffman Encoder Design

The static canonical Huffman encoder design is based on indexing a static code table.
For any compression standard that uses canonical Huffman encoding as a part of the compressor
stage, fixed or static code tables are provided. Conventionally, next task is to serially index a
symbol from the uncompressed data set and hash out the encoded codeword. In terms of hardware
implementation, static code table is primarily designed as a ROM and direct address indexing by
symbol hashes out the encoded codeword, which is shown in Figure 5.1. If the code table is not
provided, for a specific data stream a fixed code table can be created based on given symbol-frequency
distribution by adopting the rest of the tasks in the case of the dynamic canonical Huffman encoder.
We will discuss each of these tasks in details in the following section and performance for a static
encoder based on LZ77 compressed data using static code tables for the Deflate compression is

discussed in Chapter 8.
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Figure 5.1: Realization of the static canonical Huffman encoder using a ROM.

5.2 Dynamic Canonical Huffman Encoder Design

The dynamic canonical Huffman encoder hardware builds a dynamic code table, which
starts with accumulating symbol-frequencies, builds a Huffman tree, assigns code lengths, and
stores symbol-codeword pairs in a code table. The proposed optimized canonical Huffman encoder

architecture that is presented in Chapter 3, is used to implement the hardware designs.
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Figure 5.2: Histogram computation hardware executing frequency accumulation for each symbol
using 512-word X 16-bits accumulators.

65



9 16 \
/ Histogram Block 1

Histogram Block 2
Input symbols ﬁSL +

Histogram Block 3

\ Histogram Block 4 /

18

WYY SIg-8L X SpIom-gL§

Figure 5.3: Parallel histogram computation unit using 4 histogram blocks and associated logic.

5.2.1 Histogram Block

The histogram computation block parses a symbol serially from the input bitstream and
sends it to a decoder for address indexing. The 5:912 decoder enables one of the accumulators based
on decoder output and its contents gets incremented by one. Figure 5.2 shows the hardware for
serial histogram computation.

To speed-up serial operation, four histogram blocks are executed in parallel. Every clock
cycle, four symbols are read from the input bitstream and pass on to four individual histogram
blocks. Next, output from each histogram block is merged and written to a RAM memory of
512-words X 18-bits. Figure 5.3 shows the hardware for parallel histogram computation that uses 4
histogram blocks, adders, and a 512-word X 18-bits RAM to store final symbol-frequency histogram

for all symbols.

5.2.2 Sorting Block

The sorting module sorts the symbol-frequencies in non-decreasing order, that are stored
in histogram memory.

Instead of sorting the whole 512-symbols list in one pass, we have employed two-staged
sorting - intra-block and inter-block sorting, which is similar to the state-of-the-art design [51]. In

this method, during intra-block sorting, corresponding addresses are selected to access individual
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Figure 5.4: Sorting of the symbol-frequency list using intra-block sorting followed by inter-block
sorting to improve speed and area utilization.

frequencies and swap them based on comparator output, i.e. smaller frequency goes to lower address
indices. This process continues until smallest frequency in each sub-block are computed. Figure 5.4
demonstrates the sorting architecture.

In inter-block sorting, a 16:1 magnitude comparator is used to select the smallest among
all that results from intra-block sorting. To optimize latency, a multi-stage magnitude comparator
is designed. Figure 5.5 shows both single-stage and multi-stage comparator for inter-block sorting.
Once the first two smallest frequencies are generated, a control signal triggers the Huffman tree

building process.

5.2.3 Huffman Tree Building and Code length Computation Block

The proposed concurrent sorting, Huffman tree creation, and code length computation
architecture as shown in Figure 3.14 of Chapter 3, is used to implement the three tasks in hardware.
A counter is used to count number of symbols per code length along with the a bitmap
to store growing pattern of sub-tree. The end of Huffman tree creation process triggers a control

signal to assign code length to all symbols in parallel, which is shown in Figure 3.14.
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Figure 5.5: Single-stage vs. multi-stage magnitude comparator. Multi-stage comparator is used to
minimize latency.

Another counter is used to count number of symbols that exceeds maximum code length.
In such case, instead of re-assigning frequency to each symbol iteratively and executing the whole
encoder pipeline again, an efficient method is adopted from the work [51]. This design uses an
alternate approach where a symbol with shorter code length is replaced with code length of 15 and

with a code length of 15, a large space is created to accommodate non-compliant symbols.

5.2.4 Canonical Code Assignment Block

The canonical code assignment task first creates starting codeword based on number of
symbols for each code length. Based on number of symbols per code length, rest of the codewords
are generated in parallel as they are incremented by one subsequently for the same code length
group.

Figure 5.6 demonstrates the starting codeword generation process for each code length
and all codewords generation logic. The codewords are stored in a RAM of 512-word and width of
19-bits (15-bits for codeword and 4-bits for code length).

To encode each symbol, a symbol is used to decode and decoder output is used as address

index for the RAM. The read content is subsequently passed through a shifter based on the code
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length information and OR logic to generate the final encoded bitstream.
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Figure 5.7: Pipelined canonical Huffman encoder.

5.2.5 Pipelined Block Diagram of Canonical Huffman Encoder

A pipelined block diagram of the canonical Huffman encoder design is shown in Figure 5.7
to speed-up the datapath. The histogram computation task is divided into two sub-tasks, where in
the first task executes a single histogram and second sub-task consists of a ripple carry adder and

memory write operation. Similarly, intra-block sorting and inter-block sorting are partitioned.
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Table 5.1: Throughput per area and Compressed bits decoded per energy data for MAX10 FPGA
Dynamic Canonical Huffman Encoder Implementation.

Benchmark Throughput | Compressed Bits/Energy
(Mbps) (Bits/ nJ)

Artificial Corpus 494.7 313.5

Calgary Corpus 521.7 358.5

Canterbury Corpus 484.2 238.6

Large 344.5 129.7

5.3 Implementation Results

The proposed pipelined with task-level parallelism dynamic canonical Huffman encoder
design is evaluated on both MAX 10 FPGA and 45-nm ASIC and performance and energy-efficiency

results are discussed.

5.3.1 Results of Canonical Huffman Encoders on MAX 10 FPGA

We evaluate the proposed dynamic canonical Huffman encoder architectures on the MAX
10 FPGA. The timing and power(total thermal power dissipation) results are obtained from the
Quartus Timing Analyzer and PowerPlay Power Analyzer respectively.

The MAX 10 FPGA implementation uses five out of 1638 available MIK memory block
and 16.3% of the available logic elements for the dynamic canonical Huffman encoder, while a recent
work [65] on Xilinx Virtex Ultrascale+ series FPGA for the DEFLATE compliant static Huffman
encoder has the lookup tables and BRAM tiles utilization of 1.75% and 2.85% respectively.

The scaled performance and energy-efficiency results are discussed in Table 5.1.

5.3.2 Results of Canonical Huffman Encoders on 45 nm ASIC

We evaluate the proposed static and dynamic canonical Huffman decoder architectures
on the 45 nm ASIC at 1.25 V. The designs are functionally verified for all benchmarks and the
throughput and energy efficiency results are posted in Table 5.2. Each design is synthesized into a
gate-level netlist using a NanGate 45 nm Open Cell Library by Synopsys Design Compiler.

The ASIC synthesis results show that the pipelined canonical Huffman encoder occupies
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Table 5.2: Throughput per area and Compressed bits decoded per energy data for ASIC Dynamic
Canonical Huffman Encoder Implementation.

Benchmark Throughput | Compressed Bits/Energy
(Mbps) (Bits/nJ)

Artificial Corpus 1156.2 1.9

Calgary Corpus 1374.4 3.1

Canterbury Corpus 1237.4 1.7

Large 1059.9 1.2

total area of 215,501.8 pm?.
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Table 5.3 summarizes the performance and energy-efficiency of the canonical Huffman
decoder implementations on both ASIC and FPGA. On an average, scaled results on ASIC shows
2.44x improvement on throughput, 3.5x improvement on total power dissipation, and 7.6x energy

efficiency improvement over FPGA implementations.
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Chapter 6

Design of Canonical Huffman Decoder

Hardware Accelerators

This chapter presents hardware architectures for both static and dynamic canonical
Huffman decoders using optimized LUT-based indexing methods. The proposed architectures are
implemented on MAX10 FPGA and 45 nm ASIC, and the synthesis results on performance and

energy-efficiency are discussed.

Input Sgymbol
bitstream 9 9 i 9
205TeaM | Buffer 4 Barrel shifter [o2| CUT 2ddressindex | 22 f ooy |oi—s
generator
Code length 4,

Figure 6.1: Static canonical Huffman decoder architecture. The architecture uses an optimized
ROM-based fixed-LUT that enables faster hashing than the conventional architecture.

6.1 Baseline LUT-based Indexing Architecture

Generally, canonical Huffman decoding is performed by indexing encoded bits to hash out
a symbol from a LUT. The LUT can be of single or multi-level based on area and performance

trade-offs as discussed in Chapter 4.
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Figure 6.2: Dynamic canonical Huffman decoder architecture. The architecture first creates an
optimized LUT by executing the following tasks: finding starting codeword for each code length
and subsequently, all codewords, translating codewords to address indices, and finally writing the
symbol-code length pairs into the LUT. Next, LUT-based indexing occurs to decode a symbol at
every cycle.

The canonical Huffman decoder architecture primarily comprises of the two tasks: creating
a code table and indexing the code table to lookup a symbol. For the static canonical Huffman
decoder, the code table is pre-defined and the bitstream indexing task follows the same process as
of the dynamic canonical Huffman decoder. In case of dynamic decoder the code table needs to be
dynamically generated per bitstream header, which slows down the overall execution than a static

decoder.

6.1.1 Static Canonical Huffman Decoder

At first the static code table shown in Table 2.1 is implemented using a ROM of depth 512.
The static canonical Huffman decoder reads the encoded bitstream into a buffer which acts as the
accumulator. The barrel shifter shifts the buffer data based on the code length of the last decoded
symbol. Next, the output from the barrel shifter gets translated to the index address of ROM and
the corresponding symbol is looked up. Figure 6.1 shows the block diagram representation of the

static canonical Huffman decoder design.

The address indexing logic and configuration of the ROM for the LUT are same as of the

designs discussed in Chapter 4.
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6.1.2 Dynamic Canonical Huffman Decoder

In dynamic canonical Huffman decoder, the first task is to read the symbols that are sorted
per code lengths from the header. These symbols are then written into a RAM memory along with
the corresponding code lengths, which makes the LUT of size 512 * 13-bits. The LUT index address

logic is implemented using a 9-bit up counter.

The configuration of the header which consists of the symbols that are sorted per code
length makes the LUT write process faster than the header format in which unsorted symbols are
present. The bitstream indexing process is little different than the static decoding process. First,
the shifted buffer output is compared to find the code length following the architecture shown in
Figure 4.2 in Chapter 4 and then, the code length is used to compute the LUT index based on an
offset from the starting codeword. In this case, single LUT is indexed and there by, it makes the

indexing datapath faster than the multi-lookup table approach.

bitstream 9 i 9
———| Buffer [#%»| Barrel shifter ?f , LUT address index E’ s ROM =~
generator
Code length 4,

r4

Figure 6.3: Optimized static canonical Huffman decoder architecture. The architecture proposes
an optimized LUT that doesn’t need to store code length information and exploits datapath
resource-sharing.

6.2 Memory-efficient Canonical Huffman Decoder Architectures

The proposed baseline architecture needs to store both symbol and corresponding code
length in the LUT memory. However, code length required to barrel shift the next chunk of encoded
bits can also be found out from the code length and LUT address index logic. Therefore, we propose
memory-efficient architectures that needs to store only symbols in LUT as the corresponding code
length can be found out from the address index logic. A LUT of size 512 * 9-bits is used in this

architecture.
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6.2.1 Static Canonical Huffman Decoder

The static canonical Huffman decoder with a memory-efficient LUT is shown in Figure 6.3.
The address index logic that is shown in Chapter 4 finds the range in which the current chunk of
encoded bits fall in and based on that range it tries to find either the starting codeword or offset
from the starting codeword. Therefore, based on the starting codeword or offset, code length can be
found out as all symbols that are mapped to either the starting codeword or offset from the starting
codeword share the same code length.

The proposed memory-efficient static canonical Huffman decoder reduces the memory size

by 44% than the baseline architecture.
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Figure 6.4: Optimized dynamic canonical Huffman decoder architecture. The architecture proposes
an optimized LUT that doesn’t need to store code length information and exploits datapath
resource-sharing.

6.2.2 Dynamic Canonical Huffman Decoder

The dynamic canonical Huffman decoder with a memory-efficient LUT is shown in Fig-
ure 6.3. The code table creation stage from the header is same as of the baseline architecture, except
configuration of the LUT now doesn’t need to store code length. Also, the address index logic yields
the code length information in this architecture as discussed in the previous sub-section. Therefore,

code length information doesn’t need to get processed for barrel shifter logic until the LUT indexing
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happens.
Similar to the static decoder, memory-efficient version of the dynamic decoder reduces the

memory size requirement by 44% than the baseline architecture.

Input
bitstream .| Buffer and barrel S LUT address index . LUT-hashing Symbol
\ and code length ' v
shifter
generator

Figure 6.5: Pipelined canonical Huffman decoder architecture.

6.3 Pipelined and Memory-Efficient Canonical Huffman Decoder

Architectures

To speed-up the critical path and further improve throughput, a pipelined architecture is
proposed for the memory-efficient canonical Huffman decoder design. Figure 6.5 shows the proposed
pipelined architecture for the canonical Huffman decoder design. The pipelined architecture has

been implemented for both static and dynamic decoders.

6.4 Results of Canonical Huffman Decoders on MAX 10 FPGA

We evaluate the proposed static and dynamic canonical Huffman decoder architectures on
the MAX 10 FPGA. The timing and power(total thermal power dissipation) results are obtained
from the Quartus Timing Analyzer and PowerPlay Power Analyzer respectively.

Table 6.3 shows the performance and energy efficiency of the static and dynamic canonical
Huffman decoders for various benchmarks. The static canonical Huffman decoder implementation
results in an performance improvement of 2.1x on an average over the dynamic decoder. Similarly,
the static canonical Huffman decoder yields an energy efficiency improvement of 3.68 x on an
average than the dynamic decoder due to the fixed LUT architecture. However, the speed-up in

case of static canonical Huffman decoder comes at the cost of compression ratio.
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Table 6.1: Throughput per area and Compressed bits decoded per energy data for MAX 10
FPGA Static and Dynamic Canonical Huffman Decoder Implementations based on Pipelined and
Memory-Efficient Architectures.

Benchmark Decoder | Throughput | Compressed Bits/Energy
(Gbps) (Bits/nJ)

Artificial Corpus Static 2.0 2.5

Dynamic 0.7 0.6
Calgary Corpus Static 4.1 5.0

Dynamic 1.9 1.7
Canterbury Corpus | Static 2.3 3.2

Dynamic 0.9 0.7
Large Static 0.4 0.5

Dynamic 0.2 0.1

The MAX 10 FPGA implementation uses one out of 1638 available MIK memory block
and 2.7% of the available logic elements for the dynamic canonical Huffman decoder, while a recent
work [65] on Xilinx Virtex Ultrascale+ series FPGA for the DEFLATE compliant Huffman decoder
has the lookup tables and BRAM tiles utilization of 3.04% and 0.28% respectively. Moreover,
the proposed FPGA implementation results in an scaled throughput improvement of 59% when

compared to the DEFLATE based decompressor [65].

6.5 Results of Canonical Huffman Decoders on 45 nm ASIC

We evaluate the proposed static and dynamic canonical Huffman decoder architectures
on the 45 nm ASIC at 1.25 V. The designs are functionally verified for all benchmarks and the
throughput and energy efficiency results are posted in Table 6.3. Each design is synthesized into a
gate-level netlist using a NanGate 45 nm Open Cell Library by Synopsys Design Compiler.

The ASIC synthesis results show that the pipelined and memory-efficient static decoder
occupies total area of 24,308.7 pm?, while the dynamic version of the design occupies a total area of
37,274.4 pm?. On an average, scaled results on ASIC shows 5.1x improvement on throughput and
13.4x energy efficiency improvement over FPGA implementations.

Table 6.3 summarizes ASIC and FPGA implementation results for various benchmarks
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Table 6.2: Throughput per area and Compressed bits decoded per energy data for ASIC Static and
Dynamic Canonical Huffman Decoder Implementations based on Pipelined and Memory-Efficient
Architectures.

Benchmark Decoder | Throughput | Compressed Bits/Energy
(Gbps) (Bits/nJ)

Artificial Corpus Static 13.0 41.3

Dynamic 4.4 9.2
Calgary Corpus Static 22.1 57.7

Dynamic 9.9 27.7
Canterbury Corpus | Static 10.4 29.9

Dynamic 5.2 13.1
Large Static 2.1 7.0

Dynamic 0.9 1.6

executing both static and dynamic canonical Huffman decoder.

80



10 VN Pel G6c'1 0 Gg vodd

€'¢C C'LTI98T | 6¥%°0 g1 T'T i OISV orureus (g

80 VN 90 g1 ¥0 qg vodd

c'o1 €VeICcI | ¥T°0 6g'1 q'C i OISV RIRERN odrer]

0T VN A Ge'1 ¢l qq vodd
L°8T C'LTI98T | €€°0 6g'1 €9 i OISV oTIrRUA(]

67 VN 90 Gc'1 6°C g9 vodd
vev €'¥SIcl | 62°0 A acl i OISV o13e)§ sndiop Lmqaeyue)
L'c VN ¢6°0 el qc qg vodd

€'G¢ C'LTI98T | ¥E€°0 Ge't 6°1T i OISV orureus (g

LA VN L0 Ge'1 1'G qq vVodd

L'€8 €PSICT | TEO | GTT 992 i DISV LRI sndiop) AreS[e)
60 VN 86°0 g1 6°0 qg vVodd

V'EeT C'LTI98T | 9€°0 Gc'1 e 15 OISV oTIrRUA(]

6°€ VN €9°0 Ge'1 g'c 5] vodd

6°6S €'¥SIcl | ST°0 A T°ST i OISV RISLEY sndio)) renynIy

(ru/sng) (ud) | () | () (sdqp) (tru)
A310ur /sy1g possarduio)) ROIY Tomog | a8e)oA | mdysnoay, | ASojouyos], | WLIOR[J | IOPOdS(] Nrewyouagy

(W gg 09 poreds 130q) I9P0d9p URWIPN [RIIUOURD 9Y) Jo suoljejuawoldwil HISY pue yHJJ oYl Jo Arewrmng :¢'9 o[qr],

81



Chapter 7

Design of Gzip Hardware Accelerators

This chapter presents hardware architectures for Gzip compression that uses both static
and dynamic canonical Huffman encoders. The proposed architectures are implemented on 45 nm
ASIC and the synthesis results on performance and energy-efficiency are discussed. We also discuss
the effect of static or dynamic canonical Huffman encoding along with hash bank architecture on

compression ratio.

Input Qutput
BO — —] — — i
Bl — — — — -
B2 — ] — | N |,
Hash , : [ Canonical
. . Hash Table String Match i | Huffman Encoded
VEC bytes - | function| |Update Match Selection | | | Encoding | bits
B(VEC - 3)—| - . - =
B(VEC - 2)— — 1 — BN
B(VEC - 1)~ i = I T
Hash Mem (Canonical
{ [Huffman codes

LZ77 Compression

Figure 7.1: Gzip pipelined block diagram employing LZ77 and static canonical Huffman compres-
sion [83].
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7.1 Overview of Gzip Hardware Design

Gzip compression is a two-stage process, where an uncompressed data stream first gets
compressed by LZ77 encoding that generates a length-distance pair. Next, a bit-level compression
occurs by a static or dynamic canonical Huffman encoder.

Figure 7.1 shows the pipelined block diagram of the Gzip compression demonstrating LZ77
pipeline and a canonical Huffman code module directly generating static codes. In the case of the
dynamic canonical Huffman encoder for Gzip, codes need to be generated based on output from
the LZ77 stage. The architectures and hardware implementations for canonical Huffman encoders

are discussed in the previous chapters. We will discuss LZ77 compression in detail in the following

section.
) PWS bytes =4 ,
p r e v ¢ a b x y z Slidingwindow
Dictionary 0 p r e v ‘
Dictionary 1 S r e v c
LN
N Substrings
3
Dictionary 2 l‘l’ e Vv Cc a
Dictionary 3 v ¢ a b

Figure 7.2: Sliding window structure for PWS = 4 bytes [64].

7.2 LZ77 Compression

We have followed the state-of-the-art LZ77 pipelined architecture, which is shown in
Figure 7.1. We have considered a PWS of 16 bytes, by which every clock cycle 16 sub-strings, each
16 bytes long, will look up the dictionaries to result the best possible string match, which can be
encoded to a single length-distance pair [79]. PWS of 16 bytes denotes every clock cycle 16 bytes can

be compressed, which also demonstrates the input compression throughput and maximum possible
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string match length.
Figure 7.2 shows how PWS of four bytes sub-strings are hashed into the dictionaries to

find the best possible string match with the previous strings.

7.2.1 Hashing
Overview

Hashing is the critical logic in LZ77 compression that decides both compression ratio and
performance. First, every cycle 16 sub-strings are fetched from the sliding window and they perform
hash operations.

Second, hash architecture compares the input sub-strings with the strings that are stored
in each dictionary or memory bank and replaces the old sub-strings with the new sub-strings, which
is called hash memory update.

Third, PWS bytes from memory banks are matched in parallel with sub-strings and a
length-distance pair is generated per each match. If a match length is rejected for not being the
best match, then length is still the byte value and distance is denoted as “0” [83].

Finally, the matches in the current window could stretch to the next window, which can

lead to match overlapping between windows. This issue is addressed in the pipelined stages.

Hash bank depth

1 2 3
k- 0
& BankO[— : : Indexes/bank
O 1023
5
@® 0
= - . .
S : ' —1023
@ . . .
D
E . . . .
< Bank 31— - -
- - —11023

Figure 7.3: Hash bank memory organization architecture for LZ77 [79,83].
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Best match length

Figure 7.4: Hash bank match comparisons for LZ77 [79,83].

Hash Chain Organization

Instead of a single hash memory, conventionally, a hash memory chain is used to avoid string
match collision. We have adopted the state-of-the-art architecture for a hash chain design [79, 83].
The idea behind a chained hash structure is that every clock cycle at different depths of the chained
memory all return a candidate string as the read output, and the current depth’s read output is the
input written into its next depth’s memory. The sub-string in the current window will be stored
into the memory in the first depth of the chain [83].

Figure 7.4 shows that String1, String2, and String3 are the output of each memory at
different depths of the memory chain, and all of them will be compared to the input substring
to find the best match. After that, the current input substring will be stored into chain depth 1,
String1 will be stored into chain depth 2, and so on.

Basically, as the substrings are recorded in the dictionary banks, new strings are recorded
in the top depth bank while each previously stored string is written from one depth to the next,
effectively shifting each of the strings down a level with the oldest string being discarded. At the
same time, the previous strings from each depth level are read and compared to the input substrings
to find potential matching strings. That’s why the hash bank design is connected, which is shown

in Figure 7.3.
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In our hash bank design, which is shown in Figure 7.3, we have used 1024 indexes per
bank and 32 banks for hash bank structure. The reasoning behind that comes from the fact that
increasing hash indexes per bank further has diminishing return on compression ratio, which is one
of the primary metrics. The overall area and memory requirement further increases with an overall

impact on datapath speed.

Hash Function

Hash function is critical in deciding the compression ratio along with the PWS value.
The other precaution with the chosen hash function is to ensure minimum hash conflicts, so that

compression ratio doesn’t get affected much.

In our design, the hash bank architecture uses 32 banks and each bank has 1024 indexes.

Therefore, we need a 15-bit (5 bits for bank selection and 10 bits for addressing indexes) hash value.

Algorithm 3 Hash Function Used In Our Design
Input: curr-window[2 X PWS], array of 8-bit integers

Output: hash[PWS], array of 14-bit integers
for i = 0to PWS - 1 do
hashli] = ((curr-window[i]) < 7) zor ((curr_window[i + 1]) < 6) zor

((curr_window(i + 2]) < 5) zor (curr_window[i 4+ 3]) < 4 zor
((curr_window[i + 4]) < 3) zor (curr-window[i + 5]) xor
(curr_windowli 4 6]) ... xor (curr_windowl|i + 14]) xor (curr_window[i + 15]);
//Here the first 5 bytes are shifted and then all gets XORed.
//PWS of 16 is used in our design.

end for

We referred to the hash functions that were designed for 10-bit hash [64] and 14-bit
hash [79]. The primary aim with the hash function for banked memory architecture is to make
sure hash function doesn’t produce more conflicts. Therefore, the first byte is shifted to the left by
7 and the next 2 bytes of the current window are shifted left to at least by 5 to make sure more
randomness is there with the left most 5-bits of the hash function, which decides a bank out of 32

available banks.
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String Match Comparison and Match Length Computation

To do match comparisons efficiently, match comparisons are done at the output of the banks
so that the best outcome from the string match comparison is sent to a substring multiplexer [83].
The match comparison logic is executed by comparing each byte simultaneously and storing the
results in a bitmap. This parallel approach reduces the critical path than the sequential comparison.
With a PWS of 16 bytes, match length ranges from 0 to 16, therefore, we need 16 numbers of 32:1
5-bit wide MUXes after the match comparison stage. Next, the match with the longest match
length is MUXed with the substring window.

To filter out conflicting matches, we adopt a last-fit match selection heuristic that is used
in which the last match in the window is always kept as it is more likely that later matches will
be longer than earlier ones. One consequence of allowing matches to span from the front half of
the sliding window to the second half is that matches found in the current iteration may conflict
with matches in the following iteration. The last match selected is used to calculate the First Valid
Position (FVP) in the window for the next iteration, where the window bytes have not already been

replaced with a length-distance pair [64,79].

Data Output Format

The output from LZ77 can be of three types: matched literals, unmatched literals, and
matches. We have adopted the architecture for data packing from a recent work [79] that offers
simultaneous Canonical Huffman encoding as the next step.

Each cycle output of the LZ77 compression gives 16 128-bit data packets or boxes [79].
There are also 2-bit flags that determines whether the corresponding data packet is for a matched
literal (2’b00) or unmatched literals (2’b01) or matches (2’b10), All of the boxes following a match,
up to the match length, are the matched literals and they are removed from the compressed data
stream. The boxes containing matches are filled with the length and distance of the match while
unmatched literal boxes are filled with the literal bytes from the sliding window.

In a length-distance pair, the length requires at least 4 bits (for values 3 to 16) and the
distance requires at least 15 bits (for values 1 to 32768), together occupying 19 bits. This means that
each output box needs to be 3 bytes (24 bits) wide in order to fit a length-distance pair, requiring a

total of 48 bytes (384 bits) for all 16 boxes. We do this so that each output box can be classified
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and filled simultaneously [79].

7.3 Canonical Huffman Encoding

The output from LZ77 compression goes for the canonical Huffman encoder module for
bit-level compression. We will discuss separate pipelined architecture for both static and dynamic

canonical Huffman encoder below.

Input ROM Output encoded S::g:éznate Output
16 LZ77 encoded Static codes packet size packet Encoded
data packets bitstream

Figure 7.5: Pipelined static canonical Huffman encoder block diagram.

7.3.1 Static Canonical Huffman Encoder

The literals and length-distance pairs that are resulted from the LZ77 compression uses a

ROM-based static code table to get compressed.

Each data packet from the LZ77 compression is passed through a symbol coder that decides
whether the symbol is a matched literal, unmatched literal, or length-distance pair and encodes
them. Unmatched literals and length-distance pairs are encoded using ROMs and extra bits are

appended and sent as output.

A matched literal is removed from the encoded bitstream. Figure 7.5 shows the pipelined
block diagram for the static canonical Huffman encoding. The longest possible encoded size of a
16-box input window is 15 9-bit literal codes followed by a 26-bit length-distance code (7-bit length,

1 extra length bit, 5-bit distance, 13 extra distance bits) for a total of 161 bits [79].
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7.3.2 Dynamic Canonical Huffman Encoder

In the case of the dynamic canonical Huffman encoder, based upon LZ77 output pairs,
first the encoder creates a code table per canonical Huffman encoder architecture, that is discussed
in Chapter 5. Therefore, a synchronous FIFO as a buffer is used to store the intermediate data
from LZ77 first until the code table is produced.

We have adopted the symbol Integration with flag insertion scheme (SIFI) [45,84] stores
literals, length-distance pairs, and metadata in a single data FIFO buffer. If the literal and length-
distance are stored in the same buffer, separate metadata is required to indicate whether each
tuple is encoded. We define the metadata generated by SIFI as a compression flag. If a tuple is
literal, the data buffer stores a compression flag “0” after literal. On the other hand, if a tuple is a
length-distance pair, the length is first stored in the data buffer followed by a compression flag of
“1” and the distance.

The Huffman encoder reads the compression flag stored in the data buffer to determine
whether the tuple currently being processed is a literal or a length-distance pair. When the
compression flag is “0”, the Huffman encoder determines that the corresponding tuple is original
data and recognizes 8 bits from the current pointer as a literal. When the compression flag is “17,
the Huffman encoder handles the corresponding tuple as encoded data. Accordingly, 8 bits from
the current pointer are recognized as a length, and 14 bits from the 10th bit are recognized as a
distance [84].

Let the number of literals and length-distance pairs in all the intermediate data be denoted
as N and M, respectively. SIFI utilizes memory space of (8 x (N+ M)+14 x M+ N + M) bits to

store the intermediate data, which is adopted for the synchronous FIFO design in our work [45, 84].
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7.4 ASIC Implementation Results

We evaluate the proposed Gzip encoder implementations using both static and dynamic
canonical Huffman decoder architectures on the 45 nm ASIC at 1.25 V. The designs are functionally
verified for all benchmarks and the compression ratio, throughput, and energy efficiency results are

evaluated.

7.4.1 Area

The ASIC synthesis results show that the pipelined Gzip encoder using a static canonical
Huffman encoder occupies total area of 230,656.8 pm?, where LZ77 encoder occupies total area of
187,925.3 pm? and static canonical Huffman encoder occupies a total area of 42,731.5 pm?.

The pipelined Gzip encoder employing a dynamic canonical Huffman encoder occupies
total area of 426,577.7 ym?, where LZ77 encoder occupies total area of 187,925.3 pm? and dynamic

canonical Huffman encoder occupies a total area of 238,652.4 pm?.

7.4.2 Throughput

The pipelined Gzip engine using a static canonical Huffman encoder runs at a maximum
clock frequency of 158.1 MHz at 1.25 V. With a PWS of 16 bytes per clock cycle, the maximum
input throughput is 2.53 GB/s.

The pipelined Gzip engine using a dynamic canonical Huffman encoder runs at a maximum
clock frequency of 32.7 MHz at 1.25 V, achieving a maximum input throughput is 0.52 GB/s.

The output compression throughput for each benchmark is discussed in the Table 7.1.

Figure 7.8 shows the throughput improvements for dynamic Gzip implementation over static Gzip.

7.4.3 Energy-efficiency

The static canonical Huffman encoder-based Gzip compressor achieves an energy-efficiency
(compressed bits per energy) of 2190.3 bits/pnJ, 3257.1 bits/pJ, 1789.2 bits/nJ, and 356.9 bits/nJ
for the Calgary, Canterbury, Artificial, and Large Corpus, respectively.

The Gzip compression engine employing a static canonical Huffman encoder offers an

energy-efficiency improvement of 9.4x than a dynamic canonical Huffman encoder-based Gzip
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Figure 7.6: Compression ratio results for both static and dynamic Gzip.

compressor. Figure 7.8 demonstrates the energy-efficiency improvements for static Gzip over

dynamic Gzip.

7.4.4 Compression Ratio

The compression ratio of the Gzip engine that uses a static canonical Huffman encoding,
primarily depends on the efficacy of the hash function and string matching process. Moreover,
for the Gzip engine with a dynamical canonical Huffman encoding overall compression ratio also
depends on the distribution of the LZ77 output that gets compressed at bit-level.

Using 32 hash memory banks with each bank of 1024 indexes with a depth of 3 for a static
encoder achieves a compression ratio of 2.01, 2.37, 1.63, and 2.46 for the Calgary, Canterbury, Arti-
ficial, and Large Corpus, respectively. By using a dynamic canonical Huffman encoder, compression

ratio of Gzip compression improves by 16.05% than the static canonical-based Gzip compressor at
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Figure 7.7: Throughput results for both static and dynamic Gzip.

the cost of performance and area.
Figure 7.6 shows the improvements in resulting compression ratios due to dynamic Gzip

implementation over static Gzip.

7.5 Comparison of the Gzip Compressors for the Calgary Corpus

Benchmark

Table 7.2 details out a comparison of the Gzip compressors for the Calgary Corpus
benchmark.

The proposed ASIC implementation offers a compression ratio of 2.47 using a dynamic
canonical Huffman encoder, while achieving an input throughput of 0.52 GBPS. The proposed
architecture can be modified to have a shrinked hash bank structure to offer better throughput,

which means using a memory bank architecture with lesser depth and capacity improves the
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Figure 7.8: Energy-efficiency (compressed bits/uJ results for both static and dynamic Gzip.

overall compression performance. However, with a smaller memory depth, efficacy of parallel string
matching, hence, the resulting compression ratio will be worse than the current setup.

Table 7.2 shows that our proposed design for hash bank memory structure with 32 hash
memory banks and each bank of 1024 indexes with a depth of 3 and a 15-bits hash function results
in a better trade-off of both compression ratio and compression throughput.

Ledwon et al. [79] reports the highest single-engine scaled throughput of 2.8 GBPS using a
512-index hash memory bank structure on a Xilinx Virtex Ultrascale+ FPGA and they achieve a
geometric mean compression ratio of 1.92 for the Calgary Corpus.

The throughput of the overall compressor can also be improved by using multiple single-

engine compressor blocks in parallel, at the cost of area, energy-efficiency, and compression ratio.
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Chapter 8

DeepScaleTool : A Tool for the
Accurate Estimation of Technology

Scaling in the Deep-Submicron Era

This chapter presents the DeepScaleTool, a tool for the accurate estimation of technology
scaling in the deep-submicron era. DeepScaleTool is designed by modeling and curve fitting published
data by a leading commercial fabrication company for silicon fabrication technology generations

from, 130 nm to 7 nm for the key parameters of area, delay, and energy.

8.1 Introduction

Moore’s law [85] has been pivotal in the advancement of the semiconductor industry
for decades, which lays out a projection of doubling of the transistors on an IC every two years.
Similarly, Dennard scaling [86, 87] pioneered the progress by showing scaling across physical
dimensions, substrate doping, and supply voltage, which in turn results in lower area, delay, and
power dissipation for MOSFETSs. The resulting changes due to scaling are depicted in terms of
an entity called scaling factor K, which is defined as the ratio of two technology nodes. These
scaling factors are discussed in various textbooks [88,89] and the literature [90,91], and are shown in
Table 8.1. The key points from the traditional scaling factors shown in Table 8.1 are the following:

transistor physical dimensions shrink down by the scaling factor K, which in turn scales down the
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Table 8.1: MOSFET device parameters and traditional scaling factors

Parameter Scaling factor
DEVICE DIMENSION (W, L tox) | 1/K

DOPING CONCENTRATION Na K

VOLTAGE V 1/K
CURRENT [ 1/K
CAPACITANCE €A/t 1/K

DELAY TIME VC/I 1/K

POWER DISSIPATION VI 1/K?

POwWER DENSITY VI/A 1

transistor area by a factor of K2. Similarly, the speed of the transistor increases by a factor of K as

the delay reduces by 1/K.

The traditional scaling factors were accurate until the advent of the deep-submicron era.
As the transistors get smaller in the deep-submicron regime, due to short channel effects, effect
of leakage current and thermal runaway, and process variation, the traditional scaling estimations
are no longer accurate. Leakage current is affected greatly by gate length, oxide thickness, and
threshold voltage, so it is becoming a large issue with deep submicron processes, where these values
are small, and getting smaller [91,92]. Moreover, resulting performance gain over recent technology

generations is minimal unlike the predictions by traditional scaling estimations.

The prediction of accurate scaling factors is important for a fair comparison of design
performance and other metrics across different technology fabrication nodes. The inaccuracy in the
traditional scaling factors can be depicted from the real silicon data from various foundries across
technology fabrication generations. Notably, Holt [93] discusses transistor scaling and its effect
on transistor area, gate delay, switching energy, and energy delay product in the deep-submicron
regime based on Intel’s data. Bohr and Young [90] describe Intel’s scaling trends for area, transistor

performance, and cost per transistor over the past decade.
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8.2 Existing Method for Accurate Scaling in Deep-Submicron

Technologies

A method to propose accurate scaling predictions has been demonstrated using data from
PTM [94], ITRS [95], and simulated measurements of Fan Out 4, or FO4 circuit [91]. The primary
idea behind the proposed work is that a circuit that has a delay and consumption of X number of
FO4 inverter chains in a certain technology size should have roughly the same X number of FO4
inverter chains in a different technology size [96]. Therefore, the authors demonstrate simulated
measurements of FO4 models in a range of different sizes and voltages to obtain approximated
scaling factors for power, energy, and delay.

The authors [91] created polynomial approximations using a script based on the HSpice
simulation data and formulated a third-order polynomial for the delay factor approximations, and
second-order polynomials for energy and power factor approximations. Based on the delay, energy,
power factor approximations, equations were proposed to scale delay, energy, and power, respectively.

Although the ITRS and PTM based simulation and modeling approach looks viable for
predicting scaling factors in the deep-submicron regime, supply voltage information is not always
publicly released, which is accounted for modeling the delay and power scaling equations in the
article [91]. Moreover, such estimation method doesn’t necessarily align with the actual silicon
technology scaling trends, which are discussed in Section 7.5.2.

In academia, popular textbooks [88,89] that cover digital VLSI design and scaling of
CMOS transistors describe traditional scaling factors and reasons associated with the discontinuity
in traditional scaling trends. However, an accurate estimation of scaling factors across technology
fabrication nodes and correlation between traditional scaling factors and scaling factors resulting
from actual silicon are usually not covered. Therefore, we propose a scaling tool whose modeling is
based on the industrial technology scaling trends and polynomial based curve fitting approach for
an easy and accurate estimation of scaling factors in the deep-submicron era.

The major contributions of our work are as follows:

¢ We demonstrate DeepScaleTool, a spreadsheet-based tool for accurate estimation of scaling

factors for area, delay, and energy from 130 nm to 7 nm for educational and research purposes.

e We show and analyze the percentage errors in between classical and estimated scaling factors
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Figure 8.1: Procedure of Data Collection and Framework

from real silicon data in the deep-submicron range.

e We also illustrate examples of scaling factors estimation using DeepScaleTool and compare

the results both with PTM and ITRS based modeling [91] and scaling data from TSMC [97].

8.3 Transistor Scaling Trends, Data Modeling, and DeepScaleTool

Framework

Figure 8.1 provides an overview of the steps leading to the design of DeepScaleTool. We
analyze published transistor scaling trends [90, 93], curve fit scaling data that are available for
certain technology nodes using second-order polynomial based models, and then extrapolate scaling
data for the rest of the technology nodes. Finally, we design and update the spreadsheet-based

framework using modeled scaling factors for a combination of starting and target technology nodes.

8.3.1 Transistor Scaling Trends

The following two notable transistor scaling trends that are based on Intel’s silicon results
have been analyzed for our work. Holt [93] discusses generational technology benefits over reduction
in gate delay, switching energy, and energy delay product. Figure 8.2 presents the scaling data in
the article that span around 65 nm to 10 nm technology nodes and are relative to 65 nm. Moreover,
the normalized transistor area across 130 nm to 14 nm technology nodes have been demonstrated.
The scaling trends shown in the article over technology fabrication generations infer the following
for circuits—acceleration in transistor density, higher performance, and lower power.

Similarly, Bohr and Young [90] discuss scaling logic circuit area from 45 nm to 10 nm. The
key takeaway from the presented circuit area scaling data is that with the advent of newer technology

nodes and transistor level innovations more aggressive scaling is possible than the traditional scaling
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Figure 8.2: Area, delay, and energy trends from 65 nm to 10 nm technology nodes, relative to
65 nm [93]

estimation. For example, both 14 nm and 10 nm technology nodes achieve 0.37 times logic area
scaling than the previous generation. This article also presents the trends in improved transistor
performance, active power, and performance per watt metrics. However, due to unavailability of
proper axis labeling the corresponding trends have not been considered for data modeling purposes

in this work.

8.3.2 Data Extraction and Modeling

The g3data [98] tool has been used to extract the digitized data from the plots with
technology scaling trends shown in the articles [90,93]. The plots with proper axis labeling have
been considered for data extraction. To obtain scaling trends from 130 nm to 7 nm for key
circuit parameters like area, delay, and energy, available scaling data across technology fabrication
generations have been extrapolated to obtain the scaling data of the corresponding parameter at
the missing technology generations.

The polynomial based extrapolation models that are used to curve fit for various circuit
parameters yield a coefficient of determination or R? value of equal or greater than 0.99. The
small differences in area scaling factors that are obtained after modeling the scaling trends in both

articles [90,93], have been offset by taking the average of the corresponding two scaling factors for
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Scaling factors across technology nodes

Technology (nm) Values
Current node 130
Target node 45

Scaling Factors
Area 83
Delay 242
Energy 4
Energy Delay Product 9.725
Power 1.641
Throughput 0.415

User Instructions

1. Input values for the current and target nodes both from one of the
followings - 130, 90, 65, 45, 40, 32, 28, 22, 14, 10, and 7.

2. Press the corresponding button for any metric (Area, Delay, Energy,
Energy Delay Product, Power, and Throughput) to find the scaling factor.

3. Divide the scaling factor to the value of the metric at the current node
to obtain the value of the metric at the target node.

Figure 8.3: Screenshot of the DeepScaleTool page showing the values given for current node and
target node, generated scaling factors, and user instructions.

any given starting and target technology generations.

8.3.3 DeepScaleTool Framework

Instead of providing big tables consisting of scaling factors across technology fabrica-
tion nodes for each circuit parameter, we present a spreadsheet-based framework for the auto-
mated generation of scaling factors for various circuit parameters. The framework is designed
using visual basic for applications (VBA) programming language. The scaling factor values
fields in the spreadsheet are programmed for any of the supported current and target technol-

ogy nodes. The DeepScaleTool is available as an open source tool and it can be accessed at
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https://sourceforge.net /projects/deepscaletool/ [99]. Figure 8.3 depicts a screenshot of the tool.

The tool can be updated easily for future nodes with the availability of future scaling trends.

8.4 Usage of DeepScaleTool and Scaling Factor Computation Ex-

amples

8.4.1 DeepScaleTool Usage

The usage of the DeepScaleTool is simple, which requires three-fold steps as shown in
Figure 8.3. Currently, the tool supports scaling factors for the following fabrication nodes in units of
nm: 130, 90, 65, 45, 40, 32, 28, 22, 14, 10, and 7. The user inputs one of those values for the current
node and target node. Next, the user can press the corresponding button for any performance
metric or parameter to display the scaling factor. Finally, the value of any metric at a target node
can be found based on the value of that metric at the current node and resulting scaling factor

using the following equation, where x and y denote target node and current node respectively,

Value, = Valuey / Scaling factor (8.1)

8.4.2 Examples of Scaling Factor Computation

The following examples are shown to illustrate the scaling factor computation procedure.
To scale a circuit from 130 nm to 45 nm, area scaling factor is 8.3 per the current version of the tool
as shown in Figure 8.3. If the circuit occupies an area of 100 um? in 130 nm node, the resulting
area in 45 nm node using equation (8.1) will be 100 / 8.3 = 12.05 um?. Similarly, to scale a circuit
from 45 nm to 32 nm, the tool displays a power scaling factor of 1.238. If the circuit dissipates
100 mW in 45 nm node, the resulting power dissipation in 32 nm node using equation (8.1) will be
100 / 1.238 = 80.775 mW.

The scaling computations for delay, energy, energy delay product, and throughput can be
performed by generating the corresponding scaling factors from the tool and applying equation (8.1)
like the above examples. The scaling factors for derived metrics like throughput/area and power
density can also be found out using the scaling factors for the corresponding primary metrics that

are generated from the tool.
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Figure 8.4: Scaling trends for area, delay, power from 130 nm to 7 nm based on the modeling
presented in this work [20].

8.5 Comparison of Scaling Factors Estimation Methods and Accu-

racy with Traditional Scaling

8.5.1 Scaling Trends and Accuracy Analysis with Traditional Scaling

Figure 8.4 shows the scaling trends for transistor area, delay, energy, throughput, and
power based on the modeling presented in this work. Among all the considered parameters transistor
area achieves a remarkable scaling over the years, which is better than the traditional scaling trends.
The delay and throughput achieves minimal scaling with the recent technology nodes. Figure 8.5
shows the percentage error of value of scaling factors modeled for each parameter with respect to
traditional scaling factors. The percentage errors shown for each technology node are relative to the
values at 130 nm. Transistor area shows the least variation among all parameters as transistor area
still scales by the traditional estimation or even better with the advent of transistor innovations
like high-dielectric metal gates, FInFET, and 3D FinFET structures [90]. However, delay and
power dissipation trends vary significantly as compared to traditional scaling improvements of 1/K

and 1/K2.
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Figure 8.5: Traditional scaling factors vs. modeled scaling factors presented in this work for the
deep-submicron regime [20].

Table 8.2: Comparison of area, delay, and power scaling (% reduction) factors for 10 nm to 7 nm
scaling. The reference scaling data [97] corresponds to TSMC’s technology scaling.

Source Area Delay | Power
CaI1 [97] 30-35| 10 35
STILLMAKER [91] 59 19.1 9.1
THIS WORK 36.7 7.5 30

Due to the effect of leakage current threshold voltage scaling doesn’t happen aggressively
and thus the same effect on scaling for supply voltage as well. Therefore, there is a limit on energy
efficiency scaling than the traditional scaling factor of 1/K3. Similarly, transistor gate delay scaling
is primarily limited by the slower interconnect scaling. The poor trends in gate delay and power
dissipation scaling shown in Figure 8.5 affect the energy efficiency scaling and thereby a larger
percentage of error is observed for scaling energy. Moreover, as we advance for the recent technology
nodes we observe a greater percentage of error in relative scaling values with respect to 130 nm due

to the cumulative effect of the error margins across technology nodes.
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Figure 8.6: Comparison of area scaling factors between our work [20] and Stillmaker [91] for starting
nodes from 130 nm to 14 nm with a target node of 14 nm, where in our work shows better correlation
to the reference data by Holt [93].

8.5.2 Comparison of Scaling Factor Estimation Methods

Table 8.2 shows the variation in area, delay, and power percentage scaling from 10 nm to
7 nm. The scaling factor values modeled in this work which are based on Intel’s silicon technology
scaling trends [90,93] achieve better correlation with TSMC based scaling data [97] than the ITRS
and PTM based modeling approach [91] in terms of area, delay, and power. The delay and power
scaling data for the article [91] have been calculated using the given corresponding coefficients,
supply voltage per ITRS data, and modeling expressions. The errors in between modeled data
presented in this work and TSMC’s scaling data are 1%, 2.5%, and 5% for area, delay, and power
respectively, which states the reliability of DeepScaleTool across major foundries. However, area,
delay, and power scaling factors presented in the article [91] differ from TSMC based data by 24-29%,
9.1%, and 24.9% respectively, which is significant given the percentage scaling occurring for those

parameters with the said technology nodes.

Moreover, area scaling factors presented in the article [91] varies significantly when compared

to modeling based on silicon data as presented by DeepScaleTool as shown in Figure 8.6. For
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example, 130 nm to 7 nm technology scaling brings down the area by a factor of 110 per the
article [91], while the current version of DeepScaleTool suggests the corresponding area scaling
factor value of 754.55. The later scaling factor seems more accurate since area scales down by a
factor of approximately 303 in general over eight generations from 130 nm to 7 nm. Moreover,
the aggressive scaling than the normal rate of 0.49 makes the overall factor shoot up to 754.55.
Therefore, DeepScaleTool caters to provide more accurate estimation of scaling factors for various
design parameters irrespective of major foundries and it avoids the prediction inaccuracy from I'TRS

and PTM models.
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Chapter 9

Conclusion and Future Work

9.1 Conclusion

This dissertation discusses the hardware architectures for canonical Huffman codec and

Gzip compression. The key contributions of this dissertation are as follows.

We have analyzed various canonical Huffman encoding methods and proposed an optimized
task-level parallelism architecture with concurrent execution of sorting, Huffman tree generation,
and code length computation tasks. The optimized architecture on many-core processor array
gives an throughput per area improvement of 4.7x and 88x over GT 750M GPU and Intel i7
respectively. The GPU implementation exploiting its huge die area achieves the highest throughput
at the cost of both area and power dissipation. Moreover, the KiloCore implementations achieve
throughput per area improvement of 58x and 272x compared to the recent work [58] and [82],
respectively. Similarly, the KiloCore implementations achieve energy-efficiency improvement of 4.8 x
and 22.7x compared to the most-recent work [58] and [82], respectively. We have also proposed
a pipelined architecture for both ASIC and FPGA canonical Huffman encoder implementations:
ASIC implementation employing the proposed architecture shows 5.1 ximprovement on throughput

and 13.4xenergy efficiency improvement over the FPGA implementations.

This dissertation presents optimized LUT-based architectures for both static and dynamic
canonical Huffman decoders [100]. The proposed decoder architecture reduces the memory size
requirement by 44% than the conventional architecture. The optimized KiloCore design gives an

throughput per area improvement of 7x and 891 over GT 750M GPU and Intel i7 respectively. The
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ASIC synthesis results show that the pipelined and memory-efficient static decoder occupies total
area of 24,308.7 um?, while the dynamic version of the design occupies a total area of 37,274.4 um?.
On an average, scaled results on ASIC shows 5.1 ximprovement on throughput and 13.4xenergy
efficiency improvement over FPGA implementations.

The hardware architectures for Gzip compression are presented exploiting both static and
dynamic canonical Huffman encoding [101,102]. The proposed ASIC implementation using 32 hash
memory banks with each bank of 1024 indexes with a depth of 3 for parallel string matching offers
a compression ratio of 2.47 using a dynamic canonical Huffman encoder, while achieving an input
throughput of 0.52 GBPS. The pipelined Gzip engine using a static canonical Huffman encoder
runs at a maximum clock frequency of 158.1 MHz, resulting in a maximum input throughput of
2.53 GBPS. The pipelined Gzip encoder using a static canonical Huffman encoder occupies total
area of 230,656.8 um?, where a dynamic canonical Huffman encoder version occupies total area of
426,577.7 um?.

Finally, the dissertation presents DeepScaleTool, an open-source tool designed to provide
accurate estimation of scaling factors using published silicon trends and polynomial based curve-
fitting method. Although the primary data sets considered for this work belong to Intel’s published
technology scaling trends, the proposed tool achieves good correlation to the TSMC based scaling
trends as well. DeepScaleTool provides an easy platform to obtain reliable scaling factors for various
design parameters in the deep-submicron era, understand the discrepancies with traditional scaling
factors, and also helps in performing fair comparisons of circuit performance over different technology

nodes.

9.2 Future Work

There are several topics related to the Gzip compression and other related lossless com-

pression algorithms that can be investigated in future research.

9.2.1 Optimized Hash Function for LZ77 Compression

Hash function is a key parameter for the LZ77 compression, which has a big impact on the
compression ratio. One of the biggest challenge for LZ77 architecture is to explore all possible hash

functions for the hash memories and come up with an intelligent function that will not only result
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in fewer conflicts, but it will also boost-up string matching datapath.
Another challenge related to hash function is that certain hash functions are favorable for
specific data sets, so it’s an interesting problem to explore how hash functions can be tuned for

different data sets to achieve a better performance with the string match process.

9.2.2 Effect of Intrinsic Properties of Data on Compression Speed and Com-

pression Ratio

Different compressors offer different degrees of compression at a different speed. In this
dissertation we have analyzed compression ratios, throughput, and energy-efficiency for various
Corpus datasets. It will be interesting to explore how intrinsic properties of data affects both
compression ratio and compression speed across a variety of compressors, so that informed decisions
can be taken by using deep neural networks to result improved compression ratio and compression

speed.

9.2.3 LZ77 Compression on Many-Core Processor Array

This dissertation proposes a memory-optimized architecture to result in better compression
ratio for LZ77 compression. The many-core processor array-based LZ77 compressor design with
parallel hash bank structure is an interesting problem statement to explore. There are certain design
challenges that need to be addressed for throughput optimizations, such as efficient mapping of the
hash bank memories on to the many-core array and implementation of the hash function to speed

up string search mechanism.

9.2.4 Towards Better Throughput-Compression Ratio Trade-offs for the Gzip

Compressor

The performance improvement of the Gzip compressor pipeline can further be explored,
especially for the dynamic canonical Huffman encoder. Conventionally, most of the research spans
around increasing performance of the Gzip compressor using a static canonical Huffman encoding.
However, with an improved canonical Huffman encoder datapath compared to the one presented in

this dissertation may result in both improved performance and compression efficiency.

109



Glossary

AsAP Asynchronous Array of simple Processors. A many-core MIMD-based computing

platform.

ASIC Application-Specific Integrated Circuit. An integrated circuit chip dedicated for a par-

ticular application.

CMOS Complementary Metal-Ozide—Semiconductor. CMOS is the commonly used semi-

conductor technology in most of today’s integrated circuits.

FPGA Field Programmable Gate Array. An integrated circuit that can be re-configured for

different applications.

GPU Graphics Processing Unit. GPU is an integrated circuit that are efficient at manipulating

computer graphics and image processing.

LSB Least Significant Bit. The rightmost bit in a binary representation.
LUT Look-up Table. A memory data structure to store information.
LZ77 Lempel-Ziv 77. A lossless data compression technique.

LZ77 Lempel-Ziv 78. A lossless data compression technique.

MAC Multiply-accumulate. A common computing operation that computes the product of two

numbers and adds the product to an accumulator.

MIMD Multiple Instruction Multiple Data. A parallel computing architecture where differ-

ent processors may be executing different instructions on different pieces of data.
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MSB Most Significant Bit. The leftmost bit in a binary representation.

RISC Reduced Instruction Set Computer. A RISC instruction set architecture allows it to

have fewer cycles per instruction (CPI) than a complex instruction set computer (CISC).

RTL Register-Transfer Level. A design paradigm that models the circuits in terms of data

transfer between registers through a combinational logic.

SRAM Static Random Access Memory. SRAM is a volatile memory that uses flip-flops to

store binary bits.

TDP Thermal Design Power. The TDP is the maximum amount of heat generated by a
computer chip or component (often a CPU, GPU or system on a chip) that the cooling system

in a computer is designed to dissipate under any workload.

VLSI Very Large Scale Integration. VLSI is the process of creating an integrated circuit (IC)

by combining millions of transistors or devices into a single chip.
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