ABSTRACT

DIWAN, MAITRIK Methodology for Analyzing Complex Algorithms for Small
Satellites. (Under the direction of Professor Willam W. Edmonson).

From the view point of an electrical engineer, one of the main challenges in the
field of space science is the mapping of complex control algorithms onto appropriate
hardware architectures. There is a wide knowledge gap between the team which de-
signs these algorithms and the team which implements the algorithms. There is a
variety of hardware architectures available commercially onto which the algorithms
can be mapped. There also exist different design tools which can be used to perform
the implementation of these complex algorithms on appropriate hardware architec-
tures. With the availability of a large suite of architectures and design tools, the
design engineer often gets puzzled in selecting the correct architecture and tools to

perform the implementation of the algorithm in an optimal manner.

This thesis presents a methodology for analyzing complex algorithms for small
satellite applications. The proposed methodology provides a step by step process of
analyzing an algorithm for converting its Platform Independent Model (PIM) into a
Platform Specific Model (PSM). It assumes that the algorithm has been designed in
Simulink from Mathworks, which is the design tool of choice for aerospace system
engineers engineers. After this, the methodology descibes the detailed process of
performing complexity analysis of the algorithm, which leads to identification of the
accelerator components. The next step explains the process of software and hardware
implementation of the accelerator components. After this, the software and hardware
implementations are compared on the basis of Speed of Execution, Power Dissipation
and Development Time. The results are analyzed to make a decision regarding the

implementation of the algorithm.

The proposed methodology is validated by applying it to the Atttitude Determi-

nation and Control algorithm designed for attitude control of small satellites.
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Chapter 1

Introduction

In the late 1980s, a new design approach for utilizing modern small satellites arose,
and opened up a new class of space applications. One-of-a-kind, low-profile, low-cost
satellites, funded primarily by the Department of Defense (DoD) Advanced Research
Projects Agency, the Air Force Space Test Program, and university laboratories were
built. The satellites were built to maximize the use of existing components, off-
the-shelf technology and minimization of non-recurring developmental effort. The
trend towards using small satellites continues today as evidenced by programs such
as the NASA Small Explorer (SMEX) Program and Earth Science System Pathfinder
(ESSP), among others. NASA, DOD, foreign, and commercial developers of space
systems have all recently shown increased interest in small satellites as vehicles for

science, technology demonstration, remote sensing, and communications [5].

Many terms are used to describe this rediscovered class of satellites, including
SmallSat, Cheapsat, MicroSat, MiniSat, NanoSat and even PicoSat and FemtoSat.
The US Defence Advanced Research Projects Agency refers to these as LightSats,
the U.S. Naval Space Command as SPINSat’s (Single Purpose Inexpensive Satellite
Systems), and the U.S. Air Force as TACSat’s (Tactical Satellites). Nevertheless, in

recent years a general method of classifying satellites in terms of deployed mass has



been generally adopted. The boundaries of these classes are an indication of where
launcher or cost tradeoffs are typically made, which is also why the mass is defined
including fuel [6]. Table 1.1 shows the classification of satellites on the basis of their

wet mass (mass including fuel).

Small satellites have been used in a number of successful space missions. One
of the major developments in the history of small satellites is the evolution of the
Cubesat kit. The Cubesat kit is designed to help the user to complete a successful
small satellite mission in as short of time as possible and at low cost [7]. It has been
used to accomplish a number of successful space missions. On June 9, 2007, the Space
and Systems Development Laboratory (Department of Aeronautics and Astronautics
at Stanford University) successfully launched their third BioLaunch mission, BO7C
using the Cubesat kit [8]. On May 21, 2007, Kysat completed the first integration
of its CubeSat Kit-based KySatl nanosatellite, and verified its target mass of under
1kg [1]. All of these and many more successful experiments show that the Cubesat kit

has been proven to provide inexpensive and timely access to space for small payloads.

Table 1.1: Satellite Classification on the basis of weight

Group Name Wet Mass

Large Satellite >1000kg

Medium Sized Satellite | 500-1000kg

Mini-satellite 100-500kg
Micro-Satellite 10-100kg
Nano-Satellite 1-10kg

Pico-Satellite 0.1-1kg

Femto-satellite <0.1kg




All satellites have one or more controllers which control the operation of the
satellite. They collect the data measured by the satellite, process it and send it
to the ground station. At the same time, they receive commands from the ground
station and perform the required tasks. The controlling element can be considered
as the heart of any space based vehicle. It is a piece of hardware which can house
a number of algorithms targeted to perform a wide variety of tasks. The Cubesat
kit consists of a Flight Model (10cm x 10cm x 10cm) which has a RISC-MCU-based
FM430 Flight Module as the main controlling element. There is also a provision for
plugging in other modules which can be used to perform a number of tasks like power

supply and heath management [7].

From the view point of an electrical engineer, one of the main challenges in the field
of space science is the mapping of complex control algorithms onto appropriate hard-
ware architectures. There is a wide knowledge gap between the team which designs
these algorithms and the team which implements the algorithms. There is a variety
of hardware architectures available commercially onto which the algorithms can be
mapped. There also exist different design tools which can be used to perform the
implementation of these complex algorithms on appropriate hardware architectures.
Although the tools speed up the design process, they often prove to be inefficient.
With the availability of a large suite of architectures and design tools, the design
engineer often gets puzzled in selecting the correct architecture and tools to perform

the implementation of the algorithm in an optimal manner.

There are a number of requirements which have to be met while implementing
an algorithm on particular hardware architecture. These requirements depend upon
the application for which the implementation is targeted. In the case of designs for
small satellites, some of these requirements are a) The design should be able to meet
real time constraints b) The design should have minimum power dissipation ¢) The

design should be reconfigurable, and d) The design should be small in size.

This thesis presents a directed methodology for analyzing complex control algo-



rithms for small satellites. The methodology starts with the identification of the
candidate hardware architectures for implementing the algorithm. After selecting ap-
propriate hardware architecture(s), it provides a directed flow with decision making
at several stages, and ultimately leads to a final design that meets all the require-
ments. The methodology will be validated by applying it to the complex Attitude
Determination and Control [1] algorithm designed for the attitude control of small

satellites.

1.1 Motivation

As the utility of satellites grows from a strictly military and scientific venture to
a vital component of large industries such as telecommunications, a greater number
of organizations are looking at available Earth-to-Orbit (ETO) launch vehicles. The
strong desire to reduce launch costs and, thereby, increase access to space has spawned
a number of studies to advance the field of aerospace technology [9]. A wide variety of
algorithms are being designed for performing different tasks by the satellites in space.
One of the common categories of space based algorithms is that of the Attitude
Control algorithms. The attitude control algorithms are the algorithms that receive
input from the sensors and calculate the appropriate actuator commands. These
commands, whether for reaction wheels, jets, or other actuators, are intended to
apply forces and torques to rotate or translate the spacecraft to the desired attitude.
The attitude data, which is processed by the algorithms, comes from the attitude
sensors, for example gyroscopes, sun sensors, rotary encoders or star trackers. The
algorithm can be a very simple proportional control or a complex nonlinear estimator

or many types in-between, depending on the mission requirements.

One such algorithm has been designed by the AMAS Laboratory at the Mechanical
and Aerospace Engineering Department at the University of Florida, Gainesville.
The algorithm has been developed to enable small satellites to perform autonomous

in-space operations [1]. A simplified block diagram of the overall system is shown



in Figure 1.1. It is the controller in Figure 1.1 which houses the attitude control
algorithm. Here IMU refers to Inertial Measurement Unit, a sensor placed at the

center of mass of the system shown below.
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Power Stepper Motors
Supply (Actuator 2)

1
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Circuitry

Figure 1.1: Attitude Determination and Control system designed by AMAS

The task of implementing this algorithm on hardware architecture has been under-
taken by the HiperDSP Laboratory at the North Carolina State University, Raleigh.
In the process of trying to implement the algorithm, it was realized that there was a
need for a directed methodology which can guide a design engineer in taking the right
decisions at all the levels starting from the selection of the right hardware architecture

to the process of mapping the algorithm to a selected architecture.



The type of hardware architectures that the control algorithms can be mapped
onto are General Purpose Processors (GPP), Digital Signal Processors (DSP), Field
Programmable Gate Arrays (FPGA), Application Specific Instruction-Set Proces-
sors (ASIP), Reconfigurable Processors and Application Specific Integrated Circuits
(ASIC) [10]. There are various suites of tools available for performing implementa-
tions on each of these architectures. The choice of the right set of tools is essential
in any development process. It has been observed that tools from different vendors,
which are part of a single development flow, may not be compatible with each other.
It has also been observed that the same tool works well for one application model but

does not work well for the other.

All the above factors lead to the idea of developing a methodology for implement-
ing complex control algorithms on appropriate hardware architectures. The method-
ology which is described in this thesis can not only be used to analyze the Attitude
Determination and Control [1] algorithm, but a number of other algorithms being
developed at the AMAS Laboratory.

1.2 Related Work

A number of design based methodologies have been developed for various ap-
plications. All the methodologies start their flow with the Platform Independent
Model [11] of the system. Using the commercially available tools, they analyze the
complexity of the algorithms and take the decision regarding the architecture on which
the algorithm can be implemented and the tools which can be used to implement the
algorithms on the selected architectures. Some of the methodologies that have been

developed so far are listed below:

e An Efficient Methodology for Design and Verification of Software Defined Ra-
dio [12]
In this methodology, the authors talk about a design flow which is divided into



three main steps. The flow, leading from system specifications down to imple-
mentation, goes across multiple abstraction levels. The first step is to build
a platform independent model of the system. Next the model goes through
the partitioning process to generate the Platform Specific Model. This Plat-
form Specific model is then refined down to the RTL level for integration on
the target board. The preliminary modeling and design of the system is done
using Simulink from Mathworks. After the process of partitioning is carried
out, the hardware part is implemented using VHDL and the software part is

implemented using C/C++. The target board consists of FPGA and CPU core.

e True DSP Synthesis [13]
In this methodology, a Register Transfer Level (RTL) implementation of the
algorithm is done automatically from the high level description of the algorithm.
It is targeted mainly for DSP designs. It assumes that the implementation of

the algorithm is being done on the FPGAs or the ASICs.

e Mimosys Design Flow [14]

In this design flow, the starting point is the C code of the application model.
This C code is profiled by the inbuilt profiler of the tool. The profiling results
identify the hardware accelerator components. After the components are iden-
tified, it generates the VHDL code for the hardware accelerators and modifies
the original source code to make use of the newly generated hardware accelera-
tor components. The modified source code and the HDL components are then
imported to Xilinx Platform Studio [15] for the purpose of implementation on
the FPGA.

Apart from the methodologies listed above, a number of other methodologies have
been developed to implement algorithms on different hardware architectures. One of
the main drawbacks of these methodologies is that they use certain tools which are

not readily available. For example, one hardware-software codesign methodology
described in [16] uses high level synthesis tools such as GAUT [17] and SYNDEX



[18]. GAUT is a high level synthesis tool for the ASICs and SYNDEX produces
the dedicated code for the DSPs. These are the tools which are developed for the
purpose of research and are not commercially available. Moreover, the methodologies
that have been developed so far are targeted to specific class of applications and have
been devised keeping in mind those specific applications. They cannot be applied to
all the applications. All the above drawbacks lead to the process of development of a

methodology for analyzing complex algorithms.

1.3 Contribution

The following thesis presents a methodology for analyzing complex control algo-
rithms for small satellites. It starts with the selection of the right hardware archi-
tecture(s) and provides a directed flow involving decision making at several steps in
order to reach a final conclusion. The methodology assumes that the given applica-
tion model has been designed in Simulink by Mathworks®. An important decision
making point in the methodology is whether to manually write the software descrip-
tion of the model or to use commercially available tools for the same purpose. A
simple case study of an FIR filter is carried out to obtain a conclusion regarding
the above mentioned point. The case study also describes the different optimiza-
tion techniques that can be performed on the software description of a model. The
proposed methodology is validated by applying it to the Attitude Determination and
Control algorithm designed for the attitude control of small satellites. The complexity
analysis of the algorithm is carried out using the Time Complexity Analysis method
described in the methodology. This analysis leads to the identification of two critical
modules from the algorithm : Matrix Multiplication and LU decomposition of a ma-
trix. As directed by the methodology, software implementations of these algorithms
are performed. These implementations are optimized using a number of techniques
like Forward Store Optimization and Loop Unrolling. These optimized software mod-
els are compared with the hardware models built at the RTL Level of Abstraction.

The main metrics of comparison are Execution Time, Power Dissipation and Time



to Market. After analyzing the results, a decision is made regarding the best way to

implement the algorithm.

1.4 Thesis Organization

The thesis is organized in the following way:

Chapter 2 provides a description of the Design Space Exploration. It discusses the
different hardware architectures with their important features. It also gives a brief
idea about the various factors to be taken into consideration while choosing the right
hardware architecture for a given application. Chapter 3 describes the design method-
ology for analyzing complex algorithms in detail. The reader is made familiar with
the concept using lucid flow diagrams. Chapter 4 describes the case study of the FIR
filter which shows comparison between tool generated and hand written C codes.
It also describes the different kinds of optimizations that can be performed on the
software description of a model to improve its performance. This case study forms
the foundation of one of the important decision making points in the methodology
described in Chapter 3. Chapter 5 deals with applying the methodology to the Atti-
tude Determination and Control algorithm. The first part of the chapter gives a brief
overview of the ADC algorithm. The next part describes the detailed analysis of the
algorithm using the proposed methodology, and the final part gives a conclusion on
the basis of the results obtained by analyzing the algorithm. Finally in Chapter 6,
we conclude our work by giving an overview of our contribution and providing details

of future work that can be done in this field.
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Chapter 2

Design Space Exploration

The ever increasing complexity of signal processing and control algorithms has
lead to the need for development of different methodologies to implement algorithms
efficiently within a design cycle that is ever shrinking. The path from algorithm de-
velopment to the actual implementation is a long process and needs careful decision
making at various levels of abstraction in order to have a design which is an improve-
ment over existing designs. The most important step in implementing an algorithm
is choosing the right hardware platform onto which the algorithm can be mapped.
This can be based on design specifications and requirements of the specific applica-
tions. The choice of the correct hardware architecture depends upon a number of
important parameters, e.g., Time to Market, Cost, Performance, Power Consump-
tion and Feature Flexibility [10]. After the choice of the correct hardware architecture,
the next step is to select the correct methodology for design and implementation of
the algorithm onto the selected hardware architecture. Currently, most designs are
accomplished through the use of HDL-centric flows. However, device densities have
increased at a pace that such flows have become both cumbersome and outdated.
The need for a more innovative and higher-level design flow that directly incorpo-
rates model simulation with software/hardware implementation is needed [19]. This

chapter focuses on the selection of the right hardware architecture for a specific ap-
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plication based on several factors, and also on the different kind of high level design

methodologies generally used to go from algorithm to design and implementation.

2.1 Choice of Hardware Architecture

There are numbers of factors which affect the selection of the correct hardware
architecture for a specific application. For a space based application, these factors
are Time to Launch, Performance, Power Dissipation, Price and Feature Flexibility.
This section discusses the importance of each and every factor along with the tradeoffs

between them.

2.1.1 Time to Launch

In the language of an aerospace engineer, the process of designing, fabricating and
demonstating the flight capabilities of a space based system is referred to as Design
Build and Fly, abbreviated as DBF. The total time required to perform all these
activities is referred to as Time to Launch. A significant amount of the total time is
spent in the design process. The greatest threats to the field of acrospace engineering
are technological obsolescence and ever intensifying global competition. In order to
cope up with these threats, one of the main goals of the design team should be to

shrink the design and development cycles.

2.1.2 Performance

Performance is an important criterion for space based applications, as the design
should be able to meet the real time space constraints. Performance may be measured
in many ways, but generically we look at millions of operations per second (MIPS),
millions of multiply accumulates per second (MMACS), or, sometimes, the more

simple millions of cycles per second (MHz) clock rate. Performance is lower on a



12

priority basis only when other key requirements such as low power or low cost increase

in priority [10].

2.1.3 Price

Price includes the design costs and the Non Recurring Engineering (NRE) costs.
A clear understanding of design costs can be indicated by giving an example of hard-
ware and software designs. Software design involves describing an algorithm using
some high level languages like C and C++. Hardware design involves describing the
algorithms using hardware descriptive languages like VHDL and Verilog. The design
has to be carried out such that the HDL description can be synthesized to produce
the gate level netlist which can be mapped onto a hardware device. All this requires
highly skilled engineers. The cost of the tools involved in the design process also
adds to the total design cost. According to the International Technology Roadmap
for Semiconductors (ITRS) 2003 edition, the NRE costs, including both design and
manufacturing costs, in the deep submicron era, can easily amount to tens of millions

of dollars [20] [21]. So, price is often the most obvious criteria of priority.

2.1.4 Power Dissipation

The most important requirement for any space based design is that it should
have low power dissipation. Since the beginning of the 1990s, the reduction of power
dissipation has become more and more important in chip design [22]. In addition to
costly heat removal expense, excessive power consumption in systems also reduces the
battery lifetime. As a result, the quality and reliability of a system would be severely
compromised by high power dissipation. So, one of the main motives of all the design
engineers is to develop new design techniques which can lead to the minimization of
power dissipation in all types of applications. Not only the design technique, but also
the architecture on which the design is implemented, plays a vital role in determining

the overall power dissipation.
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2.1.5 Feature Flexibility

Feature flexibility is the capability to modify or add features to meet changing
requirements. Requirement changes occur more and more rapidly in today’s markets.
For example, early entry into standards-based products (such as communications or
compression standards) before the standards are solidified is critical if manufacturers
are to lead in the market. However, designers must build future proof products that
can be upgraded to reflect the final standard after all nuances have been worked out.
Thus you must have the feature flexibility required to update your product easily and

quickly after market [10].

Feature flexibility is quite important for space based applications. A space satellite
may be configured to perform a particular task, but it is possible that the task may
have to be modified or replaced by another task in the future. The main factor to
be taken into consideration for designing space based systems is that the hardware

device for such systems should be reconfigurable and evolvable.

2.2 Architecture Exploration

The key requirements for an architecture to implement a complex signal process-
ing or control algorithm are high performance, flexibility and energy efficiency. A
recent Texas Instruments survey indicated that of the signal processing architectures
considered by today’s developer, the following alternatives were the most popular:
ASIC, ASSP, configurable processor, DSP, FPGA, MCU and RISC/GPP [10]. Out
of these architectures, the four most commonly used architectures are GPP, DSP,
FPGA and ASIC. Programmable DSP architectures are flexible, but inefficient. Ap-
plication Specific Integrated circuits (ASICs) are efficient, but inflexible. FPGAs
make a tradeoff between ASIC and DSP by limiting their flexibility to a particu-
lar domain [20]. This section gives brief information about these architectures along
with the advantages and disadvantages of using them for a particular application with

respect to the various criteria described in the previous section.
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2.2.1 General Purpose Processors (GPP/RISC)

General Purpose processors are programmable processors that can utilize software
programmability to perform a wide variety of functions and hence have the greatest
amount of flexilibility. Their core architectures are not designed and optimized to per-
form a specific application. As a result of this, these processors are the least efficient of
all the hardware architectures. They are judged fair in terms of Price and Power [10].
An example of a General Purpose Processor is an ARM Processor. An improvement
to the class of general purpose processors is the developement of Application Specific
Instruction-set processors (ASIP) whose core’s architecture and instruction set are

customized in order to increase efficiency and reduce power dissipation [23].

2.2.2 Digital Signal Processors (DSP)

Digital Signal Processors are specialized microcomputers for real-time signal pro-
cessing applications. Because of their specialized applications, programmable DSPs
have evolved architectures that are significantly different from conventional micropro-
cessors. On certain DSP benchmarks, their performance has consistently exceeded
that of microprocessors with arithmetic co-processors by more than the order of mag-

nitude throughout their ten year history [24].

A number of architectural innovations have been used to achieve this impressive
performance. The most basic is the integration of fast multiplier/accumulator hard-
ware into the data path; the arithmetic is not done on a processor which is separated
from the main data path, but rather is an integral part of execution of every instruc-
tion. They have Harvard architecture with separate data and program buses with
for the individual data and program memories respectively. They are referred to as
first generation DSPs. The second generation DSPs retain much of the design of the
first generation, but with added features such pipelining, multiple arithmetic logic
units (ALUs) and accumulators to enhance performance. TMS320C20 from Texas

Instruments and Motorola DSP56002 are examples are second generation DSPs [25].
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A further enhancement was observed with the evolution of the third generation
DSPs. These DSPs have capabilities of executing Single Instruction Multiple Data
(SIMD), Very Long Instruction Word (VLIW) and Superscalar operations. SIMD
allows one instruction to be executed on many independent groups of data. For SIMD
to be effective, programs and data sets must be tailored for data parallel processing,
and SIMD is most effective with large blocks of data. VLIW processors issue a large
number of instructions either as one large instruction or in a fixed instruction packet,
and the scheduling of these instructions is performed by the compiler. Superscalar
processors, on the other hand, can issue varying number of instructions per cycle and
can be scheduled statically by the compiler or dynamically by the processor itself [25].
A further enhancement is observed in the latest TI TMS320C4x processors which
combine both VLIW and SIMD into their architecture known as VelociTI.2. All
these specialized architectures make DSPs faster and more power efficient than the

General Purpose Processors.

2.2.3 Field Programmable Gate Arrays (FPGA)

FPGAs are integrated circuits that have undefined function at the time of man-
ufacturing and must be programmed before it can be used. An FPGA is comprised
of a two dimensional array of configurable logic blocks (CLB), which are connected
by a configurable matrix of wire switches. Basic building blocks, such as adders and
shifters, can be formed by configuring logic cells and interconnecting them. These

basic building blocks can be used to form more complex designs.

The behavior of FPGA is specified using either a hardware description language or
a schematic that is designed by Electronic Design Automation (EDA) tools. Design
Automation tools are used to synthesize a HDL or schematic description to a netlist
of logic cells for a target FPGA technology. Placement and Routing automation tools
are used to allocate the logic cells in the FPGA device and the connections among
these logic cells [20] [26]. FPGAs can achieve high performance and are quite efficient

for algorithms that manipulate bits and have lots of parallelism. They are judged
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good in terms of Time to Market and Feature Flexibility and fair in terms of Price

and Power efficiency [10].

2.2.4 Application Specific Integrated Circuits (ASIC)

ASICs are manufactured on silicon wafers that can hold hundreds of silicon chips,
which are called dies. They are developed using silicon compilers that can translate an
HDL into a gate level netlist. ASICs can be made either from standard cell libraries or
can be have full custom design. The full custom design will be more energy-efficient,

but is very labor intensive [20].

ASICs represent the most efficient solution to implement a particular algorithm in
hardware in terms of performance, area, and energy efficiency. The major drawback
is their inflexibility. Once the ASIC is manufactured, its function cannot be changed.
The Time to Market for an ASIC is high as compared to other architectures. A small

modification requires developing a new ASIC.

Table 2.1 summarizes the characteristics of all the architectures with respect to

the criteria discussed in Section 2.1

Table 2.1: Architectures and their Characteristics

Time  to | Performance Price Power | Feature

Market Flexibility
GPP/RISC | Good Good Fair Fair | Excellent
DSP Excellent Excellent Good Good | Excellent
FPGA Good Excellent Fair Fair | Good

ASIC Poor Excellent Excellent | Good | Poor




17

The most important trade-off is between flexibility and efficiency as illustrated
by Figure 2.1. Flexibility dictates design costs, time to market and reconfigurability,
while efficiency determines performance and power dissipation. The figures of merit
for measuring efficiency are MOPS/mW (Energy Efficiency) and MOPS/mm? (Area
Efficiency), where MOPS is defined as Millions of Algorithmically defined Arithmetic
Operations (e.g. multiply, add, shift) [2].

On one end of the spectrum are ASICs. They are specialized to a given applica-
tion. Therefore, they have the least flexibility compared with other architectures. The
lack of flexibility introduces high NRE costs, and a prolonged and expensive design
flow. However, due to specialization, the efficiency is highest in terms of power and
performance. On the other end of the spectrum are general purpose processors like
Intel’s Pentium 4. They can be organized and sequenced to implement arbitrary com-
putations. This level of flexibility brings high-level programming language support,
zero manufacturing and low design NRE cost for the application developer. However,
they are too inefficient to deliver high performance and low power when applications
have much parallelism [27]. Between these two extremes, architectures like DSP and

FPGA try to make different compromises between efficiency and flexibility.

2.3 Implementation Techniques

This section discusses the three basic implementation techniques used commonly
for mapping complex algorithms onto appropriate hardware architectures. Today’s
VLSI technology allows companies to build large, complex systems containing millions
of transistors on a single chip. To exploit this technology, designers need sophisticated
CAD tools that enable them to manage millions of transistors efficiently [4]. Until
now, designers have been doing the design process at lower levels of abstraction like the
transistor level and the Register Transfer Level (RTL). But, as the design complexity

increases, it is not prudent to perform the design process at these levels as it reduces
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Figure 2.1: Flexibility vs. Efficiency Tradeoff [2]

the overall productivity of the design. The solution to this is to move up to the higher
levels of abstraction. The advantage of this new methodology is that it allows us to
design in a purely behavioral form, devoid of implementation details and then to map

the design onto appropriate hardware architectures using the commercially available
CAD tools.

In order to describe the design at the behavioral level, we need a tool which
allows us to design and simulate the algorithm at the block level. Simulink is a
software package for creating, editing and simulating dynamical systems on Matlab
from Mathworks® [28] [29]. It is widely used in the field of aerospace engineering for

system level designing. Simulink utilizes a graphical user interface (GUI) for building
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models where models are created as block diagrams. It also allows complete models
to be simulated by a variety of integration solvers. In addition, users can change
parameters and immediately see what happens for “what if” exploration. While the
simulation is running, users can see the result via display blocks, such as scopes. Based
on the assumption that the high level description of the algorithm has been done in

Simulink, the types of implementation can be divided into three main categories:

e Software Only Implementation
e Hardware Only Implementation

e Hardware-Software Co design

2.3.1 Software Only Implementation

In this type of implementation, the Simulink algorithm is converted into C code
and compiled to produce the binary code which can be run on a Digital Signal Pro-
cessor (DSP). The algorithm is converted to C code using the Real Time Workshop
provided by Mathworks. Real-Time Workshop is a toolbox that is part of the Mat-
lab Simulink package. It allows C code to be generated from block diagrams in
Simulink. Once a system has been designed and simulated in Simulink, code for dig-
ital signal processors can be generated, compiled, linked, and downloaded to a DSP
board [29] [30]. The process of generating C code from a Simulink model can be

illustrated with the help of the flow diagram shown in Figure 2.2.

Real-Time Workshop converts the Simulink model stored in the .mdl file into .rtw
file. This file contains all the necessary information about the Simulink model that
is needed during code generation process. RTW also generates makefile (model.mk)
from the system template makefile (system.tmf). After that, the Target Language
Compiler (TLC) is invoked into the code generation process and it converts Simulink
model to the C code. When the TLC concludes with the C code generation process,

the make program, based on previously generated C files, makefile, and using the
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Figure 2.2: Code Generation Process from Simulink Model [3]

appropriate compiler, generates executable code. This code can be imported to a tool
specific to the target DSP. An example of one such tool is the TI Code Composer

Studio. The compiler present in this tool can be used to generate assembly code

specific to the target DSP.
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2.3.2 Hardware Only Implementation

In this type of implementation, the concept of high level synthesis is used. High-
level synthesis is a sequence of tasks that transforms a behavioral representation into
an RTL design. The design consists of functional units such as ALUs and multipliers,
storage units such as memories and register files, and interconnection units such as
multiplexers and buses. The block diagram in Figure 2.3 illustrates the flow of high

level synthesis.

The compiler converts the behavioral description into an internal representation.
The RTL library contains the physical and simulation models of components to be
used during synthesis. The netlister generates the final RTL structure, consisting of
a netlist of RTL components and a simulation model of each component. To verify
the synthesized design’s correctness, the designer can simulate the input description
and the generated netlist by means of the simulation environment, an adjunct to the

high-level synthesis system [4].

Xilinx System Generator and Simulink HDL coder are commercially available
tools which facilitate the behavioral description and simulation of complex designs.
Both the tools can be used to perform design at a level of abstraction higher than
the RTL level. The design implementation using these tools is faithful in that the
system model and hardware implementation are bit-identical and cycle-identical at
sample times defined in Simulink. In System Generator, the capabilities of IP blocks
have been extended transparently and automatically to fit gracefully into a system
level framework. User-defined IP blocks can be incorporated into a System Generator
model as black boxes which will be embedded by the tool into the HDL implemen-
tation of the design [31]. However, there exists no way to generate hardware from
models which use the basic Simulink Blockset, and as such, greatly restricts the use-

fulness of these tools [19].
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Figure 2.3: A generic high level synthesis system [4]

2.3.3 Hardware-Software Co-Design

Whenever we want to have a fast implementation of an algorithm, the best method
is to have a software only implementation. The design time for this particular method-

ology will be very short. The disadvantage of this method is that it will not lead to an
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efficient implementation of the algorithm. On the other hand, when Time to Market
is not an important factor, one should go for Hardware only Implementation. The
design time will be high but at the same time, the performance will be excellent. An
intermediate between these two is the methodology of hardware-software codesign. It

has advantages of both the methodologies.

Hardware-Software co-design, known as CoDesign methodology, takes into account
the features of software and hardware elements in a unique design process. Some
criteria are needed to split the system under development into hardware and software
parts. The usual constraints are performances, hardware area or cost criteria. This
process is usually called the “partitioning process”. After that, the software has to
be compiled on the target architecture, and then the hardware has to be synthesized.
A software and hardware evaluation is made to see if the performances and area
requirements are reached. If not, the partition needs to be revised. The global

scheme for hardware-software Codesign methodology is illustrated in Figure 2.4.

The first step in hardware-software partitioning is a profiling step to evaluate the
relative computational complexities for the different blocks in the algorithm. Tasks
which contribute to a large portion of the execution time of the processor are natural
candidates for hardware implementation [32]. Profiling can be done using a number
of profilers like the GNU gprof GCC profiler and the profiler in TI Code Composer
Studio. The profilers can be used to give the execution times of the individual func-
tions of the code. From the profiling results, the bottlenecks can be identified for
implementation in hardware. In this manner, the performance of the overall system

can be improved.
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Chapter 3

Design Methodology

The main goal of this research is to develop a methodology that can assist a system
engineer in implementing a complex algorithm on appropriate hardware architecture.
The methodology described in this section is a step by step process which when
applied to an algorithm, gives a clear understanding of the process of implementation
of the algorithm. The validity of the methodology is shown by applying it to the
Attitude Determination and Control [1] algorithm designed for the attitude control

of small satellites.

Some of the architectures used for real time signal processing and control ap-
plications are General Purpose Processor (GPP), Digital signal Processor (DSP),
Field Programmable Gate Array (FPGA), Application Specific Integrated Circuits
(ASICs), Application Specific Instruction-set Processor and Reconfigurable Proces-
sor [10]. Out of these, the four most commonly used architectures for majority of
applications are GPP, DSP, FPGA and ASIC. The algorithm can be implemented
on any of these architectures. This methodology shows the process of analyzing the

algorithm and deciding the platform(s) on which the algorithm can be implemented.

The methodology described here assumes that the application model has been
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designed and simulated using Simulink from MathWorks. The entire flow is divided
into six main steps. The steps descibed in the methodology are specific to TI DSPs

and Xilinx FPGAs. The reasons for choosing TT and Xilinx devices are listed below:

e Both TT and Xilinx provide state-of-the-art technology devices. The latest TI
DSP TMS320C67xx series has the VelociTi architecture which is a combination
of both VLIW (Very Long Instruction Word) and SIMD (Single Instruction
Multiple Data) architectures. The Virtex-4sx FPGA from Xilinx is best suited

for DSP and low power applications.

e There are robust tools associated with these devices which enable fast and

efficient implementations of designs on these device architectures.

e [t is assumed that the algorithms are designed and simulated using Simulink
from Mathworks. Both TT and Xilinx have tools which are compatible with the

toolboxes present in the Matlab Simulink package.

Each and every step of the methodology will be explained in detail with use of ex-
amples to enhance the understanding of the process. The methodology assumes that
the design engineer has a good knowledge of software (C) and hardware descriptive
(Verilog / VHDL) languages. A number of steps in the process involve the use of some
commercially available tools like Xilinx ISE [33] and TI Code Composer Studio [34].
The engineer is not expected to know the functionality of the tools. A brief overview

of the tools will be provided when they are referred to in the methodology.

The flow described involves a comparison of hardware and software implementa-
tions. The comparison is on the basis of three important factors: Execution Time
(Speed), Power Dissipation, and Development Time (a part of the total Time to
Launch for space based applications). Another factor which is of significance for
space based applications is the size (area) of the design. It is also touched upon in
the methodology. We feel this methodology is of value because a novice engineer can

follow the steps described in this methodology and implement the given algorithm.
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Figure 3.1 shows the major steps of our design methodology. A detailed description

of all the steps is given in the section below.

3.1 Proposed Methodology

Step 1: Selection of the candidate platforms (architectures)

The first step in the methodology is to narrow the selection of platforms that can
be chosen as candidates for algorithm implementation. The Simulink model of the
algorithm at this stage is a general description of the algorithm irrespective of the
platform on which it can be implemented; hence it is called Platform Independent
Model (PIM). We present a simple technique which helps to select the right architec-
ture(s) based on the requirements of the application. This technique is based on data
provided by Texas Instruments. The choice of appropriate architecture(s) depends
upon criteria like Performance, Power Dissipation, Cost, Time to Market and Feature

Flexibility.

This methodology focusses on algorithms for space based applications in which
the most important criterion is low power dissipation. Other criteria like Performance
and Development Time are also fairly important. Let us consider that weights are
given to these criteria on the basis of requirements of the application. The weights
are between 0 and 1. 0 means no importance and 1 means most important. We take
four criteria into consideration: Performance, Power Dissipation, Development Time
and Flexibility. Let the weights given to these criteria be the inputs of a system which
selects the candidate platforms. The system consists of a matrix of numbers, which
are ratings given to the four architectures, obtained on the basis of Table 3.1. The

numbers are relative to each other.
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Figure 3.1: Overall flow diagram of the Proposed Methodology

The input given to the system is a 4 X 1 matrix as shown below

Weight given to Time to market = 0.6
Weight given to Per formance = 0.8
Weight given to Power consumption = 1.0

Weight given to Flexibility = 0.4



Table 3.1: Characteristics and their numerical values

Characteristics | Numerical Value
Excellent 1
Very Good 0.8
Good 0.6
Fair 0.4
Poor 0.2
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Table 3.2: Tabular representation of the system matrix derived from data from TI

and Table 3.1

Time to Market | Per formance | Power | Feature Flexibility
GPP 0.6 0.6 0.4 1.0
DSP 1.0 0.8 0.6 1.0
FPGA 0.6 1.0 0.4 0.6
ASIC 0.2 1.0 0.6 0.2

We use a technique, called Concept Scoring [35], to select the best architecture for

the purpose of implementation. In this technique, the input weights are multipled by

the ratings given to each architecture to obtain weighted scores for all the criteria.

The total score for each architecture is obtained by adding the individual weighted

scores for all the criteria. This can be seen in Figure 3.2. Here W.Score refers to the

weighted scores obtained by multiplying the input weights with the ratings given to

each architecture.

The total scores obtained in this example are 1.64, 2.24, 1.8 and 1.6. These are
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GPP DSP FPGA ASIC
Selection
Criteria Weight Rating W.Score | Rating W.Score | Rating W.Score | Rating W.Score
Time to 0.6 06 036 |10 06 |06 036 |02 0.12
Market
Performance 0.8 06 048 0.8 0.64 | 1.0 0.8 1.0 0.8
Power 1.0 0.4 0.4 0.6 06 |04 04 |06 0.6
Dissipation
Feature 0.4 1.0 0.4 1.0 04 106 024 |02 0.08
Flexibility
Total Score 1.64 2.24 1.8 1.6

Figure 3.2: Concept Scoring Matrix

the scores for the four architectures GPP, DSP, FPGA and ASIC in that order. It
can be seen that DSP has the highest score of all. This indicates that DSP is the ideal
candidate for implementing the algorithm. But as far as performance is concerned,
FPGA has higher performance than DSP. Also, it has the second highest weighted
score as observed from the data obtained. So, a clear decision cannot be taken as to
which is the right architecture onto which the algorithm can be mapped. The solution
is to implement the computationally complex parts of the algorithm on FPGA and
the rest of the algorithm on DSP. The details regarding this aspect are discussed in
the ensuing steps of the methodology.

The advantage of this technique is that it narrows down the window of selection
of the target architectures. GPP and ASIC have low weighted scores, so they are

eliminated from the list of candidate architectures.
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Step 2: Algorithm Analysis

The second step in the methodology is to perform the analysis of the Simulink
model provided. In the first step, it was deduced that DSP and FPGA are the candi-
date architectures on which the algorithm can be implemented. Since the performance
of FPGA (as seen in Table 3.2) is better than that of the DSP, it can be used to im-
plement the complex parts of the algorithm, and DSP can be used to implement the
rest of the algorithm. In order to determine the computationally complex parts of

the algorithm, the algorithm has to be analyzed.

To analyze an algorithm is to determine the amount of resources (such as time and
storage) necessary to execute it. Most algorithms are designed to work with inputs
of arbitrary length. Usually the efficiency or complexity of an algorithm is stated
as a function relating the input length to the number of steps or storage locations.
Algorithm analysis is an important part of a broader computational complexity the-
ory, which provides theoretical estimates for the resources needed by any algorithm
for solving a given computational problem. These estimates provide an insight into

directions for efficient implementation of algorithms.

The process of complexity analysis of an algorithm can be illustrated with the
help of the flow diagram in Figure 3.3. It has been deduced in Step 1 that DSP and
FPGA are the candidates for implementing the algorithm. The following steps give a
brief overview of the complexity analysis process illustrated by the flowchart in Figure

3.3.

1. Use Real Time Workshop from Mathworks to generate C code from the Simulink

model. The process has been described in Section 2.3.1.

2. The next step is to import this C code into TI Code Composer. Select the
target Digital Signal Processor for which the code needs to be compiled. This
is done by including the target library in the Code Composer Project.
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Figure 3.3: Algorithm Analysis Flow

3. Compile the C code.

4. The next step is to see whether the compilation of the code gives any errors. The
code that is compiled is a tool generated code, so it is possible that this code
does not get compiled for all the compilers. Real Time Workshop generates
the C code using certain standard MathWork libraries. These libraries may

use certain inherent data structures which are not defined in the generated C
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code. These data structures are not recognized by the built-in compiler of Code

Composer Studio.

5. If there are no compilation errors, the next step is to profile the C code. This
is denoted by Path A in the flow diagram. The Code Composer Studio Profiler
analyzes the execution of the C program and shows where the“hotspots”, or
the areas where a large portion of the cycles being used, occur. The profiler
can show the developer how many cycles a function takes to execute, as well as

how often it is called.

6. If there are compilation errors, the next step is to resolve the errors. This
depends upon the number and types of errors. In order to resolve the errors, it

is required to understand the C code generated by RTW.

7. If the code generated by RTW is difficult to understand, and the errors cannot
be resolved, the next step is to analyze the algorithm using the divide and
conquer method. This is denoted by Path B in the flow diagram. Divide and
conquer is a technique for analyzing algorithms that consists of dividing the
problem into smaller sub-problems which are identical to the original problem
but smaller in size, and then analyzing the sub-problems independently of each

other.

8. If Path B is chosen, the last step is to find out the computationally complex
blocks from the model using Time Complexity Analysis. An overview of Time

Complexity Analysis is presented below.

Time Complexity can be defined as a measure of the amount of time required to
execute an algorithm. It gives an approximate estimate of the number of operations
needed to complete the computation of the given algorithm. It is independent of
the programming language chosen to implement the algorithm, the quality of the
compiler, and the speed of the computer on which the algorithm is to be executed.
Formally, the Time Complexity 7'(n) of an algorithm is O(f(n)) (of the order of f(n)

if, for some constant C and for all but finitely many values of n, T'(n) <= C*f(n).
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This gives an upper bound on the amount of work done for sufficiently large n. The
following examples illustrate the method of determining the Time Complexity of an

algorithm.

Example 1: Matrix Addition

Consider the addition of two matrices A and B of m rows and n columns using the
following algorithm.

Procedure: MATADD (A, B: matrix; var C: matrix);

Begin

for i=1:m do

for =1 do

Clij] = Ali] + Bli.jl

End

In this algorithm, we need
e m x n additions
e 2 X m x n memory reads

e m X N memory writes

Thus the time complexity of the procedure matrix addition is
(tlxmxn)+ ({2x2xmxn)+ (t3xmxn)

= (mxn) (t1 + 2t2 + t3)

= O(m x n)

where,
t1 is the time for one addition
t2 is the time for one memory read,

t3 is the time for one memory write
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Example 2: Polynomial Evaluation

Consider the polynomial

P(T) = @™ + Ap 12"+ o 4 + agx® + ayx + ag

where a,, is non-zero for all n >= 0

The first term in the polynomial requires n multiplications. The second term re-
quires (n-1) multiplications. The third term requires (n-2) multiplications. Likewise,
the third last term requires 2 multiplications and the second last term requires a

single multiplication. The total number of multiplications required is given as

Tn)=Mnm)+(n—1)+n—-2)+...+2+1
=n(n+1)/2
=n?/2+n/2

This is an exact formula for the maximum number of multiplications. We say that
the number of multiplications is on the order of n?, or O(n?). The following table

shows the different categories of Time Complexities.

Step 3: Choose Candidate Accelerator Components

As illustrated in the flow diagram of Figure 3.3, there are two different paths (A or
B) which can be taken to perform the complexity analysis of the algorithm. This step
of the methodology discusses about selection of the candidate accelerator components
from the results of the complexity analysis. This section is divided into two parts.
Part A describes the method of selecting the accelerator components when Path A
in Figure 3.3 is taken, and Part B describes the method of selecting the accelerator

components when Path B in Figure 3.3 is taken.



36

Table 3.3: Different Categories of Time Complexities

0() Category
O(1) Constant Time Algorithm
O(logN) Logarithmic Time Algorithm
O(N) Linear Time Algorithm
O(NlogN) Linearithmic Time Algorithm
O(N%) a>1 and a is an integer Polynomial Time Algorithm
O(b™) b>1 and b is a real number | Exponential Time Algorithm

Part A

This part discusses the method of selecting the candidate accelerator components
using the profiling results generated by the Code Composer Studio profiler. Let us
consider that the C code of the model consists of six functions. The profiler gives
information in terms of the number of target processor clock cycles required by all the
functions to process certain amount of input data. Suppose the functions in the C
code of the model are f1 through {6, and the number of processor clock cycles required
to process 10 samples of input data by each function are 10, 200, 5000, 250, 300 and
1000 in that order, then, it can be seen that the function f3 consumes maximum
number of clock cycles. In other words, it is the "hotspot” of the C code. The
conclusion is that this function is the candidate accelerator component and can be
implemented in hardware on FPGA and all the other functions can be implemented
in software on DSP. This is shown in Figure 3.4. The arrows indicate the flow of data

between DSP and FPGA.

Part B
This part discusses the method of selecting the candidate hardware accelerator

components using Time Complexity Analysis. Path B in Figure 3.3 talks about
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Figure 3.4: Flow of data between DSP and FPGA

dividing the Simulink model into small parts and then analyzing each one of them
individually. Each and every Simulink block in the small model can be treated as an

algorithm by itself. Consider the model shown in Figure 3.5.

It has adders, multiplexers, matrix concatenation blocks and a matrix addition
block. Each and every block in this model can be considered as an separate algorithm
and its time complexity can be determined individually. The time complexity of an
adder is O(n). Matrix concatenation is a constant time block as it simply involves
concatenation of elements which does not involve any mathematical operations. The
most critical block in this model is the matrix addition block. This block adds two
2 x 2 matrices. This block has a time complexity of O(n?)(as shown in the example
in the previous section where m=n)where n = 2 in this case. Hence the block which

consumes maximum amount of computation time in this model is that of matrix
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Figure 3.5: A simple Simulink model to explain the concept of Time Complexity
Analysis

addition. The following set of rules is used to compare the complexities of the various
blocks.

e n dominates l0gs(n)

e n/ogs(n) dominates n

e n? dominates nlogs(n)

e n™ dominates n* when m > k

e ¢" dominates n" for any a > 1 and m >= 0
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That is, loga(n) < n < nloga(n) < n? < ... <n™ < a" fora >=1and m > 2

In this manner, the blocks with maximum time complexity are chosen as the can-
didate accelerator components. This operation is performed on all the small models

obtained by dividing the large Simulink model.

Step 4: Perform Software\Hardware Implementations of Ac-

celerator Components

This step involves performing software and hardware implementations of the ac-
celerator components selected in Step 3. Both the software and hardware implemen-
tations can be done in two different ways. This step has been divided into two parts.
Step 4.1 gives details of the software implementation and Step 4.2 gives details of the

hardware implementation.

Step 4.1: Software Implementation

The basic aim of performing the software implementation of the accelerator com-
ponents is to compare its performance with its hardware implementation. The overall
process of software implementation of the candidate accelerator components is illus-

trated in the Figure 3.6. What follows is a brief overview of all the blocks.

The software implementation of the accelerator components can be done in two
different ways. This choice depends upon the path taken by the designer in Step
2. If path A is taken (which identifies the accelerators on the basis of the Code
Composer profiling results), the designer should choose option 1 in Figure 3.6. On the
other hand, if path B is taken in step 2 (which identifies the accelerators using Time
Complexity Analysis), the designer should choose option 2 in Figure 3.6. A detailed
analysis of the comparison between option 1 and option 2 in terms of performance of
the C code will be shown in Chapter 4. After generating C code for the accelerator

component, the next step is to compile it and profile it using the Code Composer
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Figure 3.6: Software Implemenation Process

Studio profiler. Then, the number of processor clock cycles required to execute the
code for particular input data is observed. The next step is to optimize the C code

to improve its performance.

Optimization of the code involves use of techniques that can reduce the number
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of clock cycles required to execute the code. One of the disadvantages of C compilers
in taking full advantage of high-performance DSP architectures is that they cannot
always efficiently map complex algorithms to the multiple VLIW functional units.
In order to overcome this limitation of the compilers, the designer has to modify
the C code in such a manner that the resulting assembly code generated by the
compiler can take maximum advantage of the underlying architecture. This can be
done by performing different optimizations on the C code like Loop Unrolling [36],
Forward Store Optimization [37] and use of intrinsic functions. These techniques will

be explained in detail in Chapter 4 with the help of a case study.

After performing optimizations on the C code, it is again compiled and profiled to
observe the improvement in performance. This process is repeated several times till we
reach the point where performing any optimization does not improve the performance
of the code any more. The optimized code which takes the least number of processor
clock cycles to process a particular set of input data is chosen as the standard for

comparison with hardware implementation.

Step 4.2: Hardware Implementation

After performing the software implementation of the accelerators, the next step
is to do their hardware implementation on an FPGA. The hardware implementation
process takes more time than the software implementation process and requires careful
consideration at each step in order to have an efficient design. The flow diagram in
Figure 3.7 illustrates the main steps in the hardware implementation of a design.

This flow can be used to perform implementation of designs on Xilinx FPGAs.

Like the software implementation, the hardware implementation of the accelerator
components can be done in two different ways. The first option is to use Xilinx System
Generator [31] to perform block level design of the accelerator. A brief overview of
Xilinx System Generator has been given in Chapter 2. The advantage of using System

Generator is that it leads to faster implementation of the design. But it has certain
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Figure 3.7: Hardware Implemenation Process

disadvantages. One might view System Generator as a high-level design tool in which
high-level function blocks are connected together while the tool handles the remaining
details. This view is inconsistent with our experience. While the design entry method
is high-level, the designs themselves typically are not. First of all, it does not have
blocks corresponding to all the Simulink blocks in its libraries. Secondly, many of
the existing high level blocks of System Generator are too constrained and cannot
be parameterized. As an example, the existing FFT block provided with System
Generator can only handle 16-bit input and 16-bit output, and requires a continuous

stream of input data without a data valid indicator. This causes the designers to build
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designs entirely from the basic building blocks, blocks similar to the functionality
already available in HDLs. In addition, the amount of control logic necessary to
handle delays and clocking often requires low-level manipulation by the user. The
second option is to perform hardware implementation of the accelerator components
using hardware descriptive languages, e.g. Verilog and VHDL. It consumes more time

than the first option, but leads to an efficient implementation of the design.

The second step in the process shown in Figure 3.6 is to import the automatically
generated (option 1) or manually written (option 2) Verilog / VHDL code to Xilinx
ISE [38] and perform behavioral simulation of the code. This first pass simulation is
typically performed to verify RTL (behavioral) code and to confirm that the design
is functioning as intended. The next step is to perform synthesis of the design.
The synthesis process checks code syntax and analyzes the hierarchy of the design
which ensures that the design is optimized for the design architecture selected. The
resulting netlist is saved to a .ngc file (A file that contains both logical design data
and constraints). The .ngc file is then converted to an .ngd file. The .ngd file is
essentially a netlist of primitive gates, which could be implemented on any one of
a number of types of FPGA devices Xilinx manufactures. The next step is to map
the primitives onto the types of resources (logic cells, I/O cells, etc.) available in the
specific FPGA being targeted. The output of the Xilinx map tool is an .ncd file. The
design is then placed and routed, meaning that the resources described in the .ncd file
are then assigned specific locations on the FPGA, and the connections between the
resources are mapped into the FPGAs interconnect network. The delays associated
with interconnect on a large FPGA can be quite significant, so the place and route
process has a large impact on the speed of the design. The output of the place and
route engine is an updated .ncd file, which contains all the information necessary to
implement the design on the chosen FPGA. This completes the process of hardware

implementation of the design on FPGA.

An important factor to be taken into consideration while designing the hardware

is deciding whether to implement the hardware using fixed-point or floating-point
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arithmetic. Unless very large dynamic range is required, the implementation should
be done using fixed-point. Fixed point implementations have higher clock rates,
less silicon area usage, simpler functional units, cheaper implementation and low
power consumption when compared to their floating point counterparts [39]. In fixed-
point representation, proper choice of format using which data is represented is very
important. Usually fixed-point fractions are denoted using the Q-format where Q
denotes Quantity of Fractional bits [40]. Normally, Qm.n indicates m bits for the
integer while n denotes the number of bits devoted to the fractional part. The choice
of format depends upon the type of inputs and the type of operations to be performed

in the design. Let us consider an example of a 32 bit fixed point number.

e If inputs to the design are normalized (between -1 and 1), the most appropriate
data format would be Q0.31. In this format, the largest positive value is 0.999

and the least negative value is -1.

e But, if the division operation needs to be performed in the system, then choice
of this format is not appropriate. This can be shown by the following example.
Dividend = 0.5 which in Q0.31 format is 0.1000000000000000000000000000000
Divisor = 0.25 which in Q0.31 format is 0.0100000000000000000000000000000
The result of this operation should be 2.0. But, the largest value that can be
represented using this data format is 0.999. Hence, use of this data format can

lead to overflow.

e The solution to this problem is choosing another data format, let us say, Q16.16.
The same example is shown using this data format.
Dividend = 0.5 which in Q16.16 format is 0000000000000000.1000000000000000
Divisor = 0.25 which in Q0.31 format is 0000000000000000.0100000000000000
The result can be represented very well using this data format.

Result = 0000000000000010.0000000000000000
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Step 5: Comparative Metrics measurement

The next step is to measure metrics like execution time, power dissipation and
time to market for both hardware and software implementations to have a comparison
between both types of implementations on the basis of these metrics. Execution time

for both types of implementations can be measured using the formula shown below.

Number of simulation clock cyles

Execution time =
Maximum clock frequency

Time to Market is measured in terms of the amount of development time required
for both types of implementations. The most critical metric of comparison for our
comparison is power dissipation. The measurement of power dissipation for both
types of implementations is a tricky process and requires a number of assumptions
to be taken in order to have a commensurate comparison. The measurement of these
metrics for both software (DSP) and hardware (FPGA) implementations is discussed

below.

A. Execution Time

Execution time of a computational task is the amount of time a task executes on
a specific hardware. The method of calculation of execution time for both software

and hardware implementations is illustrated in the following steps:

Software Implementation (DSP)
e Profile the C code of the accelerator components.
e Observe the number of clock cycles it takes to process the input data.

e Divide the number of clock cycles by the maximum operating frequency of the
DSP.

Example: A function ftakes 4000 clock cycles to process 20 samples of input data.

If the processor on which the function is executed operates at a maximum frequency
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of 225 MHz, then the execution time can be given as
Execution Time = 40 / 225 MHz = 177.78 pus.
Hardware Implementation (FPGA)

e Observe the number of clock cycles required to perform a given operation using

Functional Simulation.
e Implement the design on FPGA (which involves Translate, Map and PAR)

e Observe the maximum frequency at which the design operates in the Static

Timing Report.

e Divide the number of clock cycles by the maximum frequency at which the

design operates.

Example: If an operation takes 30 clock cycles to perform a particular task, and
the design works at a maximum frequency of 100 MHz, then the execution time is

given as Execution Time = 30 / 100 MHz = 0.33 us.

B. Power Dissipation

Low Power Dissipation is one of the crucial requirements for any space based
application. There are specialized tools available for measuring power dissipation
for both DSP and FPGA. The technique of power dissipation measurement for both
software (DSP) and hardware (FPGA) implementations is discussed below.

DSP Power Consumption

The power dissipation in the case of software implementation depends upon the
underlying DSP architecture on which the code is executed. The total power con-

sumption for a given application consists of two main components:

e Baseline Power: Baseline consumption is power that is consumed that is not
dependent on chip activity. This includes things like static power, Phase Locked

Loop power, and clock tree power. While independent of activity, baseline power
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is dependent on voltage and temperature. Thus, the user can determine base-
line power only by the selected part (and CVDD voltage) or by the operating

temperature [41].

e Activity Power: Activity consumption is power that is consumed by active
parts of the DSP (the CPU, EDMA, peripherals, etc.). Activity power is inde-
pendent of temperature, but dependent on voltage and switching levels. This
power consumption is dependent upon the percentage utilization of the different

parts of the DSP for running a particular code [41].

TT provides power estimation spreadsheet for estimating power consumption for

a particular application. The inputs to the power estimation spreadsheet are:

e “Frequency” - The operating frequency of a module or the frequency of external

interface to that module.

o “Utilization” - The relative amount of time the module is active or in use versus

off or idled.

e “Write” - The relative amount of time (considering active time only) the module

is sending data out of the DSP versus reading data into the DSP.

e “Bits” - The relative amount of time (considering active time only) the module

is sending data out of the DSP versus reading data into the DSP.

e “Switch” - The probability that any one data bit will change state from one

cycle to the next.

In order to have a commensurate comparison of power consumption between
FPGA and DSP, it will be assumed that the power consumed in DSP will be due
to activity level changes in the CPU core and not any other part of the DSP. This
means that the power consumption in any other module of the DSP will be ignored.
A significant amount of power is dissipated by the peripheral components of the

DSP while reading from or writing data to external memories. In the case of FPGA
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implementation, the design has been implemented such that there is no transfer of
data between the FPGA fabric and external memories. This leads us to ignore the
power dissipation in the peripheral components of the DSP in order to have a fair

comparison between both types of implementations.

The CPU utilization isn’t as straightforward, because there are varying degrees of
use for the CPU. Here, 0 percent utilization means the CPU is idle and does no useful
work, where 100 percent utilization means all 8 functional units are active every cycle
and the maximum amount of data is brought in from cache memory every cycle. Few
DSP algorithms will achieve 100 percent utilization, because this requires everything
to be used every cycle, with no stalls. Even DSP-intense applications do not spend all
of the time in such highly parallel loops. Time is typically also spent executing control
code or less demanding DSP algorithms. These types of code may execute only a few
instructions in parallel and significantly reduce the I\O of the CPU, and thus reduce
overall utilization. Therefore, the balance of CPU use for the application must be
considered, and entering 100 percent utilization is not practical for real applications.
For most of the applications, the percent utilization is measured by multiplying the
average percent utilization (which is 60 percent in most cases) with the percent of
time spent in running the algorithm to process input data [41]. This can be explained

with the help of the following example:

Consider that the total number of clock cycles required to run a program on a
DSP is 4000. Out of these 4000 clock cyles, 2000 clock cycles are utilized by a function
which calculates the inverse of a 3 x 3 matrix. So the percent of time spent in running
the matrix inverse algorithm is 50 percent This is multiplied with the average percent
utilization of the CPU core (which is 60 percent). So the value to be entered in
the power estimation spreadsheet is 0.5 x 0.6 = 0.3 which is 30 percent. The power
estimation spreadsheet gives the total power consumption as a split of the baseline

power and the activity power.
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FPGA Power Consumption

The estimate of power consumption of a Xilinx FPGA design can be done using
a tool called XPower [42] from Xilinx. XPower calculates power as a summation of
the power consumed by each element in the design. The power consumed by each

switching element in the design is given by:
P=Cx*V?%ExF %1000

where:

P=Power in mW

C=Capacitance in Farads

V=Volts

E=switching activity (average number of transitions per clock cycle)

F=Frequency in Hz

Capacitance is determined by the user’s design (and for a design implemented in a
specific device, fixed during characterization of the routing resources and the elements
in the device). Voltage is a fixed value for a specific device set by default in the XPower
interface. F * E is the total number of transitions for a specific element. Frequency,
or the activity rate of each signal in a design, is the most variable element of the
above equation for this tool. XPower determines the switching activity of elements

in the design by using any of the following data provided by a user:
e Global default activity rate
e Simulation results generated through a .VCD file
e Activity rates manually entered through the GUI

Where ”activity rate” is the rate at which a net or logic element switches. Figure
3.8 shows the inputs required by XPower to calculate the power consumption of a

design. The abbreviations used in the figure are explained below.

e NCD: FPGA design file that provides the design topology and physical resource

usage. This file is generated during Implementation.
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e PCF': Design file that provides clock frequency and voltage. This file is gener-

ated during implementation.

e .VCD: Design file that provides detailed design activity rates for all nets. This

file is generated during timing simulation.

e PWR: This is the Power Report file which provided details of power consump-
tion by the design

The PWR file shows the total power consumption as a split up of the baseline

power (quiescent power) and the activity power.

NGD

PWR

PCF XPower >

VvCD

Figure 3.8: FPGA Power Consumption Estimation using XPower

C. Development time

Development time is a significant portion of the total time to market for any ap-
plication. There are number of factors which affect the development time for both
hardware and software implementations. The two most important factors are a) Time
to learn the tools and languages, and b) Time to implement the design using these
tools and languages. There is always certain amount of “learning curve” associated
with each and every tool. After the tool is learnt, the next task is to perform imple-
mentation of the design using the tools. The level of accuracy required in the design
process also affects the time to complete the design. The total development time for

both hardware and software implementations depends upon 3 factors:



51

e Number of man-hours required to perform the design
e Number of lines of code written to implement the design

e Time to learn the tools for DSP and FPGA

The time spent to implement designs in both types of implementations can be
compared using these three measurements. Out of these, the time required to learn
the tools is important only for first time designers. Although they do not provide
an accurate measurement of the actual time spent, they can be used to have a fair

comparison between both types of implementations.

Step 6: Analysis of Results

The comparison between software and hardware implementations on the basis of
the three metrics described in the previous section can be illustrated with the help of
the flow diagram in Figure 3.8. As execution time and power dissipation depend upon
the type of DSP and FPGA chosen, it is difficult to make a generalized conclusion
for all types of DSP and FPGA architectures. The flow diagram in Figure 3.9 can
be used to analyze results for a particular DSP and a particular FPGA (chosen for
the purpose of implementation), and not all DSPs and FPGAs in general. Time
to Market is an important factor of consideration, but it cannot be used to take a
decision regarding the method of implementation (hardware or software). A brief

explanation of all the blocks in the flow diagram is given below:

e Compare the execution times of all software implementations and hardware

implementations.
e Select the implementation with the best execution time.

e Compare the power consumption of all software implementations and hardware

implementations.
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Figure 3.9: Decision Making Flow

e Select the implementation with least power consumption.

o [f the software implementation of the accelerator has the best execution time
and the least power consumption, there is no need for an accelerator and the

entire algorithm can be implemented on DSP.

e If the hardware implementation of the accelerator has the best execution time
and least power consumption, the next step is to calculate the cost of communi-
cation between FPGA and DSP. The sum of the hardware execution time and

the time required for overhead communication should be less than the software
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execution time.

e [f the sum of the hardware execution time and the time required for overhead
communication is less than the software execution time, the next step is to de-

termine the number of times the accelerator component occurs in the algorithm.

e Observe whether the improvement obtained by implementing the accelerator in
hardware is significant or not. This can be explained with the help of following

example:

Hardware execution time = 20 ns

Software execution time = 400 ns

Overhead time = 300 ns

Hardware execution time 4+ Overhead time = 320 ns

% Improvement over software implementation = (400-320)/400 = 20 %

Decide whether the improvement observed is significant
e [f the improvement is significant, implement the accelerator in hardware

e If the hardware execution time is less than the software execution time, but the
power consumption in hardware is more than that in software, calculate the

cost of overhead communication and repeat the procedure described above.

In this manner, the simulink model is converted from a Platform Independent
Model (PIM) to a Platform Specific Model (PSM) (software-only or hardware-software
co-design).

A comparison of Time to Market for both types of implementations can be done
by comparing the number of lines of code written for each type of implementation.
Although, it is not very accurate, it can be used to have an approximate estimate of

the time taken for both types of implementations.

It was mentioned in the beginning of this chapter that one of the important

criterion for space based applications is the size of the design. The size here means
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the size of the board on which the algorithm is mapped and not the actual area
(in case of hardware implementation) or the amount of code and data memory (in
case of software implementation). Hence, while comparing software and hardware
implementations of the accelerator components, size of the design is not chosen as

the metric of comparison.

This chapter described the methodology of analyzing and implementing complex
algorithms for space based applications. We begin with a Platform Independent
Model of the system and at the end, on the basis of analysis of the results, the platform
(s) on which the algorithm should be mapped is decided. Hence, our methodology
transforms the Platform Independent Model (PIM) of the system into a Platform
Specific Model (PSM).
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Chapter 4

FIR Filter Case Study

In step 4.1 of the proposed methodology, which is software implementation of the
accelerator component, the first step is to write/generate C code for the accelerator
component. A number of Computer Aided Design (CAD) tools are currently in use
during system, software and hardware design of embedded systems [43]. These tools
automate the design and development process, and hence reduce the development
time. One such tool is Mathwork’s Real-Time Workshop, a commercial software
tool which supports fast prototyping, and automatic program building from Simulink
models. Although development time (also referred to as Time to Launch for space
based applications) is important, it should not outweigh other more important factors
like Performance and Power Dissipation. The use of Real Time Workshop increases
the development speed, but at a compromise of degrading the system performance. It
generates C code of a Simulink model at the click of a button, but the generated code
is not as efficient as a hand written code. This chapter is dedicated to a case study
which proves the above mentioned point. An FIR filter is chosen for the purpose of
case study, as it is one of the basic building blocks of many signal processing and

control algorithms.

We use Real Time Workshop to generate C code for an FIR filter and compare its
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performance with the performance of a hand written C code. The Texas Instruments
Code Composer Studio profiler is used to compare the performance of the two codes.
The code generated by Real Time Workshop has some other problems like poor
readability and lack of compatibility with tools from other vendors. These issues are
also touched upon in this chapter. After comparing the performance of two codes,
we apply code optimization techniques for improving performance. Software code
optimization is part of Step 4 of the methodology described in Chapter 3. We use
hand written code of the FIR filter and perform different optimizations on it. The
target processor chosen in Code Composer Studio is TI TMS320C6713, a 32 bit
floating point DSP. Any other DSP can also be chosen for the purpose of this case
study. The basic aim is to compare the performance of tool generated and manually
written codes; and show different kinds of optimization techniques that can be applied

to a piece of C code.

4.1 Code Comparison

This section shows the comparison of tool generated and hand-written codes using
the simple example of an FIR filter. A mathematical representation of the Direct Form

of an FIR filter is given by the following equation.

3
L

yln] = ) hlkz[n — k]
0
A sixth order direct form FIR filter is chosen for the purpose of case study. Figure

4.1 shows the structure of the FIR filter used.

B
Il

A C Code for this FIR filter is written and compiled using the built in compiler
provided by TI Code Composer Studio. A sequence of 40 input samples is given to
the filter to examine the number of C6713 processor clock cycles consumed in the
filtering operation. The C code for this simple implementation consists of 2 for loops.

The inner loop is used to iterate the multiply-accumulate (MAC) operation for a
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Figure 4.1: Direct Form Implementation of a 6th order FIR filter

particular output sample, and the outer loop is used to iterate for the total number
of input samples which is equal to 40 in this case. All the optimization techniques
described in Section 4.2.2 are applied to this basic C code. The equation written

inside the inner for loop is as follows.

y[n|+ = z[n]h[n — m]

A particular output sample is calculated by passing the input sample through
different delays and multiplying it with the different filter coefficients and then adding
all the results. This simple implementation took 13483 processor clock cycles to

process 40 input samples.

Next, we created Simulink model of this FIR filter and generated C code for it
using Mathwork’s Real Time Workshop. The process of generating C code from a
Simulink model using RTW has been described in Chapter 2. The generated C code
was imported to Code Composer Studio and compiled. The compilation of the code
gave a number of errors which could not be resolved. An example of one such error

is given below:

Error: Identifier mxArray not defined

Where mxArray is a data-type used by Matlab to declare arrays. The C code

generated by RTW did not have any declaration of mxArray. Hence it was not
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recognized by the Code Composer Studio compiler. In order to resolve the errors, a
toolbox provided by MathWorks known as ”Link for Code Composer” was used to
generate C code and import it to Code Composer Studio. The code generated by this
tool got compiled without any compilation errors. This does not mean that ” Link for
Code Composer” can be used to generate C code for any Simulink model. When it
was used to generate C code for the Attitude Determination and Control Algorithm,

it did not work well.

The C code of FIR filter generated by “Link for Code Composer” was profiled, and
it was seen that it consumed about 17000 clock cycles to process 40 samples of input
data which is about 1.3 times the number of clock cycles consumed by hand written
code. Hence it was proved, for this example, that the C code generated using RTW
and Link for Code Composer Studio was less efficient than the hand written C code.
Moreover, the code generated by RTW and Link for CCS had poor readability. Figure

4.2 shows organization of both types of codes - tool generated and hand written.

The first block in Figure 4.2 shows organization of the hand written code of FIR
filter and the second block shows organization of the code generated by RTW. The
hand written code has just 2 functions - main( ) and fir filter( ). The tool generated
code, on the other hand, has a number of function calls inside the main( ) function.
Also, all the called functions are not in the same source file; they are distributed over
various files. It is very difficult to understand this type of code. Moreover, if the code
does not compile, it becomes very tedious to debug the code. Table 4.1 summarizes

all the facts discussed above.

This section discussed about the differences between hand written and tool gener-
ated codes. The next section deals with the different kinds of optimization techniques

that can be applied to a C code to improve its performance.



void main()

{
/I definition
/l declaration
fir_filter()

void fir_filter()

{
/[for loop -1

/[ for loop -2

Figure 4.2: Organization of hand written and tool generated codes

void main()

Il definition

Il declaration
model_initialize();
model_start();
model_input();
model_terminate();
model_output();

void model_initalize()

{
fir_filter_initialize();
fir_filter_input();

}

void model_terminate()

{
fir_filter_output();
fir_filter_terminate();

4.2 Software Code Optimization

99

The software implementation process described by the proposed methodology

(Step 4.1) mentions about optimizing the software code using different optimization

techniques. The code is optimized till the point beyond which performing any opti-

mization does not improve the performance of the code. This section discusses the

different optimization techniques using the example of an FIR filter. As the tool gen-

erated code is difficult to understand, the optimization techniques are applied to the

hand-written code only. At the end, we present results which show the performance

improvement after performing the various optimizations.



Table 4.1: Differences between hand written and tool generated codes

Hand written code

Tool generated code

Easy to understand and de-

bug

Difficult to understand and

debug

More  efficient  (shown

above)

Less efficient

Easy to optimize

Very difficult to optimize

because of poor readability

Compatible with all compil-

ers

May not be compatible with

all compilers
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4.2.1 Development flow to increase performance

Traditional development flows in the DSP industry have involved validating a C
model for correctness on a host PC or Unix Workstation and then painstakingly port-
ing the C code to hand coded DSP Assembly Language. This is both time consuming
and error prone. The recommended code development flow involves utilizing the
Cé6xxx code generation tools to aid in optimization rather than forcing you to code
by hand in assembly. These advantages allow the compiler to do all the laborious
work of instruction selection, parallelizing, pipelining, and register allocation. This
allows focusing on getting the product to market quickly. These features simplify the
maintenance of the code, as everything resides in the C framework which is simple to

maintain, support and upgrade [44].

The code development flow for the TI C6xxx involves the phases described in

Figure 4.3. Here the compiler is given enough information to fully maximize its
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\

Write C Code

|

Compile

|

Profile

Complete

+— Refine C Code

!

Compile

Complete

Figure 4.3: Code Development Flow for TT C6xxx

potential. The following steps summarize the flow shown in Figure 4.3.

e Write the C code, compile it, and profile it using the Code Composer Studio
profiler.

e Observe the performance of the code. If the performance is matching the desired

performance, stop the process.

e If the performance is not matching the desired performance, refine the code by
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applying suitable optimization technique.

e Compile and Profile the refined code. Observe its performance. If it is matching

the desired performce, stop the process.

e [f it does not match the requirements, repeat the above steps iteratively.

For each optimization, the speed up factor will be calculated to validate its effi-

ciency. The speedup factor can be given by the following expression:

FEzxecution_time,q

Speedup = - -
p p FEzxecution_time,ey

The execution time is calculated in terms of the number of processor clock cy-
cles consumed to perform a particular operation. In the example of the FIR filter,
the number of TT C6713 processor clock cycles consumed for different types of im-
plementations is observed and then the speedup is calculated for all the types of

optimizations.

4.2.2 Optimization techniques

This section describes the various optimization techniques that can be applied to
a piece of C code. The hand written C code of a 6th order FIR filter is chosen as
the reference standard and all the optimizations are performed on it. The number of
processor clock cycles required by it to process 40 samples of input data was found to
be 13483. The speedup achieved after performing each optimization will be calculated

with respect to this number.

A. Register Level Optimization

The TI Code Composer studio compiler provides a number of optimization options
while compiling the code. The first one of them is the Optimization -00. This type
of optimization is called Register Level Optimization. When this type of optimiza-

tion option is chosen, the compiler performs control-flow-graph simplification, loop
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rotation, allocates variables to registers, eliminates unused code, simplifies expres-
sions and statements, and expands inline functions [36]. Using this optimization, an
improvement is observed in the number of processor clock cycles required to process
the 40 input samples by the FIR filter. The number of clock cycles now consumed is

8980. The speedup in the execution time over the previous implementation is given as

Speedup = 13483/8980 = 1.5

B. Code Clearance Optimization

The compiler optimization -0l (code clearance optimization) is more efficient than
register level optimiation. It not only performs all the optimizations performed by
the register level optimization technique, but also performs local copy/constant prop-
agation, removes unused assignments, and eliminates local common expressions [36].
It removes all the unnecessary statements from the C code. Using this optimization,
an improvement is observed over the previous optimization. The number of processor
clock cycles consumed for processing 40 input samples is now 7915. The speedup over

the previous implementation is

Speedup = 13483/7915 = 1.7

C. Forward Store Optimization

In the C code for the FIR filter, there are 2 for loops and the inner for loop is
for finding the value of a particular output sample. Initially, a global variable for
the summation y[n| is used. While using global variables, the compiler is obligated
to perform an intervening store or load to memory during the execution of the loop.
In Forward Store Optimization, [45] [37], store to a global variable y[n] is done by
performing the summation in a local variable accum and storing the final result to

y[n] outside the loop afterwards. This can be seen in Figure 4.4.
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By doing this, the compiler understands that the local variable accum does not
change until the next iteration of the loop, and eliminates the unnecessary loads and

stores that degrade performance in the previous experiments.

for (i=0; i<4; i++)

for (i=0; i<4; i++) {

{ . _ = accum += h(i] x[n-i];
y[n] += h[i] x[n-i]; }

} y[n] = accum

Figure 4.4: Code demonstrating Forward Store Optimization

The number of clock cycles to process 40 input samples after performing this op-

timization is 6837. So the speedup over the original optimization is given as

Speedup = 13483/6837 = 1.97

D. Loop Unrolling Optimization

The next optimization used is the compiler optimization -02. It further improves
performance over -00 and -ol. The optimization -02 performs all the -0l optimizations
and also does software optimizations, loop optimizations and unrolling [36]. It also
eliminates global common sub expressions and unused assignments, converts array
references in loops to increment pointer form. Out of all these optimizations, the

most efficient optimization performed by this option is Loop Unrolling.

Loop unrolling is the technique of expanding small loops so that each iteration of
the loop appears in the code. This optimization increases the number of instructions
available to execute in parallel. It can be used when the operations in a single iteration
do not use all the resources of the Coxxx architecture. There are three ways in which

loop unrolling can be performed:



65

1. The compiler can automatically unroll the loop

2. The compiler can be suggested to unroll the loop using the UNROLL pragma

(command)

3. The C/C++ loop can be unrolled manually [44]

In the example of FIR filter, the first two techniques are adopted to perform loop
unrolling to improve the execution speed. When the option (a) is used, that is, when
the optimization -02 is used, the number of processor clock cycles consumed to pro-
cess 40 input samples is 5543. This shows an overall improvement over the original

implementation by a factor of

Speedup = 13483 /5543 = 2.43

The method (c) of performing the loop unrolling by hand is more efficient than
the optimization performed by the compiler. The number of clock cycles utilized in
processing 40 samples in this case is 5533. The number is close to the previous one
but this proves that hand optimization is better than the compiler optimization. The
loop unrolling by hand for a simple for loop which iterates 4 times is shown in Figure
4.5.

for (i=0; i<4; i++) y[n] = h[1] x[n-1];
{ y[n] += h[2] x[n-2];
y[n] += hii] x[n-i]; = y[n] += h[3] x[n-3];
} y[n] += h[4] x[n-4];

Figure 4.5: Code demonstrating Loop Unrolling

The third option of performing Loop unrolling is using the UNROLL pragma (a

command that can be written in C code). It is written before the loop begins. If
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we want to unroll the loop 4 times, then the command written above the loop is
UNROLL (4). The pragma UNROLL (1) means that no loop unrolling should be
performed by the compiler.

E. Combination of Forward Store and Loop Unrolling Optimizations

In this experiment, the techniques of forward store is used along with the opti-
mization -02 (Loop Unrolling). This further increases the execution speed, that is,
decreases the number of clock cycles required for processing the 40 input samples.
The number of processor clock cycles required to process the samples is now 5290.

The speedup obtained in this case is

Speedup = 13483 /5290 = 2.55

One more optimization is tried in this experiment. This is using the keyword
register in front of the variable accum used to store the temporary value of the output
sample y[n]. Doing this, we store the value of the variable accum in the processor
register and not the external memory. But it is observed that the number of clock
cycles utilized remains the same, that is, 5290. This is because that optimization is

already performed by the optimization -o00.

F. Optimization using Appropriate Index Updating

In this experiment, array indexing is done in a manner that can help the compiler
to translate the index arithmetic into efficient addressing. This can be shown in the

fragment of code in Figure 4.6.

This change reduces the number clock cycles to half of the previous implementa-
tion. The number of clock cycles in the previous case is 5290 and now it is 2849. The

speedup in this case is

Speedup = 13483 /2849 = 4.73
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for (i=0; i<4; i++) for (i=0; i<4;)

{ {

accum += h[i] x[n-i]; :(> accum += h[i] X[n-i++];
}

y[n] = accum y[n++] = accum

Figure 4.6: Code demonstrating Index Updating

G. Optimization using Intrinsics

The C6000 compiler provides intrinsics, special functions that map directly to
inlined processor instructions, to optimize the C/C++ code quickly. All instructions
that are not easily expressed in C/C++ code are supported as intrinsics. Intrinsics
are specified with a leading underscore and are accessed by calling them as we call a
normal C function. The following code fragment in Figure 4.7 illustrates the use the

intrinsic -mpy

for (i=0; i<4; i++) for (i=0; i<4; i++)

{ {

accum += h[i] x[n-i]; — accum += _mpy(h[i] ,x[n-i]);
) }

y[n] = accum y[n] = accum

Figure 4.7: Code demonstrating use of Intrinsics

The use of the intrinsic _mpy invokes the compiler to use the MPY instruction of
the C6000 processor. The MPY instruction of the C6000 processor is more efficient
than a normal multiply instruction. Hence it will lead to the reduction in the number
of clock cycles consumed to process the input samples. The number of processor clock
cycles required to process the 40 input samples is now 1849. So there is a fall in the

number of clock cycles from 13483 to 1849. The speedup achieved is
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Speedup = 13483/1849 = 7.3

All the above optimization techniques were applied to the C code for the FIR
filter and it is observed that optimizing the code such that it suits the processor
architecture and instruction set can lead to a great improvement in the performance
of the code. The following section presents all the results using tabular and graphical

representation.

4.2.3 Summary

The number of TT TMS320C6713 processor clock cycles consumed to process 40
input samples and the percentage speedup acheived during the different experiments

performed on the C code for FIR filter are shown in Table 4.2

Figure 4.8 shows the number of clock cycles required by each optimized code
graphically. Figure 4.9 shows the percentage speedup achieved after performing each
optimization graphically. It can be seen from the graphs that each optimization
technique increases the execution speed of the C code. The overall speedup obatained

after applying all optimizations is shown below:

No. of clock cyles of original code _ 13483 799

Overall Speedup = N
Veratl SPeEAP = N0 of clock cycles of most optimized code 1849



Table 4.2: Clock cycles and Speedup for different Optimizations

Optimization Technique Number of | Percentage
Clock cycles Speedup
Original code 13483 BASE

Register Level Optimization 8980 34
Code Cleaning Optimization 7915 42
Forward Store Optimization 6837 50
Loop unrolloing Optimization 5543 59
Manual Loop unrolling 5533 60
Loop unrolling and Forward Store | 5290 61
Index updating Optimization 2849 79
Optimization using Intrinsics 1849 87
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Chapter 5

Validation of Proposed

Methodology

This chapter deals with validation of the methodology proposed in Chapter 3.
This is done by analyzing the Attitude Determination and Control algorithm using
the proposed methodology. The chapter is divided into three sections. The first
section gives a brief overview of the ADC algorithm, the second section discusses the
step by step process of analyzing the algorithm, and the final section concludes the

chapter by discussing the results obtained from algorithm analysis.

5.1 Overview of ADC Algorithm [1]

The Attitude Determination and Control (ADC) algorithm has been developed
as an attempt to enable small satellites to perform autonomous in space operations.
This algorithm is being implemented on a controller as part of a testbed that emulates
a micro-satellite with 3 Degrees of Freedom (DOF) attitude control (Roll, Pitch and
Yaw) and 2 Degrees of Freedom along the horizontal plane. The testbed (which is also
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known as Attitude Control System) consists of four single gimbal control momentum
gyro (CMG) clusters in a pyramid configuration. The configuration can be seen in
Figure 5.1. Each gimbal has a stepper motor for rotation of a DC motor with constant
angular velocity of the flywheel. The testbed has two types of sensors - the rotary
encoders (one on each gimbal) which give information about the angular rate of the
gimbals, and the Inertial Measurement Unit (IMU), at the center of mass of the entire

system, which gives information about the angular velocity of the spacecraft.

Rotary
Encoder

Inertial
Measurement
Unit

_ ‘A motor

L)

Stepper
motor

Figure 5.1: 4 SGCMG cluster in a pyramid configuration

The ADC algorithm designed by students at the AMAS laboratory will reside in a
controller to be placed at the center of the system shown above. The main purpose of
the algorithm is to provide inputs to the actuators (stepper motors) and get feedback
from the sensors (IMU and rotary encoders). Hence the algorithm will be used for
close loop control of the Attitude Control System (ACS) shown above. The high level
block diagram of the algorithm is shown in Figure 5.2. The algorithm is divided into
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three main parts. A brief description of each part follows the block diagram.

As a part of the development process, the algorithm has been designed and sim-
ulated by a system engineer using Simulink from Mathworks. We have been given
the task of mapping the algorithm on an appropriate hardware architecture using the
Simulink model provided to us. In the process of giving an overview of the model, we
have mentioned certain terms used by the system level engineer. We do not go into
the details of those terms, as our aim is to analyze the algorithm on the basis of the

type of operations performed by it.

Roll, Pitch and
Yaw
Commanded
Inputs
Angular Velocity
Vector be) 1
Quaternion R
vectors 0o
© To
DC Motor Satellite N Torque '\> Steering 5s Stepper
R Model —V| Generator [ Logic p Motors
Stepper motor 64 _
rates >

Figure 5.2: High Level Block diagram of ADC algorithm
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Satellite Model

This part receives the main inputs of the algorithm. It receives the spacecraft
angular velocity vector from the IMU. It also receives the stepper motor rate feedback
from the 4 rotary encoders. The third input is the vector of DC motor speeds. The
only function of this part is to calculate the quaternion states. It calculates these
vectors by multiplting the angular velocity vector with the quaternion vector. The
rest of the inputs are just passed to the next stage. So, the only significant operation

that takes place in this block is of matrix multiplication.

Torque Generator

This block produces the 3 element torque vector. The torque is produced from

the following equation obatined from [1]:

T = —J{2k[sat(e + % / e)] + cw}

where 7 is the torque, Jis a 3 x 3 inertia matrix is fed into the system as constant,
k and c are just scalar gains. 7T is the scalar time constant, and e is the quater-
nion error vector obtained by multiplying the commanded input matrix (obtained
by processing the Roll, Pitch and Yaw commands) with the quaternion state matrix
obtained from the previous block (Satellite Model). The integral symbol is that of
numerical integration and sat is a dynamic saturation function. The output of this

block is the [3 x 1] torque vector.

Steering Logic

The use of Control Momentum Gyros (CMG) in the ACS system necessitates the
development of CMG steering logic, which generates the CMG gimbal rate commands

for the commanded spacecraft control torques. The steering logic has to be used in
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this system in order to prevent the singularity condition. The singularirty condition
occurs anytime the configuration of the gimbal angles affects the amount of torque
that can be produced leaving the output torque to zero. The inputs to these blocks
are the outputs of the Satellite Model and the torque vector produced by the Torque
Generator. This block uses the Steering law described in [46] to produce the gimbal
angle rates which are given to the 4 stepper motors of the Attitude Control System

shown in Figure 5.1.

This is the overview of the Attitude Determination and Control algorithm. The
analysis of this algorithm is carried out using the methodology proposed in Chapter
3. The following section descibes the step by step process of analyzing this algorithm.
Here Step X corresponds to the steps of the proposed methodology in Chapter 3.

5.2 Analysis of ADC algorithm

As mentioned above, the Attitude Determination and Control algorithm has to
reside in a controller or computational processing element as shown in Figure 5.1. The
analysis of the algorithm using the methodology proposed in Chapter 3 will make the
task of implementing this algorithm simple. We have analyzed the algorithm in a

step by step manner providing necessary details at each and every step.

5.2.1 Step 1: Choose candidate platforms

Step 1 of the methodology is to narrow down the selection of the candidate con-
troller or processing element (PE) platfroms for implementing the algorithm. Out of
the four architectures - General Purpose Processor, Digital Signal Processor, Field
Programmable Gate Array and Application Specific Integrated Circuit, two archi-
tectures - DSP and FPGA have been chosen as candidates for implementing the
algorithm. The justification for this can be given with the help of the same exam-

ple as the one illustrated in Chapter 3 where the weights given to different criteria
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like Performance, Power Dissipation, Time to Market, etc, are used to determine
the weighted scores for the four architectures mentioned above. We start with the
assumption that the computationally intense parts of the algorithm can be imple-
mented on an FPGA and the rest of the algorithm can be implemented on a DSP.
This is because DSP has the highest total score and FPGA has the second highest

total score, as seen in Figure 3.2.

5.2.2 Step 2: Algorithm analysis

Step 2 of the methodolody deals with analysis of the algorithm. The algorithm
has been designed using Simulink from Mathworks. We have presented a step by step
process of analyzing the algorithm in Step 2 of the methodology. The following points

show the application of those steps to the given Simulink model:

e RTW from Mathworks was used to generate C code of the simulink model.
e The C code was imported to TI Code Composer Studio and compiled.

e The compilation of the code gave a number of errors - one of them is ”Identifier

mxArray not defined”.

e Attempts were made to resolve the errors, but we could not succeed. The code

generated by RTW was very difficult to understand.

e Because the errors in the code could not be resolved, Path B was taken in the

flow diagram shown in Figure 3.3.

e This was to divide the algorithm into smaller parts and analyze each one sepa-
rately. The Simulink model is divided into 3 different modules - Satellite Model,
Torque Generator and Steering Logic. We performed Time Complexity analysis

on each module. The details of the complexity analysis are presented below.

In performing time complexity analysis of the each module, time complexity of

each block of the module was determined. The Satellite Model has small number of
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Simulink blocks, so its complexity analysis can be shown with the help of a block
diagram. The other two modules, i.e., Torque Generator and Steering Logic, are very
large in size, so it is not possible to show their complexity analysis with the help of
figures. For these modules,we have provided tables which give information about the
types of Simulink blocks they have and their time complexities. Figure 5.3 shows
the Satellite Model with all the blocks replaced by their time complexities. Tables
5.1 and 5.2 show the different simulink blocks along with their time complexities for

sub-models IT and III respectively.

Angular Velocity
Vector Square root -
0O(n”2)
— >
Integrate
O(n) >

_—>

Quaternion States

Quaternion

Vectors
DC Motor Speeds Pass Through .

DC Motor Speeds
Stepper Motor
Rates |
> ntegrate >
O(n)
Stepper Motor
Angles

Figure 5.3: Complexity analysis of Satellite Model

The first sub-model consists of a matrix multiplication block, two integrators and
a block which calculates square root of a signal. Time complexities of all these blocks
have been shown in Figure 5.3. Matrix multiplication has time complexity of O(n?).
This can be seen in the code in Figure 5.4. As the value of n increases, the amount of

time required to multiply two matrices increases by the factor of n3. It can be seen
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in the code that all the 3 for loops iterate n times.

for (i=0;i<n;i++)
{ for (§=0;j<n; j++)
{ for (k=0;k<n;k++)
{ c[i][j] = c[i]l[3j] + alil [k]1*b[k][3]’
\ }
}

Figure 5.4: Matrix multiplication code

The integrator has time complexity of O(n). Integration in continuous time means
accumulation in discrete time. To add nnumbers, a forloop can be used which iterates
n times. As the value of n increases, the amount of time required to add the numbers
increases proportionately. There is a direct proportionality between the two. The
third block in this sub-model is a square root block. The time complexity of the
square root block is O(n?) using Newton’s method [47]. Likewise, time complexity
analysis was performed for all blocks in the other two modules. The tables show the
time complexities of the various blocks used in these two sub-models. Many of the

blocks occur multiple times in these two modules.

5.2.3 Step 3: Choose candidate accelerators

Step 3 of the methodology is to choose the candidate accelerator components
from the results of Time Complexity analysis. This can be done in two different ways
depending on the path chosen in Figure 3.3. We have chosen Path B in Figure 3.3, so
Part B(time complexity analysis), described in Step 3 of the methodology, was used to
find out the candidate accelerator components. The set of rules given in Step 3 were

used to compare the time complexities of the various blocks. After comparing the time



79

Table 5.1: Time Complexity of blocks of Torque Generator

Simulink Block Time Complexity
Matrix multiplication O(n?)
Square Toot O(n?)
Addition O(1)
Multiplication O(1)
Operation of finding minimum O(n)

Table 5.2: Time Complexity of blocks of Steering Logic

Simulink Block Time Complexity
Sine O(n?)
Cosine O(n?)
Differentiation O(n)
Integration O(n)
Matrix Multiplication O(n?)
LU decomposition O(n?)

complexities of all the blocks, the ones with highest time complexities were chosen as
candidate accelerators. Figure 5.5 shows the selection of accelerator components. It
can be seen that matrix multiplication and LU decomposition have the highest time
complexities of all the blocks. Hence they were chosen as candidate for hardware

accelerator components.
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Figure 5.5: Selection of Candidate Accelerators
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5.2.4 Step 4: HW/SW implementation of accelerators

Step 4 of the methodoloy is to perform software and hardware implementations
of the accelerator components. We have divided this section into two parts. The first
part discusses the software and hardware implementations of 3 x 3 Matrix Multipli-
cation, and the second part deals with software and hardware implementations of LU

decomposition of a 3 x 3 matrix.

I. Matrix Multiplication

A. Software Implementation of Matrix Multiplication

A C code for 3 x 3 matrix multiplication was written and profiled using the TI
Code Composer Studio profiler. TT TMS320C6713 was the processor chosen as the
target processor in Code Composer Studio. It is a 32-bit floating point processor with
the VelociTi architecture. TMS320C64xx is a series of fixed point DSPs of the same
family. The reasons for choosing a floating point processor instead of a fixed-point

DSP are listed below:

e C/C++ does not support fixed point formats. Modeling of a bit-true fixed point
system in C/C++ is difficult and slow [48].

e [t is difficult to find fixed point system representation that optimally maps to
system model developed in floating point [48].

e When floating point C/C++ code is targeted to fixed point DSPs, the execution
speed is reduced a lot, because a floating point operation is compiled into several

fixed point instructions [48].

e The bit-true fixed point C code when compiled using the standard compilers,
leads to an extensive use of operator overloading, templates and dynamic mem-
ory management. This renders the fixed point implementation inefficient as

compared to floating point implementations [48].
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The C code was then optimized using the optimization techniques discussed in
Chapter 4. The original code consisted of 3 nested for loops as seen in Figure 5.4.
The number of processor clock cycles required for the execution of this small peice
of code was 2306. In order to improve the performance of this code, the following

optimization techniques were applied to the code:

e Register Level optimization (-00)

e Code clearance optimization (-ol)

e Forward Store optimization

e Optimization -00 and Forward Store (F'S)
e Optimization -ol and Forward Store (F'S)
e Loop Unrolling optimization (-02)

e Manual Loop Unrolling - innermost loop
e Manual Loop Unrolling - the inner 2 loops
e Manual Loop Unrolling - all the 3 loops

e Use of intrinsic - _mpy

The explanation of each optimization technique has been given in Chapter 4.
Some of the techniques mentioned above are compiler optimization techniques. These
optimizations are performed by using different compiler build options. Some other
optimizations like Forward Store and Loop Unrolling were performed manually on
the code. Figure 5.6 shows the different types of optimizations performed on the
basic C code of matrix multiplication. Performing these optimizations on the C code
improves the performance of the code. Table 5.3 shows the number of processor clock
cycles required to execute each optimized code along with the percentage speedup for

each optimized code. If N, is the number of clock cycles consumed by the original
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code and N,, is the number of clock cycles consumed by the optimized code, then the

speedup for each optimization is calculated using the formula shown below:

No_Nn

Speedup = —N

Table 5.3: Clock cycles and % Speedup for different optimizations for Matrix
multiplication

Optimization Technique | Number of Clock Cycles | % Speedup
Original code 2306 BASE
Forward Store Optimization 2038 11.6
Optimization —o0 and F.S. 1482 35.7
Optimization —ol and F.S. 1176 49
Optimization —o02 and F.S. 457 80.18
Unrolling innermost loop 662 71.29
Unrolling 2 inner loops 324 85.9
Unrolling all the loops 208 90.98
Use of _mpy 102 95.57
Use of reg keyword 94 96

It can be seen from Table 5.3 that the least number of clock cycles required to
execute the C code of 3 x 3 matrix multiplication is 94 with a speedup of 96 % over
the performance of original code. This is the best performance that we could achieve
in software implementation of matrix multilication. We now descibe the hardware

implementation of matrix multiplication on Xilinx Virtex-4 FPGA.



A. Forward Store Optimization ‘ B. Unrolling the innermost loop

for (i=0;i<n;i++) for (i=0;i<n;i++)

{ .
{ {
c[i][j] = a[i][0]*b[O][]];
c[i][J] += a[i][1]*b[1][]];
c[il[]j] += al[i]l[2]1*b[2][]];
}
}
}
’
variable outside loop
C. Unrolling the inner two loops ‘ D. Unrolling all the loops

c[0110] = (a[0] [01*b[0][0]) + (a[0] [1]*b[1](0]) +
. 4

for (1=0;i<3;i++) SRR LA R0G

{ cl0][1] = (a[0][01*b[0][1]) + (a[0] [1]*BI1][1]) +
c[i][0] a[i]l[0]*b[0][0]; (a[0][2]*b[2][1]) ;

i i i * :
CLE [ CIE IO < QIE) B0 0] £ c[0][2] = (a[0][0]*b[0][2]) + (a[0][1]*b[1][2]) +

cli][0] = c[i][0] + a[i] [2]*b[2][0]; O e ) &
clil[1] = al[i] [01*b[0][1];

clil[1] = c[i][0] + a[i] [11*b[1][1];

clil[1] = c[i][0] + al[i][2]*b[2][1];

clil[2] = ali] [01*b[0][2];

clil[2] = c[il[0] + a[i] [11*b[1][2];

clil[2] = cl[il[0] + ali][2]*b[2][2];

E. Use of intrinsic _mpy

c[0][0] = _mpy(a[0][0],b[0][0]) + _mpy(al0][1],b[1][0]) + _mpy(a[0][2],b[2][0]);
c[0][1] = _mpy(a[0][0],b[0][1]) + _mpy(a[0][1],b[1][1]) + _mpy(a[0][2],b[2][1]);

c[0][2] = _mpy(a[0][0],b[0][2]) + _mpy(a[0][1],b[1][2]) + _mpy(a[0][2],b[2][2]);

Figure 5.6: Optimizations performed on C matrix multiplication code
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B. Hardware Implementation of Matrix Multiplication

Figure 5.7 shows the logic diagram of hardware implementation of 3 x 3 matrix
multiplication. There are 4 32-bit inputs and 3 32-bit outputs. Let us say that the
matrices to be multiplied are denoted by A and B. The elements of matrix A are sent
though the input in! , and the elements of matrix B are sent through inputs in2,in3
and in4. The elements of the resultant matrix come out of the outputs c1, ¢2 and c5.
The count signal which goes high every time the output of the 2-bit counter equals
3. When count is equal to 1, the registers c1, c2 and ¢3 are cleared. The sequence in

which inputs are given to the system can be shown below:

all; in2 — > bll; in3 — > bl2; ind — > bl3
al2; in2 — > b21; in3 — > b22; ind — > b23
al3; in2 — > b31; in3 — > b32; ind — > b33
a2l; in2 — > bll; in3 — > b12; ind — > bl3

inl — >
>
>
>
inl — > a22; in2 — > b21; in3 — > b22; ind — > b23
>
>
>
>

inl —
inl —
inl —
inl — > a23; in2 — > b31; in3 — > b32; ind — > b33
adl; in2 — > bll; in3 — > bl2; ind — > bl3
ald2; in2 — > b21; in3 — > b22; ind — > b23
a33; in2 — > b31; in3 — > b32; ind — > b33

inl —
inl —

inl —

A verilog code for the design shown in Figure 5.7 was written and imported to
Xilinx ISE. The design was simulated, synthesized and implemented on Virtex-4
FPGA according to the procedure described in Step 4.2 of the proposed methodology.
The results obtained after performing the hardware implementation are shown in
Table 5.4. Here Slice Utilization refers to the percentage of logic slices utilized by
the design on the target FPGA. The inputs and outputs of the design were chosen to
be of 32-bit width because the performance of this design has to be compared with
the performance of software implementation of the design. The C code for matrix

multiplication was targeted for a 32-bit DSP and so the inputs and outputs of the
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Figure 5.7: Hardware Implementation of 3 x 3 matrix multiplication
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hardware design were chosen to be of 32 bits in order to have a fair comparison

between the two implementations.

Table 5.4: Hardware Implementation results for matrix multiplication

Number of simulation clock cycles 9

Max. Design Frequency after synthesis 348.482 MHz

Max. Design Frequency after Place and Route 389.406 MHz

Slice Utilization 1% (48 out of 6144)

II. LU decomposition

LU decomposition is used in solving a system of linear equations. Consider the

system of linear equations shown below:

a;ry + ape®s + 133 + .oenens +aNTN = b1
a91X1 + A29To + Qo33 + ......... + aoNTN = bg
a31T1 + a3z22 + A33T3 + ...eoen. +aNTN = bg

This can be written in matrix form as
Ax =0b

where A is the matrix of coefficients and b is the right hand side written as column
vector. The process of decomposing the matrix A into two matrices L (lower trian-
gular matrix) and U (upper triangular matrix) is known as LU decomposition of a

matrix. This decomposition can be used to solve the linear set

Az = (LU)z = L(Uz) = b
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by first solving for the vector y such that
Ly=15>

and then solving

Ur=y

This is advantageous because solution of triangular set of equations is easier than so-
lution of rectangular set of equations [49]. In the ADC algorithm, LU decomposition
is used in the Steering Logic block to calculate inverse of a 3 x 3 matrix. Apart from
LU decomposition, there are several other techniques of matrix decomposition, e.g.
QR decomposition, Cholesky decomposition and GaussJordan decomposition. Some
of these decomposition techniques are more efficient than LU decomposition. In such
cases, the design engineer should give feedback to the system engineer to modify the

algorithm by replacing the existing blocks with more efficient blocks.

The software and hardware implementations of LU decomposition of a 3 x 3 matrix

are descibed in the ensuing lines.

A. Software Implementation of LU decomposition

The software implementation of LU decomposition of a 3 x 3 matrix was performed
such that it replaced the original matrix by its LU decomposition. The newly formed
matrix was the combination of upper triangular and lower triangular matrices. The
algorithm used to perform both software and hardware implementations of LU de-
composition has been obtained from [50]. The algorithm used to perform the software
implementation is illustrated in Figure 5.8. It can be explained with the help of an

example. Let us consider a 3 x 3 matrix A shown below:

02 04 0.1
0.1 0.1 04
0.8 0.5 0.3

It is a 3 x 3 matrix, so N=3. The following steps show the decomposition process.



i -> Row
j => Column

Input
a) Elements of matrix
b) Number of rows (N)

h 4

Seti=1

A 4
Identify the diagonal
element for i row

|

For j =i, divide all
column elements for i =
i+1uptoN

h 4

Multiply the resulting
element (s) with column
elements from j =i +1
upto N

h 4

Subtract the resultant
square matrix from
lower square sub-matrix
of original matrix

NO

Isi=N-1

Figure 5.8: Software implementation of LU decomposition
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1. i=1; the diagonal element of the matrix for the first row is a;; = 0.2
2. Divide ag; and a3; by ay; . The resulting matrix is
0.2 04 0.1

0.5 0.1 04
4.0 05 0.3

3. Multiply a9; and ag; with a;o and a;3. This forms a 2 x 2 matrix.This is shown

below
0.5 0.2 0.05
04 01| = (5.1)
4.0 1.6 04
4. Subtract this matrix from the lower sub-matrix of the original matrix, which is
0.1 04
Q2 Q23 _ (5.2)
a3z as33 0.5 0.3

5. The resultant matrix A is given as

02 04 0.1
0.5 —0.1 0.35
40 -08 —-0.1

6. Now i=i+1 = 2; the diagonal element for this row is ag = -0.1.

7. Divide ags by ass. The resulting matrix is

02 04 0.1
0.5 —-0.1 0.35
40 80 -0.1
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8. Multiply ags with ass and subtract the result from ass. The resulting matrix is

shown below:

02 04 01
0.5 —0.1 0.35
40 80 =29

9. i=i+1 = 3; but i > N-1, so we stop the process. The matrix shown above is

decomposition ”in place” of the original matrix A.

A C code for the algorithm shown in Figure 5.8 was written and compiled for
TIC6713 processor. The functionality of the code was verified by providing 10 differ-
ent 3 X 3 matrices and matching the outputs with the expected outputs. In order to
profile the C code, a 3 x 3 matrix was given as input and the number of processor clock
cycles required to execute the code was observed. The code took 3755 processor clock
cycles to perform the decomposition process. A number of optimization techniques
were applied to the code in order to improve its performance. The techniques used

are shown below:

Register Level Optimization (—o0)

Code Clearance Optimization (—ol)

Loop Unrolling Optimization (—o02)

Optimization using Register storage

Optimization using intrinsic _mpy

Optimization using intrinsic _fabsf

Optimization using intrinsic _rcpsp

An explanation of some of the optimizations mentioned above has been given
Chapter 4. The only new optimizations used here are optimizations using intrinsics

_fabst and _rcpsp. An overview of these optimizations is given below:
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e Use of _fabsf: _fabsf invokes the processor instruction ABSSP which calculates
the absolute value of a number in one clock cycle. It reduces the overhead of
calling and executing the function abs(). Hence, the use of _fabsf reduces the

overall execution time.

o Use of _rcpsp: Since there is no hardware support for division operation on
the C6713 CPU, the compiler includes a function for performing the division
operation. But this function call has overhead associated with it. However the
division operation can be equally performed by replacing it with a ”reciprocal”
compiler intrinsic (_rcpsp) followed by multiplication operation. The optimized
code directly maps into assembly instructions and thereby avoids the function

call which leads to reduction in the overall execution time.

The number of processor cycles consumed by each optimized code along with the

% speedup obtained for each optimization over the original implementation are listed
in Table 5.5.

Table 5.5: Clock cycles and % Speedup for different optimizations for LU
decomposition

Optimization Technique | Number of Clock Cycles | % Speedup

Original code 3755 BASE
Optimization —o0 2296 38.85
Optimization —ol 1872 50.14
Optimization —o02 1346 64.15
Use of reg 1320 64.84
Use of _mpy 815 78.29

Use of _fabsf 751 80

Use of _rcpsp 717 80.9
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A. Hardware Implementation of LU decomposition

The algorithm illustrated in Figure 5.8 was used to build the hardware for LU
decomposition of 3 x 3 matrix. The high level block diagram of the architecture is
shown in Figure 5.9. This architecture represents the brute-force implementation of
LU decomposition of 3 x 3 matrix. The original matrix is stored in a register bank
which acts as memory. A finite state machine is used to access the elements of the
matrix stored in the register bank and pass them to the appropriate modules. The
elements of the decomposed matrix are stored in another register bank as and when
they are generated by the design. The fixed point format of data chosen for the pur-
pose of implementation is Q16.16 (16 bits of integer and 16 bits of fraction). Other
data formats like Q4.28, Q5.27, etc can also be selected for the purpose of imple-
mentation. The selection of data format should be such that the resultant numbers
should not exceed the dynamic range of the chosen data format. The explanation of

each module of the architecture is given below.

Finite State Machine I

The first Finite State Machine is used to get the 32-bit elements of the matrix
to be decomposed and pass them to appropriate modules. It generates a number
of control signals which are used to control the sequence of operations occuring in
various modules. The operation of this FSM can be understood by looking at the
state diagram shown in Figure 5.10. The inputs and outputs of this module are also
shown in the Figure.

As seen in Figure 5.10, there are five states (SO - S4) in the state diagram of

FSM-I. The sequence of operations performed by it is shown below:

e In the reset condition, the FSM remains in state SO. When the input (main_start)
is given to the FSM, it goes to state S1 and the process of decomposition of the

matrix starts.

e In state S1, the FSM accesses elements a1, as; and as; from the register bank
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Figure 5.9: Hardware implementation of LU decomposition
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stop1 & _
main_start = 0 stopl_11=0 stop2=0 stop3 =0

main_start =1

stop1_1=1

restart =0
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start1
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stop3
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Data_in [31:0] [31:0] - [31:0]

Figure 5.10: State Diagam of FSM I
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and gives them to the two divide modules. It also gives the signals startl and
start1_1 to the divide modules which enable them to start the division operation.
It remains in this state till it gets the signals stop! and stopl_1 from the divide

modules.

e When both start! and startl_1 are high, the FSM goes to state S2. In this
state, it accesses a1p and ai3 and generates the signal start2. This when given

to the max_mul module, enables the module to perform matrix multiplication.

e After matrix multiplication is over, the FSM gets a signal stop2 and it goes to
state S3. In this state, it accesses elements aqo, a3, ass and azz from the register
bank and passes them to the sub module along with the start3 . It remains in

this state till the process of subtraction is not over.

e Once the FSM receives stop3 signal, it goes to state S4 and remains in that
state. After the entire process of decomposition is over, it receives a signal
restart which enables it to go to state SO. Upon receipt of main_start signal,

the entire process starts again.

Divider

The division operation is the one which consumes maximum number of clock cycles
in the process of LU decomposition. Although all the elements of the matrix to be
decomposed are normalized (between -1 and +1), the result of division can exceed
this range. For example, if the dividend is 0.8 and the divisor is 0.2, the result of
division is 4.0 (which exceeds the range [-1,1]). In order to represent this result, the
(Q16.16 format has been selected for the purpose of implementation (as stated earlier).

The hardware architecture of the division module is shown in Figure 5.11.

The inputs to this module are a) start b) input_a, and ¢) input_b. Here input_a
is the dividend and input_b is the divisor. 2’s complement of the inputs is taken if

they are negative. In every clock cycle, the divisor is subtracted from the dividend.
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Figure 5.11: Hardware architecture of division module
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If the result (intermediate_value) is positive, a 32-bit counter is incremented. This
is repeated till the intermediate_value becomes negative. The value of counter when
intermediate_value becomes negative is the actual result of the division operation.
The value of counter is shifted to the left by 16 bits to get the appropriate result.
a_neg and b_neg are signals which indicate the signs of the dividend and the divisor
respectively. 2’s complement of the final result is taken if either of these signals is a
"1’. When the result is obtained, a signal called divide_out is sent out to indiate that

the operation is over.

Max _mul

This module performs multiplication of 2 x 1 and 1 x 2 matrices. The inputs to
this module are asq, a3y, a2 and ay3. The output of this module is a 2 X 2 matrix
which is sent to the module sub to perform the subtraction operation. The module
starts its operation upon receipt of the signal start2 from FSM-I. 2’s complement of
the inputs is taken if they are negative. The sign of the product is decided on the
basis of the sign of the two multiplicands. The block diagram in Figure 5.12 shows

the inputs and outputs of this module.

clock
output1 [63:0]
— >
reset
input_a [31:0] output2 [63:0]
—_—> >
input_b [31:0]
—> Max_mul output3 [63:0]
input_c [31:0] ——
—_—>
input_d [31:0] output4 [63:0]
—_—> >
start2
R —» done

Figure 5.12: Max_mul module
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Sub

This module performs the subtraction operation. It receives inputs ass, as3, aso
and agzz from the register bank through FSM-I. It also receives the 2 x 2 matrix from
the module Max_mul. When the 2 x 2 matrix in module Maz_mul is formed, it sends a
signal called done to this module. As soon as this module receives the done signal, it
subtracts the matrix obtained from the 2 x 2 matrix formed by the elements ass, ass,
aso and ass. The elements of the resultant matrix are sent to the last module where
the second level decomposition takes place. The inputs and outputs of this module

can be seen in Figure 5.13.

clock
.

reset

s
2x2 resultant

matrix

done

Sub module

a22, a23, a32, a33 sub_done

— >

2x2 matrix
“max_mul”

Figure 5.13: Sub module

The next module of the design is the one which performs second level decom-
position. In the algorithm explained in Figure 5.8, it performs the operations from
1 = 2, i.e., the second row. It first performs the division operation, then the multi-
plication operation, and finally the subtraction operation. The subtraction operation
forms the last element of the decomposed matrix. The second Finite State Machine
(FSM-II) receives all the elements of the decomposed matrix and sends them to the

second register bank. This completes the description of the overall architecture of LU
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decomposition of 3 x 3 matrix.

A verilog code for the design shown in Figure 5.9 was written and imported to
Xilinx ISE. The functionality of the code was verified using the same inputs as used
in the case of software implementation. The design was simulated, synthesized and
implemented on Virtex-4 FPGA according to the procedure described in Step 4.2
of the proposed methodology. The results obtained after performing the hardware

implementation are shown in Table 5.6.

Table 5.6: Hardware Implementation results for LU decomposition

Number of simulation clock cycles 33
Max. Design Frequency after synthesis 55.38 MHz
Max. Design Frequency after Place and Route 50.078 MHz
Slice Utilization 9% (584 out of 6144)

5.2.5 Step 5: Comparative Metrics measurement

This section deals with measurement of Execution Time, Power Dissipation and
Development time for both software and hardware implementations and have a com-
parison between the two implementations on the basis of these metrics. The metrics
are measured using the procedure illustrated in Step 5 of the proposed methodology.
We have divided this section into three parts. The first part deals with measure-
ment of Execution Time for software and hardware implementations for both matrix
multiplication and LU decomposition. The second section discusses measurement of
Power Dissipation for software and hardware implementations for both the acceler-
ators. In the next section, we analyze the results and take a decision regarding the

implementation of the algorithm.
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Execution Time

Matrix Multiplication

The software implementation of matrix multiplicatication has been done with
TI TMS320C6713 as the target processor. This processor operates at a maximul
frequency of 225 MHz. The execution time for a particular implementation can be
obatined by dividing the number of processor clock cycles required to execute the code
by the maximum clock frequency at which the processor operates. Table 5.7 shows

the execution time for each software implementation of a 3 x 3 matrix multiplication.

Table 5.7: Exection Times for Software Implemetations of Matrix Multiplication

I'mplementation Type No. of clock cycles | Execution Time (ns)
Original code 2306 10248.9
Forward Store Optimization 2038 9057.78
Optimization —o0 and F.S. 1482 6586.67
Optimization —ol and F.S. 1176 5226.67
Optimization —o2 and F.S. 457 2031.11
Unrolling innermost loop 662 2942.22

Unrolling 2 inner loops 324 2140

Unrolling all the loops 208 924.44
Use of _mpy 102 453.33
Use of reg keyword 94 417.77
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The calculation of execution time for hardware implementation of Matrix Multi-

plication is shown below:

No.of simulation clock cycles 9
Max.design frequency after PAR ~ 389.406 M H z

Execution Time = =23.11ns

LU decomposition

The software implementation of matrix multiplicatication has been done with TI
TMS320C6713 as the target processor. Table 5.8 shows the execution time for each

software implementation of LU decomposition of a 3 x 3 matrix.

Table 5.8: Exection Times for Software Implemetations of LU decomposition

Implementation Type | No. of clock cycles | Execution Time (ns)

Original code 3755 16688.88

Optimization —o0 2296 10204.44
Optimization —ol 1872 8320

Optimization —o02 1346 5982.22

Use of reg 1320 5866.67

Use of _mpy 815 3622.22

Use of _fabsf 751 3337.77

Use of _rcpsp 17 3186.67

The calculation of execution time for hardware implementation of LU decompo-

sition is shown below:



Execution Time =

No.of simulation clock cycles

33

Power Dissipation

Max.design frequency after PAR " 50.078M H 2
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= 658.97us

For software implementation, power dissipation measurement has been done using

the Power Estimation Spreadsheet for TMS320C6713 provided by Texas Instruments.

In order to have a fair comparison of power dissipation between DSP (software) and

FPGA (hardware) designs, the measurement of power dissipation for DSP has been

done taking into account that the power is getting dissipated due to activity level

changes only in the CPU core of the DSP and not any other module. The concept is

illustrated in Figure 5.14.

< < Cache
< C
Serial < A
DMA
Ports « A > C CPU
« H
< E
; < Cache PLL
TMS 320C6713

Figure 5.14: Diagram to illustrate concept of power dissipation calculation

FPGA fabric

Mapped
Logic

Virtex FPGA

The DSP has a number of peripheral components surrounding the CPU core.

All these components operate at fixed frequencies. A certain amount of power gets

dissipated in each component of DSP. For example, certain amount of power gets

dissipated in DSP by the Dynamic Memory Access (DMA) module. On the other

hand, the FPGA fabric has the logic design mapped onto it. The power dissipated
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in this case is due to the activity level changes in the design and not any other
module. Because we comparing the power consumption between DSP and FPGA
implementations, we assume that power consumption in all the modules of the DSP
except the CPU core is 0. This helps us to have a fair comparison between the two
implementations. The values that are entered in the power estimation spreadsheet

are:

1. Operating voltage
2. Desired case temperature

3. % CPU utilization

As stated in Chapter 3, XPower is used to calculate power dissipation for hardware
implementation. It requires 3 files to calculate power dissipation — a) NGD file b)
PCEF file, and ¢) .VCD file. Out of these, the .VCD file is not generated during the
Implement process in Xilinx ISE design flow. This file has to be generated using the
Synopsys tool. We present the power analysis results for both types of implementations
for both accelerators below. An operating volatge of 1.2 V and case temperature of

25°C were chosen for the purpose of analysis.

Matrix Multiplication

Table 5.9 shows the power analysis results for software implementation of 3 x 3
matrix multiplication. % Utilization is calculated for each implementation by mul-
tiplying the % time spent in doing useful task (% time spent for execution of the
function) with the average % CPU utilization (60%). The power dissipation is a split

of Baseline power and Avtivity power.

The power disipation measurement of matrix multiplication was performed at an
operating voltage of 1.2 V and an ambient temperature of 25°C. The total power

dissipated was found to be 337.27 mW.



Table 5.9: DSP power analysis for Matrix multiplication
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Optimization Technique

% Utilization

Power Consumption (mW)

Original code 19.46 654
Forward Store Optimization 21.13 659
Optimization —o0 and F.S. 19.58 655
Optimization —ol and F.S. 13.099 637
Optimization —o02 and F.S. 10.78 630

Unrolling innermost loop 6.617 619
Unrolling 2 inner loops 13.8264 639
Unrolling all the loops 9.056 625

Use of _mpy 5.97 617

Use of reg keyword 6.869 619
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LU decomposition

The power dissipation analysis for LU decomposition was done in the same way
as that of Matrix Multiplication. The amount of power dissipation for hardware
implementation was found out to be 417.13 mW. The power dissipation for each

software implementation of LU decomposition is shown in Table 5.10.

Table 5.10: DSP power analysis for LU decomposition

Implementation Type | % Utilization | Power Consumption (mW)

Original code 40.87 714
Optimization —o0 33.41 693
Optimization —ol 44.08 723
Optimization —o02 31.65 688
Use of reg 31.04 687

Use of _mpy 19.17 654

Use of _fabsf 19.01 653

Use of _rcpsp 18.15 651

Development Time

Development time can be measured in terms of the time required to perform the
software and hardware implementations. An accurate comparison between the two
types of implementations can be done by taking into account a) Number of man-hours
required to perform the implementations b) Number of lines of code written to per-

form each implementation. It is difficult to measure the exact number of man-hours
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required to perform the implementations. In most practical cases, an approximate
comparison can be made by comparing the number of lines of code written to per-
form each implementation. In order to make an efficient comparison, every single
line of code is written on a different line. Table 5.11 shows the number of lines of
code written for each implementation. It can be seen from the table that for LU de-
composition, the number of code lines written for hardware implementation is about
12 times the number of lines of code written for its software implementation. If a
designer has equally good proficiency in both C and Verilog, the time required to
perform hardware implementation can be 12 times the time required to perform soft-
ware implementation. The process of hardware implementation does not stop at just
writing the verilog code. The process of implementing the design on hardware also
consumes significant amount of time. On the other hand, this is not the case for
software implementation. It simply involves compiling the C code to generate binary
code, which can be run on a DSP. Also, software debugging is much more easier and
faster than hardware debugging. All the above mentioned facts show that software

implementation of an algorithm is easier and faster than its hardware implementation.

Table 5.11: Code length comparison

Algorithm Matrix Multiplication | LU decomposition
Software(C) 28 78
Hardware(Verilog) 83 932

5.2.6 Step 6: Analyze the results

This is the most critical part of the entire process. It deals with anaylsis of
the results obtained from hardware and software implementations of the accelerator

components. We will analyze the performance of both accelerators one after the other.
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The section is divided into two parts. First, we analyze the results obtained for matrix

multiplication, and next we analyze the results obtained for LU decomposition.

Matrix Multiplication

The comparison of Execution Time and Power Dissipation for software and hard-
ware implementations can be seen in Figure 5.15 and Figure 5.16 respectively. The

ideal requirements of an implementation are
e [t should have the least execution time
e [t should have minimum power dissipation

The best implementation can be found out by plotting a graph for all implemen-
tations with Execution Time on the x-axis and Power Dissipation on the y-axis. The

graph can be seen in Figure 5.17.
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Figure 5.15: Execution Time analysis for Matrix Multiplication
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Figure 5.16: Power Dissipation analysis for Matrix Multiplication
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The point which represents minimum Power Dissipation and minimum Execution
Time is the one which is closest to the origin. It has been highlighted in Figure 5.17.
The implementation corresponding to the highlighted point is the best one in terms
of Power Dissipation and Execution Time. It can be seen from Figures 5.15 and 5.16
that this point corresponds to hardware implementation of matrix multiplication.
Both Execution Time and Power Dissipation of hardware implementation of matrix
multiplication are better than the Execution Times and Power Dissipations of all
software implementations. This shows that hardware implementation of matrix mul-
tiplication is efficient than its software implementation. The following calculations

show the comparison between hardware and software implementations:

A) The best software execution time = 417.77 ns

Hardware execution time = 23.11 ns
Hence, the software execution time is 18 times the hardware execution time. In other

words, the hardware implementation of matrix multiplication is (417.77 - 23.11) /(417.77)

= 95 % faster than its softare implementation.

B) The least power dissipation for software implementation = 617 mW

Power Dissipation for hardware implementation = 337.27 ns
Hence, the power dissipation for software implementation is 1.8 times the power dis-

sipation for hardware implementation. In other words, the hardware implementation
of matrix multiplication is (617 - 337.27)/(617) = 45 % more power efficient than its

software implementation.

The above calculations show that hardware implementation of matrix multipli-
cation is better than its software implementation. This does not necessarily mean
that matrix multiplication should be implemented on FPGA. We need to take into
consideration the communication overhead between DSP and FPGA before taking
the final decision. The design can be implemented on FPGA if the summation of the

time required to execute the design on FPGA and the time required for communi-
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cation overhead is less than the time required to implement the design on DSP. In
order to have an estimate of the communication overhead between DSP and FPGA,
we take example of the P25M DSP/FPGA Integrated PCI card used for real time
signal processing and control applications. It has the TT TMS320C6713 DSP con-
nected to the Xilinx FPGA through a link which operates at a frequency of 75 MHZ.
The results obtained using this example are specific to this board. The results are
highly dependent upon the speed of the link between DSP and FPGA. We calculate

the time required for communication between DSP and FPGA as shown below:

For a 3 x 3 matrix multiplication, 18 32-bit numbers have to be sent from the
DSP to the FPGA. If one data value is sent in one clock cycle, the time required to
transmit 18 values can be calculated as shown below:

Overhead time = = 240ns

TSMH z

After the matrix multiplication operation in completed in the FPGA, the resultant
matrix has to be transmitted back to the DSP. The resultant matrix has 9 elements
which will take 120 ns to get transmitted to the DSP. So, the total overhead time
= 240 4+ 120 = 360 ns. Hence the summation of the time required for hardware
implementation and the time required for communication is 23.11 + 360 = 383.11
ns. This is still less than the time required to perform software implememtation
of matrix multiplication which is 417.77 ns. It can be observed that there is no
significant performance (just 8%) improvement obtained by implementing the matrix
multiplication operation on FPGA. Also, when data is transmitted between DSP and

FPGA, significant amount of power dissipation takes place.

Moreover, the matrix multiplication operation needs to be performed 11 times
in the entire ADC algorithm. This means that if this operation is implemenetd
on FPGA, a significant amount of time is spent in communication overhead. The
time required for hardware implementation = 11 x 23.11 = 254.21 ns, and the time

required for communication overhead = 360 x 11 = 3960 ns. This shows that the
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amount of time spent in communication overhead is 16 times the amount of time spent
in the actual implementation. Although the power dissipation in FPGA is less than
the power disipation in DSP, every time data is transferred between the two, some
amount of power dissipation will be there. All the above facts lead to a conclusion
that the matrix multiplication operation should be implemented in software (DSP)

and not in hardware (FPGA).

LU decomposition

The results obtained for LU decomposition have been analyzed using the same
method as the one used for matrix multiplication. The comparison of Execution Time
and Power Dissipation for software and hardware implementations of LU decomposi-
tion can be seen in Figure 5.18 and Figure 5.19 respectively. The best implementation
in this case is also found out by plotting a graph for all implementations with Execu-
tion Time on the x-axis and Power Dissipation on the y-axis. The graph can be seen

in Figure 5.20.
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Figure 5.18: Execution Time analysis for LU decomposition
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Power Dissipation Analysis
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Figure 5.19: Power Dissipation analysis for LU decomposition

As in the case of matrix multiplication, the point which is closest to the origin
in Figure 5.20 is the one with least execution time and least power dissipation. This
is the point which represents hardware implementation of LU decomposition. It can
be seen in Figures 5.18 and 5.19 that the hardware implementation of LU decom-
position has lower execution time and lower power dissipation than all the software
implementations. The following calculations show the comparison between hardware

and software implementations:

A) The best software execution time = 3186.67 ns

Hardware execution time = 658.97 ns
Hence, the software execution time is 4.8 times the hardware execution time. In other

words, the hardware implementation of LU decomposition is (3186.67 - 658.97)/(3186.67)

= 80 % faster than its softare implementation.

B) The least power dissipation for software implementation = 651 mW
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Power Dissipation Analysis
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Figure 5.20: Execution Time — Power Dissipation curve

Power Dissipation for hardware implementation = 417.13 mW
Hence, the power dissipation for software implementation is 1.5 times the power dis-

sipation for hardware implementation. In other words, the hardware implementation

of LU decomposition is (651 - 417.13)/(651) = 36 % more power efficient than its

software implementation.

The above calculations show that hardware implementation of LU decomposition
is better than its software implementation. But we need to consider the communica-
tion overhead between DSP and FPGA. We perform the same analysis as performed

in the case of matrix multiplication.

For LU decomposition of a 3 x 3 matrix, 9 32-bit numbers have to be sent from
the DSP to the FPGA. If one data value is sent in one clock cycle, the time required

to transmit 9 values can be calculated as shown below:

9
head time = ——— =12
Overhead time AL Ons
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After the decomposition process in completed in the FPGA, the resultant matrix
has to be transmitted back to the DSP. The resultant matrix has 9 elements which will
take 120 ns to get transmitted to the DSP. So, the total overhead time = 120 + 120 =
240 ns. Hence the summation of the time required for hardware implementation and
the time required for communication is 658.97 4+ 240 = 898.97 ns. This is still less than
the time required to perform software implememtation of LU decomposition which
is 3186.67 ns. It can be observed that there is still a significant performance (72%)

improvement obtained by implementing the LU decomposition process on FPGA.

Moreover, the LU decomposition process needs to be performed only 1 time in the
entire ADC algorithm. So, if it is implemented on FPGA, there can be a significant
improvement in the performance as well as power dissipation. As seen earlier, the
power dissipation in the case of FPGA implementation is 36 % less than the power
dissipation in the case of DSP implementation. All the facts presented above lead
to a conclusion that the LU decomposition of 3 x 3 for this algorithm should be

implemented in hardware.

5.3 Conclusion

In this chapter, we have analyzed the Attitude Determination and Control algo-
rithm using the proposed methodology. The complexity analysis of the algorithm
identified Matrix Multiplication and LU decomposition as the most computationally
complex blocks of the algorithm. As stated by the methodology, we performed soft-
ware and hardware implementations of these blocks. The software implementations
were optimized using various techniques to improve the performance of the C codes.
Next, we measured Execution Times, Power Dissipations and Development Times
for all the implementations. Using these metrics, we compared the hardware and
software implementations. We analyzed the results by performing several numeri-

cal calculations. After analyzing the results, we came to a conclusion that Matrix
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Multiplication should be implemented in software and the LU decompositon should
be implemented in hardware. Hence, using the proposed methology, we have trans-
formed the Simulink model from a Platform Independent Model (PIM) to a Platform
Specific Model (PSM).
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

This thesis has presented a methodology for analyzing complex algorithms for
space based applications. There is a variety of hardware architectures available com-
mercially in which the algorithms can be mapped. Also, there exist different design
tools suiting every architecture which can be used to perform the implementation
of these complex algorithms on appropriate hardware architectures. A number of
methodologies have been proposed for implementing complex algorithms for wide va-
riety of applications. But there does not exist a methodology which provides a step
by step process of analyzing algorithms for space based applications. An important
requirement of any design to be used for a space based application is that it should
have low power dissipation. The methodology presented in this thesis takes this factor

into consideration while making the implementation decisions.

The methodology proposed in this thesis provides a step by step process of an-
alyzing an algorithm for converting its Platform Independent Model (PIM) into a
Platform Specific Model (PSM). It assumes that the algorithm has been designed in
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Simulink from Mathworks, which is the design tool of choice for space engineers. The
methodology starts with selecting the candidate platforms on which the algorithm can
be implemented. After that, it describes the process of complexity analysis of the al-
gorithm to find out the most computationally complex blocks of the model. The next
step deals with software and hardware implementations of the chosen blocks (accel-
erators). The software implementation flow is specific to TI DSPs and the hardware
implementation flow is specific to Xilinx FPGAs. After performing these implemen-
tations, the next step is to measure the metrics of comparison like Execution Time,
Power Dissipation and Development Time for these implementations. The last step
of the methodology explains the process of analyzing the results and taking decision
regarding the choice of platform (DSP or FPGA) on which the accelerators should be
implemented. This methodology leads to a conclusion whether the entire algorithm
can be implemented on DSP or the computationally complex parts of the algorithm

can be implemented on FPGA.

This proposed methodology is validated by applying it to the Attitude Determi-
nation and Control algorithm designed for attitude control of small satellites. DSP
and FPGA are chosen as the candidate platforms for implementing the algorithm.
The computationally complex blocks of the Simulink model of the algorithm are de-
termined using Time Complexity Analysis. This analysis shows that Matrix Multipli-
cation and LU decomposition are the most complex blocks of the algorithm. Software
implementation of these blocks is performed for TI TMS320C6713 DSP and hardware
implementation is performed for Xilinx Virtex-4 FPGA. The codes written for soft-
ware implementation are optimized using a number of optimization techniques. After
performing the implementations, metrics like Execution Time, Power Dissipation and
Development Time are measured for both the accelerators. It is found that hardware
implementations of both Matrix Multiplication and LU decomposition are faster and
more power efficient than their corresponding software implementations. Although
hardware implementation proves out to be more efficient than software implementa-
tion, it is found that matrix multiplication should be inplemented on DSP (software)

and LU decomposition should be implemented on FPGA (hardware). This is deduced
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from the results obtained after taking the cost of overhead communication between
DSP and FPGA into consideration shown in Section 5.2.6. Table 6.1 summarises the

results obatained for both Matrix Multiplication and LU decomposition.

Table 6.1:  Performance Improvement for Matrix Multiplication and LU
decomposition
Per formance Metric Matrix LU
Multiplication Decomposition
DSP Execution Time 417.77 ns 3186.67 ns
FPGA Execution Time 23.11 ns 658.97 ns
Overhead Cost 320 ns 240 ns
% Improvement in speed 8 % 72 %
DSP Power Dissipation 617 mW 651 mW
FPGA Power Dissipation 337.27 mW 417.13 mW
% Improvement in Power Dissipation | 45 % 36 %

Apart from providing a directed flow for analyzing algorithms, the thesis also dis-
cusses the limitations of some commercially avaialable tools like Real Time Workshop
by TI and System Generator by Xilinx. The limitations of Real Time Worshop are
a) The code generated from Simulink model is not an efficient code b) The code has
poor readability, and ¢) The code cannot be compiled by all commercially available
compilers. The case study of an FIR filter shows the validity of the above mentioned
points. During the course of our research, we have gained knowledge about a number
of commercially available tools like Xilinx ISE, TI Code Composer Studio, Simulink,
Real Time Workshop, Link for Code Composer Studio, Xilinx System Generator and

Xilinx XPower. Based on our experience, we have given information about the use of
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these tools for different applications. Using this information, a design engineer can ex-
pedite the design process without spending time in tool exploration. We feel that the
methodology proposed in this thesis is of value to designers involved in space based
projects, as it provides a directed flow for analyzing complex space based algorithms

in a short amount of time.

6.2 Future Work

The methodolody proposed in this thesis has been used to analyze the Attitude
Determination and Control algorithm designed for attitude control of small satellites.
The results of the analysis of the algorithm should be used to actually perform the
implementation of the algorithm on a board which has both DSP and FPGA on
it. The board to be selected for performing the implementation should be available
commercially and should meet the requirements of the platform in which it has to be
reside. We are planning to use the Cubesat kit as the platform for accompalishing the
small satellite operation. The board selected for implementing the algorithm should
have dimensions and bus interface matching the specifications of the Cubesat Kkit.
One such board is the P25 DSP/FPGA PCI card with Analog I/O. It has 64-bit 66
MHz PCI bus which can be interfaced with the PCI bus of the Cubesat kit. Also, it
has A/D converters which can be used to convert the analog signals coming from the
sensors to digital form and tansmit them to the DSP. Also, this board has support
for the TI and Xilinx tools used in the proposed methodology. This board seems to
be an ideal match for implementing the ADC algorithm.

There are number of similar algorithms being designed at the AMAS laboratory
at University of Florida, Gainseville. One of them is the algorithm which provides
translational motion to the SGCMG cluster shown in Figure 5.1. All these algorithms
will be analyzed and implemented using the methodology proposed in this thesis. One
of our long term goals is to develop a tool which automates the steps described in

this methodology.
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