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Preface

In the image processing field, a lot of applications require
real-time execution in the domains of medical technology,
robotics and transmission, etc. Recently, real-time image
processing fields have made a lot of progress. Technological
developments allow engineers to integrate more complex
algorithms with large data volumes onto embedded systems,
and produce series of new sophisticated electronic
architectures at an affordable price. At the same time,
industrial and academic researchers have proposed new
methods and provided new tools in order to facilitate real-
time image processing realization at different levels. It is
necessary to perform a deepened educational and synthetic
survey on this topic. We will present electronic platforms,
methods, and strategies to reach this objective.

This book consists of seven chapters ranging from the
fundamental conceptual introduction of real-time image
processing to future perspectives in this area. We describe
hardware architectures and different optimization strategies
for real-time purposes. The latter consists of a survey of
software and hardware co-design tools at different levels.
Two real-time applications will be presented in detail in
order to illustrate the proposed approaches.
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The major originalities of this book include (1) algorithm
architecture mapping: we select methods and tools that treat
simultaneously the application and its electronic platform in
order to perform fast and optimal design space exploration
(DSE), (2) each approach will be illustrated by concrete
examples and (3) two of the chosen algorithms have been
only recently advanced in their domain.

This book is written primarily for those who are familiar
with the basics of image processing and want to implement
the target image processing design using different electronic
platforms for computing acceleration. It accomplishes this by
presenting the techniques and approaches step by step, the
algorithm and architecture conjointly, and by notions of
description and example illustration. This concerns both the
software engineer and the hardware engineer.

This book will also be adequate for those who are familiar
with programming and applying embedded systems to other
problems and are considering image processing applications.
Much of the focus and many of the examples are taken from
image processing applications. Sufficient detail is given to
make algorithms and their implementation clear.

Chao LI

Souleymane BALLA-ARABE
Fan YANG

August 2017



Introduction of Real-time
Image Processing

1.1. General image processing prese ntation

The traditional view of an image derives heavily from
experience in photography, television and the like. This
means that an image is a two-dimensional (2D) structure, a
representation and also a structure with meaning to a visual
response system. This view of an image only accepts spatial
variation (a static image). In parallel, a dynamic image has
spatial and temporal variation. In most contexts, this is
usually referred to as video. This more complex structure
needs to be viewed as a sequence of images each
representing a particular instance in time. On the other
hand, an image can be formed by taking a sampling plane
through that volume and so the variation in three
dimensions is observed. This may be referred to as a volume
image. An image linked to a volume that changes with time
is a further possibility. This has particular significance in
medical imaging applications [MYE 09].

Image processing is a method to convert an image into
digital form and perform some operations on it in order to
get an improved image or to extract some useful information
from it. A digital image described in a 2D space is usually

Architecture-Aware Optimization Strategies in Real-time Image Processing, First Edition.
Chao Li, Souleymane Balla-Arabe and Fan Yang-Song.
© ISTE Ltd 2017. Published by ISTE Ltd and John Wiley & Sons, Inc.
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considered as 2D signals while applying already set signal
methods to it. Image processing forms a core research area
within engineering and computer science too.

Image processing is an enabling technology for a wide
range of applications including remote sensing, security,
image data sets, digital television, robotics and medical
imaging, etc. The goal of this technology can be divided into
three levels: low, medium and high. Low-level image
processing techniques are mathematical or logical operators
that perform simple processing tasks. This “processing” level
possesses both image_in and image_out. Medium-level image
processing combines the simple low-level operators to
perform feature extraction and pattern recognition functions.
Using an image_in, this “analysis” level produces
measurements_out (parameters). High-level image
processing uses combinations of medium-level functions to
perform interpretation. This “understanding” level treats
measurements_in for high-level description_out. Usually,
apart from these three levels, it is also necessary to apply
preprocessing techniques that are designed to remove
distortions introduced by sensors.

e ko

Figure 1.1. Overview of the typical image acquisition process (see [MOE 12])

Before any image processing can commence, an image
must be captured by a camera and converted into a
manageable entity. This is the image acquisition process (see
Figure 1.1), which consists of three steps; energy reflected
from the object of interest, an optical system that focuses on
the energy and finally a sensor that measures the amount of
energy. In order to capture an image, a camera requires
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some sort of measurable energy. The energy of interest in
this context is light or electromagnetic waves. Each wave can
have different wavelengths (or different energy levels or
different frequencies). The human visual spectrum is in the
range of approximately 400-700 nm.

After having illuminated the object of interest, the light
reflected from the object now has to be captured by the
camera composed of an optical system and an image sensor.
The role of the first is to focus the light reflected from the
object onto the second (a material sensitive to the reflected
light). An image sensor consists of a 2D array of cells. Each
of these cells is denoted a pixel and is capable of measuring
the amount of incident light and convert that into a voltage,
which in turn is converted into a digital number. The more
incident light, the higher the voltage and the higher the
digital number.

In order to transform the information from the sensor into
an image, each cell content is now converted into a pixel
value in the range: (0, 255). Such a value is interpreted as
the amount of light hitting a cell. This is denoted the
intensity of a pixel. It is visualized as a shade of gray
denoted gray-level value ranging from black (0) to white
(255). Standardly, a monochromatic, static image
corresponds to a matrix of m rows and n columns. Therefore,
the camera records m x n pixels of 8 bit values.

In order to capture a color image, the color camera must
record three matrices of three primary colors red, green and
blue. Recently, a lot of applications are realized using
multispectral image processing, since the multispectral
cameras are more available with reasonable prices.
According to application needs, multispectral images are
captured using different wavelengths (bands). They can
be considered as a cube formed by 2D gray-level images.
Figure 1.2 displays two typical test images in the area of
image processing research. Figure 1.3 gives two

lvww.ebook3000,con)



http://www.ebook3000.org

4 Architecture-Aware Optimization Strategies in Real-time Image Processing

multispectral cube examples; the right image is captured for
a skin lesion assessment application.

Figure 1.2. Lena (gray-level image) and landscape (color image). For
a color version of the figure, see www.iste.co.uk/li/image.zip

Mo

\\‘\ //

Figure 1.3. Two multispectral image cubes. For a color
version of the figure, see www.iste.co.uk/li/image.zip

Certain tools are central to the processing of digital
images. These include mathematical tools, statistical
descriptions and manipulative tools. We can cite some more
used such as convolution, filtering in spatial and frequency
domains, morphological operations and image transforms,


www.iste.co.uk/li/image.zip
www.iste.co.uk/li/image.zip
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etc. The types of basic operations that can be applied to
digital images to transform an input image A(m, n) into an
output image B(m, n) (or another representation) can be
classified into three categories:

— Point: the output value at a specific matrix coordinate is
dependent only on the input value at that same coordinate.
In this case, generic operation complexity per pixel is
constant.

— Local: the output value at a specific coordinate is
dependent on the input values in the neighborhood of that
same coordinate. In most cases, the type of neighborhood is
rectangular with 8-connected (3 x 3 mask) or 24-connected
(5 x 5 mask pixels). The complexity per pixel is proportional
to the square of neighborhood size.

— Global: the output value at a specific coordinate is
dependent on all the values in the input image. The
complexity per pixel is equal to N x N (image size = N).

The complexity per pixel of each operation type
participates in the total complexity of an image processing
chain for a target application. This total complexity per
image decides the processing speed (time performance).

1.2. Real-time image processing

Real-time image processing is the subfield of image
processing focused on producing and analyzing images in
real time. Generally, a real-time system has the following
three interpretations within different senses [KEH 06]:

— real time in the perceptual sense, which is used to
describe the interaction between a human and a computer
device for a near instantaneous response of the device to an
input by a human user;
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— real time in the software engineering sense, which is
used to describe a concept of bounded response time in the
computer device. With this constraint, the device must satisfy
both the correctness of the outputs and their timeliness;

—real time in the signal processing sense, which is used to
describe the constraint within which the computer device
has to complete processing in the time available between
successive input samples.

Since image processing is a subfield of signal processing,
in this book we base the interpretation of “real time” on the
signal processing sense.

In order to satisfy the constraint of “real time”,
Kehtarnavaz [KEH 11] points out that the total instruction
count of a real-time algorithm must be “less than the number
of instructions that can be executed between two consecutive
samples”, and Ackenhusen et al. [ACK 99] describe the “real-
time processing” as a computation of “a certain number of
operations upon a required amount of input data within a
specified interval of time” as well. Therefore, the key
technique of real-time image processing is to ensure that the
amount of time for completing all the requisite transferring
and processing of image data is less than the allotted time
for processing. For example, if the algorithm is aimed at an
entire frame (a static image) and the frame frequency of the
system is 30 frames per second (fps), the processing of a
single frame should be finished during 33 ms.

Real-time image processing systems involve processing
vast amounts of image data in a timely manner for the
purpose of extracting useful information, which could mean
anything from obtaining an enhanced image to intelligent
scene analysis. Digital images and video are essentially
multidimensional signals and are thus quite data intensive,
requiring a significant amount of computation and memory
resources for their processing. A common theme in real-time
image processing systems is how to deal with their vast
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amount of processing and computations. The key to cope
with this issue is the concept of parallel processing, a concept
well known to those working in the architecture area who
deal with computations on large data sets [KEH 06]. In fact,
much of what goes into implementing an efficient image
processing system centers on how well the implementation,
in both hardware and software, exploits different forms of
parallelism in an algorithm, which can be data level
parallelism (DLP) and/or instruction level parallelism (ILP).
DLP manifests itself in the application of the same operation
on different sets of data, while ILP manifests itself in
scheduling the simultaneous execution of multiple
independent operations in a pipeline fashion.

Low-level image processing transforms image data to
another image data. This means that such operators deal
directly with image matrix data at the pixel level. Examples
of such operations include color transformations, linear or
nonlinear filtering, noise reduction and frequency domain
transformations. In this low-level processing, one can
observe three operation categories. Point operations are the
simplest since a given input pixel is transformed into an
output pixel, where the transformation does not depend on
any of the pixels surrounding the input pixel. Local
neighborhood operations are more complex in that the
transformation from an input pixel to an output pixel
depends on a neighborhood of the input pixel. Such
operations include 2D spatial convolution and filtering,
smoothing, sharpening, etc. These operations require a large
amount of computations. Finally, global operations build
upon neighborhood operations in which a single output pixel
depends on every pixel in the input image. An example of
such an operation is the discrete Fourier transform that
depends on the entire image. These operations are quite data
intensive as well.

lvww.ebook3000,con)
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All low-level image operations involve nested looping
through all the pixels in an input image with the innermost
loop applying a point, neighborhood or global operator to the
pixels forming an output image. Therefore, these are fairly
data-intensive operations, with highly structured and
predictable processing, requiring a high bandwidth for
accessing image data. In general, low-level operations are
excellent candidates for exploiting DLP.

Medium-level operations transform image data to a
slightly more abstract form of information by extracting
certain features from an image. This means that such
operations also deal with the image at the pixel level for
input, but the transformations involved cause a reduction in
the amount of data from input to output. Medium-level
operations primarily include segmenting an image into
regions/objects of interest or extracting edges, lines, or other
image attributes such as statistical features. The goal these
operations is to reduce the amount of data to form a set of
features suitable for further high-level processing [KEH 06].
Some medium-level operations are also data intensive with a
regular processing structure, thus making them suitable
candidates for exploiting DLP.

High-level operations interpret the abstract data from the
medium level, performing high-level knowledge-based scene
analysis on a reduced amount of data. Such operations
include classification/recognition of objects or a control
decision based on some extracted features. These types of
operations are usually characterized by control or branch-
intensive operations. Thus, they are less data intensive and
more inherently sequential rather than parallel. Due to their
irregular structure and low bandwidth requirements, such
operations are suitable candidates for exploiting ILP,
although their data-intensive portions usually include some
form of matrix-vector operations that are suitable for
exploiting DLP.
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From the above discussion, one can see that there is a
wide range of diversity in image processing. A typical image
processing chain combines the three levels of operations into
a complete system, as shown in Figure 1.4, where top shows
the image processing chain and bottom shows the decrease
in the amount of data from the start of the chain to the end
for an N x N image with P bits of precision. The diversity of
operations in image processing leads to the understanding
that a single processor might not be suitable for a real-time
image processing algorithm implementation. A more
appropriate solution would thus couple multiple computation
components of different characteristics [KEH 06].

Image capture Preprocessing Segmentation Analysis Interpretation
—> —> —> —>
Sensing Noise reduction Edge detection Feature extraction Recognition

i It

Figure 1.4. Diversity of operations in image processing: typical processing
chain (top) and decrease in amount of data across processing chain (bottom)

N

Bearing in mind the above argument, developing a real-
time processing system can be quite a challenge. The solution
often ends up as some combination of hardware and software
approaches. From the hardware point of view, the challenge is
to determine what kind of hardware is best suited for a given
image processing task among a myriad of available hardware
platform choices. From the algorithm and/or software point of
view, the challenge involves being able to guarantee that
“real-time” deadlines are met, which could involve making
choices between different algorithms based on computational
complexity, algorithm optimization in the parallel execution
sense, using a real-time operating system, and extracting
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accurate timing measurements from the entire system by
profiling the developed algorithm [KEH 06].

In the real-time image processing area, embedded systems
are often involved. A precise definition of an embedded
system is not easy. Simply stated, all computing systems
other than general purpose computers (with monitor,
keyboard, etc.) are embedded systems. An embedded system
has software embedded into hardware, which makes a
system dedicated to an application or a specific part of an
application. It is an engineering artifact involving
computation that is subject to physical constraints (reaction
constraints and execution constraints) arising through
interactions of computational processes with the physical
world. Embedded image processing systems are typically
designed to meet real-time constraints; a real-time system
reacts to stimuli from the controlled object/operator within
the time interval dictated by the environment.

When the complexity of the image processing applications
leads to a high ratio between its computation volume and its
reaction time, standard off-the-shelf sequential architectures
are inadequate. Parallel, distributed and multicore
architectures are required. Programming such architectures
is an order of magnitude harder than with uniprocessor
sequential ones, and even more so when architecture
resources must be minimized to match cost, power and
volume constraints required for embedded applications.

In this context, hardware platform selection and careful
and fine-tuned application programming/development
environments become more and more important. At the
same time, the application market is quickly spreading
which reduces the time available for the design of individual
applications. These facts increase the demand of rapid
prototyping of real-time image processing. The rapid
prototyping of complex parallel real-time embedded
applications is essentially based on the software/hardware
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co-design. This notion is knows in two senses; for
multicomponent architecture, this software/hardware
(SW/HW) co-design step distributes some parts of the
applications to processors by running software, while other
parts must be implemented by hardware running on specific
integrated circuits. On the other hand, SW/HW co-design
usually means application design using both SW/HW
development environments.

Designing real-time image processing systems is a
challenging task indeed. Practical issues of speed, accuracy,
robustness, adaptability, flexibility and total system cost are
important aspects of an embedded system design. In
practice, one usually has to trade one aspect for another.
Since the design parameters depend on each other, the
trade-off analysis can be viewed as a system optimization
problem in a multidimensional space with various constraint
curves and surfaces. This design space exploration task, from
a mathematical viewpoint, consists of determining optimal
design working points.

Today, we are at a crossroad in the development of real-
time image processing systems. The advancements in
integrated circuit technology make it now feasible to put to
practical use the rich theoretical results obtained by the
image processing community. In spite of the fact that the
value of an algorithm hinges upon the ease with which it can
be placed into practical use, the implementation challenges
involved have often discouraged researchers from pursuing
the idea further, leaving it to hardware experts to implement
a practical version in real time. The purpose of the following
chapters is to facilitate this task by providing a broad
overview of the advanced strategies/tools for rapid
prototyping of real-time image processing system.

The rest of the book is organized as follows: Chapter 2
describes commonly used hardware architectures for real-
time image processing. After a comparison of the currently
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available platforms and their development environments, we
concentrate on rapid prototyping of image processing based on
field programmable gate array (FPGA) technology. Chapter 3
presents research results about enabling the reconfigurable
instruction set processor model by exploiting FPGA
technology for discrete cosine transform algorithm
implementation. High-level synthesis (HLS) technique is
introduced in Chapter 4 with a skin lesion assessment
application as an illustration example. In Chapter 5, we
propose a novel source-to-source compilation strategy in order
to improve HLS design performances. This CDMS4HLS
technique is tested and validated by the embedded
implementation of very high resolution satellite image
segmentation in Chapter 6. Chapter 7 examines real-time
image processing with very high level synthesis.



2

Hardware Architectures for
Real-time Processing

2.1. History of image processing hardware platforms

In the 1960s, NASA Scientifics began to use digital
cameras for digital image processing onto workstations with
continually increasing computation power. When an image
processing system required a real-time throughput, multiple
boards with multiple computers working in parallel were
used. In the 1980s, digital signal processors (DSPs) were
created in order to accelerate the computation necessary for
signal processing algorithms. DSPs helped to usher in the
age of portable embedded computing.

The mid-1980s also saw the introduction of programmable
logic devices such as the field programmable gate array
(FPGA), a technology that aimed to unite the software
flexibility through programmable logic with the speed of
dedicated hardware such as application-specific integrated
circuits (ASIC). In the 1990s, there was further growth in
both DSP performance, through increased use of parallel
processing techniques, and FPGA performance to meet the
needs of multimedia devices [KEH 06]. The concept of
system-on-chip (SoC) was introduced during this period; it
sought to bring all necessary processing power for an entire

Architecture-Aware Optimization Strategies in Real-time Image Processing, First Edition.
Chao Li, Souleymane Balla-Arabe and Fan Yang-Song.
© ISTE Ltd 2017. Published by ISTE Ltd and John Wiley & Sons, Inc.
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system onto a single chip. In addition to these developments,
the massive parallel computation power of graphics
processing units (GPUs) is used for performing compute-
intensive image processing algorithms; they are also
considered to be embedded devices.

In the following sections, we briefly describe these
computation devices and programming/development
environments for their use. This chapter is concluded by a
comparison and discussion of available hardware platforms
for real-time image processing.

2.2. General-purpose processors

There are two types of general-purpose processors (GPPs)
on the market today, geared towards either embedded or
non-embedded applications. Embedded GPPs are often used
in multicore embedded SoC providing the horsepower to cope
with control- and branch-intensive instructions. Actual
desktop GPPs are high-performance processors with highly
parallel architectures, containing features that help to
exploit ILP in control-intensive, high-level image operations.
SIMD (single instruction multiple data: a processing concept)
extensions have also been incorporated in their instruction
sets in order to exploit DLP corresponding to low- and
medium-levels image operations.

As shown in Figure 2.1, GPPs’ architecture is based on the
Von Neumann model, that is program and data share a
single external memory and bus. In order to break the speed
bottleneck due to the limited throughput (data transfer rate)
between the processing core and memory, actual GPPs
usually contain two separate caches (one for program and
another for data) that connect directly to the processing core.

For the GPP-based designs, both desktop and embedded
GPPs are supported by mature development tools and
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efficient compilers, allowing quick development cycles.
Therefore, the users almost do not need to worry about any
hardware constraints and can concentrate more on software
development.

Control logic
and Register File
State Register | |
Input and Memory CPU
Output .
I “.‘ IR PC General ALU
| Control bus | i
| Address bus | Program
i Memory Data Memory
| Data bus | : p

Figure 2.1. Typical architecture of GPP
(left) and GPP’s processing core (right)

2.3. Digital signal processors

A DSP is a specified microprocessor whose architecture is
optimized for digital signal processing. Its goal is to meet the
performance requirements of digital signal processing
applications in terms of efficiency. From the 1980s to the
present, the applications of DSPs have spread from the
processing of low-frequency signals, i.e. speech and sonar
signal processing, to today’s computationally intensive image
processing. Meanwhile, its architecture has also evolved
from special DSP to configurable ones [KEH 06]. With
enhancement of its performance—cost ratio, it is increasingly
widely used in the field of real-time image processing.

The architecture of DSP is based on the Harvard
architecture, which separates program and data memories.
It usually has customized hardware multipliers, is optimized
by operation pipelining and supports special digital signal
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processing instructions. Generally, the main features of
DSPs include (see Figure 2.2):

— separate program and data memories;

—integrated high-speed random access memory and
support concurrent access through separate data bus;

— special instruction set for SIMD;

— support very long instruction word (VLIW) for operation
pipelining;

—hardware supports for low-consumption or non-
consumption loop and jumping controls;

— execute as direct memory access device within the host
environment;

— support both analog to digital converter and digital to
analog converter input/output (I/O) protocols.

Up to present, the main worldwide digital signal processor
manufacturers include Texas Instruments (TI), Motorola,
Lucent, etc., in which TI occupies the most market share.
Cb5x and C6x are the two categories of TI’s products that are
the most widely used in the world. The C5000 ultra-low-
power DSP platform includes a broad portfolio of the
industry’s lowest power 16-bit DSPs with performance up to
300 MHz (600 MIPS); ideal for portable devices in audio,
voice and vision, and other applications requiring analytics
with ultra-low-power. In contrast, the C6000 category
includes a number of high-performance digital signal
processor families, such as C66x, the world’s fastest floating-
point core with devices ranging from single core C6652 to
octal core C6678 and supporting core speeds up to 1.4 GHz,
and C64x, a single or multicore fixed point processor with
speeds up to 1.2 GHz. Additionally, in order to further add to
the system performance in terms of cost, power and area
savings, the normal DSPs are sometimes combined with the
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Advanced RISC (reduced instruction set computing)
Machines (ARM) to perform a heterogeneous platform, i.e.
ARMY9 + C674x and quad-core Cortex-Al5 + 8xC66x cores.
This technology provides the necessary processing and
memory bandwidth to achieve a complete imaging SoC.

DSP

. __,| Vector
Instruction CPU engine

=i

| Data memory

Program Control Unit

A J A

FU1
Instruction . R/W Multi
Cache [——+ . |+—— Cross Ported
. BAR Register
FUn File

Figure 2.2. Typical Harvard architecture
and block diagram of VLIW architecture

Since DSPs contain specific architectural features that
can effectively speed up repetitive and compute-intensive
signal processing routines, they become a viable option for
inclusion in a real-time image processing system.
Nevertheless, DSP is fully programmable, which adds to its
inherent flexibility to software updates. Modern development
tools such as efficient C code compilers and hardware-
specific intrinsic functions have supplanted the need to
generate hand-coded assembly for all but the most critical
core loops. This leads to more efficient development cycles
and faster time to market.
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2.4. Graphics processing units

The early 2000s witnessed the introduction of this new
type of processor. The primary function of GPUs is for real-
time rendering of three-dimensional (3D) computer graphics
enabling fast frame rates and highers level of realism
required for state-of-the art 3D graphics in modern computer
games [KEH 06]. In comparison with the originals GPUs,
current generation GPUs incorporate more flexibility
through ever-increasing amounts of programmability vertex
and texture units.

GPUs are widely used in embedded systems, mobile
phones, personal computers and game consoles, etc. In
practice, a GPU can be present on a video card, or it can be
embedded onto the motherboard or even into the CPU-
integrated circuits. The architecture of modern GPUs makes
them more effective than GPPs for high-parallelism
algorithms (see Figure 2.3).

Control ALU ALU

ALU | ALU

CPU GPU

Figure 2.3. Typical architecture of GPU in comparison with CPU.
DRAM, dynamic random access memory; ALU, arithmetic logic unit

The key technique of GPU is multiprocessors with
massive parallelism. The schematic diagram shown in
Figure 2.3 contains multiple microprocessors, and each of
them consists of multiple processing cores. For example,
NVIDIA, which is one of the most famous GPU
manufacturers, delivers G80 GPU with eight
multiprocessors and 128 cores in total. In each clock, each
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core can produce a computation result, giving this design a
very high peak performance rating. Furthermore, each
multiprocessor executes in SIMD mode; it means that all
basic computation units execute the same instruction
simultaneously.

Actually, there are variant available development
environments for GPU-based designs, including Compute
Unified Device Architecture (CUDA) [NVI 12] language,
Open Computing Languages (OpenCL) [NVI 11], C++
Accelerated Massive Parallelism (C++ AMP) and Matrix
laboratory (Matlab) [MAT 15]. Together with the high
computation capabilities, the increased level of
programmability and the fact that GPUs can be found in
almost every desktop and portable PC today, a great number
of researchers have exploited GPUs for their designs.

GPUs have already been deployed to solve real-time
image processing problem. GPU-based image processing can
be performed by first downloading all image segments (small
part of an image) to the GPU multiprocessor caches, then a
kernel fragment program can be used to process the entire
image, taking advantage of the massive computation power
of the GPU. This processing manner especially allows for
DLP exploitation.

2.5. Field programmable gate arrays

FPGAs are arrays of complex logic blocks with a network
of programmable interconnects. They sprouted from the
techniques of Programmable Logic Devices, such as
Programmable Array Logic and Complex Programmable
Logic Device. In general, FPGA architecture consists of logic
blocks called configurable logic block, I/O blocks and routing
fabrics (see Figure 2.4(a)). Its different logic combinations
are realized according to look-up tables, whose outputs are
fed to a D-type flip-flop in order to drive the other logic
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blocks or I/Os (see Figure 2.4(b)). In this way, a logic block
available for both combinational logic and sequential logic
functions is performed; one logic block is interconnected with
each other or connected to I/0. In order to improve the
performances and flexibility of current FPGAs, they are
integrated by other different components, such as Block
Random Access Memory, DSP48 (most commonly used to
implement Digital Signal Processing operations with a
maximum of 48-bits), or even processor blocks. They can be
considered as customizable SoCs.

Due to their programmable nature, FPGAs can exploit
different types of parallelism inherent in an image
processing algorithm. With their high computational and
memory bandwidth capabilities, FPGAs have already been
used to solve many practical real-world, real-time image
processing problems, from a preprocessing component to the
entire processing chain.

In many cases, FPGAs have the potential to meet or
exceed the performance of a single DSP or multiple DSPs.
FPGAs can be considered as reconfigurable components
combining the flexibility of software programmability with
the speed of an ASIC within a shorter design or time-to-
market.

In general, FPGA designs use some software
programming languages known as Hardware Description
Languages (HDL) to customize circuits. They provide precise
execution times that help to meet hard real-time deadlines.
Concretely, to define the behavior of FPGAs, the users first
have to provide a HDL specification or a schematic design of
the desired algorithm. Next, a technology-mapped netlist is
generated according to an electronic design automation tool.
Third, the netlist is fitted to the FPGA architecture via a
place-and-route process. Finally, the user validates the map,
place and route results via timing analysis, simulation and
other verification methodologies. Once all of these processes
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are completed, the binary file generated is used to
(re)configure the FPGA. We can note three levels of this
process: Behavioral level described by HDL, synthesizable
Register Transfer Level (RTL) and Gate level.
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Figure 2.4. Typical architecture of FPGA

2.6. SW/HW codesign of real-time image processing

With the spreads of image processing techniques in different
application fields and the emergences of variant computation
platforms, the image processing development is today much
more complicated than before, and transplanting such a design
from its research environment to hardware environment
becomes increasingly difficult and time consuming. In this
context, the discipline “SW/HW codesign” appeared, which
coordinates the work of the software and hardware engineers
around the same objective but still keeps their efforts
independent.

“Embedded computing is unique because it is a hardware-
software co-design problem, the hardware and software must
be designed together to make sure that the implementation
not only functions properly but also meets performance, cost,
and reliability goals” [CHI 94].
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Figure 2.5. Typical SW/HW codesign framework depending task partition
modes: horizontal partition flow (left) and vertical partition flow (right)

For a decade, a series of SW/HW codesign frameworks that
coordinate the development of complex image processing
applications have been in development for the purpose of high
design productivity. We can distinguish two categories of
development environments: those convenient for hardware
implementation and those convenient for rapid algorithm
prototyping.

The first category is those who horizontally partition the
entire task (see Figure 2.5). First of all, the desired system is
analyzed and the entire job is partitioned into two independent
parts: software and hardware, which are dealt with by software
and hardware engineers respectively. Next, software engineers
prototype and functionally verify the software models, while
hardware engineers construct the hardware platform. It should
be noted that within this framework, the hardware part cannot
only perform control flows, but also run some logic operations if
necessary. This provides further potential opportunities to
enhance the parallelism of designs. Finally, the two parts are
synthesized together via a specific interface protocol.

The SW/HW codesign frameworks of the second category are
those who vertically partition the task. This kind of design
framework is based on the mature stand-alone device or
development board, and what the engineers have to do is just
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to transplant the functionally verified algorithms from research
environment to the target platforms. Depending on the design
constraints, this translation can be made both manually and
automatically. Finally, the hardware implementation of the
design is evaluated through specific simulators for different
devices.

2.7. Image processing development environment description

When computers had just been invented in the 1940s, either
their architectures or the programs were quite simple. But with
the development of computer sciences, the performance of
processors has been increasingly improved, and the programs
have also become more and more complicated. This resulted in
the development efforts of programs becoming much more
important than their quality. Thus, a series of integrated and
visible programming environments were developed in order to
increase programming efficiency, such as C, Pascal and
FORTRAN.

Programming languages today can be divided into two
types: assembly language and high-level programming
languages. Assembly language evolved from machine language.
It directly manipulates the hardware according to the
abbreviated English identifiers. Its executable files generated
from the source code are usually smaller and more efficient
than the other languages.

Although assembly languages have a series of advantages in
terms of file size and efficiency, high-level programming
languages are the real favorite languages of programmers.
High-level programming languages cannot only synthesize
multiple concerned machine instructions into a single one, but
also reduce the operations unnecessary for task specifications,
such as stack and register manipulations. This approach
effectively reduces the effort required for programming and the
requirements of professional knowledge for the users.
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Table 2.1 illustrates the compatibility evaluation of the
development environments for different devices. In order to
make an objective comparison, we classify the environment
device compatibilities into four levels according to the
following rules:

1) full compatibility (***): the programming languages
are specially designed for the target devices, or their features
are non-conditionally supported by the devices;

2) part compatibility (**): the programming languages
are made available to the target devices through specific
code translation tools, and insignificantly constrained by
variances of hardware architectures;

3) low compatibility (*): the programming languages are
seriously constrained by the hardware architectures, or their
most important advantages cannot be profited by users due
to code translation or hardware constraints;

4) non-compatibility (non-star): the programming languages
are not available to the target devices.

DSP FPGA GPP GPU
Standard C/C++ ks ok ok
CUDA EEES o
OpenCL EEES ke
Matlab * o sk
VHDL/Verilog ol
LabVIEW/System Generator wok

Table 2.1. Compatibility evaluation of fundamental
development environments for different hardware devices

C/C++ is a general-purpose and imperative programming
language. It provides constructs that efficiently map typical
machine instructions and can be perfectly executed on DSPs
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and GPPs. Due to the fact that architectures of FPGAs are
quite different from Von Neumann or Harvard architectures,
C/C++-based FPGA designs have to be realized through a
code translation tool. For GPUs, because standard C/C++
does not has the ability to specify kernel functions of GPUs,
it cannot be used to configure GPUs.

CUDA and OpenCL are two parallel computing platforms
and Application Programming Interfaces specially designed
for GPUs or CPU-GPU heterogeneous platforms. Since parts
of C language are incorporated, these two languages are also
considered to be C-like languages, and can be easily
mastered by C programmers.

Matlab is powerful commercial mathematical software
developed by MathWorks. It provides users with an
advanced computer programming language and interactive
environment for algorithm development, data visualization
and numerical analysis, etc. Although its main motivation is
numerical operating, it can be as well used in variant fields
such as system design, image processing, signal processing
and communication modeling according to a series of
different Toolboxes. Matlab language was originally designed
for GPPs. In order to add to its flexibility, MathWorks
equally provides multiple code translation tools to help users
to automatically transplant their designs into other devices
except for GPPs. For example, HDL Coder is used to
generate HDL in RTL for FPGAs, while GPUArrays are used
for GPU acceleration. However, due to the constraints of
code translation strategies, arrays and vectors, which are the
most frequently used variables in Matlab, are not supported
by HDL Coder. Therefore, we consider the compatibility of
Matlab with FPGA weak (single-star). Meanwhile,
comparing with CUDA, the GPU map realized by Matlab is
less efficient, so its compatibility is double-star.
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VHSIC Hardware Description Language (VHDL) [IEE 11]
and Verilog [IEE 06] are two hardware description
languages specified for FPGA. They allow users to specify
the hardware behavior in RTL. However, they are not
convenient for algorithm development. Within VHDL or
Verilog, users have to be capable of both software and
hardware developments, and cannot concentrate their
attentions on the algorithm aspect, which may bring more
potential optimizations to the designs in terms of efficiency
and accuracy.

Laboratory  Virtual Instrumentation  Engineering
Workbench (LabVIEW) [INS 07] and System Generator
[XIL 12a] are two visual programming languages for digital
image processing. The motivation of these two languages is
to improve the development productivity of FPGA designs by
providing a higher abstraction environment than HDL.
Generally, image processing system developments follow two
main steps: schematic design and algorithm description.
Within the visual programming languages, the users can
built the desired systems using the components provided by
the tool kits instead of describing the algorithm using
textual programming languages. This object-oriented and
procedure-oriented development method enables the users to
finish their designs with few codes, thus effectively
accelerating the development efficiency.

2.8. Comparison and discussion

In the previous sections, we review the currently available
hardware platforms and development methodologies for
real-time image processing designs. They include GPPs
optimized for throughput over single-thread performance,
DSPs optimized for compute-intensive digital signal
processing and GPUs optimized for complex image
processing to specific customizable chips, which are possibly
implemented with reconfigurable hardware such as FPGAs.
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These devices can often achieve better performance than
conventional ones on certain workloads. However,
applications usually exhibit vastly different performance
characteristics depending on the target platform. This is an
inherent problem attributable to architectural design,
middleware support and programming style of the target
platform. For the best application-to-platform mapping,
factors such as programmability, performance, programming
cost and sources of overhead in the design flows must all be
taken into consideration.

Performance
| .
FPGA with
RTL
GPU
DSP
FPGA with
e RTL
<+ ®
86 Dgp L Typical Design Time Limit
KG in a Software Project
GPU
@
@ First working version <{~ Optimized version Time

Figure 2.6. Design times versus application performance
with Register Transfer Level (RTL) design entry (see [XIL 13a])

Recently, more and more image applications have been
FPGAs as an implementation platform due to its flexibility,
high memory bandwidth and real-time capacities. FPGA was
originally considered a power consumption component in
comparison with DSPs. Lately, low-power FPGAs are also
becoming more available. In this context, a series of
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comparative studies indicate that FPGAs can often achieve
better comprehensive properties than the others platforms in
most cases. For example, in the work of Zou et al. [ZOU 12],
the efficiency of the FPGA implementation of Smith-
Waterman Algorithm is 3.4X to GPU and over 40X to CPU,
while in the case of Kestur et al. [KES 10], it is indicated
that FPGA has similar performance at higher energy
efficiency when compared to the CPU and GPU platforms. In
additional, the Advanced Digital Sciences Center of the
University of Illinois at Urbana-Champaign reported that
FPGAs can achieve a speedup up to 2-2.5x and save 84-92%
of the energy consumption related GPUs [DEM 11].

However, FPGA is a reconfigurable device that has quite
different hardware architecture than the others. It needs to
be configured in the RTL before each use rather than run
programs stored in the memories. This results in a fairly
high effort cost for its application developments. According to
the report of Xilinx [XIL 13a], despite higher performance,
implementing an algorithm onto FPGAs usually requires a
longer period than the other platforms. Figure 2.6 compares
the time consumption of different platforms to develop the
same software application. Both the initial and optimized
versions of an application provide significant performance
when compared against the same stages for both standard
and specialized processors. RTL coding and an FPGA-
optimized application result in the highest performance
implementation. However, the development time required to
arrive at this implementation is beyond the scope of a typical
software development effort. The published data statistics in
[ADS 16] corroborate this point: a manual FPGA design may
consume 6-18 months and even years for a full custom
hardware, while the GPU (CUDA) based designs only take
1-2 weeks. Che et al. [CHE 08] evaluate the performances of
FPGAs and GPUs using some real-life applications; the final
report concluded that:
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— while computation involves a lot of detailed low-level
hardware control operations, they cannot be effectively
implemented using a high-level language;

— in order for the implementation to be able to take
advantage of data streaming and pipelining, a certain degree
of complexity is required;

— some applications require a lot of complexity in the logic
and data flow design.

Despite higher performance, these comments demonstrate
that RTL cannot provide an ideal software-convenient
environment. Its code specifications force the engineers to
pay more attention to low-level hardware description instead
of software development. One of the consequences is that
FPGAs were traditionally used only for mass-produced
products or applications requiring a performance profile that
could not be achieved by any other means.

One of the key factors that encourages the wide diffusion
of FPGA devices is the improvement of man-machine
interfaces (development environments), where the great
challenge is to allow the easy use of complex electronic
systems by non-hardware experts. Many research
laboratories and industrial manufacturers are focusing their
efforts to that effect.
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Rapid Prototyping of Parallel
Reconfigurable Instruction Set
Processor for Efficient Real-Time
Image Processing

This chapter describes research results on enabling the
reconfigurable instruction set processor (RISP) model for
real-time image processing applications by exploiting FPGA
technology. The aim is to keep the flexibility of processors in
order to shorten the development cycle and at the same time
profit from the powerful FPGA resources to increase real-
time performance. Using advanced compiler technology, we
designed modular RISP processor VHDL models with a
variable instruction set and a customizable architecture
which makes it possible to exploit the intrinsic parallelism of
a target application and implement it in an optimal manner
onto an FPGA. We illustrated the proposition by using the
2D spatial Cosine Transform algorithm with a variable block
size on a Virtex-6-based board. Hardware implementations
were realized in several ways by using either chip area or
speed optimizations. Experimental results show that this
approach applies some criteria to codesign tools: flexibility,
modularity, performance and reusability.

Architecture-Aware Optimization Strategies in Real-time Image Processing, First Edition.
Chao Li, Souleymane Balla-Arabe and Fan Yang-Song.
© ISTE Ltd 2017. Published by ISTE Ltd and John Wiley & Sons, Inc.
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3.1. Context and problematic

Adaptability of computing systems to support various
multimedia formats and equipment with different
computational requirements is highly desirable in the
ubiquitous and seamless computing era. Currently, more and
more image applications are choosing FPGAs as an
implementation platform due to their flexibility and low
power consumption. Aside from their massive parallelism
capabilities, multimillion gate counts and many built-in
circuit features, the most interesting characteristic of an
FPGA is probably the ability to quickly create a rapid and
fully functional prototype that can emulate and verify
solutions or even be embedded into the final system.

In the classical FPGA-based prototyping methodology, the
application source code is first translated into a hardware
description language such as VHDL or Verilog. Then, the
design is synthesized for an FPGA-based environment where
it can be tested. Most hardware description languages are
naturally inherently concurrent and non-hardware
developers do not consider most low-level hardware
languages to be trivial. One of the key factors that
encourages the wide diffusion of electronic devices is the
improvement of tool suite interface conviviality, where the
great challenge is to allow for the use of complex electronic
systems by software developers. Many research laboratories
and industrial manufacturers are focusing their efforts on
this aspect [AGU 05, BRO 07]. Two major trends emerge.

The first trend, based on the fact that software developers
know much more about traditional software high-level
programming languages such as C and C++ than about
hardware description languages, consists of extending these
languages with variations capable of describing hardware
elements [PAN 01, LOO 02, TIE 05]. These recent hardware
description languages are, in effect, parallel synchronous
programming languages where the notion of time is
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fundamental to its specification. In these languages, all
events occur relative to a global clock that runs continuously.
Information is encoded on a behavioural level in a similar
manner to most high-level languages.

The second trend consists of using programmable devices,
a processor core being included in an FPGA for example.
Some parts of an application can be programmed with high
level languages such as C or C++. The rest of the FPGA is
used to manage communication peripherals or integrate low-
level processing blocks. The soft-core processor, introduced in
the last decade, is a microprocessor fully described in
software, usually in VHDL, and capable of being synthesized
in hardware, such as an FPGA. For example, the two major
FPGA manufacturers provide commercial soft-core
processors. Xilinx offers its MicroBlaze processor [XIL 09a],
while Altera has Nios and Nios II processors [ALT 16]. All
these programmable devices including hard or soft-cores can
be considered single chip implementations of an SW/HW
hybrid system [AGU 05].

Our approach combines these two trends. For the rapid
prototyping of image processing applications on the FPGA,
algorithms are programmed in C as if they were to be
executed on a classical CPU. The source code is analyzed
automatically and an RISP VHDL model is generated and
implemented with FPGA technology. A specific tool detects
and extracts intrinsic instruction level parallelism (ILP) in
order to improve real-time performance.

This development framework performs design exploration
of RISP, which incorporates custom functional units within
the processor architecture. This rapid prototyping approach
provides an efficient mechanism to meet the growing
performance and time-to-market demands. In particular, we
can effectively generate reconfigurable functional units
(RFUs) which only contain the minimum number of
instruction sets or modules, just necessary for each target
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application. We call this a minimum mandatory modules
(M3) methodology. Thus, several RISPs can easily be made
with a single FPGA in order to build a high-level parallel
machine.

3.2. Related works

A RISP consists of a microprocessor core that is tightly
coupled with one or several RFUs [BAR 02]. It possesses a
higher degree of customization to manage the growing
complexity of the applications. At the same time, its high
degree of flexibility allows it to meet the shrinking time-to-
market window.

With its reconfigurable nature, FPGA greatly facilitates
RISP development as the design flexibility of RISPs in the
presence of these reconfigurable logics leads to off-the-shelf
products that can be customized for each application. This is
increasingly preferred by designers who develop products for
uncertain markets and shorter product life cycles [LU 08,
JUN 11]. For example, rapid reconfigurability is especially
attractive for applications in ubiquitous computing with
evolving standards, which require frequent functionality
updates [GLE 04].

The major challenges to increase the proliferation of
RISPs lie in the development of supporting compilation and
computer-aided design tools which enable rapid design
exploration and efficient mapping of applications on such
platforms [BIS 06, HAS 11, CHE 07, SHI 08]. In [LAM 09],
Lam and Srikanthan present a framework that enables
rapid design of area-efficient custom instructions for
reconfigurable embedded processing, which incorporates a
four-wide very long instruction word (VLIW) RISP structure.
In particular, it provides rapid identification of a reduced set
of profitable custom instructions and their area costs on
commercial architectures without needing a time consuming
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hardware synthesis process. Obtained experimental results
for the generic, automotive, industrial, image, network,
security and telecommunication application sets show that
the number of candidates for custom instruction selection
can be significantly reduced by 30-70% with marginal
degradation in the resulting performance gain.

In a similar manner, Seto and Fujita [SET 10] presented a
novel framework generating efficient custom instructions for
common configurable processors with limited numbers of I/O
ports in the register files and fixed-length instruction
formats, such as RISCs. Their work generates a sequence of
multiple custom instructions by applying high-level
synthesis techniques such as scheduling and binding to the
subgraphs. In comparison with some previous works, this
approach provides the following advantages simultaneously:
(1) generation of effective custom instruction from general
multi-inputs multi-outputs subgraphs without changing the
pipeline and the instruction format of the configurable
processors and (2) generation of a single, area-efficient
custom functional unit for a set of custom instructions in
which resources are shared among different custom
instructions. An image processing algorithm set (fft, dct,
djpeg) has been implemented on the Altera Stratix II FPGA
device using the proposed framework and this greatly
improves performances in the target topic.

We can also cite the works realized by Kariri et al.
[KAR 08] concerning a design flow for architecture exploration
and implementation of reconfigurable application-specific
instruction set processors (rASIPs). In order to deliver
excellent balance between performance and flexibility, their
design flow is centered on all three major components of a
rASIP: the programmable core, the reconfigurable fabric and
the interfaces between these two through automatic
generation of the software tools (compiler tool chain and
instruction set simulator) and the RTL hardware model.
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Several case studies in image/video processing have been
tested using the proposed framework.

In previous works, we have proposed a framework in
order to implement a VLIW DSP TMS320C62xx of Texas
Instrument (TI) onto the FPGA for real-time signal and
image processing [BRO 07]. With this approach, we easily
exploit the parallelism of target applications using the VLIW
processor compiler (Code Composer Studio of TI) and quickly
implement corresponding functional units onto the FPGA
using a DSP VHDL model generator. The most innovative
aspect of our work lies in the concept of a modular VLIW
processor model (M3 methodology).

In this chapter, we want to generalize the M3 methodology
to a general RISP processor with generic kernel. The
instruction length is modular according to the target
application such as the number and type of functional units.
We use the LLVM compiler infrastructure [LLV 17] to
convert the C/C++ program source into intermediate
representation (IR) in order to exploit intrinsic ILP. First, we
introduce a specific tool to analyze and expose all operations
that can be executed concurrently in order to shorten the
application execution cycle number to a minimum. Secondly,
a RISP VHDL processor is automatically generated, with
minimum mandatory modules for target application. Finally,
all VHDL files are synthesized and implemented onto FPGA.
We can thus constitute a parallel RISP set that is optimal for
each target application.

3.3. Design exploration framework

The proposed framework in Figure 3.1 consists of three
stages: (1) Sequential pattern file generation, (2) Parallel
pattern file generation, and (3) Hardware generation. Its
input corresponds to an application programming in classical
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and standard C language and the output to FPGA
implementation.

In the sequential pattern file generation stage, the LLVM
compiler infrastructure [LLV 17] is used to convert C
program into IR. The LLVM project is a collection of modular
and reusable compiler technologies in order to provide a
modern, SSA-based compilation strategy capable of
supporting both static and dynamic compilation of arbitrary
programming languages [BER 10, HUA 10, GEO 10]. We use
LLVM as a code generator in order to establish a well-
specified register-based assembly representation. Then, we
enumerate the custom instruction pattern instances from the
application’s IR code. For each run instruction, we note used
registers for operands and operation type. At the end of this
stage, a sequential execution graph is built with the totality
of necessary registers and operation types, and these pattern
instances are stored in the sequential pattern file.

The parallel pattern file generation stage is divided into
two steps: pattern analysis and pattern matching. First,
from the sequential pattern file, we browse the sequential
execution graph in order to (1) examine data dependency for
each the cycle, (2) extract ILP, under some predefined
constraints (simultaneous memory access, maximum number
of units, etc.) and (3) enumerate custom instructions that can
be executed in parallel. Then, these reorganized pattern
instances are stored in the parallel pattern file.

In the parallel pattern matching step, we perform
optimizations to reduce the used register number and choose
the best compromise between the maximal number of
operations that can be realized in parallel and the minimal
necessary number of parallel cycles for the target
application. This allows us to establish the optimal parallel
pattern file.



38  Architecture-Aware Optimization Strategies in Real-time Image Processing

Application development in C and

Compilation using LLVM infrastructure

Intermediate Representation

Sequential pattern file generation

IR analysis in order to generate parallel
execution graph and extract the used

hardware resources

Hardware database

Optimal parallel pattern file generation

VHDL code generation of the RISP
processor model corresponding to the

application

< vHpLfiles >

Hardware generation

Synthesis and implementation on

FPGA using Xilinx ISE tools

Figure 3.1. Overview of the rapid prototyping framework

The goal of the third stage is to generate the RISP
processor structure, coupled with one or several RFUs. In
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this hardware generation stage VHDL files are
automatically generated and synthesized in agreement with
optimal parallel pattern files. It begins with the enumerating
of RFUs and registers. Then, we design the RISP with
three VHDL files: RFUs.vhd, Registers.vhd and ROM.vhd.
Figure 3.2 shows the generic kernel of RISP in which each
RFU possesses four inputs with three operands of 32-bits
and an operation type selection, and an output corresponding
to operation result. These inputs/outputs are connected with
used registers that are described in Registers.vhd. The
ROM.vhd file can be considered as program code that
performs, for each parallel cycle, activation of RFUs used for
this cycle with correct selection of registers for operands,
result, and associated operation type.

ROM.vhd

Program Memory

RFUi.vhd Registers.vhd

Memory
menager

Figure 3.2. /llustration of the generic kernel structure of RISP

(xn\1) saaxajdiyniyl
s191s189y
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Note that the instructions available for our RISP
processor model consist of the basic instruction set used by
all classical RISC processors as arithmetic and logic
operations, control flow operation and two memory
operations (read/write). The instruction set of each, RISP
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based on a target application, is first generated by the LLVM
compiler, and then reorganized and optimized by our tool
suite. These instructions already correspond to a subset of
available LLVM instructions [LLV 17].

3.4. Case study: RISP conception and synthesis for spatial
transforms

In this section, we illustrate the RISP rapid prototyping
framework using a spatial transform algorithm with a
variable block size. Discrete cosine transforms (DCT)
possess a strong decorrelation and energy compaction
property. So, many image and video compression standards
such as JPEG, MPEG, H.264/AVC and high-efficiency video
coding (HEVC) use DCT to transform the image data from
the spatial domain to the frequency domain. In the following
sections, we first describe two digital implementations of the
2D-DCT algorithm, and then show their corresponding RISP
conception and optimization before presenting the results of
simulation and synthesis.

3.4.1. Digital DCT algorithm implementations

The 2D-DCT operation reduces the amount of information
used to represent the image or video, allowing for higher
compression rates with little impact on the image quality,
because the information represented in the frequency
domain can be processed to discard the frequencies that are
less important to the human visual system’s perception. The
DCT transform can be achieved by matrix operation or
butterfly structure [LEE 97, CHE 77, LOE 89].

The 2D-DCT and IDCT of an N x N block are defined as:

F(u,v) = %C(u)C(v)N;;NZ:_‘i f(m,n)cos (2’”;\})”” cos (2";\?” 3.1]

u,v=0,1,...,N—1
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2 LS RS, Cm+Dur  2n+lyvr
f(m,n) —WC(m)C(n)uZ:;;F(u,v) cos 2N cos N [3.2]

m,n=0,1,...,N—1

where F(u, v) is the DCT coefficient and f (m, n) is input
data, C(0)= 1/42, C(j)=1 for j #0. From the definition, we
can note that the basic structure of DCT and the one of IDCT

are the same. The integer transforms can be represented as
[CHA 89]:

FNZ(]NXJ[NXI;)(@EN [3.3]

where Inv is the N x N integer transform matrix, En is the
scaling matrix, “7T” is the matrix transport operation
and ® denotes term-by-term multiplication, which is usually
approximated by integer multiplication and shift.

The 2D-DCT/IDCT can be calculated by repeatedly
applying the 1D transforms: first 1D-DCT/IDCT of each row,
followed by 1D-DCT/IDCT of each column (or vice versa).
Here, we use N = 8 to show the matrix operation and
butterfly implementation of 1D-DCT. When N = 8, the
integer transform matrix can be expressed as:

a aa aaaa
d e g-g-e-d-b
k -k -c c -k k c
-g-b-e eb -d
-f -a a a -a -i a [3.4]
-bgd-d-g b-e
<cc -k -k ¢ «ck
lg-ed -bb-d e-g|

0 Q6 o9
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To realize the DCT transform by matrix operation, we
compute:

a((fy+ L) +(A+f))+a((fi+ ) +(f+ 1)
((fo+ )+ + 1)) —a((fi+ f)+(fr+ 1)
(s + )=+ L)+ k(i + 1) = (2 + 15)
Fy=k((fo+ /)= (fi+ L)) =e((fi+ £) = (s + 1)
F=b(fy - f)+d(f, = f) +elfy = f)+g(fs = )
Fy=e(fy = [)=b(f, = f) + g(fs = ) +d(fs - 1)
Fy=d(fy = 1) = g(f; = ) =b(fy = f) —e(fs = 1)
Fy=g(fy— f)—e(f; = f)+d(fy = [)—=b(f; = 1)

0

!

a

[3.5]

Equation [3.4] shows that there is a symmetric property
between the left side and the right side of the transform
matrix. Based on this property, the DCT can be also
implemented by a fast algorithm called butterfly. In the
calculation equation [3.5], there are many overlaps in the
eight equations. These overlaps can be used to reduce the
computation complexity. For example, after combination, the
fo+f7 is used in four equations, so this term needs to be
calculated only once. Based on the combination, the
multiplication times are also reduced in each equation.
Figure 3.3 displays the final partial butterfly flow graph
corresponding to 1D-DCT of block size N = 8. The matrix
operation and butterfly structure of the DCT and IDCT
transform are all implemented in the HM5.2 [SAM 10] test
model.

3.4.2. Rapid prototyping of DCT RISP conception

We use the 1D-DCT partial butterfly operation with N = 4
as an example to illustrate the RISP conception steps. First,
the C source is provided to the LLVM compiler in order to
translate it into assembly IR. In the ILP extraction and
optimization step, we analyze data and operation
dependences to transform the original sequential assembly
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code in parallel basic operations to generate the final parallel
execution graph.

fo
i
£y
T3

£y

fs

e

ty

Figure 3.3. Eight-point DCT partial butterfly flow graph

Figure 3.4 displays the parallel execution graph generated
by our software tool for this 1D-DCT processing. We can see
that the main loop was performed using eight cycles after
parallelization. Here, Ri (i = 0—6) corresponds to a register
and load (store) to a data loading (storing) from (to) memory.
The shl (shr) represents a data shift left (right). Red arrows
indicate constants. For example, at step (cycle) 4, seven
operations were simultaneously realized: three additions,
three subtractions and one shift left. This parallelization
allows us to accelerate calculations with a ratio of 3.71 which
corresponds to number of sequential cycles per number of
parallel cycles.
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load

constant

Figure 3.4. Parallel execution graph generated for the 1D-DCT partial
butterfly operation: each operation is realized using two operands from two
registers and memorizes the result in a register. For a color
version of the figure, see www.iste.co.uk/li/image.zip

In the same manner, we design several generic kernels of
RISP, and all these reprogrammable processors are capable of
processing spatial transforms with a variable block size.
Usually, the 2D-DCT is realized with block size N = 4 or 8.
However, compression efficiency can be significantly improved
by utilizing macroblock structures with sizes larger than 8 x 8
pixels, especially at high resolutions [MA 07, UGU 10]: there
are more likely to be large homogenous areas that can be
efficiently represented by larger block sizes. For example, the
last HEVC standard is able to perform DCT transform on
sizes from 4 x 4 to 32 x 32.

For design space exploration (DSE) purposes, we
conceived these RISPs in four ways:

— matrix operation: DCT and IDCT transforms have been
directly implemented by multiplication calculations using an
integer transform matrix;
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— matrix operation with loop iteration reduction option
“4”: we used a mechanism of loop unrolling present in the
LLVM compiler optimization option. In fact, loop overhead
can be reduced by reducing the number of iterations and
replicating the body of the loop; this technique is called loop
unrolling or loop unwinding (see more details in section
5.2.4). In this way, the reduction factor of loop iteration is
equal to 4;

— matrix operation with loop iteration reduction option
“8”: the reduction factor of loop iteration is equal to 8;

— partial butterfly operation: DCT and IDCT are
implemented using the fast partial butterfly algorithm
described in the previous section.

In the following presentation, these four RISP processors
are called, respectively, MX, R4, R8 and PB. Table 3.1 shows
obtained acceleration values for these 2D-DCT RISP
processors after parallelism extraction. We can observe that
acceleration varies from 1.84 to 7.24 according to block size
and implementation path.

MX R4 R8 PB
N=4 1.84 3.51 4.14 2.05
N=8 1.92 4.37 5.54 2.09
N=16 1.96 4.93 6.59 2.11
N=32 1.98 5.25 7.24 2.12

Table 3.1. IR assembly and parallelism extraction results:
acceleration corresponds to number of sequential cycle per number
of parallel cycle for one block of 2D-DCT processing

3.4.3. RISP simulation and synthesis for 2D-DCT

After the parallelism extraction and optimization step, the
target RISP architecture (RFUs and registers) and its
instruction set are configured. Then, we automatically
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generate a VLIW RISP processor VHDL model for four ways:
MX, R4, R8 and PB. Note that our RISP processor is totally
customizable and optimal for target realization: number of
functional units, operation types and registers used are the
minimum necessary for given operation.

We use the Xilinx ISE [XIL 09b] simulator for FPGA-
based implementation and the target hardware architecture
is the Virtex 6-vlx 240 [XIL 09c]. It contains 768 DSP48
slices (with 25 x 18 multipliers and a 48-bit
adder/subtracter/ accumulator), which support massively
parallel digital signal processing algorithms, 416 intern
block RAMs and 37,680 configurable logic blocks (CLBs).
Slices of the CLBs can be used to provide logic, arithmetic
and ROM functions; part of them can also be used for
distributing RAM or 32-bit data registers.

Figure 3.5 displays the necessary cycle number of
execution for each RISP, which corresponds to one block
spatial transform processing. Four block sizes were
simulated: N= 4, 8, 16 and 32. We also give used hardware
resources of the target FPGA in Table 3.2.

We can observe that the PB RISP is more speed optimized
with a lower cycle number for 16 x 16 and 32 x 32 block
sizes. The MX RISP is more chip area optimized, because of
the minimum used hardware resources. Note that the RISP
R4 reduces the cycle number by more than half in
comparison with the MX in all four size cases. It uses only
one quarter of hardware resources compared to the PB RISP.

In order to make comparisons in terms of ratio area/speed,
for four block sizes (N = 4, 8, 16 and 32), we performed
normalization operations using a vector norm. Figure 3.6
shows the products of normalized cycle number and
normalized slice number of each RISP. These curves confirm
that the PB algorithm is only interesting for large block sizes
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(N = 16 and 32). The R4 RISP constitutes the best
compromise between processing speed and hardware
resources used. In fact, the loop unrolling operation can be
considered as task distribution processing in the spatial
transform case. For all block sizes from 4 x 4 to 32 x 32,
division of processing by four tasks allows us to reduce the
cycle number of execution using task parallelism with better
ILP extraction. On the other hand, the R8 RISP realized task
parallelism by 8; this way, there are more RFUs compared to
matrix operation needs, which results in a poorer
performance.

1500 10000
8000 -
1000 1 6000 -
500 4000 -
2000 -
0 - 0
MX R4 RS PB MX R4 R8 PB
N=4 N=8
80000 500000
50000 4 400000 -
300000 -
40000 -
200000 -
20000 - 100000 - I
0 - 0 -
MX R4 RS PB MX R4 R8 PB
N=16 N=32

Figure 3.5. Necessary cycle number of each RISP to perform
spatial transform of one block. Four RISPs correspond to MX, R4, R8
and PB. Block size is equalto 4 x4, 8 x8, 16 x 16 and 32 x 32.
For a color version of the figure, see www.iste.co.uk/li/image.zip
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MX R4 R8 PB
CLB Slices 839 1794 | 5838 | 7563
DSP48 1 2 2 7
Freq. (MHz) 184 186 171 170

Table 3.2. Used hardware resources and operating
frequency of each RISP processor

There remain two remarks to specify concerning RISP
enabling on the FPGA component:

—based on the fact that recent FPGAs all possess specific
multipliers, or even DSP elements, we did not try to
suppress multiplication operations in the spatial transform;

—in all RISP processors, we respected the hardware
component constraint: the operating frequency of modern
memories (e.g. 800 MHz for DDR3) can achieve at least two
accesses per cycle of RISP.

0,4

0,35
0,3
0,25

0,2

0,15

0,1

0,05
0

X D4 D8 PB

Figure 3.6. Products of normalized slice numbers and normalized cycle
numbers: a small product value means a better area/speed ratio.
For a color version of the figure, see www.iste.co.uk/li/image.zip
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3.5. Hardware implementation of spatial transforms on an
FPGA-based platform

We used the ML605 evaluation board [XIL 09c] as the
hardware platform for embedded spatial transforms. It
enables hardware and software developers to create or
evaluate designs targeting the Virtex-6 XC6VLX FPGA. The
ML605 provides board features common to many embedded
processing systems, which include a DDR3 SODIMM
memory, an 8-lane PCI express interface and a UART.

Figure 3.7. Four classical test video sequences: Foreman (CIF),
Race horse (WQVGA) , Tennis (HDTV) and Akiyo (QCIF). For a
color version of the figure, see www.iste.co.uk/li/image.zip

In order to test and validate our spatial transform RISP
processors, we chose four classical and standard video
sequences with different formats: Foreman, Race horse,
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Tennis and Akiyo (see Figure 3.7). Using decoder codes of
the HEVC test model HM5.2 [SAM 10], we performed a
decoding process to discover the macroblock distribution of
these video sequences. Table 3.3 gives percentages of four
block sizes for each sequence in the HEVC decoding process.
These results correspond to the average value of 100 frames.
There is a small percentage of large blocks for the first three
sequences, with QCIF, CIF and WQVGA formats. On the
other hand, fewer than half of the blocks of the Tennis
sequence (HDTV format) correspond to the 4 x 4 size.

Block size 4x4|8x8|16x16 | 32 x 32

Akiyo (144 x 176) 6% | 21% 2.6% 0.4%

Foreman (288 x 352) 7% | 20% 2.9% 0.3%

Race horse (242 x 416) | 85% | 13% 1.8% 0.2%

Tennis (1080 x 1920) 47% | 31% 17% 5%

Table 3.3. Macroblock distribution of four video
sequences using the HEVC decoding process

Figure 3.8 illustrates the block diagram of hardware
implementations of spatial transforms onto the ML605
evaluation board. We give a brief description of each block:

— MicroBlaze [XIL 09a] is an embedded soft-core processor
optimized for Xilinx FPGAs. It is designed to be flexible and
provides control of a number of features: the 32-bit RISC
Harvard style architecture with separated instruction and
data buses running at full speed to execute programs and
access data from both on-chip and external memory.
According to the level of performance desired, the number of
slices used varies from 1,860 to 2,254 for an operating
frequency between 170 and 220 MHz on Virtex 6;

— memory controller is an intellectual property (IP) block
provided by Xilinx in order to connect the MicroBlaze with
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the external memory. Here, we only use three ports (four
available): two for the RISP processor and one for the
MicroBlaze;

— the PLB bus constitutes an interface of MicroBlaze with
external peripherals. This IP-block is a standard bus of
systems-on-chip. The MicroBlaze drives the RISP processor
via this bus: register initiation, execution start and reset at
program execution end. We can also use debug mode;

—the USB2 controller establishes the interface of
hardware platform with PC. For example, test data stored in
a DDR3 memory are updated via this IP-block.

NOTE.— In electronic design, an (IP) block/core is a reusable
unit of logic; cell or chip layout design that can be used as
building blocks within ASIC chip designs or FPGA logic
designs.
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Figure 3.8. Block diagram of hardware implementations
of spatial transform on the ML605 evaluation board
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Using the rapid prototyping of RISP on the FPGA
framework described in section 3.3 and simulation results
obtained in section 3.4, we implemented four IDCT RISP
onto the ML605 platform: MX, R4, R8 and PB. In order to
make some comparisons, we also performed IDCT processing
on the MicroBlaze in two manners: matrix operation and
partial butterfly. This soft-core processor can only execute
instructions sequentially. All hardware implementation
results are displayed in Tables 3.4 and 3.5. The RISP can be
considered as an accelerator; for example, in comparison
with MB (MicroBlaze)-MX (matrix operation), we obtained
an acceleration of 3x, 9x and 10x respectively using RISP-
MX, RISP-R4 and RISP-R8. For the partial butterfly
algorithm, only an acceleration factor of 2x is observed.

RISP MX | RISPR4 | RISPR8 |RISP PB|MB MX | MB PB
Akiyo 0.03 0.01 0.01 0.01 0.1 0.02
Foreman 0.12 0.05 0.04 0.04 0.47 0.08
Race horse 0.11 0.05 0.04 0.04 0.43 0.08
Tennis 5.05 1.95 1.57 0.77 18.77 1.59

Table 3.4. IDCT processing time in seconds for one frame of different video
formats: these results were obtained using five soft-core processors (four
RISPs and one MicroBlaze). Bold values indicate that the processing speed
is equal or superior to 25 frames/s

RISP MX RISP R4 RISP R8 RISPPB |MB MX - PB
Slices 3,074 4,030 8,074 9,798 2,592
% 8.1 10 21 26 6.8
DSP48 1 2 2 7 3
Frequency 184 186 171 170 196
(MHz)

Table 3.5. IDCT processing used hardware resources and operating
frequency: these results were obtained by using five soft-core processors
(four RISPs and one MicroBlaze)
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For small video resolutions, IDCT of the HEVC can be
realized in real time. Note that our main goal consists of
designing thus rapid prototyping of image/video processing
on FPGA, thus reducing development time to adapt time-to-
market constraints. We did not try to manually accelerate
these implementations using specific hardware knowledge.
In comparison with the MicroBlaze, RISP-R8 and RISP-PB
use more than 20% of the available Slice resources. The
RISP-R4 is always a better compromise between the
processing speed and the used chip area.

3.6. Discussion and conclusion

In this chapter, we present the results of embedded HEVC
spatial transforms using a novel framework that enables
rapid design exploration for RISP, which incorporates
custom functional units within the processor architecture.
Our goal is not only to achieve high performance of hardware
implementation in real time, but also to provide a new rapid
prototyping tool suite to software/hardware developers. For
example, with a FPGA or application, we can perform rapid
DSE in order to simultaneously respect algorithmic and
hardware constraints due to the adaptive capacity of our
approach. For example, using area optimization, the RISP-
MX of spatial transform can be used in mobile devices where
power and chip area is the main concern. The speed
optimized RISP-PB can be in high-definition encoders where
the joint data flow of transform and predictor/residue
generation is considered.

In comparison with related works, we concentrate our
efforts on low-level parallelism extraction and minimal
hardware model generation. In the image/video domain,
processing full high-dimension images leads to millions of
identical independent operations in the different parts of the
image. In this context, ILP extraction is particularly
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important and efficient before DLP exploration. This design
framework, for the first time, provides multiple advantages:

1) it possesses more programming flexibility: its input
consists of classical and standard C or C++ source code.
Because of the automatic generation of the RISP VHDL
processor model, software engineers can realize rapid
prototyping of signal and image processing on FPGA devices,
completely ignoring hardware aspects;

2) it realizes performance-efficient hardware
implementations: the concept of generic kernel of the RISP
processor allows us to exploit intrinsic ILP to the maximum
to reduce the necessary execution cycle number. At the same
time, the generated RISP VHDL processor model just uses
the minimum necessary hardware resources for each target
application. This results in better performance in terms of
area/speed ratio;

3) it is an open and adaptive framework that eventually
allows several level parallelisms to be exploited (ILP, DLP
and task pipeline, etc.), due to the economic use of available
hardware resources. On the other hand, with a given FPGA
or application, we can perform rapid DSE in order to
simultaneously  respect algorithmic and hardware
constraints due to the adaptive capacity of the tool suite.

In conclusion, we also think that rapid design of RISPs is
very appropriate for emerging and evolutionary standards
and algorithms.
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4

Exploration of High-level
Synthesis Technique

High-level synthesis (HLS) is a promising technique to
increase FPGA development productivity. It allows users to
reap the benefits of hardware implementation directly from
the software source code specified by C-like languages. This
chapter first explores the synthesis process of Vivado_HLS,
one of the leading HLS tools. Then, we implement a novel
high-convergence-ration Kubelka—Munk genetic algorithm
(HCR-KMGA) in the context of a multispectral skin lesion
assessment in order to evaluate the technique.

4.1. Introduction of HLS technique

HLS is also called C synthesis or electronic system level
synthesis. It allows the synthesis of the desired algorithm
specified using the HLS-available C language into RTL and
performs the RTL ports connection for the top behavior with
specific timing protocol depending on the function
arguments. The motivation of this technique is to enable
hardware designers to efficiently build and verify their
targeted hardware implementations by giving them better
control over the optimization of their design architecture and
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allowing them to describe the design in a higher abstract
level.

Despite a series of failures of the commercialization of
HLS systems (since 1990s), the innovative and high-quality
HLS solutions are always strongly required due to the wide
spread of embedded processors and the increasingly fierce
market competitions among the electronics manufacturers.
Cong et al. [CON 11] summed up the motivations of HLS
from the following five aspects:

—wide spread of embedded processors in system-on-chips
(SoCs);

— huge requirement of higher level of abstraction from the
huge silicon capacity;

— benefits of behavioral IP reuse for design productivity;

—verification drives the acceptance of high-level
specification;

—trend toward extensive use of accelerators and
heterogeneous SoCs.

Behavior Structure Behavior Structure
domain RS domain domain [T domain

System x
|specification . \‘-"

System o
specification

Gireuit|”
Logic .
L RTL
. Algo.,
System ...

) System . )
Physical Physical
domain domain

(a) RTL based design flow (b) HLS based design flow

Figure 4.1. Comparison of RTL- and HLS-based design flows by
using Gasjki-Kuhn'’s Y-chart: full lines indicate the automated cycles,
while dotted lines the manual cycles
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HLS is an effective method to reduce the R&D time by
automating the C-to-RTL synthesis process. Figure 4.1
compares the conventional RTL with the HLS-based design
flows by using Gasjki-Kuhn's Y-chart [MEE 12]. We can see
that the philosophy of this method is to provide an error-free
path from abstract specifications to RTL. Its benefits include:

— reducing the design and verification efforts and helping
for investing R&D resources where it really matters. When
working at a high level of abstraction, a lot less detail is
needed for the description, i.e. hierarchy, processes, clocks or
technology [LIA 12]. This makes the description much easier
to write and the design teams can therefore focus only on the
desired behavior;

— facilitating behavioral intellectual property reuse and
retargeting [CON 11]. In addition to R&D productivity
improvement, behavioral synthesis has the added value of
allowing efficient reuse of behavioral IPs. Meanwhile,
compared with RTL IPs that have fixed microarchitecture
and interface protocols, behavioral IPs can be retargeted to
different  implementation  technologies or  system
requirements;

—adding to the maintainability and facilitating the
updating of the production. Huge silicon capacity may
require a large code density for behavior description, which
is impossible to be easily handled by human designers for
product maintenance or updating. Higher levels of
abstraction are one of the most effective methods to reduce
the code density [WAK 05].

Xilinx [XIL 13b] reports that its HLS-incorporated
product, Vivado_HLS, can accelerate design cycles by around
30% with significant performance benefits related to the
conventional methods (see Figure 4.2). Meanwhile, the case
of Wakabayashi [WAK 05] shows that a 1M-gate design
usually requires about 300 K lines of RTL code, which cannot
be easily handled manually, while the code density can be
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easily reduced by 7-10x when moved to high-level
specification in C-like languages, resulting in a much
reduced design complexity. Likewise Villarreal et al. [VIL 10]
present a riverside optimizing compiler for configurable
circuits that achieves an average improvement of 15% in
terms of the metrics of lines of code and programming time
over handwritten VHDL in evaluation experiments.

Performance
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GPU
DSP &3
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FPGA +
with HLS
@
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x%? in a Software Project
GPU
@®
@ First working version <4~ Optimized version Time

Figure 4.2. Design time versus application performance
with Vivado_HLS compiler

HLS design flows have significant values. The electronic
manufacturers constantly strive to improve their productivity
by raising the abstraction level and easing the design process
for their engineers due to the increasingly furious market
competition worldwide. After an effort of over 20 years, many
high-quality HLS tools have been made available for practical
applications [MEE 12, PRO 14, RUP 11], i.e. Vivado_HLS of
Xilinx [XIL 12b] and Catapult C Synthesis Work Flow [WAN
10]. According to the studies of Meeus et al. [MEE 12], there
are five commonly used HLS tools, including Vivado_HLS
(Auto Pilot) [ZHA 08], CatapultC [WAN 10], C-to-Silicon [CAD
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11], Cyber Workbench [WAK 05] and Synphony C [SYN 10].
Table 4.1 compares their characteristics by using the Sobel
edge detection algorithm from eight aspects. Evaluation
results are represented by using five levels, -, -, +-, + and ++
from low to high, respectively. The abstraction level evaluates
the ability of the tools in terms of timing control. Data types
refer to the capability for data format support, such as
floating or fixed-point data. Exploration is the design space
exploration ability of the tool. Verification evaluates whether
the tool can help to generate easy-to-use test benches quickly.
RTL quality is estimated by the amount of the hardware
consumption of the generated RTL. Documentation is used to
evaluate whether the tool is easy to learn or if its
documentation is extensive or not. Ease of implementation
indicates whether the original source code could be used with
fewer modifications or needs to be rewrite completely.

Auto Pilon | Catapult C-to- Cyber Synphony C
Vivado_HLS C silicon WorkBench
C/C++ C/C++ C, TLM C, BDL
Source System C System C | System C | System C C/C++
Abstraction
level ++ ++ + ++ ++
Data type + + + + +
Design
exploration ++ ++ - ++ +-
Verification ++ ++ + + ++
RTL
quality ++ + +- ++ +-
Documentation ++ ++ + +- +
Learning
curve ++ ++ - + +
Ease of
implementation ++ ++ + + ++

Table 4.1. Characteristic evaluation of five HLS tools
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We find that Vivado_HLS has a near perfect performance
related to the others. It can benefit the desired design suite
in the following aspects:

—scheduling untimed code (operations) without any
restrictions;

— handling floating-point variables by mapping them onto
fixed points: this facilitates the designs of high accuracy
applications;

— providing extensive and intuitive exploration options:
with Vivado_HLS, wusers can discover new solution
alternatives by reconfiguring the optimization directives
instead of modifying the source code;

— ability to estimate the running cost of the design: this
can facilitate the evaluation of the design candidates and
making the final decision;

—generating  high-quality ¥ RTL  implementations:
designers always strive for better design performances
within their powers. According to the measuring of Meeus
et al. [IMEE 12], Vivado_HLS could save up to and more than
95% of hardware resources related to the other 11 HLS tools;

—easy to be learned even for those who are less
knowledgable about FPGAs: this tool can be quickly
mastered by C users and requires less hardware knowledge.
Furthermore, its documentation is extensive and easy to
understand.

4.2. Vivado_HLS process presentation

Vivado_HLS can synthesize the desired algorithm
specified using the HLS-available C language into RTL and
performs the RTL ports for the top behavior with specific
timing protocol depending on the function arguments.
Generally, its overall process consists of control and
datapath extraction, scheduling and binding, data type
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processing, optimizations and design constraints. This
section discusses the two most important cycles of synthesis
process of HLS: control and datapath extraction and
scheduling and binding, which may offer most benefits of
performance optimization.

4.2.1. Control and datapath extraction

C is a structured programming language that consists of
sequential, selectional and repetitional statements, so
Vivado_HLS begins the synthesis process with the control and
datapath extraction including control behavior extraction,
operations extraction and control and datapath creation.

FSM of control
behavior
S1
void Top (data_t dout, l
b :E:}) [ D Control-and-datapath
- 82 behavior
o st
data_t temp;
int 1; l RDE | l4—
temp = A[e] * B[e]; ]
/ 52 S3
for (i=1;i<=3;i++) {
if (i==2) {
(b)
temp += A[1] + B[i];
} else {
Operations
temp += ALL] - BLil; extraction
}
3 RDA I RDB
x
dcut-.: temp; RD A RDB
i < +
= +
(@) = . (d)
+
WR

(c)

Figure 4.3. HLS control and datapath extraction example: a) input C code
source, b) control extraction, c) operation extraction and d) generated control
and datapath behavior. For a color version of the figure, see
www.iste.co.uk/li/image.zip
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First of all, Vivado_HLS analyzes the control logic of the
source code to extract its control behavior as a finite-state
machine (FSM). For example, the program shown in Figure
4.3(a) is cut into two blocks S7 and S3 by the loop S2. The
content of SI consists of variable declarations and a
multiplication operation, S2 is a loop whose body is an If
statement and S3 contains only an assignment statement.
We assume that all the state transitions can finish their jobs
(operations) in a single cycle. Hence, the control behavior
FSM for this example should be as shown in Figure 4.3(b).

Next, all the operations in the source code are extracted.
Figure 4.3(c) lists all the operations extracted from (a) and
classifies them according to the states by the colors of red,
green and blue. Since the operation extraction does not take
into account register assignments, SI has only three
operations including reading the elements to calculate from
array A and B and finding their product. Relatively, the
treatment of S2 is more complicated because it does not only
have to finish the operations required by the algorithm but
also needs some extra operations due to the control logic.
Moreover, although each iteration follows only one of the
branches in the if-else statement, both of them need to be
implemented. Hence, the extracted operations of S2 include
a <= and a + for the loop, a == for if-else and three + and a -
for the algorithm. S3 assigns the final result stored in temp
to the argument dout, so it has only a writing operation.
Finally, the extracted operations are assigned to the control
behavior FSM and perform the control and datapath
behavior shown in Figure 4.3(d).

4.2.2. Scheduling and binding

Scheduling and binding is the key aspect of HLS. The
scheduling process determines in which cycles the operations
occur, while binding determines which hardware resource or
core is used. Figure 4.4 shows the scheduling and binding
flow. During this process, the extracted control and datapath
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behavior and multiple constraints from the device technique
libraries and user configurations have to be taken into
account, such as the clock frequency, clock uncertainty, timing
information, area, latency and throughput directives, etc.

Source code
of design

-

Scheduling

Directives IP library

Binding

i

RTL code

Figure 4.4. HLS scheduling and binding flow

o 12 3 | a | s 6 ! 7 | 8 9 10 ! 11! 12 13 | 12 15 16 !
[ ma | FMUL [ 00 | [ FADD |seeet| FADD | we |

———— V

) Statel
O State2
) State3

Figure 4.5. Scheduling of the example in Figure 4.3(a). For a
color version of the figure, see www.iste.co.uk/li/image.zip

Let us consider Figure 4.3(a) for instance, in which we
define the data type as float and two independent interfaces
are implemented for Vector A and Vector B. Its default
scheduling result with xc7vx1140tg1928-1 of Xilinx is shown
in Figure 4.5. In this schematic, a cycle equivalents to a
transition from Phase N to Phase N + 1, i.e. RD consumes a
cycle because it takes up two phases while ADD does not
consume any cycles as it takes only a single phase. Due to
the independent interfaces, the RD operations of each vector



64  Architecture-Aware Optimization Strategies in Real-time Image Processing

can be parallelized, so they simultaneously occur in the same
phase. According to its control and datapath behavior, S2 is
a loop associated with an if-else structure. Generally, the
control operations, including ADD, ICMP and SELECT, do
not consume cycles, therefore they are usually parallelized
with other operations if the sequential relationship allows,
i.e. RD A and RD B in Phase 5. Once the comparator in
Phase 5 finds that the next iteration will be beyond the loop
boundary, it breaks the loop and goes to the next state
immediately. In the body of the loop, the two branches of the
if statement occur in the same cycles but only one of them is
selected via the selector in Phase 11. That is, only one of the
two operations is activated in each iteration in the final RTL
implementation.

After the scheduling process, the binding process maps
the operations to the cores in the technique library. There
are generally two binding methods: sharing component and
non-sharing component. HLS determines which strategy to
use depending on the sequential relationship and technique
constraints. Table 4.2 illustrates the operations-cores
mapping for the scheduling schematic of Figure 4.5. In this
case, FADD and FSUB wuse the same IP core:
faddfsub_32ns_32ns_32_4_full_dsp. Because there are no
simultaneously running FADD/FSUB operations in the same
cycles, HLS makes them share a single floating-point adder
Ul. On the other hand, the multiplication operation appears
once in the process, therefore only a single multiplier is
implemented.

Operations | IP Cores Units
FADD faddfsub_32ns_32ns_32_4_full_dsp U1l
FSUB faddfsub_32ns_32ns_32_4_full_dsp U1l
FMUL fmul_32ns_32ns_32_3_max_dsp U2

Table 4.2. Operations-cores mapping of the
scheduling schematic in Figure 4.5
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In this section, we can see that the HLS process is highly
available to automate the C-to-RTL conversion. Now the
question is coming, can the HLS generated RTLs satisfy the
industrial level requirements in terms of performance in
real-life applications? For this issue, we implement a skin
lesion assessment system by using it to evaluate its
performance.

4.3. Case of HLS application: FPGA implementation of an
improved skin lesion assessment method

The newly introduced ASCLEPIOS [JOL 11] is a promising
multispectral imaging system for the assessment of skin
lesions (see Figure 4.6). It provides images of skin reflectance
at several spectral bands (visible + near infrared spectrum),
coupled with software that reconstructs a reflectance cube
from the acquired images. The reconstruction is performed by
neural network based algorithms. This yields an increase in
the spectral resolution without the need for an increase in the
number of filters. Reflectance cubes are generated to provide
spectral analyses of skin data that may reveal certain spectral
properties or attributes not initially obvious in multispectral
images.

Multispectral camera Artificial Neural-Network
i '\,, 'L'.. __);

Skin lesion Multispectral image Hyperspectral cube

Figure 4.6. ASCLEPIOS system illustration. For a color
version of the figure, see www.iste.co.uk/li/image.zip
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Basing on such a system, a KMGA is developed to retrieve
the skin parameter maps from the reflectance cube. Using
five skin parameter maps such as concentration or
epidermis/dermis thickness, this method combines the
Kubelka—Munk light-tissue interaction model and genetic
algorithm function optimization process to produce a
quantitative measure of cutaneous tissue. In this HLS
evaluation example, we realize the FPGA implementation of
an improved version of the KMGA. During the development,
several optimizations are made in order to improve the
performances of the final RTL implementation, including
optical function rewriting, function optimizer improving and
memory optimizing. Obtained experiments demonstrate the
high feasibility of low-cost and high-practicability hardware
equipment for the clinical system.

4.3.1. KMGA method description

4.3.1.1. Light propagation model in the skin

In order to retrieve the different physical or biological skin
properties, several skin models have been developed. The
Kubelka—Munk model [KUB 31] is one of the most popular and
simplest approaches for computing light transport in a highly
scattering medium and has been widely used to model the
light-skin interaction. The skin is seen as a 2-layer medium
(epidermis and dermis) with five principal parameters that
affect the reflectance and transmittance: melanin
concentration, epidermis thickness, blood concentration, blood
oxygen saturation and dermis thickness. The total reflectance
Rt and transmittance Ty are expressed as:

2

T?R
R =R . —R +—1°2 [4.1]
tot 1,2 1 1-RR

)
T

7o-r —_112 [4.2]
tot 1,2 I-RR,
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The reflectance R. and transmittance T for a single layer
n can be expressed as a function of the thickness of the layer
dn, the absorption coefficient u.. and the scattering
coefficient ys, n:

[1-8, %% [exp(Kndn)—exp (~Kndy)] (4.3]
n — 2 2 .
[1+,Bn] exp(Kndn)—[l—ﬁn] exp (—Kndn)
4,

T, = T [4.4]

" 148, exp (Kndn)—[1-8,] exp (~Kndy)

where:

K, = \/Ha,n(p—a,n +2x us,n) [45]

ﬂn - \‘ Ua ::;Usn [46]

The suffix n equals 1 or 2 for epidermis or dermis. The
optical absorption coefficient of epidermis layer pa.cpidermis is
known as a function of concentration of melanin fie, the
melanin spectral absorption coefficient ta.melanosome and the
baseline skin absorption coefficient zq.paseiine:

“a.epidermis = fmel Ha.melanosome + (1 - fmel) Ha.baseline [47]
where, with A corresponding to wavelength parameter,

Hgmelanosome = 6.6 X 101147333 [48]

o pasetine = 0.244 + 85.3 X exp ‘%;fﬂ 4.9]

On the other hand, the dermal absorption coefficient
HUa.dermis 18 expressed as follow:

Ua.dermis = fblood (Coxy ua.oxy)
+fblood(1 - Coxy) ua.deoxy + (1 - fblood) Ua.paseline [410]
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where fiiood is the blood concentration in %, Coy is the oxygen
saturation in blood, and za.oxy and fa.deoxy are the absorption
coefficient of the oxy-hemoglobin and deoxy-hemoglobin in
cm!, respectively. The values of yaoy and pa.deory with the
different wavelengths can be calculated from the Takatani—
Graham table using the following equations [JAC 08]:

Haoxy = In10 X HbO,() X G/M [4.11]

Madeoxy = In 10 X Hb(A) x% [4.12]

where HbO: and Hb are the oxy-hemoglobin and deoxy-
hemoglobin content in cm=1/M, G is the hemoglobin’s weight
in gram per liter and M is the gram molecular weight of
hemoglobin. We selected 150 g/L. and 64,500 g/mol as G and
M [TAK 791].

The scattering coefficients of both layers usepidermis and
Us,dermis are the sum of the Mie scattering coefficient usmie and
the Rayleigh coefficient us raylighs:

Us.epidermis = Ms.dermis = Hs.mie T Us.Raylight [4.13]
where

Momie =2 X 10° x 27° [4.14]

Us.Raylight = 2 x 102 x 1_4 [415]

4.3.1.2. Function optimizer for skin optical properties retrieval

According to previous equations, it is possible to express
R(2), the total reflectance of the incident light with a certain
wavelength, as a function of the skin parameters:

R (A) = fKM (fmel’ Depiv fblood: Coxyv Ddermis) [4-16]
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where Depi and Dgermis are the thickness of the epidermis
layer and the dermis layer.

The reflectance values are measured with an acquisition
system. After a preprocessing step, we can obtain a
reflectance cube with two spatial dimensions and one
spectral dimension. This cube can be seen as an image where
each pixel is described by a vector, representing the
reflectance spectrum of the skin as a function of the
wavelength (see Figure 4.7). From this measure, the
objective is to find the five skin parameters for each pixel
that are the most suitable for this measured reflectance
spectrum. It is obvious that the KM model is a nonlinear
function with five arguments. Several studies have been
done about how to solve the similar complex nonlinear
function, and the findings of Viator et al. [VIA 05] and Choi
[CHO 10] have proved that genetic algorithms (GA) are an
effective approach.

Sreﬂectance( i: j)=[R(?\1’:
R(A2), R(A3), ...R(A;)]

Figure 4.7. Reflectance spectrums Siefiectance at a single pixel formed from the
reflectance measured: blue and red represent the pixel’s position and green
represents the different wavelength values. For a color version of the figure,

see www.iste.co.uk/li/image.zip

In KMGA, a candidate solution (called individual) is
composed of the reflectance spectrum, skin parameters
(fmel' Depi! fblood' Coxy' Ddermis)’ the spectrum generated by
these parameters using equation [4.16] and a fitness value
as shown in Figure 4.8. This last one depends on the
similarity between the spectrum generated by the



70  Architecture-Aware Optimization Strategies in Real-time Image Processing

parameters and the measured spectrum. It can be expressed
by a metric scale such as root mean squared error (RMSE).
The set of individuals is called a population.

Individual 1 ’ Spectrum 1 ‘ Skin parameters 1 | Fitness 1 ‘
Individual 2 Spectrum 2 Skin parameters 2 Fitness 2
Population
P Individual 3 ’ Spectrum 3 ‘ Skin parameters 3 | Fitness 3 ‘
Individual Np ‘ Spectrum Np ‘ Skin parameters Np | Fitness Np ‘

Figure 4.8. Population data structure: the skin parameters are fmel, Depi, foiood,
Coxy and Dyermis. For a color version of the figure, see
www.iste.co.uk/li/image.zip

Figure 4.9 illustrates the overall implementation of GA
for the KM inversion. First, Np individuals are randomly
generated within the range shown in Table 4.3 to form an
initial population. Then, in an iterative framework,
population evolves by techniques inspired by natural
evolution. The evolution of the population is composed of
three steps: best individual selection, crossover-mutation
and random selection. During the selection process, only the
best individuals are kept for the next iteration. Then, the
crossover process selects multiple couples of individuals
(parents) from the population and one crossover parameter
from the five skin parameters to create two new individuals
(offspring) by swapping the parents’ selected parameter
values. Finally, the mutation process randomly generates
some new skin parameter values to replace certain
individuals’ old ones. The aim of mutation is to keep
exploring the search space and avoid being trapped into a
local minimum. These processes are repeated until a
predefined number of iterations. Finally, the best candidate
is selected.
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Generate random population space

Fitness comparison

Population evolution

KM model

Select best individual

No
G&k?

2 [ Select best ]

—— [ Crossover and mutation ]

[ Random selection ]

v
o
g

dermis

Figure 4.9. Overall genetic algorithm procedure for KM model inversion

Skin parameter Symbol Range
Melanin concentration fnel 1.3-43%
Epidermis thickness Dy 0.01-0.15 mm
Volume blood fraction fotood 0.2-7%
Oxygen saturation Coxy 25-90%
Dermis thickness Daerm 0.6-3 mm

Table 4.3. Size of search spaces for skin parameters (see [JOL 13])

4.3.2. KMGA method optimization

KMGA could effectively retrieve the skin parameter maps
via a selection process; however, this task is very time
consuming even for a powerful processor. Thus, we study a
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novel HCR-KMGA version in this section. Comparing with
its prototype implemented by dJolivot [JOL 11], this
implementation can make more acceleration gains according
to the following four approaches:

— HCR-KMGA respecifies the KM function in order to
reduce the redundant operations down to a minimum;

— a prediction function optimization algorithm (PFOA) is
designed to accelerate the convergence of the function
optimization process;

— HCR-KMGA individuals’ parameters are optimized
depending on the data dependency; some unnecessary data
are removed in order to save memory space;

— multiple different termination conditions are performed
in HCR-KMGA in order to avoid the redundant iterations.

4.3.2.1. Function reformulation for computation complexity
reduction

According to Figure 4.9, the KMGA method consists mainly
of population initialization, population generation and
population evolution. Experimental results show that the
population initialization and generation takes up to 96% of
the total execution time, in which population evolution takes
3% and other operations only 1%. KM is the key technique
used during the time-consuming process of population
initialization and generation. Thus, in order to speed up the
KMGA method, we definitely have to improve its efficiency.

The KM function, the set of equations [4.3]-[4.6], shows
that the original model is complex and most parts of its
instructions are costly and redundant. For example, the
exp(Knd,) term appears four times in equation [4.3]. These
redundant instructions are insignificant and costly. It is
possible to avoid them by arithmetical reduction. Thus, we
reform the KM model:

Rn = FR(fmel' Depi: fblood' Coxy: Ddermis) [417]
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Tn = FT(fmel' Depi' fblood' Coxy' Ddermis) [418]

where Fr and Fr are optimized KM model functions. These
symbols are expressed by:

— HsnX(E—1)
Fr = (Hp+Kn)XE=(Hp—Kn) [4.19]
_ 2Kne
Fr= (tp+Kn)*XE~(p—Kn) [4.20]
where
Up = Han + Wsn [421]
E = g2 = g2Kndn 4.99]

The above rewritten KM functions are simple and
effective at keeping the processors’ obligations down to a
minimum because reading the calculated data from a local
register, instead of repeating the computations, can provide
a great gain in executive time. Here, exp() is the most costly
function, therefore we cut its repetitions down to only once
per iteration by combining like terms and defining two
interim storing registers E and &. The other instructions are
also reduced more or less by similar approaches. Table 4.4
compares the number of necessary instructions between the
initial prototype and our implementation: the optimized
function requires fewer instructions than before.

Model Addition/ Multiplication/ Exponentiation
subtraction division

Original KM 13 17 13

Optimized KM 8 9 3

Table 4.4. Necessary instruction number comparison
between original and optimized KM functions

On the other hand, section 4.3.1 presents that the optical
absorption and scattering coefficients of epidermal and
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dermal layers are ultimately functions of wavelength and
skin parameters. We can reformulate equations [4.7], [4.10]
and [4.13] by using vector equations:

Ua.epidermis = fmel Ua.melanosome + (1 - fmel) Ua.baseline [423]

Ua.dermis = fblood(coxy Ua.oxy) + fblood(1 - Coxy) Ua.deoxy

+ (1 - fblood) Ua.basetine [424]
Us.epidermis = Us.aermis = Usmie T Us.Raylight [4.25]
where
253.33
Ua.metanosome = 6.6 X 10M1 X ﬂ,§3'33 [4.26]
l %;.33J
M
Ay
Uy pasetine = 0.244 + 85.3 X exp {—( [ A3 ‘— 164)/66.2}  [4.27]
o
HbO, (A1)
HbO,(A,)
Ugoxy = In10 x| HbO,(A3) | X G/M [4.28]
HbO,(4,)
Hb(4;)
Hb(2) ]
Ugdeoxy = In10 x| Hb(A3) | X G/M [4.29]
Hb(2,)
11—1.5
Ua.Mie =2X 105 X 151'5 [430]
N
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At
At
Ua.Rayleight =2x10" x ﬂ;l' [4.31]

/11';4

In equations [423]—[431], Ua‘melanosome, Ua.baseline, Ua.oxy,
Ua.deoxy, Ua.epidermis and Uag.dermis are six coefficient vectors with
different wavelengths. They are fixed from 450 to 780 nm
with a step of 10 nm. These vectors can be precalculated and
stored in the memory. Thus, instead of calculating the values
wanted at each iteration, the processor is able to read them
directly from the memory. This approach avoids all the
repeated computations due to equations [4.8], [4.9] and
[4.11]-[4.15] in the routine.

4.3.2.2. Convergence acceleration of function optimizer

It is obvious that equation [4.16] is a complex nonlinear
function with five arguments, which is impossible to inverse
by mathematical methods. KMGA optimizes this function
according to a standard genetic algorithm. This optimization
process is a search heuristic that mimics the process of
natural selection. It generates solutions to optimization
problems using techniques inspired by natural evolution,
such as inheritance, mutation, selection and crossover. It has
also proved effective in the application of bioinformatics,
phylogenetics, computational science, engineering,
economics, chemistry, manufacturing, mathematics, physics
and pharma-cosmetics, etc. However, the evolution process of
a pure natural-simulated genetic algorithm is time
consuming, and can easily get trapped into local optima. This
is because GA always generate the new populations in a
random way first and then selects the best individual
according to the fitness function, which enormously reduces
the chance to find a better individual in the next iteration
that results in a very low convergence rate. Thus, within
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HCR-KMGA, we perform a PFOA optimization process,
which can raise the convergence rate by predicting the
possible evolution directions.

Initialise population

~
* Compare the present

—Select best individuals best individual with
the one of the
* previous generation

Predictive evolution < + same: differe nt—*

No ‘ Generate new Generate new
i g oo individuals with in a
individuals within a

Random evolution predictive search

local search space
space

Yes
h 4
Export the best
individual

Figure 4.10. Overall architecture of the prediction
function optimization algorithm (PFOA)

Figure 4.10 illustrates the overall architecture of PFOA.
Like the conventional GA, the system first randomly
initializes the population. However, in the evolution process,
only the best individual selection process is kept, while
crossover-mutation and random selection are replaced by
predictive evolution and random evolution. After each
iteration, the best individuals are directly copied from the
last generation into the next one for the purpose of fast
convergence. Meanwhile, some of the individuals move
depending on a prediction strategy, which can further raise
the convergence rate of population evolution by a
considerable amount. Finally, the rest of the individuals are
re-performed randomly in order to reduce the possibility of
falling down to the local optima.
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Depending on different fitness functions, designers can
customize different prediction strategies. In our case, an
individual has five skin tissue parameters and the size of
population consists of a few hundred individuals. In each
iteration, several new genes are generated via the crossover-
mutation process. However, with the floating-point number,
which is one of the most frequently used data formats in
computer science, KMGA has more than 6E27 candidates
(this value is estimated according to the range of the five
skin parameters shown in Table 4.3 and the precision of the
floating-point numbers), which may result in a long running
time and a very low convergence rate.

fix) ftx) 1tx)

frz

s

!n-l
fs

Figure 4.11. Search space prediction of PFOA: x, and f, are the parameter
and fitness value of the nth iteration's best individual, (xo’, ;) is the local
optima and (xo, f,) is the global optima of the optimization function

For the purpose of accelerating the convergence speed of
the algorithm, a prediction strategy that can reduce each
iteration’s search space by predicting the evolution direction
is performed as shown in the right of Figure 4.10. First, the
best individuals of the last two generations are compared
and, depending on the comparison result, the algorithm
takes different steps to adjust the search space. We base the
prediction strategy on the assumption that higher parameter
values had better fitness while xn.1 > xz2, and lower
parameter values had better fitness while xn.1 < xn.2, where x»
refers to the parameter value of the best individual of the
nth generation. As shown in Figures 4.11(a) and (b), PFOA



78  Architecture-Aware Optimization Strategies in Real-time Image Processing

locks the search space U onto the scope of x > xn1 with xn.1>
xn.2, while the scope of x < xn.1 with xn.1 < xn.2. Meanwhile, we
note that this method is effective only for the situations in
which the present best individual is far enough away from
the optima. Once it is closer to the optima, a much smaller
search space may be required to enable the algorithm to find
a better individual with as few iterations as possible. This
situation is abstracted as xn1 = xn2 and [ (xn1) = f (xn2) in
PFOA. It means that no better individuals are found in the
last two iterations. Therefore, the search space of the nth
iteration will be locked within the scope around
xn1 in order to enhance the chance of evolution (see Figure
4.11(c)).

Since the optimization function is unknown, it is
impossible to always correctly predict the position of the
global optima. However, this mistake can be quickly
corrected in the following iterations. For example, the
predicting scope does not include the optima in Figure
4.11(b) and within this scope no better individual can be
found. However, this makes the algorithm restrict its search
space around x.1 in the following iterations, within which a
new best individual can be easily found in the right of x».1.

The KM model has five parameters to be figured out.
Considering that these parameters have different effects on
the final fitness, their analyses must be independent from
each other. Thus, HCR-KMGA applies PFOA to all of them
respectively. That is, after the fitness comparison, the search
space of each parameter is defined independently via the
proposed prediction strategy.

It should also be noted that sometimes this method may
also lead the evolution down to local optima. Thus, after
prediction evolution, some random individuals are performed
in order to avoid this outcome. Unlike GA, PFOA completely
regenerates all the individuals in a random way instead of
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crossovers or mutations. This method greatly enriches the
sample types of genes, so the risk of missing the optima is
reduced.

4.3.2.3. Individual information storage optimization

Figure 4.8 shows that the information of an individual
consists of fitness value, chemical properties (skin
parameters) and optical properties (simulated spectrum).
These data need to be saved in the memory of the processing
device permanently throughout the whole processing, and
therefore the conventional KMGA prototype has to consume
a lot of hardware resources to store all the population
information, especially for embedded devices. Thus, an
approach that can reduce memory consumption is required.

According to the algorithm analysis, it is found that each
piece of individual information is not isolated but rather has
internal relations with the others. Figure 4.12 displays the
relationships among them and it demonstrates that both the
simulated optical properties and the fitness value are
calculated from the chemical properties. That provides a nice
opportunity to compress the data size by removing the data
that could be computed immediately and keeping only the
necessaries.

Chemical properties
fm?h Dﬂw fb-faod' Ccuy and
Dde!m

\m'\ Optical properties

Ry, R R3... Ry

Wavelength .
Ay Az Az... Ay RMSE Fitness value

Measured spectrum
Ry, R, R3... Ry

Figure 4.12. Relationships of individual date
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The individuals of HCR-KMGA are performed by chemical
properties and fitness values, while the information of its
simulated optical properties is removed. In the overall
algorithm, the simulated spectrum of the skin lesion zone is
used only once in order to compute the fitness values for the
best individual selection at the beginning of each iteration
(see Figure 4.10) and it is therefore unnecessary to allocate a
certain memory to store them. Meanwhile, a single fitness
value takes up only several octets while its computing has to
call the KM models, which has a very long running time.
Nevertheless, this data is required not only in the best
individual selection process but also in the prediction
evolution process. Thus, this number is stored as part of the
individual information in HCR-KMGA in order to accelerate
the design by reducing the operations number. The data size
comparison between KMGA’s and HCR-KMGA’s individual
could be expressed as follow:

LkmGa  _ 6 +Nspectrum [4 32]
LHCR-KMGA 6 )

where Lkmca and Lucrkmca are the total data length of the
two algorithms’ individuals and Nspectrum is the number of
bands of the spectral image. Obviously, HCR-KMGA
consumes much less memory space than KMGA and its total
length is permanently six times the defined number length.
That is, the algorithm will not take any more hardware
resources for the population information storage even for
spectral images with high bands numbers.

4.3.2.4. lteration termination conditions

The evolution process of a GA is terminated after a number
of iterations according to the termination conditions
customized by designers. A main issue that always affects the
selection of termination conditions is that defining a condition
which is easy to reach consumes fewer hardware resources
but may reduce the accuracy performance of designs, while a
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hard condition may lead to extensive computational time and
the algorithm can even be trapped in an infinite loop.

KMGA terminates the evolution process by defining an
iteration number which corresponds to the convergence of
the population. That is, the evolution stops when the
iterations number reaches the default value. This approach
could provide an acceptable average fitness value for the
processing of a standard skin lesion multi-spectral image.
However, the computation of GA is full of all kinds of
possibilities, so such a simple termination condition may
lead to redundant iterations or unpredictable results. For
example, the evolution process will not be terminated until it
reaches the default iterations number even if the global
optima has been found, or alternatively the evolution process
may have been terminated before the fitness reaches the
required level. Thus, instead of forcing the algorithm to end
by setting a default iteration limitation, HCR-KMGA
combines multiple termination conditions together, including
max continuous invalid iteration level Gnuvalid.iter, fitness level
Ofitness and total iteration level Gotal.iter.

In our work, an iteration in which a new best individual is
found is called a valid iteration, otherwise it is an invalid
one. Once a large number of continuous invalid iterations
appear, it means that the present best individual is very
close to the optima and it will be difficult or time-consuming
to find another one for the algorithm. So in order to save the
hardware resources, a max continuous invalid iteration level
is defined to break the evolution loop while no new best
individual is found during @nvalid.iter iterations.

Normally, the goal of evolution is not to exactly figure out
the optima. That is, a fitness error could be accepted in each
processing. In HCR-KMGA, a fitness level refers to the
acceptable fitness error. Once the fitness value of the present
best individual is lower than the fitness level, the evolution
loop could be broken as well.
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Finally, in order to avoid the algorithm getting trapped in
an infinite loop, a total iteration level is defined. It should be
noted that these three termination conditions
simultaneously effect the algorithm, so no matter which one
is reached, the iterations will be ended. This method can
save as many hardware resources as possible, and meet the
accuracy requirements of the design as well.

4.3.3. HCR-KMGA implementation onto FPGA using HLS
technique

As one of the most popular computation platforms, FPGAs
have been used in a wide variety of real-time image
processing applications. Depending on the proposed HCR-
KMGA, a FPGA-based embedded skin lesion assessment
system is realized in this section.

4.3.3.1. Development flow

Figure 4.13 illustrates the HLS-based development
process used for the implementation. After a careful
algorithm analysis, we first realize a synthesizable KMGA
prototype in C language. Next, the prototype is optimized by
using the approaches discussed in section 4.3.2 and
simulated through a common C compiler, i.e. Intel C++
Compiler (ICC) [INT 08]. Third, the functionally verified
source code is imported into the HLS tool for C-to-RTL
synthesis. During this process, the synthesis directives are
carefully configured in order to effectively use the hardware
resources of the target device. Finally, the IP block of HCR-
KMGA is automatically performed for top behavior.

4.3.3.2. Functional block implementation onto FPGA device

The over-all architecture of HCR-KMGA is shown in
Figure 4.14. Its initial population is generated according to
the skin parameters’ value range presented in Table 4.3. As
mentioned in section 4.3.2, we replace the calculation of
MHa.mel, Ha.baseline, Ha.oxy, Ha.deoxy and Ms.epidermis with different
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wavelengths by a coefficient table pre-calculated using the
Takatani—Graham table [TAK 79]. As there is no golden rule
to define the values of evolution process parameters, we base
HCR-KMGA’s parameters configuration on the results of
intensive tests. In the fitness computation, RMSE is applied
as the metric scale to compare the candidates’ simulated
optical properties with the reference spectrum.

Algorithm analysis

impl .
Configure directives [« SW imp e‘mi?nta.tlon
and optimization
* I Y

Invalidated

Synthesize with HLS
tools

Validated

Export IP block P Top implementation

Figure 4.13. Development process for the HCR-KMGA'’s
FPGA implementation

PFOA’s evolution process consists of best-individual
selection, prediction evolution and random evolution
processes. Moreover, in order to make the routine
synthesizable, the standard C function rand(), which is not
supported by the HLS tool due to the use of static variables, is
replaced by a linear congruential random number generator
coded manually:

Xn+1 = (aX, + ¢) mod m [4.33]

where X is the sequence of random values, m (m > 0) is the
modulus, a (0 < @ < m) is the multiplier, ¢ (0 <= ¢ < m) is the
increment and Xo (0 <= Xo < m) is the start value (also called
seed).
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4.3.3.3. Parameter configuration

As there is no golden rule to define the value of the GA
parameters, we perform the configuration through a series of

tests. Table 4.5 compares the parameter configurations of
KMGA and HCR-KMGA.

Parameters KMGA HCR-KMGA
Population size 100 100
Best individuals 10 1
Random selection individuals 30

Crossing individuals 30 pairs

Mutation individuals 3

Prediction individuals - 49
Random individuals - 50
Maximum fitness plateau - 6
Minimum satisfies fitness level - 2E-4
Max generation number 25 80
Spectrum size 34 34

Table 4.5. Population parameter configuration for KMGA and HCR-KMGA

Both the crossing and mutation of KMGA were selected
from the literature [SYS 89] and take the probability value Pc =
0.6 and Pm = 0.02, respectively. We did not want to select a
high mutation probability as it is noticed that the convergence
was not smooth and often temporarily increased.

4.3.4. Implementation evaluation experiments

According to the algorithm described in sections 4.3.1 and
4.3.2, we can see that the KMGA and HCR-KMGA are highly
parallelizable at the pixel level but the computation of each
pixel is much less parallelizable and intensive due to the
iteration structure of the evolutionary algorithm and complex
KM function. Therefore, besides FPGA, the CPU
implementation of KMGA is selected as the reference in order
to obtain an unbiased evaluation. In this section, we first
introduce the reference CPU implementation and then analyze
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the performance gains due to the algorithm improvement.
Finally, the performances of the proposed FPGA design and the
reference implementation are compared.

4.3.4.1. Reference optimizations: parallel computing within GPP

We select the GPP implementations of KMGA and HCR-
KMGA as references. Both of them are realized on a Quad-
Core CPU Q6600 (Intel CoreTM Quad CPU Q6600 @ 2.40
GHz X 4) with ICC 13.1.1 in 32-bit in the Ubuntu 13.04
system. In order to obtain an unbiased comparison, they are
optimized wusing recent parallel computing technique
Pthreads to achieve as many as possible potential
performance gains from the target multi-core CPUs.

For the purpose of achieving more effective use of hardware
resources in a multiple-core environment, many parallel
programming methods have been developed [AYG 09, KYR
11, STR 08]. A series of studies have demonstrated that the
parallelization architecture can greatly improve the image
processing prototypes’ efficiency [AKG 14, BAR 14, BIS 13,
HOS 13, TOL 09]. Pthreads is one of the most popular parallel
programming technologies for UNIX-like operation systems.
This method allows multiplying the speed of the designs by
simultaneously executing multiple threads depending on the
available core number of the target processor. Comparing to
the other methods, Pthreads’ advantages consist of the rapid
thread creation [BAR 17], the shared global memory and the
private data zone for each thread, so the Pthreads
implementations may gain more potential improvement in the
running time and hardware cost performances.

In parallel programming, the first step is usually to find
out the independent data flows in the original algorithm.
Figure 4.15 illustrates that KMGA method analyses each
single pixel's reflectance spectrum. That is, the algorithm
sweeps all over the lesion zone pixel by pixel, and their data
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flows are independent of each other. This intrinsic nature of
KMGA provides a nice parallelization potential.

Skin parameter maps

11

(g 3y
Ppi:e‘._n(i:v jn)
P:i_we'_lgx(ix, J\)

Prizel

Thread n

Thread 1

Thread N
Shared BUS
Shared Memory

1 (i, 31)

2(ip Jo)

Sref‘_etmme_r. (im .jr)
Sxei'_ec tance N (i_\'n J\:I

Oreflec tance.

Srefiectame

Multispectral image

Figure 4.15. N-threads KMGA architecture using POSIX threads: Srefiectance n
is the reflectance spectrum at (i, jn) in the work area of the nth thread and
Prixel n is its retrieved skin parameters. For a color version of the figure, see
www.iste.co.uk/li/image.zip
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Using the Pthreads technology, we designed a single
program multidata parallelization as shown in Figure 4.15.
Within this architecture, the multispectral image and
retrieved skin parameter maps are stored in two allocated
shared memory regions in floating-point format. Meanwhile,
the original image is divided into N work areas and each of
them is distributed to a single thread. Since all the data
flows are independent, there are no interactions between two
threads. Once the processing of a distributed reflectance
spectrum is finished, the thread accesses the shared memory
again with a store address in order to write data into the
right position and then starts another operation. During the
processing, parallel threads need only to traverse their flown
data segment.

In addition, given that a multicore superscalar processor is
selected as hardware platform, the operations are scheduled
according to a multiple instruction multiple data (MIMD)
strategy, which allows a superscalar CPU architecture to
execute more than one instruction during a clock cycle by
simultaneously dispatching multiple instructions to different
functional units on the processor such as an arithmetic logic
unit, a bit shifter, or a multiplier. For example, the
computations of equation [4.23] consist of two independent
terms f el Ud.melanosome and (1 'f mel) Uda.basetine. MIMD can therefore
accelerate computations by scheduling their instructions in
parallel rather than make the algorithm run them one by one
via a superscalar CPU architecture. Moreover, Pthreads can
be automatically scheduled depending on the cores number in
an out-of-order execution way by the compiler, therefore the
developers have no need to consider the compatibility between
the thread numbers implemented and the core number to
make the processor run at full load all the time. This allows
an effective use of processors resources and an important
acceleration of the desired operations.
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Figure 4.16. Multispectral image measured by ASCLEPIOS from 450 to 780
nm with a step of 10 nm (top), and simulation results of five maps obtained by
KMGA (middle) and by HCR-KMGA (bottom). These five maps (from left to
right) consist of melanin concentration, epidermis thickness, volume blood
fraction, oxygen saturation and dermis thickness. For a color version of the
figure, see www.iste.co.uk/li/image.zip

4.3.4.2. Comparison experiments

Figure 4.16 displays the skin parameter maps retrieved
by KMGA and HCR-KMGA from a standard multi-spectral
image. Obviously, the latter makes less noise from the visual
effects and provides a clearer skin lesion zone for
diagnostics. According to the test results, we can find that
the HCR-KMGA implementations have lower fitness values
than the KMGA ones (2.6 x 10* vs. 3.4 x 104 lower is
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better). Meanwhile, note that the fitness values are almost
identical to the FPGA and CPU implementations. This is
because the HLS-based SW/HW co-design framework can
effectively transplant an algorithm specified in C-like
languages onto FPGAs almost without any omissions of
functions.

The efficiency performances of all implementations are
compared in Table 4.6. Due to the prediction evolution
strategy, HCR-KMGA offers an acceleration gain of 2.28x
relative to KMGA, while there is a gain of 2.13x for FPGA-
HCR-KMGA versus FPGA-KMGA. Nevertheless, the loop-
level and instruction-level parallelism enable FPGAs to
appear to provide much better hardware performances than
CPUs, although they have a lower clock frequency. The
speed gains due to the platform are 5.84x and 5.45x for
FPGA-KMGA versus KMGA and FPGA-HCR-KMGA versus
HCR-KMGA, respectively.

KMGA HCR-KMGA FPGA-KMGA | FPGA-HCR KMGA
1 2.28 5.84 12.43

Table 4.6. Implementation acceleration ratio comparison: the clock of CPU
and FPGA are, respectively, 2.4 GHz and 50 MHz

Finally, we compare the hardware resources
consummation of the two FPGA implementations in
Table 4.7. This comparison indicates that HCR-KMGA
consumes much less RAM than KMGA. This is because the
data size of the population are well reduced according to the
approach presented in section 4.3.2; it therefore need not
allocate as much storage space as before. In contrast, HCR-
KMGA consumes more than other components; this is
because PFOA has a more complex architecture than GA and
HLS has to spend more resources for the operation control
flow. However, this difference is very tiny; it can almost be
ignored in practical applications.
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Components FPGA-KMGA FPGA-HCR-KMGA
BRAM_18K 192 32

DSP 48E 2352 2431

Flip-Flop 467264 493177

LUT 668784 712894

Table 4.7. Used hardware resources estimation of FPGA-KMGA and FPGA-
HCR-KMGA implementations on Virtex7-XC7VX1140T of Xilinx

4.4, Discussion

This chapter explores the fundamental concepts of HLS
technique according to an example of an embedded skin
lesion diagnostic application, which combines a complicated
skin light propagation model, KM model, and a high running
cost function optimizer genetic algorithm. Historically, this
case should have required a significant effort cost to be
implemented onto FPGAs even for an experienced FPGA
engineer due to the large gap between the algorithm
complexity and the low abstraction level of register-level
languages. However, with the help of HLS, we do not have to
suffer of the complexity of the low-level logic control and
data flow any more. Nevertheless, since the behavior block is
specified in standard C language and synthesized
automatically, we can quickly switch the desired compilers
(ICC and Vivado_HLS) without manually respecifying the
behavior block in RTL after the function verification in the
software environment. This allows us to put more attention
into algorithm and architecture improvement.

Thanks to the benefits of HLS, we can focus exclusively on
the desired behavior description and propose a new HCR-
KMGA. A series of complicated optimizations are made on
the target design. According to the algorithm evaluation
experiments, the new proposed algorithm doubles the
convergence speed of the evolution process and achieves a
higher accuracy.



92  Architecture-Aware Optimization Strategies in Real-time Image Processing

In addition, the operation scheduling of the target
implementation is optimized by using HLS directives. The
final RTL is compared with the multicore implementation
optimized through Pthreads. The experiments demonstrate
that FPGAs achieve a speedup of around 6x in hardware
terms. However, this optimizing process is still painful for
software engineers who are not familiar with HLS and
FPGAs because RTLs are constrained by hardware resources
and the features of the target devices that differ from the
GPP. In Chapter 5, we further discuss the HLS-based design
flows and propose a code and directive manipulation strategy
for efficiency optimizing.
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CDMS4HLS: A Novel Source-
To-Source Compilation Strategy for
HLS-Based FPGA Design

High-level synthesis (HLS) is one of the most recent
synthesis techniques for FPGA-based designs. It can improve
the performances of the designs, especially for real-time
image/video processing developments. Nevertheless, in order
to free the users from the complex coding rules and
hardware constraints, an improved HLS design flow has
emerged. This flow combines the source-to-source (S2S)
compilers with HLS tools in order to automatically improve
the efficiency of the source code. The motivation is to enable
designers to concentrate their attention on the algorithm
descriptions rather than hardware optimizations. Therefore,
how to make compilers generate more efficient code for HLS
becomes a new challenge. In this chapter, we present a novel
HLS source transformation technic, Code and Directives
Manipulation Strategy for HLS (CDMS4HLS), which
optimizes the HLS source code in variant hierarchies by
using different parallel computing strategies. We illustrate
how this approach can effectively improve design
performance and achieve more acceleration gains than the
reference design flows.

Architecture-Aware Optimization Strategies in Real-time Image Processing, First Edition.
Chao Li, Souleymane Balla-Arabe and Fan Yang-Song.
© ISTE Ltd 2017. Published by ISTE Ltd and John Wiley & Sons, Inc.
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5.1. S2S compiler-based HLS design framework

Figure 5.1(a) illustrates the framework of classical HLS-
based FPGA designs. First of all, designers specify the
software prototype of targeted algorithm in C-like languages
and debug it in a test bench using common C compilers.
Next, the confirmed code is imported into an HLS tools as
original source for C-to-RTL synthesis. During this process,
the designers configure the synthesis constraints/directives
to make their implementations suitable for different design
requirements. Finally, the generated HDL specification is
simulated by an RTL simulator like ModelSim, and then
exported as IP-blocks. This approach does not require
specific knowledge of both software and hardware, so users
can concentrate their attentions only on the algorithm
specifications in high levels. However, with the widespread
use of HLS tools in the embedded system world, more issues
related to time control, execution speed and consummation,
etc., emerge. In order to discover the best design solution,
designers have to repeatedly configure the directives, and
sometimes even have to respecify their algorithms to ensure
the input sources are detectable by HLS processes. This is a
quite painful and time-consuming job even for an
experienced SW/HW codesign engineer.

The issue of classical HLS design flow discussed above is
caused by three major reasons: (1) the C-language suitable
for HLS tools is just a subset of C-like languages; we
therefore cannot benefit from all of the C advantages during
the algorithm specification; (2) different designers and
algorithms may result in different code structures and styles,
so the data dependency of input sources sometimes cannot be
perfectly determined by scheduling process for optimization
and (c) the existing synthesis tools provide dozens of
directives for hardware constraints that require the
designers to be quite familiar with synthesis tools.
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Figure 5.1. Manual and source-to-source compiler-based
HLS design framework

For the purpose of further simplifying the development
cycles, we present here a S2S transformation based HLS
flow (see Figure 5.1(b)). In this new framework, a S2S
compiler is inserted between the software prototyping and
synthesis process. In contrast with the manual specification
and configuration, this bridge tool automatically transforms
the original code into the more efficient sources. For
example, Alle et al. propose an efficiency improvement
approach for loop pipelining in HLS through a
semiautomatic S2S transformation in [ALL 13].

An ideal S2S compiler for HLS should have three abilities:
(1) translating the prototype of the desired algorithm into
the C language available for HLS, (2) optimizing the source
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code in terms of efficiency and (3) manipulating the design
constraints and directives. Based on these discussions above
and on the study of actual HLS synthesis constraints, we
developed a special compilation procedure for automatic C-
to-C transformation. It can reduce the resource consumption
of the final implementation by simplifying the function or
loop hierarchies of the designs, and provide the schedule
process with more pipelining opportunities in the instruction
level according to the symbolic expression manipulation.
Finally, the memory distribution is re-performed depending
on the desired I/O protocol of the top behaviors (if necessary).

5.2. CDMS4HLS compilation process description

The overall structure of CDMS4HLS is shown in Figure 5.2,
which consists of function inline, loop manipulation, symbolic
expression manipulation, loop unwinding and array
transformation. These five different optimization forms are
applied on the input source code in the proper order in order to
enable each optimization technique to have maximum

effectiveness.
Source @ | Function inline I
code {}
{} Loop manipulation

Hardware
constrains :D COMS4HLS < {}
Symbolic expression
{} manipulation
Optimized
/ code / | {} - |
{} Loop unwinding

\_ | Array transformation

C-to-RTL synthesis process

Figure 5.2. CDOMS4HLS compilation process

M.ebookSOOO.com


http://www.ebook3000.org

CDMS4HLS 97

5.2.1. Function inline

Historically, using custom function well is invariably
encouraged as one of the most basic necessary abilities for
programmers. However, this coding habit seriously disrupts
the optimizations in the instruction level in HLS. Despite the
ability to parallelize the sub functions, HLS tend to
separately process each function in order to map them to the
subentities, which are interconnected via assignment
interfaces. The shortcoming of this approach is that all the
operations in deeper level entities cannot be executed until
the higher level entities finish the jobs even if some of the
former’s operations could be parallelized with the latter’s
operations.

return opt_1(opt_2()}, opt_2());

b

void func_B (data_a) { [ opt_2 I opt_1 I opt_2 )
return opt_1(otp_3(), opt_2(data_a)};

Code 1

}
void Top () { 0[)1:72] [ opt_3 ]
return func_B {func_A);

Code 1

- L [ opt_2 I opt_1 I opt_2 I opt_1 j
void Top () {
return opt_l1(opt_3(), Code 2

opt_2(opt_1(opt_2(),

opt_2(1}));

Figure 5.3. Comparison between the sources code before and after function
inline: it is assumed that opt_1 and opt_2 consume one cycle and opt_3 two
cycles, and the operations of func_A and func_B are referred to by the color of
red and blue, respectively. For a color version of the figure, see www.iste.co.
uk/li/image.zip

In order to offer more optimization opportunities in loop
and instruction level, we first flatten the hierarchical
algorithm description into a single level. Figure 5.3 shows an
instance of comparing the affects from the source code before
and after function inline. In Code 1, func_A and func_B are
mapped into two separate entities, so all the operations of


www.iste.co.uk/li/image.zip
www.iste.co.uk/li/image.zip
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func_B are activated after the termination of func_A.
Meanwhile, function inline assembles all the operations into
a single RTL entity, therefore opt_3 could be scheduled at
the beginning of the clock sequence with other operations,
which put the execution of the opt_I in terminal 1 cycle
ahead of schedule. Thus, inlining functions can simplify the
hierarchical architecture of designs and enable HLS to effect
optimizations on the independent objects isolated by
subfunction customizations, such as loop fusion and
instruction pipeline.

5.2.2. Loop manipulation

Function Inline puts all the loops in the same function
hierarchy. This allows a more comprehensive loop-level
optimization. However, HLS processes loop-bodies as
separate states during the control and datapath extraction,
so successive loops have to be sequentially executed rather
than in a parallel way, even if they are independent of each
other. Nevertheless, separate states prevent the design from
operation pipelining or data sharing. In order to potentially
greater optimize the loop-body logic; CDMS4HLS
manipulates the source code in loop-level using loop
flattening and loop merging (see Figure 5.4).

Given that only the same-hierarchy loops can be merged
together, CDMS4HLS first flattens nested loops into simple
loops, respectively. Next, all the simple loops are merged into
a single one. In CMDS4HLS, the largest loop bound of all the
original loops is selected as the bound of the new generated
loop, and their bodies are controlled and optionally executed
according to if statements. By this means, separate loop-
bodies are fused into a single state. This simplifies the
hierarchical architecture of the design and offers nice
opportunities to potentially greater optimize the loop-body
logic. The total state transition number is defined to
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estimate the complexity of the FSM to be implemented. As
shows in Figure 5.4, Code 3 requires only N2 state transitions
while 2N + N2 for Code 1.

void foo () { void foo () {
param_t i=0, j=0; param_t i=0, j=@;
//Loop_1: //Loop_1: void foo () {
for (i=@;i<N;i++){ for (i=8;i<N;i++){ — paran_t i=8, j=0;
body_Loop_1; body_Loop_1; =
} } | //Loop 1/2/3:
— for (i=0;i<N*N;i++){
//Loop_2: | //Loop_2: if (@<=i<N) {
for (1=@;1i<N;i++){ for (1=8;i<N*N;i++){ body_Loop_1;
body_Loop_2_out; if (@<=i<N) { body_Loop_2_out;
for (j=0;3<N;j++){ body_Loop_2_out; o body_Loop_B_
body_Loop_2_in; — } _ } B -
} body_Loop_2_in; body_Loop_2_in;
} |} - T
| /|7
//Loop_3: //Loop_3:
for (i=@;i<N;i++){ for (i=8;icN;i++){ Code 3
body_Loop_3; body_Loop_3; -
} Code 1 } Code 2

(a) Code transformation of Loop Manipulation.

Cr o = Ele = )
3 . ° xN
o

(b) FSM behaviors for Loop Manipulations.

Figure 5.4. COMS4HLS loop manipulation illustration. For a
color version of the figure, see www.iste.co.uk/li/image.zip

5.2.3. Symbolic expression manipulation

The ability to analyze the source code in symbolic terms is
essential for instruction-level optimizations. This can save
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hardware consumption and accelerate the designs by
reducing operation numbers and facilitating the pipeline
schedule of HLS.

Strategies Original expressions Equivalent
expressions
Folding 1+2a+3-4a 4-2a
Division 2xa)4xb) al(2xb)
Short-circuit a && 0&&b 0
evaluation
Normalization Ifl+a<b-2) If(a-b6<-3)
Segmentation Returna xbxcxd tmpl=axb
tmp2=cxd
return tmp1l x tmp2

Table 5.1. Symbolic expression manipulation strategies

Table 5.1 lists the strategies applied in the symbolic
manipulation for HLS. Folding, division, short-circuit
evaluation and normalization reduce a design’s hardware or
time consumption by simplifying computations
mathematically. For example, the represented expression for
folding has three additions/subtractions and two
multiplications while its equivalent expression has only one
subtraction and one multiplication. Nevertheless,
normalization is an optimization aimed at the comparison
operations. It re-performs the expression irregularly by
locating the unknown variables and the constant on the
different sides of the comparison operator, and then
simplifies them by other strategies, respectively. Obviously,
the equivalent expression consumes less hardware and
cycles than the former.

Segmentation is a transformation that enhances HLS’s
detection ability in terms of instruction-level parallelism. For
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polymerization, the existing HLS tools can only pipeline
different terms while scheduling the operations in a single
long term in sequence. This is because a “term” is the
minimum parallelizable element in HLS procedure. Thus,
CDMS4HLS reperforms the long terms with numbers of
multiplication/division operators (more than three operators)
via segmentation to make these independent operations
detectable to HLS.

5.2.4. Loop unwinding

Loop unwinding multiplies the running speed of
implementations depending on the unrolling times n. The
theoretical value of the acceleration ratio R should have been
27 x. However, sometimes the efficiency improvement
achieved by this optimization is lower than this expected
value. This is because loop iterations always share a single
top interface and the reading/writing operations of the
(i+1)th iteration has to be delayed for certain cycles relative
to the ith iteration. The value of R can be formulated as
follows:

L

R = -5

where

Lipy(n) = 27" XL+ (27" —1) X Dgc
Dgc = max{Drq, Dy}

In these equations, L and L, are the loop latencies before
and after unwinding, and Dqc, D¢ and Dur are the delays due
to the access conflicts, reading operations and writing
operations. The last equation indicates that the maximum of
D;i and Dur is selected as Dac, this is because both reading
and writing produce access conflicts, but whatever the cause,
loop unwinding delays the entire iteration. Thus, Da only
needs to exceed the maximum value between D¢ and Dur.
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5.2.5. Memory manipulation

In practical applications, designers have to perform
different memory I/O protocols to match to variant system
architectures, but the specification of I/O protocols are
constrained by memory allocations within HLS. For
example, HLS performs only a single memory I/O port for
each independent array even if multiple ones are allowed in
the design. In order to maximize the efficiency gains with the
different I/O protocol constraints, the last step of
CDMS4HLS is to manipulate designs’ memory allocations
depending on the IP protocols and data types.

Generally, there are two array transformations that are
frequently used in HLS: array partition and array reshape.
The motivation of array partition is to increase the amount
of read and write ports for the storage by partitioning an
array into smaller subarrays or individual elements. This
will result in RTL with multiple small memories or multiple
registers instead of one large memory (see Figure 5.5(a)).
Meanwhile, array reshaping combines array partitioning
with array mapping to create a single new array with fewer
elements but wider words (see Figure 5.5(b)). That is, it first
splits the array into multiple subarrays and then recombines
them into a new array with wider words. In order to
maximise the potential improvement of the throughput of
the design, CDMS4HLS set the maximum available port
amount as the subarray amount in array partitioning, while
the word width of the new array equals to the data bus
width. Moreover, these two methods are usually combined.
For a W-bits N-ports memory interface, CDMS4HLS first
partitions the array into N sub-arrays and then reshapes
each sub array into [W = Wo] bits, where Wo is the word
width of the original array.
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(a) Array partitioning

dgo do1 Qo2
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(b) Array reshaping
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Figure 5.5. Array transformation: [ ] refers to arrays and < > refers to the

vector formed by multiple elements
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5.3. CDMS4HLS compilation process evaluation

In this section, we evaluate CDMS4HLS with four
different implementations using AutoESL, which has been
acquired by Xilinx and is now part of Vivado HLS. These
algorithms are tested using 8 x 8 arrays with float, int and
short data formats. A 2-ports 128-bits memory interface is
set as the 1I/O protocol of the top behavior. In order to obtain
an unbiased conclusion, the performance of these four
implementations is further compared with their optimized
versions using the Polyhedral Framework and Vivado HLS
design suite only. All the experiments are made on the
xc7a200tfbg676-2 of Xilinx.

5.3.1. Performances improvement evaluation

For the first step of the evaluation, four different
algorithms are implemented and functionally verified by
using C language, including 3 x 3 filter for RGB images,
matrix product (MatPro), Image Segmentation using Sobel
operator (ImSeg) and Stereo Matching using sum of squared
difference (StMatch). Next, we transform the source code via
CDMS4HLS. During this transformation procedure, the
code generated within each phase is synthesized with
AutoESL to evaluate the performances improvement related
to the previous phase.

Table 5.2 describes the clock cycle and resource
consumptions of the four implementations. First of all,
compared to the original versions that are transformed from
their C versions through HLS without any optimizations, the
targeted RTL implementations are greatly improved in
terms of cycle consumption within the hardware constraints
of the evaluation board. This demonstrates that with the
proposed approach, HLS tools can effectively use additional
FPGA resources.
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We can see that float_32 FI versions of ImSeg achieves a
1.05x speedup relative to its original version but consumes
only 90.12% of hardware resources on average, while the
float_32 LM versions of MatPro consumes hardware
resources of 97.7% on average for a 1.026x speedup relative
to its function inline version. This is because the control
architectures of the prototypes are well simplified according
to function inline and loop manipulation, allowing avoidance
of unnecessary cycle and resource consumption due to the
control flow. Additionally, simplifying the control
architecture can also greatly accelerate the design by
reducing the state transition numbers and creating more
parallel computation opportunities. This can be proved by
the LM versions of 3 x 3 Filter and ImSeg, which,
respectively, achieve 2.85x and 2.83x speedups an average
over the three different data formats.

Next, according to our estimations, the speedup due to the
symbol expression manipulation is 1.447x at most in all the
implementations versions. This demonstrates that it can
effectively improve the computing efficiency of the design.
However, it is also found that this optimization is not
effective in some cases. This is mainly due to two reasons: (1)
the input code has been in the simplest form (i.e. the SEM
versions of MaPro and StMatch) and (2) the latencies of the
operation components are too tiny to effect the performance
improvement (observed from comparison between the float
and int SEM versions of 3 x 3 Filter and ImSeg).

Third, the implementations are further accelerated by
parallelizing the loop iterations. The execution speed of all
four implementations is multiplied by unwinding the loops.
According to our test, the LU optimized code, respectively,
achieves 19.84x, 143.34x, 29.94x and 90.39x speedups on
average for the four implementations. However, it should be
noted that the resource consumption is multiplied as well
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within LU transformations. This results in the surface of the
target implementation probably exceeding the hardware
constraints. For example, the efficiency of the int 32 LU
version of 3 x 3 filter could reach 50 cycles if its loops are
completely unrolled, but due to the limitation of the DSP
number (768 required vs. 740 in maximum), they can be only
partly parallelized in order to make the surface of the
desired implementation available to the target board.

Finally, the memory of the implementations is reallocated
depending on the I/O protocol in order to maximize the data
throughput of the interface. Our tests indicate that this
optimization may lead to two different changes to the final
implementations depending on the target algorithm and
data format. The first result is that the designs are
accelerated, such as the int 32 and int 16 versions of MatPro,
etc. This is because MM offers more operation parallelism
opportunities by expanding the interface throughput and
reducing the access conflicts. Instead, the second result is
that the designs are not accelerated and are even
decelerated, i.e. the int 32 versions of 3 x 3 Filter and ImSeg.
This is because expending memory interface has to consume
much more hardware surface. Once the resource
consumption of these implementations exceed the hardware
constraints, CDMS4HLS only has to reduce the loop
unwinding times to reduce the surface of the target
implementations. For example, the int 32 MM version of
ImSeg could offer an acceleration gain of 3.31x relative to its
LU version if its loops are completely unrolled, but its
average resource consumption would be 1.57 times as much
as the available resources of the target device. Therefore, its
loop unwinding time is reduced by one in order to decrease
its surface.
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5.3.2. Comparison experiment

We compare here the CDMS4HLS with two other
functionally similar design flows using the source code of the
four chosen algorithms (see Figure 5.6). We base the first
design flow on two improved conventional S2S C/C++
compilers, an improved PoCC polyhedral framework [ZUO
13, POC 13, LI 14] and the Generic Compiler Suite (GeCoS)
[MOR 08, MOR 11] (defined as PolyComp), while the other
one is based on the original Vivado HLS Design Suite
[XIL 12b].

Function verifying
C prototyping and debugging
within C compiler

==

\

Directive
. i X Proposed code
Transformation configuration optimization
through PolyComp whithin pstrate
Vivado_HLS &Y
\/—

AutoESL

,\‘

S
Implementation Proposed
with Vivado_HLS implementation

Figure 5.6. Implementing flow with different code optimization methods,
including PolyComp, manual directive configuration within Vivado_HLS and
CDMS4HLS

\

Implementation
with PolyComp

In order to obtain an unbiased conclusion, all the source
codes are synthesized using AutoESL and their data formats
are normalized to 32-bit integer numbers. Considering that
PolyComp does not have the ability of I/O interface
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manipulation, we set the I/O protocol of the target
implementations as the default of the HLS tool used.

The latency speedups of the three design flows with
different algorithms are compared in Figure 5.7. This result
is normalized to the int 32 original versions of the related
algorithms. These three approaches, respectively, achieve an
average of 19.01x, 22.19x and 106.54x speedups. This
demonstrates that the CDMS4HLS approach can gain more
performance improvements in terms of latency consumption.

300

Il Polycomp

| Vivado HLS
I Proposed
250l B el e i

[
=1
1=}

Latency speedup ratios
= >
=] o

S0+ : g

3x3 FiITI:er MatPro ImSeg StMatch

Implementations

Figure 5.7. Latency speedup comparison. For a color
version of the figure, see www.iste.co.uk/li/image.zip

Compared with the other designs, CDMS4HLS has the
ability to manipulate the source code in a lower instruction
level, which provides more optimization opportunities to
HLS tools. Furthermore, this method can effectively reduce
the transition number of the FSM behaviors of the target
implementations. For example, the transition number of the
MatPro optimized by CDMS4HLS is only half as many as
PolyComp and Vivado HLS, respectively. In addition, it
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should be noted that the acceleration gains due to the
interface expanding are not taken into account. That is,
CDMS4HLS and Vivado HLS may achieve more speedups
than Poly-Comp.

5.4. Discussion

The CDMS4HLS approach improves the performance of
the desired designs in various ways, including function and
loop  hierarchy  optimization, symbolic expression
manipulation and memory/interface protocol manipulation.
These methods allow a much simpler FSM architecture for
the final implementations and provide more operation
pipelining opportunities to the HLS tools.

Related to PolyComp, CDMS4HLS is a compilation
strategy specially designed for HLS processes, therefore it
can more effectively optimize the control behavior of the C
prototype, which can provide more optimization
opportunities in terms of instruction-level parallelism.
Meanwhile, Vivado HLS does not have the ability to
manipulate the symbolic expression of the source code, while
CDMS4HLS can transform them into forms that can be
detectable by HLS tools. The experimental results
demonstrate that the latter can greatly reduce the cycle
consumptions of designs and enable the HLS tools to
effectively use additional FPGA resources. Compared with
other conventional S2S compilers or the manual
optimization procedures, CDMS4HLS achieves more
acceleration gains. It is therefore concluded that
CDMS4HLS is an effective code optimization strategy, which
substantially improves the HLS-based FPGA designs.

In this chapter, CDMS4HLS has been illustrated and
evaluated using four basic image processing algorithms. It is
interesting and necessary to apply this improved FPGA
design flow into some complex real-time image processing

lvww.ebook3000,con)



http://www.ebook3000.org

CDMS4HLS 111

applications. Since computationally intensive algorithms
may result in a complicated control flow and operation
scheduling, more efforts are wusually required for
development and optimization. Testing and verifying
CDMS4HLS according to a practical and complex case can
further evaluate its feasibility for commercialization.
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Embedded Implementation of VHR
Satellite Image Segmentation

Remote sensing techniques are increasingly used in
geological exploration, natural disaster prevention,
monitoring, etc. They usually require very high resolution
(VHR) satellite images, which are texturally rich and may
raise the running cost of systems. In some cases, for example
during volcanic eruptions or flood monitoring, fast and
effective processing methods are necessary because the
information needs to be extracted and considered as fast as
possible. However, image segmentation models usually used
to detect objects or other relevant features in VHR satellite
images are fundamentally time consuming, which is a real
hassle for researchers.

In this chapter, we present a texture region segmentation
method for VHR satellite images in a high-abstraction C
environment and realize its RTL FPGA implementation with
the CDMS4HLS design flow described in the previous
chapter. First of all, we base the design on a promising level
set method (LSM) segmentation dedicated to VHR satellite
images [AKB 12, HIC 13, HUA 11]. Next, the lattice
Boltzmann method (LBM) is used as the solver of the level
set equation for its highly parallelizable capability. Finally,

Architecture-Aware Optimization Strategies in Real-time Image Processing, First Edition.
Chao Li, Souleymane Balla-Arabe and Fan Yang-Song.
© ISTE Ltd 2017. Published by ISTE Ltd and John Wiley & Sons, Inc.
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the algorithm is implemented into the register-transfer level
for FPGA using the improved HLS tools.

6.1. LSM description
6.1.1. Background

The LSM refers to the class of active contour models that
use the implicit representation of the evolving curve instead
of the parametric one, i.e. the Lagrangian framework and
Eulerian framework [KAS 88, SAM 00]. Its advantages
include the following:

—it allows the texture of interest to be selected and
segmented depending on the user requirements by providing
a set of user-controlled parameters;

—it allows easier handling of complex shapes and
topological changes;

—it can convert the images from 2D to 3D
straightforwardly;

—it allows constraints on the smoothness of the
boundaries to be added easily via regularization terms.

The basic idea of the LSM is to continuously evolve the
zero level of a given level set function in the image domain
until it reaches the boundaries of the interested regions or
objects. First of all, we define a closed curve in the image.
Next, the distance between the boundary of this curve and
each pixel d(x,y) is expressed by using a signed distance
function:

d(x,y) = ¢(x,y,t) [6.1]

where (x, y) refers to the pixel and ¢ is time. We can see that
at any time ¢, the pixels on the curve always satisfy:

¢(x,y,t) =0 [6.2]
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Differentiating the equation above with respect to ¢, we
can obtain:

dx dy
¢t + ¢x dat + ¢y E—O [63]

According to the chain rule, we can figure out the
following equation:
2
50 = VIvel [6.4]
where ¢, V¢ and V are, respectively, the level set function, the
gradient of ¢ and the speed function that should drive and
attract the evolution of the active contour toward the object
boundaries. Equation [6.4] is known as the level set equation,
which can be used to govern the active curve evolution.
According to whether the speed function uses local or regional
statistics, the LSMs can be divided into two general
approaches: edge-based and region-based methods. The first
one uses an edge indicator depending on the gradient of the
image as in the classical snakes!, but these methods are
effective only when the boundaries of the object have a clear
change in gray value. Moreover, they are sensitive to noise
and ineffective when the object of interest is without edges.
The second one uses some regional attributes to stop the
evolving curve. These methods are robust against noise and
effective even if the object is without edge.

Many efforts have been made to apply the geometric
active contour frameworks to the field of remote sensing. For
example, Karantzalos et al. [KAR 09] propose a variational
geometric level set functional for man-made object detection
from aerial and satellite images, while Ball et al. [BAL 07]
present a supervised hyperspectral classification procedure
consisting of an initial distance-based segmentation method

1 A snake corresponds to an energy minimizing spline guided by external
constraint forces and pulled by image forces toward features: edge
detection, subjective contours, etc. Basically, snakes are trying to match a
deformable model to an image by means of energy minimization.
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that uses best band analysis, followed by a level set
enhancement that forces localized region homogeneity.
However, none of these methods are local and, therefore,
they cannot benefit from high-performance computing
techniques. The main limitation is due to the fact that, at
each iteration, the average intensities inside and outside the
contour have to be calculated, thus dramatically increasing
the processing time by increasing communications between
processors.

Recently, some researchers pointed out that the LBM is a
potential approach to solve the level set equations [CHE 07].
This method was originally designed to simulate Navier—
Stokes equations for an incompressible fluid [HE 97] and
was only recently used in image segmentation [BAL 15].
Differing from the other solvers [BAL 07], the LBM exhibits
local and not global computations, which may result in less
data dependencies than the other methods. Given the
processing devices available today, such as FPGAs and
GPUs, which feature powerful parallel programming, this
method appears as a natural candidate to improve the
segmentation performance because of numerous advantages,
such as simplicity, its intrinsic massively parallel nature and
second-order accuracy both in time and space.

6.1.2. Level set equation

We perform the following speed function by combining
LSM with multikernel theory:

V(x) = e = (T(¢(x)) = TU)?) + Vyey (x) [6.5]

with:

0(0) = (160, 1:(0),5(0)) € B3 [6.6]
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where x and I; are, respectively, the spatial variable and the
intensity of a given pixel in a region of interest, A is a user-
controlled positive parameter used to accelerate the
convergence of the method toward the steady state and ¢ is
the threshold parameter to stop the evolution. V., is a
regularization term, I(x) € R is the intensity of the pixel x,
the two-tuple (If(x),s(x)) € R? is a simple descriptor of the
texture information at the pixel x, in which Ir(x) is the
filtered intensity of the pixel x and s(x) is the standard

variance of the intensities of the neighbors of x, and T is a
transformation function defined as follows:

K(x,y) =<T(x),T(y) > [6.7]

where K is a non-negative combination of two Mercer kernels
kl and kz .

K=k, (x,y) + ak, (x,y) with a >0 [6.8]

The most commonly used kernels include linear,
polynomial and Gaussian kernels. Here, we wuse the
Gaussian kernel and define k; as the pixel intensity kernel,
while k, is the texture information kernel. They are
expressed as follows:

ky (x,y) = exp {(=|l1(x) = IW)II*/%} (6.9]

Kz (,y) = exp (| (1), s@) = (1), s3)) I1?/0%}
where ¢ is the Gaussian root mean square width of the
kernel.

On the other hand, the regularization term V.., (x) is
defined as:

Vieg () = B(1 — u(x)) + vdiv(Ve/|Ve) [6.10]
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where div is the divergence operator, 8 controls the impact of
the texture information on the segmentation results, v is a
positive constant and u is a fuzzy membership value that
helps with deciding if the current pixel x is a boundary or
not. u is defined as follows:

u—=~6
u
1, else

, U=6

ulx) = { [6.11]

with
§=1(x) —I(x)| [6.12]

where | is the mean intensity of the local pixels {2 defined as:

= o _ s@yiymay,
1) = [o@y)dy, [6.13]
. (1, |x—yl<r
with s(x.y)—{ 0, else [6.14]

where r is the radius constant, p is a positive small
parameter defined as 0.1 and £ is the image domain.
Consequently, the first term of 1}, in equation [6.10] drives
the active contour as close as possible to those pixels with
which u(x) = 1, and the second term is the constraint on its
length.

Since the proposed speed function tends to zero when

(T(p(x)) = T()? tends to &, which is a small value, the
evolving contour will stop at a certain pixel whose intensity
and texture information are equal to those of the selected
region. Now, we can figure out the desired multikernel level
set equation:

% =2 (5 -2(1+a—-K(p(x), It))) +B(1 - p(x)) + vdiv(Vp) [6.15]



Embedded Implementation of VHR Satellite Image Segmentation 119

6.1.3. LBM solver

The D2Q5 (two special dimensions and five discrete
velocity directions) LBM lattice structure shown in Figure
6.1 is used for the solver of the proposed level set equation.
The level set evolution equation can be expressed as follows:

fitr+ e, t+1) = fi(r, £) + pex + 75 F ey [6.16]

where e; and f; are the velocity vectors at each link of the
model shown in Figure 6.1, the particle distribution that
moves along the corresponding link, r is the position of the
cell and t is time. F is an external force, D = 2 is the grid
dimension, b = 5 is the link at each grid point, ¢ = 1 is the
link length and p;kis the Bhatnagar—Gross—Krook model
expressed as:

sk == (iR, 0) = fi(r, 1) [6.17]

where 7 is the relaxation time and f;is the local Maxwell
Bolzmann equilibrium particle distribution function which
depends on the particle and macroscopic velocity,
macroscopic fluid density, and on the thermodynamic
temperature. In the work of Zhao [ZHA 15], this equilibrium
distribution is considered as a typical diffusion phenomenon.
According to the Chapman—Enskog analysis, the following
diffusion equation can be obtained from the LBM evolution:

% = ¢div(Vp) + F [6.18]
where ¢ is the diffusion coefficient. It is obvious that
equation [6.18] is similar to equation [6.15] with the body
force expression as follows:

F=2(e-2(1+a-K@px),1))) +B(1- p(x) [6.19]
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Now, we can obtain the desired level set equation solver:

fir +ept+1) = fi(r, ) + 2 (FG 0 = £, 0))
+2-(A(e—2(1+ a = K(p(),1))) + f(1—p())  16.20]

[z ez
A
fo €0
[z e; Ci o fuve;
A
y
A 4
X fo €4

Figure 6.1. The D2Q5 lattice Boltzmann method (LBM) model

6.2. Implementation and optimization presentation
6.2.1. Design flow description

Figure 6.2 shows the design flow used to implement the
LBM onto an FPGA device. Considering most designs begin
with the algorithm analysis, which requires a very high level
environment to facilitate the descriptions of mathematical
operations and the simulations of the model, we select
MATLAB as the favored user-level design environment
for its powerful built-in image processing toolbox and
advantages in terms of vector processing.

Once the algorithm is verified, we can start to prototype
the algorithm for FPGA synthesis. Because of the HLS
technique, the algorithm behavior can be described in the C
environment and verified by using the common C compilers.
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It should be noted that the original prototype has to be
debugged depending on the input code constraints of high-
level synthesis due to the special architecture of FPGAs
compared to general-purposed processors.

Before running the synthesis, we make some source code
optimizations using the CDMS4HLS strategy proposed in
the previous chapter in order to improve the design
performances. Finally, the low-level code generated by the C-
to-RTL conversion process is evaluated by using a hardware
description language estimator to determine whether it
satisfies the performance requirements. If satisfied, the
generated implementation is then exported as an IP core to
the test bench for top level simulation; otherwise, the process
of code optimization is iterated again.

This development design flow uses five different
development tools within Ubuntu, including MATLAB,
Gedit, ICC, AutoELS and System Generator, which can
benefit both the development productivity and design
performance according to their different development
environments. For example, MATLAB and System
Generator are, respectively, used for algorithm analysis and
top level simulation of the generated kernel for their
advantages of high-level abstraction. Meanwhile, Gedit is
selected as the code editor for prototyping and optimizing in
a C environment, while ICC for simulating the source code
by using general-purpose processors. The gap between C and
register-level languages is bridged via AutoELS, which is
one of the leading high-level synthesis tools for its abilities to
produce high-quality register-level languages.

Within this design flow, all of the manual, necessary
cycles, including algorithm analysis, prototyping, debug,
optimizing and top level simulation, are made in a high-
abstraction environment, while the C-to-RTL conversion is
automated by incorporating the HLS process. This is an
effective approach to free the users from the boring work of
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hardware configuration required at the low abstraction level.
Moreover, this approach allows for design space exploration
in different environments (MATLAB, C and System
Generator) and processors (CPU, FPGA and GPU), which
provides a large number of opportunities to find potential
design solutions compared to design flows only targeted to a
single type of environment or device.

( Begin ) ( End
; h N
High 1 Algorl.trlm it -Satisfy? T 9.. Top L_evz-:;\
analysis o simulation
) . A
Y
3 3. Functionally
*
2. Prototyping™® <+—» verifying
v
- HLS
? 4. DEbUg* I constraints
5 |
— v o
: & P ode
2 = Optlmizlng optimization
51 process strategies
= v
1
'
2 6. HLS process . 2
< C environment g
)
. v o
i n
e Catisy? e 7. Performance 3
No evaluation E
Yés g
v
8. Export as IP %
care ) 3
Low | | RTL environment

Figure 6.2. HLS-based design flow: “*” refers
to the necessary manual cycles

6.2.2. Algorithm analysis

Algorithm 6.1 shows the pseudocode of the target LBM.
The implementation using this original description will
result in an inefficient block hierarchy and a complex control
behavior, which seriously constrains the potential
optimization gains of the design in terms of instruction
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parallelization. According to our analysis, the primary
bottleneck of the optimization occurs as the loops in the
routine cannot be completely unrolled due to the hardware
constraints. This results iccurs asn an inefficient
parallelization because the instruction-level optimizations
are disrupted by the loop and function hierarchy within the
HLS process. For example, the loops of Lines 2, 6 and 10
cannot be parallelized, even if they are independent, because
the generated register-transfer level implementation is
based on the finite state machine (FSM) architecture, and
the loop bodies are processed as separate states that have to
be run one by one.

Algorithm 6.1. Pseudocode of the original LBM

Require: original image I, initial zero level contour ¢
Ensure: the final zero level contour ¢

: Initialize the coefficients

: for all pixels do

: Compute Gaussian memberships with equation [6.11]
: end for

: Initialize the local textural information

: for all pixels do

: Compute the body force with equation [6.19]

: end for
9.0xy+2.0
4

© 010 U W N

1T e withy =1
: for all pixels do
: Initialize the LBM distribution function

: end for

= e
W N = O

: for all iterations do

—_
IS

: for all pixels do
: Perform streaming-collisions with the D2Q5 LBM Lattice structure
: end for

e
o U

: for all pixels do

[y
o

: Update the distance value
: end for

[y
©

DO
(=]

: end for
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In the following sections, we will sequentially apply four
different source code optimization techniques regrouped in
the CDMS4HLS strategy onto the target implementation,
including function inline (FI), loop manipulation (LM),
symbol expression manipulation (SEM) and loop unwinding
(LU).

6.2.3. Function inline

According to the design flow proposed in section 6.2.1, the
C prototype of the design needs to be debugged for HLS.
Since FPGAs structurally differ from general-purpose
processors, neither the static definition nor the dynamic loop
boundaries are supported in HLS-available C programming.
Thus, one of the primary tasks of the debugging process is to
correctly manage both the static variables and the dynamic
loop boundaries in the original code. These constraints even
result in some commonly used C library functions, i.e. exp(),
rand() or pow(), not being compliant with HLS. To resolve
this issue, we pragmatically build a novel C library that
includes a series of alternatives for each of the C functions
that are not compatible with HLS. In this work, the exp hls()
and pow* hls() functions are used to, respectively, substitute
the standard exp() and pow() functions, in which “*” indicates
“1,2,3...10".

However, the approach presented above seriously raises
the complexity of the generated RTL. In HLS, the C
subfunctions are processed as reusable subblocks.
Consequently, the subfunctions are separately processed
first and then interconnected via assignment interfaces in
the functions in the upper level. Hereby, we use the number
of assignments to estimate the complexity of the
implementations. Figures 6.3(a) and (b) display the block
hierarchies before and after debugging. In this figure, an
assignment is represented by a line arrow (e.g. from pow() to
ImgSeg Ori()), so we can find that the original version leads
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to only six assignments and increases to 15 for the debugged
version. Despite an optimization possibility by using
function-level parallelism, due to the isolation of each
subblock, the optimizations available in the deeper loop and
instruction levels are confined to the scope of the blocks even
if some different block loops or operations are able to be more
efficiently manipulated. Therefore, the first step of the
proposed optimization process is to compress the hierarchical
architecture of the generated RTL into a single level by
substituting the corresponding source code for the
subfunction calls in the top function, which is known as FI.
This processing can offer more optimization opportunities by
merging the separate loops and operations into a single
scheduling scope. Furthermore, for this reason, it is first
made during the optimization process.

pow2 () ‘Wﬂ(l powd() .. ‘W\Nlon‘
|
A ;
» std_var_hls [)‘ ‘ exp_hls() avg_filter_hls () fabs ()
ImgSeg_hls ()
% "
&
059 (b) ‘:(
pow )
— _ _ _ _ ImgSeg_Fl ()
std_var_hls() = | avg_filter_his () exp ) [ fabsg) ) pow2 () | %3 [ exp his()
) ) ) | i avg_filter_hls(l| pow2 ()
¥ [ fabs() )| | pow3()
ImgSeg_Ori () std_var his() | | [Powa()
(a) pow2() 9 | | ‘powl0 ()

(c)

Figure 6.3. Block hierarchy comparison: a) original version,
b) debugged version and c) function inline version. For a
color version of the figure, see www.iste.co.uk/li/image.zip
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6.2.4. Loop manipulation

In HLS, the control logic of the source code is first
analyzed and extracted as an FSM. Next, the operations are
assigned to the corresponding states of the control behavior
to perform the control and datapath behavior. During this
process, either the sequences of operations or the loop bodies
are represented as a single state, i.e. Lines 5 or 9 for the
operation sequence and Lines 3, 7 or 11 for the loop body in
Algorithm 6.1, and the operation scheduling is confined by
the state scope.

Generally, applying LM is motivated by two reasons:
(1) to reduce the running-cost due to the state transit
controls by reducing the state numbers and (2) to help HLS
to discover more instruction-level parallelism opportunities
by expanding the scheduling scopes that are confined by
states. During this process, the control and datapath
behavior FSM of the design is optimized by subsequently
using operation sequence rearranging and loop merging.

The pseudocode of the LM-optimized implementation of
this design is shown in Algorithm 6.2. Figure 6.4 displays
the transition of the generated RTL within this process.
After an analysis of data dependency, the operation sequence
is rearranged from the math-convenient ordering into the
schedule-convenient ordering, which is known as out-of-order
compilation in  high-performance computing. This
transformation merges the different state operations (L1, 5
and 9) into a single state and provides more opportunities to
the next step of loop merging by locating the separate loops
side by side (i.e. L3, 7 and 11 ). Next, the boundary-similar
neighboring loops are merged together.

According to the comparison between Figures 6.4(a) and
6.4(c), the LM process reduces the state number by 62.5%
(eight vs. three transits). Meanwhile, the state transit
number ratio Rum can be expressed as follows:
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_ 24(1+ITS)XWXL
(64ITS)+(3+2XITS)XWXL

[6.21]

RLM

where W x L = 948 x 450 is the image dimension and ITS is the
maximum iteration number defined as five. Given W x L >> 6 +
ITS > 2, we can evaluate R; ), ~ 46%, and the transit number of
the design is therefore reduced by approximately 54%.

Algorithm 6.2. Pseudocode of the LM-optimized implementation

Require: original image I, initial zero level contour ¢
Ensure: the final zero level contour ¢

: Initialize the coefficients

: Initialize the local textural information

T« 79'%1”'0 withy =1

: for all pixels do

: Compute Gaussian memberships with equation [6.11]
: Compute the body force with equation [6.19]

: Initialize the LBM distribution function

: end for

© T UA WD

: for all iterations do

10: for all pixels do

11: Perform streaming-collisions with the D2Q5 LBM Lattice structure
12: Update the distance value

13: end for
14: end for
P Wl
SO: L1 »  S1:L3 W
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" yo el .
S2:L5 > SHEL? ) ) ! 50:L1,5 9
52:L7 > S§3:L11
. WL - Wil
S4:L9 > S5:L11 s S1:L3, 7,11
Rearranging - Loop
| S4:L15 merging
Wil e WL
o s | §2: }
SB:L15 Wil -y | 82:115, 18 s
ITs { S5:L18
Wl
S§7:L18
(a) Original/ (b) Loop-Rearranged (c) LM version
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Figure 6.4. Finite state machine (FSM) transition within loop manipulation:
“L*” refers to the operations covered in the present state, in which “*” indicates
the line number in Algorithm 6.1, W x L = 948 x 450 is the image dimension
and ITS is the maximum iteration number defined as five
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6.2.5. Symbol expression manipulation

Because of the improvements of scheduling algorithms,
current HLS tools allow us to optimize operation scheduling
with various time or resource constraints. During this
process, the parallelism in the design is first exposed
according to the data flow graph and then the scheduling
algorithm is used to determine the cycle within which the
operations can be scheduled.

In the original version of our design, the target algorithm
is mathematically described, which leads to a series of long
mathematical expressions, including the computations of
Exp(x) and x", local mean intensity value I and standard
variance s, shown as follows:

Exp = Yr-o :L_,

x" = [l,x

- 1

I'= NZ?LIIL'

2= 3N, (1 — T)? [6.22]

Such mathematical functions seriously prevent designs
from benefiting from the instruction-level parallelism
optimizations. According to our tests, the parallelism
underlying the single equations cannot be effectively exposed
by the data flow analysis performed by AutoELS. Therefore,
in the SEM, we transform the long expressions in the design
into short ones to help HLS to discover more potential
parallelizing opportunities. Figure 6.5 illustrates the code of
the function pow4_hls() before and after the symbol
expression transformation, as well as its scheduling graph.
Obviously, the segmented expressions lead to a more
efficient implementation. We, respectively, apply this
approach to the descriptions of equation [6.22] and achieve
speedups from 24.3% up to 60%.
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return x*x*x*x; version: X
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Figure 6.5. Scheduling of pow4_hls: a) original-to-symbol expression
manipulation (SEM) code transformation; b) scheduling comparison

6.2.6. Loop unwinding

LU is a loop-level parallelism (LLP) form of optimization
widely used in parallel computing. It first unwinds the loops
in the source code and then pipelines the body operations for
acceleration if their iterations are independent. By using this
transformation, engineers can multiply the running speed of
the design up to several hundred times. Meanwhile, it should
be noted that this method is seriously constrained by the
hardware resources of the target device. The area of LLP
optimized version 4;;,, can be expressed as follows:

Allp = Zlk{=1(D0Pk (TL) X ak) + Acontral [623]

where K is the number of operation types, DOP,(n) is the
degree of parallelism of the kth operation with the unrolling
times of n, a; is the area of the Ath component and A, ,ir0; 1S
the area of the control circuit. According to equation [6.23],
the area constraint of LU can be formulated as:

Allp <A- Zﬁ=1(D0Pk (M) X a,) <A = Acontrol [6.24]

where A is the available area of the target device.
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Besides pipelining the operations, LU also reduces access
conflicts by enabling the fused iterations to share registers.
Since the loop bodies are extracted as independent states in
RTL, each of them has to access the memory individually
even if some of the data can be shared by multiple iterations.
Fusing separate iterations into a single one breaks the
isolation between the loop iterations, which provides a nice
opportunity to reduce access conflicts. However, it should be
noted that the efficiency improvement from registers sharing
among iterations is effective only when the reading
operations lead to more delays than the writing operations;
otherwise, the accelerations achieved by reducing reading
operations will be completely offset by the delays due to
writing access conflicts.

Algorithm 6.3. Pseudocode of the loop unwinding  optimized
implementation

Require: original image I, initial zero level contour ¢
Ensure: the final zero level contour ¢

: Initialize the coefficients

: Initialize the local textural information

T« _9.0x::+2.0 withy =1

: for all pixels do

: Compute Gaussian memberships with equation [6.11]
: Compute the body force with equation [6.19]

: Initialize the LBM distribution function

: end for

© 0T DU A W N

: for all iterations do
: for all pixels do

[a—
- O

: #program AP unroll factor=16

[
N

: #program AP pipeline

: Perform streaming-collisions with the D2Q5 LBM Lattice structure
: Update the distance value

: end for
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: end for
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Algorithm 6.3 shows the pseudocode of the LU-optimized
implementation of this design. Due to the resource
constraints of the target device, we only partly optimize the
final nest loop in Line 10 with n = 4 by using the loop unroll
and pipeline directives in AutoELS. Our tests demonstrate
that this optimization reduces the latency of the target loop
by 90.5%.

6.3. Experiment evaluation

In order to obtain an unbiased conclusion, we compare the
proposed implementation with its original RTL
implementation and one CPU implementation. These
reference implementations are developed from the same
pseudocode shown in Algorithm 6.1. For the sake of fairness,
all of the reference implementations are specified within the
high-abstraction environment C/C++. We name the C/C++
version cpu_c, fpga_hls_ori is the RTL generated from the
source code without any optimization and fpga_hls_opt is the
optimized implementation. Since the algorithm is complex, a
large FPGA platform, Kintex 7, is selected for evaluation.

In this section, the user-controlled parameters in the
algorithm are defined first. Next, its implementations are
functionally verified by using four VHR satellite images
taken by IKONOS or GeoEye-1. Third, the effects of the
optimization technique are analyzed one by one. Finally,
they are evaluated through the running-cost performance
comparison.

6.3.1. Parameter configuration

In equation [6.20], since a D2Q5 model is used in the
design, we have D = 2 and b = 5. The length of each link in the
active contour model is defined as 1, so ¢ = 1. The parameter A
can be used to accelerate the convergence toward the steady
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state, and users have to manually configure it for different
input images. t is the relaxation coefficient that is used to
control the curvature, and we fix it to 2.75. a and f control the
impact of the texture information on the segmentation results.
In order to segment the text region of interest well, we find
the suitable values of o according to observations of the
segmentation results in a test image [BAL 14].

a) Initial contour b) ¢x=0.5. ﬁ:3.5 c) =075, ﬂ:3.5

d) a=1, f=35 Q) a=2, =35 ) a=10. f=3.5

Figure 6.6. Impact of the parameter a on the accuracy of the segmentation
results (see [BAL 14]). For a color version of the figure, see
www.iste.co.uk/li/image.zip

In the result analysis of Figure 6.6, we can see that a value
of a being too low (o = 0.5) leads to an oversegmentation, while
a value that is too high (o = 10) decreases the precision of the
result (undersegmentation). In Figure 6.7, we can also see that
a too low value of B leads to an undersegmented result as the
curve fails to detect the right contour. Therefore, we fixed o = 2
and B = 3.5. However, it should be noted that this configuration
is obtained within double floating point numbers; for the single
floating point and fixed point numbers, we changed o from 2 to
5 and 9, respectively.
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a) Initial contour b) g=2. f=1 )a=2, f=25

d g=2. =35 &) a=05. f=4 ) @=075. f=5

Figure 6.7. Impact of the parameter 3 on the accuracy of the segmentation
results (see [BAL 14]). For a color version of the figure, see
www.iste.co.uk/li/image.zip

6.3.2. Function verification

Figures 6.8 and 6.9 show the original images and
segmentation result. Figure 6.8(a) is the image of Uxmal in
Mexico taken by the IKONOS satellite in 2002. Its
segmentation results demonstrate that our algorithm can
effectively delimit the non-forested areas and extract the
road underling the forest. Figure 6.8(b) is the image of the
volcano in Iceland taken by IKONOS, as well. We can see
that the activity of the volcano is well detected. The two
photos of Figure 6.9 were taken by the GeoEye-1 satellite,
and the ice-covered areas and the beach line are set as the
intended object for the segmentations, respectively. The
results demonstrate that the desired areas are well delimited
despite the disturbances of the unwanted areas, i.e. the
convex ices in Figure 6.9(a) or the shoreline constructions in
Figure 6.9(b).
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Figure 6.8. Original images and segmentation results: taken by the IKONOS
satellite: a) Original image of Uxmal; b) original image of volcano;
¢) segmentation result of Uxmal and d) segmentation result of volcano.
For a color version of the figure, see www.iste.co.uk/li/image.zip

(a) (b)

Figure 6.9. Original images and segmentation results: taken by the GeoEye-1
satellite: a) Original image of ice sheet; b) original image of Santorin;
¢) segmentation result of ice sheet and d) segmentation result of Santorin. For
a color version of the figure, see www.iste.co.uk/liimage.zip
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On the other hand, it is noted that the segmentation
results of the different implementations are highly similar.
These similarities are quantitatively evaluated by using the
corr2() function within MATLAB and results very close to 1
have been obtained. This demonstrates that the selected HLS
tool is effective to automate the C-to-RTL transplantation
with an acceptable difference, and the optimizations made on
the fpga_hls_ori would not affect the functions of the design.

6.3.3. Optimization evaluation

Because of the proposed design flow, we can easily
discover and evaluate different design alternatives. Hereby,
we subsequently apply different optimization technique onto
the design depending on the nature of the HLS process.
Table 6.1 details the running-cost estimation of each
optimization cycle.

In Table 6.1, it is first seen that each optimization made
on the design can effectively reduce the latency of the
generated RTL. Their latency improvements related to the
previous optimization cycle are, respectively, 14.5%, 5.1%,
8.7% and 92.7%, while the total is 94.6%. We can find that
the main contributor of the overall optimization process is
LU. This is because the LBM solver has a low iteration
dependency, which enables the potentially high parallelism
to be exploited. Therefore, the LU can multiply the running
time with few data dependency constraints.

Meanwhile, it is seen as well that the hardware resource
consumption varies greatly depending on the different
optimization forms. FI and LM accelerate the design, as well
as reduce the resource consumption. This is because they can
create more operator sharing opportunities by expanding the
scheduling scope confined by the function and loop hierarchy,
respectively, and reduce the architectural complexity of the
design, as well. In contrast, SEM and LU do not have the
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same capability; therefore, the generated RTLs optimized by
them lead to more consumed resources. In this design, the
target device is xc7k70tfbg484-1 of Kintex-7 from Xilinx, and
due to the LUTs constraint, we can only partly unwind the
loop. The LUTSs required for each optimized implementation

are around 55%, 40%, 38%, 50% and 81%, respectively.

Optimization Latency Clock (ns) |BRAMs| DSPs | FFs LUTs
(cycle)

Original 532,072,992 8.68 3 74 (13,462 [23,403

FI 454,940,736 8.58 3 43 |10,607 (16,916

LM 431,875,392 8.33 3 41 |9858 16,161

SEM 394,141,984 8.33 3 61 (12,287 (21,263

LU 28,772,758 16 0 66 (21,422 (34,457

Table 6.1. Optimization evaluation: original corresponds to fpga_hls_ori
implementation while LU corresponds to fpga_hls_opt implementation

Finally, it should be noted that the design is constrained
by the system frequency, because highly parallelized
implementations may result in long clock periods in FPGAs.
The clock column of Table 6.1 shows the minimum clock
periods for each implementation estimated by using
AutoELS. We can see that the LU-optimized implementation
requires a much longer period than the others.

Figure 6.10 compares the running-time acceleration ratio
to the one of latency with a logarithmic scale. The original
implementation is set as the reference in this comparison.
We can see that although the efficiency performance of the
design is negatively influenced by the frequency constraint,
because of the significant performance gain of LU, the
proposed design achieves a speedup of around 10x compared
to its original version.
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Figure 6.10. Running time and latency acceleration
(expressed in LOG) improvement of different optimized implementations.
For a color version of the figure, see www.iste.co.uk/li/image.zip

6.3.4. Performance comparison

This experiment estimates the overall running time of the
proposed and reference implementations in the real world.
The scope of this measurement covers the necessary
computations and memory access operations. For CPU
implementation, specific storage space is allocated in the
memory for the input and output images, whereas the
external RAM is used for the implementations of FPGA.

The results of this experiment are compared in Table 6.2.
First of all, it is observed that fpga_hls_ori is 1.9x slower
than cpu_c. The generated RTL is substantially an FSM
constructed using the data flow graph of the source code, so
its operation scheduling satisfies the corresponding time
constraints. This prevents the design from parallel
computing even if some operations are independent and
parallelizable. In the experiment of section 6.3.3, it is
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mentioned that this version consumes only 55% of the LUTSs
of the target device. This demonstrates that it does not make
effective use of the additional hardware resource for
performance optimization. On the other hand, cpu_c is well
optimized during the compilation, and the frequency of the
target processor Q6600 is around 21x as high as the selected
FPGA (2.4 GHz vs. 115.2 MHz). All of the reasons mentioned
above result in the performance difference of cpu_c versus
fpga_hls_ori.

cpu_c fpga_hls_ori [pga_hls_opt

0.58 x 103 1.1x 105 0.1 x 105

Table 6.2. Running time comparison (s/pixel)

Next, we can see that the optimized implementation can
achieve the most potential running time gains of all of them.
The contributors of this performance gain mainly include the
target FPGA device and the optimization techniques. It is
known that FPGAs have a high flexibility, which enables
users to configure the architecture of the designs as they
wish, while the CPU has a changeless architecture, which
constrains the operation scheduling, i.e. von Neumann
bottleneck and the thread number limit. Coupled with HLS,
the former can benefit the performance of the design by
providing a more efficient architecture and operation
scheduling. According to our test, the final RTL optimized
achieves around 5.29x and 10.4x speedups related to the two
reference implementations, respectively.

6.4. Discussion and conclusion

In this chapter, we presented an embedded VHR satellite
image segmentation design. First of all, FPGAs were selected
as the target device for the desired design and a novel
dedicated design framework was built using the HLS
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technique. This design flow can effectively accelerate the
development cycles by facilitating algorithm analysis, design
implementation and the exploration of design alternatives.
Next, an active contour model and its LBM-based solver
were prototyped and analyzed as the target image
segmentation algorithm in a math-convenient environment.
This algorithm has a high parallelism nature, which can
greatly improve the design performance.

During the implementation process, the design is
optimized depending on the features of HLS. In the
evaluation experiments, it is seen that different
implementations can  produce high-quality image
segmentation results in nature or disaster images taken by
IKONOS or GeoEye-1. Compared to the two reference
implementations on the CPU or FPGA, the optimized design
has a 5.29-10.40x higher running time performance with a
similar capacity in terms of maintainability. Therefore, it is
concluded that the achievement has a great application
prospect and potential in remote sensing-based natural
disaster prevention and monitoring.
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Real-time Image Processing with
Very High-level Synthesis

Programming in a high abstraction level can facilitate the
development of digital single processing systems. A high-
level synthesis technique greatly benefits the R&D
productivity of the FPGA-based designs and helps add to the
maintainability of the products by automating the C-to-RTL
conversion. However, due to the high complexity and
computational intensity, the image processing designs
usually necessitate a higher abstraction level than C-
synthesis, and the current HLS tools do not have the ability
of this kind.

This chapter briefly presents a very high-level synthesis
(VHLS) method that allows fast prototyping and verifying
the desired FPGA-based image processing in the Matlab
environment. A heterogeneous design flow by using
currently available tool kits is built in order to synthesize
the algorithm behavior from the user level into the low
register transfer level. The main objective is again to further
reduce the complexity of design and give play to the
advantages of FPGA related to the other devices.

Architecture-Aware Optimization Strategies in Real-time Image Processing, First Edition.
Chao Li, Souleymane Balla-Arabe and Fan Yang-Song.
© ISTE Ltd 2017. Published by ISTE Ltd and John Wiley & Sons, Inc.
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7.1. VHLS motivation

High abstraction level design flows have significant value.
Since the 1990s, many efforts have been made to develop a
production quality HLS method for FPGA designs. However,
all the currently available HLS tools are based on C-
synthesis techniques, whereas a higher abstraction level is
usually required due to the high complexity and
computationally intensity of the target algorithms. We
attempt to build an automatical VHLS framework with the
following properties:

—to handle the algorithm behavior described in very high
level languages, such as Matlab or OpenCL;

—to handle the code written without FPGA expertise or
even not for FPGAs but the platforms of other types;

—to optimize the performances of the designs with the
hardware constrains such as frequency or area of the target
device;

—to automatically generate the desired RTL
implementation in a short time rather than hours or even
days;

—to be capable of being implemented by using the
currently available electronic design automation (EDA) tools.
This is important for industrial designs, because it can
effectively reduce the R&D cost by helping to quickly build
the desired design space exploration (DSE) framework and
avoid the additional cost for the new tool kits.

To do this, we first select Matlab as the favorite user-level
design environment for its advantages in terms of vector
processing and powerful built-in image processing tools.
Next, the challenges of Matlab-to-RTL synthesis are
explored. In the exploration work, we find that Matlab is
inherently a vector-based representation, whereas register-
transfer languages are fully scalar-based. This issue may
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seriously constrain the benefits of the desired FPGA-
available Matlab and is hardly solved by using a direct
synthesis process. Therefore, we incorporate the source-to-
source compile (SSC) in order to turn the nature of the
source code from vector- into scalar-oriented programming.
Finally, the generated code is classically synthesized via
control and data flow extraction and RTL generation
processes.

7.2. Image processing from Matlab to FPGA-RTL

Among all the programming languages favored by image
processing designers, Matlab is widely used for the following
reasons:

—it has a significant ability in matrix computing. Digital
image processing is essentially matrix computation. The basic
data element of Matlab is matric, and all the mathematical
operations are designed to work on arrays or matrices. This
can facilitate the programming tasks by freeing the users
from the redundant works of data flow control or
architecture specification;

—its library incorporates a rich database of built-in
algorithms for image processing and computer vision
applications, which can accelerate the algorithm tests
without recompilation;

— it allows interaction between the users and their data,
or even immediate statement running, which can help for file
or variable tracking and simplifying prototyping or
debugging tasks.

Unfortunately, since Matlab is inherently a vector-based
representation, moving the designs from it into the register-
transfer languages amenable to FPGAs is usually
interrupted by the following challenges:
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—operators in Matlab perform different operations
depending on the type of the operands, whereas the
functions of the operators in the register level languages are
fixed,;

— Matlab includes very simple and powerful vector
operations such as the concatenation “[]” and column “x(:)”
operators or “end” construct, which can be quite hard to map
into RTL;

— Matlab supports “polymorphism”, whereas register-
transfer level programming does not. More precisely,
functions in MATLAB are genetic and can process different
types of input parameters. In the RTL behaviors, each
parameter has only a single given type, which cannot
change;

— Matlab supports dynamic loop bounds or vector size,
whereas programming in RTL requires users to initialize
them explicitly. Neither this initialization, nor any
modification, can be done during the synthesis;

—the variables in Matlab can be reused for different
contents (different types), whereas those in RTL cannot, as
each variable has one unique type.

Considering that both Matlab and FPGAs greatly benefit
the image processing applications, it is important to focus
research efforts on the Matlab-based fast prototyping and
verifying methodologies for FPGA image processing designs.

7.3. VHLS process presentation

Figure 7.1 displays the flowchart of this synthesis process,
which is developed from the classical high-level synthesis
technique. It consists of three steps: SSC, control and data
extraction and RTL generation. For each step,
interdependent tasks are executed. Since the two last steps
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are included in the classical HLS process, our presentation
in this section focus on SSC.

VHLS process
HLS process

Function I Variable
library ™ mappi
PPINg
’Cﬂnlrul flow » Scheduling
extraction

Intermediate » CDFG model

Operation
P » code

| |y| Target RTL
mapping

» Generation |

v

define file | { |
. Dataflow
Built-in extraction 1P library,
function
compile Control-and-datapath
extraction

Allocation
and binding

¥

behavior.m | | |

RTL generation

Behavior Source-to-source
specification compile

Figure 7.1. Flowchart of the VHLS design

As discussed in section 7.2, the nature of the vector-based
representation of Matlab and its powerful built-in tools
result in many challenges for synthesizing it to RTL. We
summed up these issues as the following three problems:
dynamic variable problem, operation polymorphism problem
and built-in function problem, and solve them by compiling
the Matlab source code into a second intermediate code.

7.3.1. Dynamic variable

Since the corresponding memories can be re-allocated over
and over for the new contents with different lengths (types),
Matlab users do not have to declare the types for variable
initializing or allocate the right amount of memory for vector
variable before each use. The variables can automatically
change their lengths (types) or dimensions depending on the
content to be held. However, none of the currently available
register transfer languages have the dynamic variable
ability like this. Therefore, as shown in Figure 7.2(a), we
must explicitly allocate enough storage for every variable: a
manually specified define file is required for memory
allocation. Furthermore, when a variable is dynamically
reused in the source code, such as x and X in the example,
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some

additional

definitions

with

other

necessitated, i.e. x_I and X_1 in the example.

names are

[x=p3.2.11 ] X:={3,2,1}
W=0,p=0 =0 [Y=sorpg ] allocate Y
1=10,0,0] B:=0 call sort_ib (X, )
I 1={0,0,0) Tree all -4
%= il allocate x, X =
allocate x_0, x_1 X 2= =P Input: X [3x1]
x_0:= pixel - Output: ¥ [3x1]
_Li=int32 (x.0) rﬁ' =13
free all X[i] := w+10i) if (X[0] = X[1] or X{1] is NaN) then do {
if (X[1] < X[2] or X[2] is Noh) then do ¥ := X
=22 else {
if (XI0] < X[2] o X{2] is Nah) then do
a0 a=0 ¥ := X0}, X[21, X[1])
Lkl A=10,0,0] A:={0,0,0) else ¥ o= {X[2], X[0], X{1]}
%= exp (o) allocate x, X e
= Il ex e
allocate X_0, X_1 2w i = :__pgf(a’&*} if (X]0] < X(2] or X[2] is Nah) then do
== = ¥ 5= (X[1, X[O, X[2)
X0:=0.0,0] e LD
X_1:=X0 _ if (X[1] £ X[2] or X{2] is NaN) then do
free all =13 ¥ := {X[1], X[2], X[O}}
el 2+ 42 X1 X0)
!
( a) Scalar (top) and Library file
vector (bottom) { b ) Operator (top) and user-function
variable compile (bottom) compile { ¢ ) Built-in function compile

Figure 7.2. Source-to-source compilation strategies for VHLS

7.3.2. Operation polymorphism problem

Matlab allows operator and function polymorphism. That
is, its operators or functions may support either a matrix or
a scalar as a second operand or argument, and their returns
are also changed depending on the inputs. For the operators,
the nature of each invocation has to be determined first. If
scalar, they are mapped directly as the corresponding
monomorphism ones of the target languages, else they are
replaced with a loop construct as shown in the top of Figure
7.2(b). For the function mapping, the types of all the
arguments should be determined as well. Depending on the
invocation natures, we must create multiple different
versions for the same Matlab functions to satisfy the
operations of different invocations. As shown in the bottom of
Figure 7.2(b), two exponential computation functions,
exp_s(), and exp_v(), are created to handle the scalar and
vector invocations, respectively, of exp().
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We can see that either operator or function mapping may
necessitate additional loop constructs in the present or
deeper function level. In RTL, all the loop boundaries must
be initialized in advance instead of using the unknown
variables due to the fact that FPGAs support only static
compiling. Here, we use the vector information, which has
been explicitly defined in define file, to help to compute the
boundaries of the loops generated for operation
polymorphism problem. Meanwhile, it should be noted that
different vector dimensions may require more additional
function versions even for the invocations that have same
nature.

7.3.3. Built-in function problem

The built-in algorithms/functions of Matlab provide users
many benefits of facilitating their algorithm specification,
but they are usually invisible to a third-party compiler and
detected as undefined functions when invoked. Therefore, we
need to build a new library by using the synthesizable code
for these powerful algorithms. As shown in Figure 7.2(c), the
sort function of Matlab is respecified in the library. When it
is invoked in the source code, the corresponding routine can
easily be compiled by including its specification in the
generated file. Since the built-in functions of Matlab also
have the polymorphism nature, we create different versions
of each. Depending on the argument types, the right version
is re-targeted to the invocation in the source code.

7.4. VHLS implementation issues

According to section 7.3, we can see that the VHLS
method is difficult to implement. In this section, we will
discuss some VHLS implementation issues.
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7.4.1. Work flow

The work flow for the VHLS method is shown in
Figure 7.3, within which the following tasks should be done:

1) users first specify and functionally verify their
algorithm behavior by using classical Matlab;

2) next, the verified Matlab code is compiled into the
intermediate code. Due to the compatibility problem between
the tools, the code needs to be further transformed for the
subsequent steps. Additionally, a second function verification
can be done by wusing the corresponding compilers if
necessary,

3) third, the verified intermediate code is synthesized into
RTL through a synthesis tool with the user-specified and
hardware constraints;

4) fourth, the generated RTL is evaluated. If the results
satisfy the design requirement, go to the next step; otherwise
go back to the first step;

5) finally, the evaluated RTL is send back to the Matlab
environment for cosimulation. If its logic verification is
satisfied, work end, otherwise go back to the first step.

Matlab level Clevel ™
Algorithm Intermediate
verification code -«

verification

Debugged
intermediate
code

Algorithm
Begin —|» behaviar
specification
A

Intermediate | Intermediate
code ™ code
- | transformation

Source-to-

Source code >
source compile

)‘ Testbench

Figure 7.3. VHLS-based work flow

y Definefile |

Register transfer level

No No

End «fves— Satisfy? -« Yes— Satisfy? -« Evaluation

RTLcode Synthesis
— process
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7.4.2. Intermediate code versus RTL

The first step is to compile the source code from Matlab
into an intermediate code. ANSI C is selected for the
following reasons:

—it is a scalar-based language with high compatibility,
which can satisfy most requirements of the synthesis process
related to language natures;

— it can be compiled as either source or destination code
by many mature source-to-source compilers, which can
facilitate the discovery of the alternative solutions for SSC
task. This is important for DSE because the description
methods or code style could influence the performance of the
generated RTL [CON 13];

— it is supported by most available FPGA synthesis tools.
Since the qualities of the generated RTL are essentially
decided by the synthesis strategies, i.e. scheduling and
binding algorithms, so different tools may result in different
design results. Being supported by multiple synthesis tools
allows easy experiments for solution improvements.

Based on this decision, Matlab Coder is selected for the
Matlab-to-C conversion. Meanwhile, for the C synthesis tool,
we select Auto Pilot.

7.4.3. SSC versus HLS

Since Matlab Coder is not specially designed for Auto
Pilot, the C code generated by it cannot be directly used for
synthesis. This issue is caused by: (1) Matlab Coder
handles memory allocations by using malloc, whereas this C
library function is not supported by Auto Pilot, and
(2) static variable is not amenable to Auto Pilot, because
FPGAs do not have the storage element of this type.
Therefore, before Control and Data Flow Graph extraction,
some C-to-C code transformations must be done. We map the
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memory allocation statements in intermediate C code to the
common array declarations, while the static variable is
mapped into a variable out of the top entity and stored in the
external memory.

7.4.4. Verification and evaluation

According to Figure 7.3, we can see that three verification
and one evaluation tools are required. The source code can be
easily verified by using the compiler of Matlab. Meanwhile,
we select Intel C++ Compiler to debug the intermediate C
code and evaluate the generated RTL by using Auto Pilot
directly. Since the algorithm behavior is specified within a
Matlab environment, the final cosimulation should be
performed between Matlab and RTL. We can address this
problem by using System Generator/Simulink [XIL 12a].
This tool provides a visual programming environment that
can facilitate the building of the testbench and profit from
the data base already configured in Matlab.

7.5. Future work for real-time image processing with VHLS

This chapter proposes a VHLS method for image
processing designs by combining the recent source-to-source
compilation and HLS techniques. It provides a very high
abstraction level development environment to the users,
which can greatly benefit the development productivity by
automating the Matlab-to-RTL synthesis process. This
synthesis method has been implemented by using currently
available EDA tools and its feasibility is verified.
Furthermore, the VHLS will not increase the complexity of
the algorithm behaviors described using Matlab in routine
level, even if they are not specially developed for FPGAs.
Therefore, this method can effectively facilitate the
transplantation between the different platforms, such as
CPU versus FPGA.
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On the other hand, some new issues and challenges are
found as well. The first is that manual code transformation
is still needed due to the incompatibility between the
selected source-to-source compiler and HLS tool. However,
this issue should not be considered hard to fix, because
Matlab-to-C conversion is quite a mature technique in
software engineering, taking the constraints of HLS-
available C into the compiling process can be easily realized
through the currently available techniques. The second one
is that, in HLS, there still exist many potential optimization
opportunities that may further benefit the performances of
the generated RTL, especially the running speed, but they
are not yet discussed. Consequently, some SSC-based
optimization strategies may be developed to improve the
quality of the generated RTL.
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