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ABSTRACT

Embedded Systems are an integral part of the stupendous technological advances as they meet
the automation, monitoring and computational demands of the electronic industry. Most of the
times, these systems are transparent to the user and do their defined work eternally such as
telecommunication systems. Further advancements in these systems have led to the migration
of the applications from manual operation to fully automated behavior; major examples of
such domains include automotive industries, artificial intelligence applications, remote
seasoning, surveillance etc. The stringent system requirements of such systems have pushed
the designers to explore innovative design methodologies that deliver higher performance,
occupy lesser area and consume minimum power. Modern embedded systems are expected to
perform extensive computations on a streaming data set with various degrees of constraint.
The design exploration space for such systems is huge; starting from a complete software
(SW) implementation on various platforms (general purpose processor/digital signaling
processor (DSP) processor/superscalar processor/very long instruction word (VLIW)

processor/multiprocessor systems) and culminating as a complete hardware (HW).

The HW implementation includes application specific integrated circuits (ASIC) or field
programmable gate arrays (FPGA) based design flow that delivers better performance as
compared to the SW implementation due to a dedicated datapath and is thus used in many
critical applications. In exploration of design space, the system specifications may further be
optimized by partitioning a design into HW and SW. To exploit the potential of FPGA based
design, the research community is also targeting different methodologies such as HW-HW

partitioning and usage of partial reconfiguration concept.

FPGAs are HW programmable chips on which any digital function can be synthesized, tested
and prototyped. They are an attractive choice for the designer due to less non-recurring cost
and less time-to-market as compared to the ASIC. These chips contain configurable resources
that are used to implement any application in HW. But as they contain a limited amount of
resources on the chip, hence the amount of resources consumed when implementing any

digital function on a chip, should not exceed the area constraint.

The concept of system design using partial reconfiguration design poses a number of
challenges including optimization of partial reconfiguration method, reducing reconfiguration
latency, scheduling of HW, SW and reconfigurable HW. To solve these problems, design

space automation is one of the key challenges. A general objective of this thesis is efficient

iv



deployment of embedded applications on reconfigurable computing systems. This thesis work
targets one of the design space automation requirement which is to map C/C++/HDL/DFG
application code onto general purpose hardware such as FPGA using static and partial
reconfiguration approach. The thesis proposes a novel design methodology to automate the
mapping of C/C++/HDL/Dataflow graphs application code by converting it into system level
blocks. This includes design and development of an algorithm that generates coarse-grain
functional blocks from the fine grain instruction level i.e. the proposed algorithm clusters an
instruction level specification to high-level abstraction, while optimizing the latency and data
communication among the combined functional blocks. To achieve an optimized algorithm
for the above purpose, various design flows exist and improving them to suit our proposed

algorithm is another important contribution of this thesis work.

To map the application on the system level architecture, (assuming general purpose hardware
in FPGA with built-in processor within it), there are traditionally two methods: HW-SW co-
design (method-1) and intellectual property (IP) core as HW implementation (method-2).
Both the methods have been extensively investigated, enhanced and compared throughout the
dissertation. The co-design method achieves the required system parameters by implementing
the system partly in HW and partly in SW. Though the first method is well established,
automation of HW-SW co-design of an application is limited to manual design flow. This
work proposes an automated co-design methodology of an application using genetic
algorithm. The proposed design flow supports HW as functional sub-blocks, where ready-
made IP blocks of critical part of the application are used. The proposed design flow uses time

profiling and synthesis data to guide a genetic algorithm to generate good solutions.

In the co-design flow, a commercial high level synthesis tool has been used in this work for
estimating the amount of resources consumed by the program. In addition, in this research a
new approach has been proposed to estimate the amount of resources without synthesizing the
program. For this purpose, the SW specification in C/C++ and a compiler has been used to
generate control flow graph (CFG) which is a commonly used format for hardware generation.
This process of mapping the logic from high level languages (HLL) to HW requires resource
estimation at the granularity level of instruction. A resource table depicting the resource
consumed by each operator found in the low level virtual machine (LLVM) compiler has been
computed by coding in Verilog for Virtex-5 series. Using this library, a resource estimation
algorithm based on CFG operator has been proposed and verified. In many cases if the entire

specification is migrated to HW in the form of accelerator, it may consume significant



resources. Hence, optimization techniques applied at the HW specification are required to
satisfy system design parameters (area-delay product). Various optimization techniques have

applied and compared for area and latency trade-offs.

The second method for system design is to partition the specification in HW sub-modules and
execute them as intellectual property (IP) core. Another major contribution of this work is
proposing and testing the second methodology extensively. A dataflow graph specification has

been used for verification and development of algorithms in this methodology.

The second method can further be divided into sub-methods: static (sub-method-1) and
dynamic (sub-method-2) scheduling of HW blocks on FPGA. In sub-method-1, a
partitioning algorithm based on graph isomorphism has been proposed, which takes dataflow
graph as the input and returns partitions based on constraints. These clusters are interfaced as
static IP cores for reusability. Multiple clusters are possible which are similar in nature and
must be interfaced as separate HW blocks in a system-on-chip (SOC) design flow and hence

we have named this flow as HW-HW design flow.

In sub-method-2, dynamic scheduling of HW blocks based on partial reconfiguration flow
has been investigated. A genetic algorithm based approach for optimizing the partitioning
process and generating the best partitions based on defined objective function has been
proposed. Using partial reconfiguration design flow the partitions are bound to a specific area
on the chip known as partial reconfiguration (PR) region using floor planning software Xilinx
PlanAhead. The results highlight the pros and cons of this technique by comparing the time
required in SW and PR flow. The flow re-uses the same Silicon area at different execution
times so that the application fits into the minimum area possible. This method provides a
robust technique for implementing any application on FPGA irrespective of the quantity of
resources it consumes. This opens new channels for exploiting PR design in future products
where the reusability of HW would be possible. This will allow the development of new
algorithms at run time at the user level. The design flow will further boost the automation of

development and facility offered by electronic design automation (EDA) tools.

In order to assess both the methodologies, discrete cosine transform which is a
computationally intensive algorithm has been used for comparing both the approaches on
ML507 board. The results clearly show the design flow of isomorphic clustering is much

better than any other flow.

The thesis proposes novel methodologies for system level integration in simulation as well as

in experimentation. This research gives us an insight to HW-SW design space exploration of
Vi



an application and provides a foundation for future research in this domain. It emphasizes on
the anticipated constraints and challenges in system design methodologies by presenting
various optimal solutions. The results of this work offer a wide spectrum of design space
implementations to the designer with area-delay parameter as the criteria to choose among

them.
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Chapter 1

Introduction

This chapter presents an introduction to embedded system design, FPGA based System-On-
Chip design, reconfigurable systems, and partial reconfigurable systems. After presenting the
design flow for such systems, the research gaps are identified and the objectives are outlined.

The chapter ends with the discussion on the thesis organization in the form of a flow graph.
1.1. Embedded System Design

Electronic systems have become ubiquitous and pervasive because of the possibilities of smart
system designs which encompasses computation, communication and sensing. Such systems
are built with high speed processing components, complex interfaces such as a camera and
wired/non-wired communication. Embedded systems, which are designed to achieve
application specific requirements, have further boosted the lifespan of such systems. These
systems are designed with miscellanea of components such as Microcontrollers
/Microprocessors/System-on-chip (SOC), sensors/actuators, input/output devices, storage
elements and accelerators. In designing such systems, the characteristics which are of prime
concern are good real-time performance, low monetary cost, low power design and less time-
to-market. These systems are programmed with applications written in software (SW) for a
chosen hardware (HW), making the design cycle rigid in terms of hardware parameter
variations. Fig. 1.1 shows that a conventional design cycle of embedded systems, in which

selection of HW and then writing the required SW [1.1] is sequential in nature.

Hardware selection and development Software development

v

Time line of development
Figure 1.1: Embedded development cycle

The modern embedded systems [1.2, 1.3] which are used to design complex systems such as
surveillance, object tracking, machine learning, etc. require more processing demand for
intensive computational part of the application. The conventional embedded design flow starts
by selecting the processing element, writing the SW for application, cross-compiling and
burning the image created. Such a SW implementation for intensive applications offers a high

degree of flexibility, but exhibits poor performance due to sequential execution on embedded
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platforms like microcontroller. High-performance computing and parallel computing
paradigms of computer science aim at achieving the performance by exploiting parallelism as
multithreaded application which is bound to run on multi-core systems. Such computing is
more applicable to general purpose machines where operating system support, OpenGL like

library compilation and costly platforms are the backbone.

Signal processing in SW has been further strengthened by usage of digital signaling
processors (DSP) which have a tailored data path for better computation. Traditionally, digital
signal processors have been used in many Digital Signal Processing applications [1.4], mainly
due to the short development time, lower power consumption, and lower cost. Such processors
are still the choice for applications requiring computation. However, over the decade, many
algorithms which were implemented in SW were migrated to HW because of the higher

performance gain as compared to DSP processors.

The HW implementation, which requires the development in a hardware description language
(HDL) and code verification, has the lowest degree of flexibility, but shows the best
performance due to the possibility of extraction of parallelism. All those operations which are
independent in SW can be executed at the same time in HW, allowing the design of a
concurrent structure. Such applications which have been migrated from SW to HW for
achieving performance are known as accelerators [1.5, 1.6]. Such accelerators are
conventionally designed by two different approaches. The first approach is to design the HW
as chip using ASIC methodology. The common examples of such chips are graphics cards,
network cards, router, gaming gazettes etc. The performance gain in this process is enormous,
but the high non-recurring engineering cost and long development cycle makes it attractive

only for voluminous production.

The second design approach is based on designing the system using Field Programmable Gate
Arrays (FPGA) which allows the accelerator to be designed, tested and interfaced to the
processor at the user level. The FPGAs do not deliver as much performance gain as compared
to the ASIC based design flow [1.7], but chip fabrication is bypassed which saves
considerable design cycle time and thus are a favored choice [1.8]. The FPGAs chips are
designed with configurable cells and can be used to implement any digital function. The user
level HW programmability makes these chips an attractive choice for a large class of
applications. The FPGA based design offers an embedded development environment platform,
which has a processor around which the systems is designed and any HW intellectual property

(IP) core can be interfaced to an underlying bus.



This platform allows the design to be implemented in SW, HW, HW-SW (HW-SW co-design)
or HW-HW [1.9] thus providing a designer to discover various HW/SW trade-off. The
comparison of HW and SW on various parameters such as execution, resources, etc. is shown
in Table 1.1. Both HW and SW consume space on the FPGA chipset as configurable cells and

memory.

Table 1.1: HW and SW comparison

Parameter HW SW

Execution Concurrent Sequential

Development Flexible/Rigid | Very Flexible

Resources Uses spaces Uses Memory
Performance Fast Slow
Time to Market | More Less

HW-SW co-design [1.10] flow requires the identification of candidate functions suitable for
HW implementation and its interface to the remaining part of the application. Whereas, HW -
HW design flow requires the design to be partitioned into sub-designs and executed in the
predefined areas. The HW partitions can be interfaced and executed statically or dynamically,
giving rise to two different approaches. When a part of the chip can only be used by an
application at any point of time, we call it static approach. In the case of dynamic, the same
area can be used by multiple applications at different point of times. This feature has now
become feasible with the advent of partial reconfiguration, which allows a part of the chip to
be reconfigured even when the system is running. HW-HW design flow implemented with
partial reconfiguration support is thus a new emerging trend and has not been extensively
tested on HW [1.7]. The increasing trends towards high performance, reusability and low
power design have encouraged the researchers to add new dimensions to system design under
various degrees of constraint. The topic of this research work is thus inspired from comparing

the SW and HW design flows.
1.2. FPGA Based System Design
1.2.1. Introduction to FPGAs

The programmable chips came into existence due to the advent of general purpose processing
[1.7] in which a HW code is burned into a programmable ROM chip referred as basic input
output systems (BIOS). Programmable logic devices which include programmable logic array,
programmable array logic and generic array logic [1.11] are used for developing glue logic in

prototyping designs such as address decoder, error detection and correction, etc. With the
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advancement in very large scale integration (VLSI) design flow, the density of logic gates
increased, making it possible to bring more complex design into HW, giving rise to the

generation of FPGAs.

The FPGAs are programmable VLSI chips that can be used to implement any digital function
without changing the on chip HW resources. FPGA chips contain configurable memory cells,
which are either anti-fuse or memory based. An anti-fuse based bit cell uses irreversible thin
(gate) oxide breakdown mechanism to program a bit and it is one time programmable in
nature. The examples of such FPGA are Actel based chips memory based FPGAs use SRAM,
FLASH, EEPROM based technology [1.7]. Memory based technology offers re-
programmable dimension of these systems by allowing them to be programmed almost
unlimited times. The SRAM based technology holds the configuration in the memory only
when the power is up; however, in the case of FLASH based technology the configuration is
permanently stored in the memory. The major market players in the FPGA domain are Xilinx
[1.12], Altera [1.13], Lattice [1.14], Actel [1.15], with Xilinx capturing 45-50% of the market
share and supporting various embedded platforms based on the processor like PowerPC, ARM
etc. The remaining discussions in this thesis are with respect to FPGAs manufactured by
Xilinx. Xilinx offers a plethora of electronic design automation (EDA) tools for complete
systems design such as Xilinx-ISE, Xilinx Platform Studio (XPS) [1.16], Software
Development Kit (SDK) [1.17], System Generator [1.18], PlanAhead Software [1.19],
Chipscope Debugging tools [1.20] and Vivado-HLS [1.21].

1.2.2. FPGA Architecture

A generic FPGA architecture [1.22] can be classified into three parts: a programmable logic
element, a programmable interconnection network and set of inputs/outputs. A logic element
contains a combination of SRAM based Look-up-table (LUTs), multiplexers and flip-flops as
shown in Fig. 1.2 [1.23, 1.24]. The functionality is implemented by writing the output in the
LUT. Suppose we need to implement the function f (i, j, k) =3 (0,1,2,5,7). The table stored in
the LUT will be 0,1,1,0,0,1,0,1. The logic element can give a combinational or registered
logic by using a flip flop. The output y is a combinational logic, while g is a registered output.

The d input can be a direct output to y or g.



3-input

LUT
k mux

flip-flop

T g

clock |

Figure 1.2: Logic element

The digital functions in FPGAs are realized using LUTs, which are a series of flip-flops and
multiplexers that store the output function. These elements are put together to form a
configurable logic block (CLB) that contains a hierarchical structure of LUTs. Fig. 1.3 shows
the internal organization of 2-input LUT which has four flip-flops and three two input

multiplexers.
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Figure 1.3: Look-Up-Table

The synthesized design in FPGA is mapped onto different logic blocks and connection is
made by the interconnection network, which contains an array of switch matrix and wires. The
wires are typically organized in wiring and routing channels. The channels provide wires of
varying length such as short wire, medium length wire and global wires. Modern FPGAs
contain a heterogeneous architecture consisting of fine grain and coarse grain components.
The heterogeneous coarse grain components can be soft, firm or hard IP cores [1.25]. The
soft-core IP is synthesizable RTL level designs which include embedded soft-core processors,
bus controllers, memory controllers etc. that can be configured as per the requirement. Hard
IPs are pre-placed components that can be used as black boxes and have an optimized layout.
These include embedded hard core processors, hard macros such as ethernet, analog to digital
converter, digital to analog converters, RF modules, digital clock manager, phase locked loop,
high-speed transceivers etc. Firm IP cores are provided as parameterized RTL description, so
that designers can optimize the cores for their specific design needs. Fig. 1.4 shows the

organization of the Virtex-5 Xilinx FPGAs depicting LUT slices, processor, Block RAM,



FIFOs, Digital clock manager, etc. PowerPC processor is preplaced and is an example of hard

IP whereas BRAMs are firm IP cores.

Input/output PLL/DCM
Pins

DSP Slices
Slices

FIFORAM
Processor

PCle
BRAM

Figure 1.4: FPGA architecture

1.2.3. System-On-Chip Design

The integrated circuits had become increasingly complex and expensive, which has led to the
emergence of new designs and reuse methodologies and it is collectively referred to as SOC.
The SOC platforms [1.25] are not only a chip, but a combination of IP cores, software support
and integrated platform. These platforms usually include embedded processor, ASIC logics,
analog circuitry, embedded memory etc. Their SW includes: operating system, compiler,
simulator, firmware, driver, protocol stack, integrated development environment (debugger,
linker) and application interface (C/C++, assembly). There are several benefits of integrating a
large digital system into a single integrated circuit. These include lower cost per gate, lower
power consumption, faster circuit operation, more reliable implementation, smaller physical
size, and greater design security. The principal drawbacks of SOC design are associated with

the design pressures imposed on today’s engineers, such as time-to-market demands,
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exponential fabrication cost, increased system complexity and increased verification

requirements.
1.2.4. FPGA Based System-On-Chip Design

Common architectures and supporting technologies are called platform based design. These
platforms offer the designer IP libraries and tools support, bus support, mixed signal blocks,
software component (e.g. Driver, OS). Examples of such platforms are Xilinx EDK, Altera
SOPC builder, programmable system on chip (PSoC) [1.26] etc. The FPGA based system
SOC design offers the designer a HW and SW development platform. Each of these platforms
are tightly integrated, allowing the designer to create the HW and develop its SW, hence
facilitating rapid system prototyping. An HW definition of an application developed by the
designer is usually known as user defined intellectual property (IP), which FPGA based SOC

usually supports.

In configurable SOC based design, different techniques are used for interfacing the IP
depending on the speed requirement [1.27]. Examples of interfaces are buses, peer-to peer link
to the processor and modified processor data-path. Fig.1.5 shows the IP interfaced in three
ways: loosely coupled, medium-coupled and tightly coupled. In case of loosely coupled
system, IP can be interfaced with a low speed bus. Medium coupled IP are interfaced with
high speed bus. It is also possible to change the datapath of the processor and define a new
operation as an instruction in tightly coupled systems. Such tightly bound systems come in the
class of application specific integrated processor (ASIP) and is a popular way of
implementation of accelerators. Designing such ASIP, requires the complete new definition of
software toolchains requiring a dedicated team for designing, coding and verification of the

application.

Memory Memory Memory

Processor

Processor

Processor

IP
1P IP Core
Core Core

a) Loosely coupled IP (b) Medium coupled IP (c) Tightly coupled IP

Figure 1.5: Various IP interfacing techniques

Xilinx EDK design flow allows the development of user defined IP and generates its driver for

usage in SW development in the SDK. The developed IP is wrapped around the bus wrapper
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automatically which can communicate with the processor through slave registers, first-in-first-
out (FIFO) memory or local memory. Medium coupling is allowed through the fast simplex

link [1.28].
1.3. Introduction to Reconfigurable Computing Systems (RCS)

A common alias for FPGA based systems is reconfigurable computing systems. They can be
defined as the study of computations involving reconfigurable devices, which includes
architecture, algorithms and applications. They involve computation in space and time, using
hardware that can adapt at the logic level to solve specific problems. Reconfiguration is the
process of changing the behavior of the systems to execute various configurations. With the
reprogrammable feature offered by FPGAs, it became possible to change the HW, giving rise
to the emergence of the RC systems. This reconfiguration in FPGAs can be temporal or spatial
which means the functionality can be changed by reconfiguring structure area with more than
one functional block and scheduling in time. The reconfiguration of the device can be done
statically or dynamically, allowing the design flow to be adaptable as per the requirement of

the applications.
1.3.1. Dynamic Partial Reconfigurable Systems (DPRS)

A static random access memory (SRAM) based FPGA as discussed in section 1.2.2 is a two
layer device consisting of configuration memory layer and logic layer. The lower layer is the
configuration memory layer in which the configuration data is stored. The upper layer called
the logic layer consists of the logic blocks and interconnection that forms the system

architecture.

After choosing the required HW along with specific processor (either hardcore or soft core
processor) system configuration file is prepared that is used to program the SRAM cells. The
loading of configuration can be done either statically or dynamically [1.7] and hence are
known as reconfigurable computing systems (RCS). The static approach known as compile
time reconfiguration works by inactivating the running systems and loading a new
configuration file. In the dynamic case which is also known as run-time reconfiguration, the
configuration is loaded while the rest of the system blocks are running. This allows
configuring a selected part of the chip by using specialized hardware. Hence, dynamic RCS
systems are also referred as partial dynamically reconfigurable systems and are created by
defining partial reconfigurable region (PRR) using a floor-planning software such as Xilinx
PlanAhead. The concept of partial reconfiguration allows multiple configurations to be

swapped in and out of the hardware independently. The applications to be reconfigured at run-
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time are known as partially reconfigurable modules and are statically bound to the PR region,
allowing them to run only in the defined partially reconfigurable modules region. Fig. 1.6
shows one such PRR region and two partial reconfigurable module (PRM) named as add and

mult bound to this region.

Mult.bit

A/
FPGA | PRR
\

Add.bit

Figure 1.6: FPGA based system with one PR region with two PRM mapped

The PRM modules are compiled and partial bit files for each functional block configuration
are moved to the memory available on the respective board such as compact flash, double data
rate (DDR) or platform flash providing a database center for partial bit files. At run time, these
files are loaded and executed by static scheduler, which calls the configuration in dependency
order, stores the intermediate results and executes the complete application. The primary
concern here is the total time taken starting from loading to executing the given configuration.
Thus the idea of partial reconfiguration enables system flexibility in terms of providing more
functionality to be performed in the same area by reducing the area and power requirement of
the system. Runtime reconfiguration of programmable devices is the state of the art
technology available, but is still not applied in the industrial applications due to lack of
sophisticated and automated tools. To exploit the potentiality of RC systems, development of

user friendly tools is required.
1.3.2. Advantages of Partial Reconfiguration
The advantages of dynamic partial reconfiguration are as follows:

1. Partial reconfiguration allows designing a self-adaptive and flexible system, where

hardware changes can be rapidly migrated, depending on the applications.

ii.  Partial reconfiguration allows designing an intelligent system that manages

reconfiguration in order to save power.

ii1.  Partial reconfiguration enables hardware reuse that allows using more silicon than we

pay for.



1.4. Motivation for Current Research

As described in the previous section, FPGAs can be used for both software and hardware
design thereby offering a wide spectrum of choice of tradeoffs to the designer. The decision
from a pure SW implementation to HW requires certain design parameters comparison based
on performance, HW area, power consumption and suitable design flows for FPGAs. Further
each layer from SW to HW, spans many optimization techniques, resulting in new dimensions
of acceptable functional parameters. This research work has been inspired from such demand

and comparative data interrogations from the designers.

The application which requires better performance can be partitioned into HW-SW or HW-
HW parts [1.9]. For mapping such a candidate, two solutions are possible: 1) Migrating part of
the design to HW and the remaining part to the SW, 2) Dividing the design into HW partitions
by implementing and executing them sequentially as well as concurrently. HW-HW
partitioning using partial reconfiguration has not been extensively tested on real hardware.
Hence the objective of this thesis work is to achieve efficient HW-HW partitioning using
static approach and partial reconfiguration flow and bring out the pros and cons of the

proposed design flow.

Some of the high level synthesis tools such as Vivado-HLS convert a high level languages
(HLL) specification like C/C++/SystemC etc. into HW automatically. But due to this, many of
the functions normally consume more HW resources as compared to RTL design. In this
scenario, the advantage of automation is nullified as most of the chip area is used. Using
partial reconfiguration, more HW reusable functions may be divided into further small design.

These functions can be executed temporally using partial reconfiguration concept.
In concise, we identify the following motivational gaps for the current work:

e Though HW-SW co-design flow is established, some of the practical design flows are not
offered by the present tools. These practical flows are achieved by design methodology

that can assist the designer.

e With the advent of high level synthesis tools like Vivado-HLS, the migration of SW to
HW is now accelerated. These automated approaches have not been extensively explored

for effectiveness in performance.

e The partial reconfiguration flow, has not been used for HW, HW partitioning problem,

hence needs to be compared for its pros and cons.
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1.5. Problem Definition and Objectives

Many applications fail to achieve the required performance on the processor as pure SW
execution. This problem is solved by migrating a certain part of the code to HW. During this
migration the decision making task is: which part of the code to migrate. This answer can only
be addressed after an initial implementation of the design has been done on the target device,
through which execution profile of the application can be accumulated. This makes the life of
the design cycle longer and complex. Hence, what we need is the exact design method that
can guide the designer prior to implementation. Such methods requires a proposal of an
algorithmic approach to generate design place solutions and guide the designer for area/delay

trade-offs.

The specification of an application can be done in various ways such as C language, Matlab,
finite state machines, dataflow graphs etc. A dataflow model of computation aims at capturing
the data flow and its computations among the various operations. The computation part of any
design can easily be defined in such a model. They can be used as input specification and can
be easily generated, verified and comprehended. Hence these models are a good choice for
examining the proposed algorithms in terms of their correctness and effectiveness. These
algorithms demand proposal of efficient partitioning and scheduling of operations in correct
order. Such algorithms aim at creation of coarse grain clusters that can be mapped as static or
dynamic modules. These clusters should be created in such a way that overall the area-delay

product improves.

For estimating the area required for a DFG or a C program, we need to generate its control
flow graph. Without the HW generation, making this possible will allow the SW programmer

to bypass the HW learning and quickly generate functional parameters.
Hence the objective set for this work is defined as:

1. Design and implementation of automated system design flow for applications defined

in high level language with HW-SW co-design concept to design optimal systems.

2. Design and development of an algorithm for estimation of resources consumed by

functions described as control flow graphs generated from compiler.

3. Given a dataflow and control flow graph specification, design and implement efficient
algorithms to convert fine grain graphs to coarse grain graphs. Create such coarse level

graph by finding reusable patterns in the specification.
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4. Identification of functional blocks for efficient mapping using a partial reconfiguration

1.6. Thesis Organization

approach and schedule the application to exploit the strength of a RC system.

This thesis is organized into six chapters. Chapter 1 presents the introduction to reconfigurable

systems and motivation for the thesis work. Chapter 2 discusses the literature survey of

system design methodology, partitioning of DFGs, high level synthesis and partial

reconfiguration.
)|
Frameworks
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L I L I
A | ) | A |
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Figure 1.7: Organization of thesis work

Chapter 3 focuses on resource estimation of C/C++ programs and cluster creation. The work

further demonstrates how clusters known as extended basic block can be created using an

algorithmic approach. A framework for HW-SW co-design using genetic algorithm has been

12



proposed in chapter 4. Chapter 5 explains the partitioning problem and applies it for creating
clusters to HW-HW design flow. Genetic Algorithm (GA) has been used for partitioning and
scheduling of RC systems and is extensively covered in this thesis. It also highlights the
process of dynamic partial reconfiguration and compares the results of the previous chapters.
Chapter 6 gives a summary and draws conclusions on the basis of results obtained. It also
presents the future work to be carried out with the existing platform. Fig. 1.7 shows the

summary of work done and organization of thesis.
1.7. Conclusion

In this chapter we have discussed the principles of FPGAs, system-on-chip, reconfigurable
systems and partial reconfigurable systems. These emerging systems are allowing searching
for various HW and SW implementations to maximize the performance while meeting the
constraints. This has motivated out research work and inspired us to define the research

objectives.
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Chapter 2

Literature Survey

Reconfigurable systems are versatile platforms which allow the designer to conceive any kind
of SW or HW optimizations and methodologies. It allows achieving the desired system
performance by different approaches. These systems contain a processor, on which the SW
can be executed and HW fabric on which any accelerator can be designed. Techniques like
fixed point vs. floating point arithmetic, usage of simple vs. complex algorithm, language
selection etc. allow bringing out the tradeoff in SW implementation. Similarly optimization in
HW implementation can be achieved by various techniques like pipelining vs. parallelism,
static vs. dynamic scheduling etc. The design of HW accelerators on RCS requires that the

resources available on the chip are effectively used to deliver the best performance.

To gain an elaborate insight in the research progress made in the field of chosen problem
statement and identify the existing gaps we undertook an extensive literature survey. This
enabled us to highlight the problems to be focused on, formalize the solutions and explore the
strategy to be adopted to achieve the objectives of the proposed work. This chapter is divided
into four sections which cover the literature survey for HW-SW frameworks, high level

synthesis, partitioning/scheduling, and partial reconfiguration process.
2.1. Frameworks and Design Methodology

The initial framework for HW-SW partitioning and mapping using manual time estimation
and manual synthesis was proposed in [2.1], which demonstrates a complete working example
of digital camera using a C specification. This design shows an image compression
implementation on a soft core based 8051 complied on FPGAs. A co-simulation testing setup
having a cross-compiler and HDL simulator was used for verification. This benchmark was
downloaded and simulated in Xilinx ISIM simulator as shown in Fig. 2.1 for verifying the
way in which co-simulation is performed. The 8051 VHDL model files and the C code stored
in ROM VHDL model is shown in Fig. 2.1. The simulation setup includes the cross compiler
and its conversion to a ROM image. The execution in the simulator was possible without a

HW implementation allowing the co-simulation to accumulate the performance results.
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Figure 2.1: Co-simulation of digital camera case study in Xilinx ISIM
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The timing constraint kept for the design was given as 1 second, since holding a camera for a
prolonged time is frustrating to the user. Hence to achieve the required performance a co-
design methodology was adopted and four implementations were written for achieving the
target of 1 second. Implementation 1 is pure SW execution and fails to achieve the required
time. In implementation 2, one of the modules is randomly chosen and is migrated to HW. In
implementation 3 discrete cosine transform (DCT) is implemented in HW and 4 is an
implementation of using fixed point arithmetic in DCT block. The Table 2.1 shows the time

comparison, which is coming down from 9.1 seconds to 0.099 seconds.

Table 2.1: Three parameters for Digital Camera Case Study on 8051 [Source: 2.1]

Implementation 2 |[Implementation 3 |Implementation 4
Performance (second) 9.1 1.5 0.099
Power (watt) 0.033 0.033 0.040
Size (gate) 98,000 90,000 128,000
Energy (joule) 0.30 0.050 0.0040

The shortcomings of this design flow were manual partitioning, manual estimation of time and
manual conversion of C to HDL, making it time consuming and resulting in a longer design
cycle. These guidelines can be adopted only by an experienced designer who knows an in-

depth understanding of the platform.

Similar work was done in Google summer of code 2006 [2.2] (a contest organized by Google)

on the Leon3 platform, which is from Aeroflex Gaislor company [2.3]. The design flow uses
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operating system based design and device driver for migrated IP to HW. This work shows the
time profiling on general purpose computer for media application and uses the results for
profiling process. The conclusion was that the function reconrefframes waste approximately
60% of CPU-time and should be migrated to HW. The flow does not use algorithmic approach
and a C to HDL compiler to compute the resources consumed. Most of the work in this
domain lacks the demonstration of time estimation on an embedded target, which can give
better estimation results. The structural design is shown in Fig. 2.2 with Theora codec
interfaced to APB bus. This work gave an idea of the time profiling on the host and

demonstrated the difference in results.

The popularly available tools for co-design are COSYMA, Lycos, Polis, Chinook, Akka,
CASTLE/SIR, CodeSign, CoWare and Symphony, The Ode System, COOL, PeaCE [2.4].
Most of these tools are either proposed or not available on-line. The only commercial tool
among them is CoWare and its results have not been reported in literature. The common

problems encountered in these tools are:
i.  ANSI C language is not a standard input in most of them.

i1.  The design space exploration for a given design requires manual intervention.

iii.  An efficient conversion of SW to HW automatically is missing.
The generic steps required to convert a SW specification into HW [1.10] are:
Step-1: Convert the SW specification into control flow graph using a compiler
Step-2: Generate a data dependence graph from the control flow graph
Step-3: Convert each node in the a combinational circuit
Step-4: Use multiplexer and registers for the combinational circuit design
Step-5: Content the circuit node using the edges in the data dependence graph.
Step-6: Generate a finite state machine for each node in control flow graph.

These steps are applicable to sub-set of a SW language and may fail in cases such as dynamic
pointers, file operations, recursion etc. The problems were addressed in [2.5] which present a
framework called ASSET where profiling was used to find the critical parts in a C program
and a C to HDL compiler was written to automate HW generation. The ASSET framework is
based on Stanford universal intermediate format (SUIF) compiler for basic block profiling and
HW generation. A HW generation from a C specification is only possible by converting it into

a control flow graph. This CFG is parsed and control edges are converted into a finite state
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machine and data edges are converted into datapath. SUIF compiler has many drawbacks such
as: the development was stopped in early 2000, recursion is not available, lack of built-in pass
for optimizations, no community support etc. The work was a first effort to perform the
profiling of basic blocks in complier and find the critical part of the program. Though it has
not shown the proposed area estimation technique, but it focuses on HDL generation and

interfacing, thus lacking to show the framework on a benchmark for generality.
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Figure 2.2: HW accelerators in Leon3 platform on Altera StratixII [Source: 2.2]
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Figure 2.3: ASSET co-design methodology [Source: 2.5]

Fig. 2.3 shows the design flow of work in [2.6] with HW estimation and SW estimation being
the building block for partitioning process, followed by system integration on a SOC platform.
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The framework fails to show the results of a benchmark, hence cannot be used for comparison

purposes.

From the literature survey done, it was identified that presently LegUp tool [2.6] is the only
open source platform that allows co-design methodology to be implemented. It is an open
source hardware software co-design tool which starts from a C specification and allows the
designer to map applications as SW on a MIPS processor or as HW accelerator on FPGA
fabric. The design flow is shown in Fig. 2.4, with a C program as input and implementation as
HW or SW. It uses a profiling technique [2.7] by proposing a HW architecture which can
count the real-time cycles and energy profiles of an FPGA-based soft processor. The tool uses
low level virtual machine (LLVM) compiler for preprocessing of C programs and HW

migration.

ANSI C Self-profiling
> MIPS
Program j » C compiler J processor
LegUp \
FPGA Fabric and || Highlevel | Brofiing Dat
Microprocessor <—r synthesis | roniling Data

Figure 2.4: LegUp Co-design methodology [Source: 2.6]

The comparative analysis of various benchmarks problems is listed in Table 2.2 [2.7]. For the
MIPS processor-SW flow, the processor runs at 74 MHz on the Cyclone II and the
benchmarks take between 6.7K-29M cycles to complete their execution. LegUp-Hybrid2
provides a 47% (1.9%) speedup in program execution time vs. SW (MIPS-SW). In the LegUp-
Hybrid1 flow, there is 73% reduction in program execution time vs. software (a 3.7xspeed-up
over software). Looking broadly at the data for MIPS-SW, LegUp-Hybridland LegUp-
Hybrid2, it is observed that: execution time decreases substantially as more computations are
mapped to hardware. LegUp produces heavily pipelined hardware implementations, whereas,
we believe eXCite does more operation chaining, resulting in few computation cycles yet
longer critical path delays. Considering total execution time of a benchmark, LegUp and
eXCite offer similar results. Both of the pure hardware implementations are a significant win

over software.
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Table 2.2: Performance results of LegUp [Source: 2.7]
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The framework does not seem to be very promising from the results as the speedup achieved
is very low. Hence is the need is to explore the reasons behind it. The design flows discussed
above are manual in nature and are applicable to a very experienced designer. From this, it is

concluded that for complete automation there are primarily two requirements.

e The amount of resources consumed by an IP which is migrated to HW should be

known.

e A framework which can show the critical part of the design and optimize the code

should be used.
2.2, Partitioning and Scheduling

The first phase of the design cycle is the specification of the design which includes its
functional and non-functional requirement. The functional requirement describes the behavior
of the design and non-functional requirement describe the constraints on the design metrics.
The functional behavior of a design is captured in a model such as finite state machine/Task
graph or in a language such C/C++ etc. These models/programs are usually converted to
abstract data structures such as link list for syntax checking and executable generation. Such
linked structures can be depicted as graphs in which each node corresponds to an operation
and edge as data communication. Control flow and data flow are the two structures that are
available in all languages. Control flow corresponds to the syntax such as loops, goto etc. and
data flow corresponds to computation like addition in y = ax + b. For example for the code

snippet given below, the CFG is shown in Fig. 2.5.
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temp = 0;
for (i=0;i<35;i++)
temp =temp +1i,

/

Figure 2.5: Control flow graph for the code snippet

Similarly a task/data flow graphs is modeled as non acyclic graph. For example for the
equation ax” +bx+ ¢, the DFG is shown in Fig. 2.6. It shows the various ways in which the
nodes can be clubbed together to create a partition. Now for a given architecture which has
multiple processing elements, where these clusters can be executed, finding the best possible
solution is the task of partitioning and scheduling stage. The problem of partitioning and

scheduling can be as applicable to CFG and task graphs and can be discussed separately.
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The initial work in the development of frameworks for HW-SW partitioning and scheduling of
the applications described in C was seen in [2.8]. The work shows the design process with a
new language for describing the control flow structure of the program and used LCC compiler
for generating the compiler intermediate representation (IR). The framework was applied to

customized multi-FPGA systems and hence was not extensively used.

Similar research was done in [2.9], which shows temporal partitioning and scheduling for
multi-FPGA systems and clearly demonstrates the mapping of the DFG to FPGAs and reports
the reconfiguration time of the executable model. In this approach, partial reconfiguration
design flow was not used, but the work was dedicated more to scheduling at the instruction
level and a multi-FPGA dedicated architecture was used for experimentation. The work
compares the level based vs. non level based scheduling. The algorithms were described to
work on DFG model only and are not applicable to complete ANSI-C set. This problem of
ANSI-C is addressed in [2.10] which follows a basic block generation using a compiler and
proposes an algorithm for area based cluster creation, focusing on overlapping basic blocks
for improving performance. The work proposes its own intermediate representation format for
the generation of basic blocks and their scheduling. In [2.11] a compiler framework has been
proposed to partition and schedule the instructions, but the performance has been shown for
defined architectures, which is not general. For making the partitioning process efficient for

co-design, a compiler intermediate format has been extended in [2.12] and called as
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hierarchical control dataflow graphs (CDFG) which can be seen as clusters for performing

parallelism and high level synthesis.

The initial work involving the creation of a library of operators and sharing them in the
scheduling process is reported in [2.13], which shows the effect of sharing of operators with
respect to time and area but lack the design flow starting from ANSI-C set. The work in [2.14]
extends the CDFG model to accommodate control flow mapping to HW easily and shows that
a library of operators has been created for mapping. The CDFGs have been converted to
hierarchical control flow graphs to exploit the inherent parallelism. The results have not been
shown for a benchmark program, hence cannot be used for comparison purposes. Chapter 4 of
[1.7] discusses the partitioning and scheduling problem in detail. The LIST scheduling
algorithm for RC systems where each node is assigned a priority and partitions are created
based on a given area is discoursed. The work lacks to demonstrate a design running on PR
region and the consequences of partitioning a design. This gap between the algorithm proposal

and its verification inspires this research work to set up the experimental analysis.

The work in [2.15] uses integer level programming with scheduling to find similar patterns as
a candidate for partial reconfiguration. The primary purpose of finding the isomorphic graphs
is to reduce reconfiguration overhead. This work highlights only the software simulation result
and does not compare the real time performance by interfacing an application to the processor
bus. The design flow presented hence is not realistic. In [2.16] a design flow for mapping
applications on Xilinx FPGA partial dynamic reconfiguration flow using PlanAhead has been
extensively shown. The work compares the resource usage for encryption algorithm but lacks
to show the timing analysis. The most recent work [2.17] proposes an algorithm for finding a
pattern of the configuration to be placed in multiple PR regions. It also shows the theoretical

time equation that can used to calculate the reconfiguration time.

Partitioning is a process by which we divide the input specification into sub-sets depending on
the constraints like: the number of subsets, maximum vertices in a sub-set and maximum
number of edges between the sub-sets. The partitioning technique can be broadly classified
into constructive and iterative approaches. Constructive partitioning aims at identifying an
initial partition and are greedy in nature. This means such algorithms fail to find the global
minima and may stop at local minima. Examples are random selection, cluster growth,

hierarchical clustering, Fiduccia-Mattheyses (FM) and min-cut [2.18, 2.19].

The literature in [2.20] discusses the various optimization problems in system level synthesis
theoretically which are partitioning and scheduling. To achieve hardware and software

performance trade-off, many optimization algorithms have been already proposed, such as
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Tabu search and simulated annealing [2.21, 2,22] which applies partitioning to loops, blocks,
subprograms and processes, Ant colony optimization [2.23], swarm optimization [2.24] and
Genetic Algorithm (GA) [2.25, 2.26, 2.27] which is a stochastic optimization algorithm
modelled on the theory of natural evolution. Since its first successful implementation, GA has
been used to solve a wide range of problems, such as travelling salesman problem [2.28], real-
time problems such as reconfiguration of evolvable hardware (EHW) [2.29], and other
optimization problems that have complex constraints [2.30]. Hardware and software co-design
using genetic algorithm has been implemented previously [2.31, 2.32, 2.33] on simulated data

set which contains various area and delay parameters.
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Figure 2.7: Comparative results among FM, GA, SA and MFM for cost vs. time

constraint [source: 2.34]

A simulation of a theoretical task graph on HW and SW using GA is compared with
approaches like FM and simulated annealing (SA) in [2.34]. The objective function (Objfct) is
used to guide the GA and it includes time/cost along with predetermined deadline. Mapping is
a process which determines which node will run on what component. The work fails to show
the mapping on concurrent architecture (multiple CPU/ASIC). It misses to propose an
algorithm which can find the execution time if nodes are concurrently executed on multiple
CPUs and ASICs. Fig. 2.7 clearly shows the comparison of four partitioning algorithms which
are Fiduccia Mathesys (FM), GA, simulated annealing (SA) and modified Fiduccia Mattheyes
(MFM). In FM, the elements that improve the OF are selected and locked. This process is
repeated until all the blocks are locked and there are no improvement of the objective
function. This method only allows the movement of a block in each step. GA converges
quickly as compared to other algorithms and hence is better algorithm as compared to others.

MFM algorithm is a particular version of the FM that includes a special attention to
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communication costs. Besides it permits the migration of more than an only block. SA works

with one solution and moves towards a better solution, while GA starts from a set of solutions.

The running time and the optimal solution generated by GA in dependent on many parameters
such as number of iterations, population size, mutation probability (pm,) and crossover
probability (p.). Adaptive probability [2.35] is a technique which is used to guide GA for
values of mutation probability and crossover probability depending on the fitness value of the
genes for better convergence of the GA. The crossover probability controls the rate at which
solutions are subjected to crossover. The higher the value of crossover probability, the quicker
are the new solutions introduced into the population. As crossover probability, increases,
however, solutions can be disrupted faster than selection can exploit them. Typical values of
p., are in the range 0.5-1.0. Mutation is only a secondary operator to restore genetic material.
Nevertheless the choice of pm, is critical to GA performance. Large values of py, transform
the GA into a purely random search algorithm, while some mutation is required to prevent the
premature convergence of the GA to suboptimal solutions. Typically pm, is chosen in the

range 0.005-0.05.

The next problem of system level synthesis is scheduling, which gives an exact order of the
execution time of the nodes. Scheduling of the DFG starts from the assumption that unlimited
resources are available, allowing any implementation to be feasible. Let us take a C code as

shown in sample 2.1 and show its DFG for clarification (Fig. 2.8).

Sample 2.1: C Code

main()

{

float t, 11, o1, x1=0.0, x2=0.0;
while (1) {

in(ll),

t=11+a3*2 +al*xl,; //line 6
ol=t+a4*x2 + a2*xl; //line 7
xl =t // line 8
4
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Figure 2.9: ALAP schedule
The commonly used algorithms for scheduling are:
A. As soon as possible (ASAP)
B. As late as possible (ALAP)
C. Constraint Scheduling

The ASAP/ALAP schedule is shown in Fig. 2.8 and Fig. 2.9 and is used as starting point to
provide constraint parameters to scheduling algorithms. Assuming that unlimited resources are
available, the DFG graphs are shown for line 6, 7, 8, 9 of the sample code. These algorithms
assume that unlimited resources are available and allow maximum parallelism in the

generated schedule. Maximum parallelism means that all the operators in the same level can

27



execute at the same time. For e.g. in Fig. 2.8, all the first four multipliers can run at the same
time in ¢0. The pseudo code for the delay calculation is given below [1.7]. Each node is
traversed and the delay of the parent is added to find the critical time of the DFG. We start

from the nodes which have no predecessor and add the delay successively.

ASAP(G(V,E),d) {
FOREACH ( vi without predecessor)
s(vi) :=0; // starting node
REPEAT {
choose a node vi , whose predecessors are all planned;
s(vi) := maxj.wpee {S(Vj)+ di};
//predecessor delay = s(vj), current node delay = di

/
UNTIL (all nodes vi are planned);

RETURN s;
/

Assume that an adder takes 10 clock cycles and multiplier takes 50 clock cycles. From the
above algorithm, the output (0! in the graph) will be available after 80 cycles (one multiplier
and three adders). In case of ALAP scheduling, we start from the nodes without successors

and traverse back as shown below:

ALAP(G(V,E),d, L) {
FOREACH( vi without successor)
s(vi) ;=L -di; // L is the given latency
REPEAT {
Choose a node vi , which successors are all planned;
S(Vi) := minj.apee {S(Vj)} - di;
/
UNTIL (all nodes vi are planned);

RETURN s

/
One of the parameter that is computed from ASAP and ALAP schedules is mobility. Mobility

is the difference in the level of a node in the two schedules. For e.g. in Fig. 2.8 node 1(a2 and
x1) has a mobility of 1. If the resources are restricted (i.e. lesser number of HW units for a
given level), then the schedule changes accordingly. Practically limited amount of resources
are available, hence we impose resource constraints to ASAP and ALAP schedules which is
known as constraints scheduling [1.7]. Suppose that one adder and one multiplier are available
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for allocation, and then the generated schedule is shown in Fig. 2.10. The output is this case

will be available after 220 cycles since four multipliers and two adders are there for worst case

path.
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Figure 2.10: Constraint scheduling

The lecture notes in [2.36] show some scheduling examples on the dataflow model such. Task
graph scheduling for parallel systems has been discussed in [2.37]. Since we requires a
dataflow model of a specification, the Express benchmarks [2.38] describe the application
written in C in the data flow format described as data flow in a dot model in Graphviz tool
[2.39] from IBM. The sample of the cosine benchmark is given in Fig. 2.11 and can be used as

an input for partitioning and scheduling phase.
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Figure 2.11: Express benchmark of Cosine-2 program [source: 2.59]

Integer linear programming [2.40, 2.41, 2.42] for scheduling has been used as a mathematical
model and is based on equation used to solve the problem. Instruction/operator level which is
very low level of abstraction may not produce desired optimized area and performance
parameters, since such operator consume very less area as compared to the area available in
RCS. Smaller nodes can be combined together to create coarse level nodes to reduce the
overhead. This advantage also introduces interface design and intermediate data transmission
design complexity. To create coarse level nodes one of the possibilities is finding the similar
patterns in the application and uses them as reusable patterns. The scheduling of nodes
clusters which are similar in nature extends the possibility of better implementation. The

repetitive node patterns are known as isomorphic graphs as shown in Fig. 2.12.
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Figure 2.12: Node matching based isomorphic graphs

The problem of finding an isomorphic graph is a central position in complexity theory as a
proposed occupant of the region that must exist between the polynomial-time and NP-
complete problems. The easiest and the lengthiest way of finding such subgraphs can be a
brute force method, which is not efficient since the order of complexity is O(n! x n?). The time
complexity for enumerate all bijective mapping will be O(n!) and O(n?) will be complexity for
checking whether each mapping is isomorphic. The problem of finding such graphs has been
discussed extensively [2.43]. A weighted method has been used to guide the generation of
isomorphic graphs [2.44]. We have used the method and applied it RCS systems after

applying the area constraints and node matching as well.
2.3. Resource Estimation and High Level Synthesis

A FPGA chip has restricted resources in terms of LUTs, BRAMs, DSP slices etc. When an
application written in high level language is migrated to HW, the primary concern is: The
amount of resources consumed by the HW. Two methods can be discoursed for estimation of
amount of resources. First is the analysis method which is based on a mathematical
background and has an initial look-up-table for the resources consumed by each operator.
Second method is the synthesis method which converts the specification into a HW using a

HLL to HDL compiler.

Research works published in the first method domain can be cited firstly in [2.45] and have
shown the estimation of input output pins and time required for the benchmarks. The work is
outdated now, as the density of logic elements has increased many folds. The work done in the
area estimation was first seen in [2.46]. The authors show the number of configurable logic
blocks (CLB) consumed for a design based on number of operators, their bit-width and
number of registers. The estimation is applicable to a dataflow model, where semantics is
similar to the netlist. The work in [2.47] shows the estimation model for Matlab based system
generator designs. The model is well developed for simulink based design and is not
applicable to HLL. The work in [2.48] shows the compiler framework required for resource

estimation of ANSI-C programs.

The resource estimation requires a mathematical model which gives results taking inputs as
operators, bit-width, types of operators and return the number of LUTs/registers used. This

model has been thoroughly proposed in [2.49]. The results have only been shown for one
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benchmark which is not generic and estimation is not for ANSI-C programs. This work does

not show the usage of resource estimation for ANSI-C program with a complete design flow.

The second method is based on high level synthesis (HLS) which is the process of converting
a C/C++/SystemC based specification into synthesizable HW. Many tools have been
developed over the last decade for this process to automate along with numerous
optimizations applied is the respective tools. The SPARK [2.50] was the first open source tool
produced and its primary objective was to apply scheduling of instructions for better

synthesis. The following features were not supported in SPARK:
¢ Dynamic memory allocation
e Continue, break and goto
e Multidimensional arrays
e Function calls with parameter passing
e File operation

ROCCC [2.51] was another tool which was developed to remove some of the above
restrictions, but required the changes in the syntax of the program. LegUp [2.52] from
University of Toronto is still a active group in research in HLS and has developed a
benchmark ChStone [2.53] written in HLS for comparison of different tools, Commercial
tools include BlueSpec Compiler from Bluespec, Catapult C from Calypto Design Systems,
eXCite from Y Explorations, Xilinx Vivado-HLS (formerly AutoPilot from AutoESL).

Control flow graphs have been frequently used for the automatic generation of HDL [2.54].
Compilers usually decompose programs into their basic blocks as a first step in the analysis
process. Basic blocks from the vertices or nodes in a control flow graph. LLVM [2.55] is a
good candidate for the generation of CFGs. various kinds of optimization can be done on the
C code for better conversion to HLS. The results in [2.56] show a comparative table of the low
level optimizations and their effect on HLS. The work in [2.57] explores all the optimizations
that can be done on the C code at various levels for HLSs. The work in [2.58] shows the
generation of HW in a simplified manner. Most computational design implemented these days
1s image processing applications. The design flow in [2.59] explains the usage of FPGA for
accelerator HW design. The lecture notes in [2.60] explain the generation of high level
synthesis (HLS) from LLVM IR in a simple way with the use of datapath and finite state
machine (FSM) design. The Xilinx Vivado HLS [2.61] tool provides options for carrying out
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different types of optimizations on the behavioral description before synthesizing it which

enables the user to bring the design closer to the given throughput or area specification.
2.4. Reconfigurable Computing Systems

From the discussion of the architecture of RC systems in chapter 1, various issues and
challenges in the research work in this domain are identified. An RC system is developed
around a specific HW and a defined architecture which can control reconfiguration. These

systems have intrigued and inspired the designer to address the following questions:

1. Who controls the reconfiguration? Processor (may be inside the FPGA)

2. Where the configurator is located? Dedicated physical component in the FPGA

3. When the configurations are generated? Synthesizing the best static possible configuration
4

Which is the granularity of the reconfiguration? Smallbit based (CLB) or module based

In order to further highlight this aspect, a 3 axis classification scheme described by John

Williams [2.62], characterizes the diversity of the reconfigurable systems depending on

1. Reconfiguration Controller
2. Configuration generation

3. Level of reconfiguration granularity
These parameters are discussed as below:
2.4.1. Reconfiguration Controller

The systems in which reconfiguration is managed and controlled by some external device are
called as externally reconfigurable and but those initiate and control their own reconfiguration
are called as self-reconfigurable. So such a system can perform self read-back and reconfigure
themselves by loading a new configuration stored in a external memory. Some systems can be

a combination of both these which requests modules from a remote bitstream server

controller.
Full bistream Partial Partial Partial Partial
bitstream 1 bitstream 2 bitstream 3 bitstream 4
Memory
—] D
v v
Processor
Processor Configuration
Reconfigu <—|l_> Reconfig
ICAP Ty rable A r port urable
region region
FPGA FPGA
Self Reconfiguration External Reconfiguration
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Figure 2.13: External vs. internal reconfiguration
2.4.2. External Reconfiguration

External reconfiguration implies that the FPGA resources can be reconfigured by an external
device such as a personal computer or a microprocessor. In this case the external processor
reads the partial bitstreams from external memory and sends the data through the standard
reconfiguration part of the FPGA as shown in Fig. 2.13. A single FPGA configuration engine
handles both full configuration and partial reconfiguration using the same programming
mechanism. The external reconfiguration can be achieved using SelectMAP, JTAG, Serial

ports [2.63].
2.4.3. Internal Reconfiguration or Self Reconfiguration

Internal reconfiguration or self-reconfiguration system uses an application running on a
configuration controller, generally a processor inbuilt in the system to read partial bitstream
from external memory and send the data to the ICAP (Internal configuration access port)
which then reconfigures the portion of the FPGA indicated by the configuration frame address
included in the partial bitstream. Partial bitstream contain all the necessary commands and the
data necessary for partial reconfiguration [2.64]. The ICAP peripheral enables an embedded
microprocessor to read and write the FPGA configuration memory at runtime. The ICAP
peripheral provides control over FPGA resources with the granularity of a single configuration
frame consisting of 41 32-bit words in Virtex-4 and Virtex-5 family, 81 32-bit words in
Virtex-6 family and 65 16-bit words for Spartan-6 FPGA.

| CLK, CE,WRITE

‘ T ICAP_VIRTEX 4/5/6 To configuration memory>

{ O[31:0], BUSY

Figure 2.14: ICAP controller

The ICAP primitive for Vitex-4, Virtex-5, and Virtex-6 families is shown in Fig 2.14. The
ICAP primitive [2.65, 2.66] has four input ports (CLK, CE/CSB, WRITE/RDWRB, 1 [31:0])
and two output ports (BUSY, O[31:0]). The partial reconfiguration time depends on the ICAP
CLK frequency, configuration data size i.e. bitstream size and the data width of the ICAP port.
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The configuration bandwidth for various families is shown in Table 2.3. The configuration
time for the FPGA families for a single frame are also shown. Thus the data width and

maximum clock frequency are limiting factors that impacts reconfiguration time.

Table 2.3: Configuration bandwidth Using ICAP primitive [Source: 2.65]

Reconfiguration time
for 1 frame (for
virtex-4/5 41 32-bit
Bandwidth words, for Virtex-6 81

32-bit words, for

Maximum
FPGA ICAP Data
Family | CLK fre- | width

HRRRG: Spartan-6 65 16-bit
words)
Virtex-4 100 MHz 32 3.2 Gbps 0.41 ps
Virtex-5 | 100MHz | 32 | 3.2 Gbps 0.41 s
Virtex-6 100 MHz 32 3.2 Gbps 0.81 ps
Spartan-G | 20 MHz 16 1.6 Gbps 3.25 ps

The reconfigurable systems can be characterized by the degree to which they manipulate the
FPGA resources. A minimum of 1 frame can be reconfigured in a Xilinx FPGA. The Virtex-5
frame has a reconfiguration time of 0.41 microseconds. One frame of Virtex-5 contains 8

CLBs, one CLB has 2 slices and one slice has 4 LUTs.

2.4.4. Partial Reconfigurable System Design in Xilinx

Memory
Controller
. Xps_bram Xps_intc Xps_mch_ Xps_lIC Xps_ether Xps_Syste
Xps_timer
controller controller emu controller net mAce

Bus_contr
oller

Xps_GPIO Xps_UART

FPGA Fabric

Figure 2.15: FPGA systems with one reconfigurable region

Fig. 2.15 shows a conventional partial reconfiguration (PR) design components using Xilinx

EDK and PlanAhead tools depicting the one PR region in blue color. For example PRR can
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execute integer operations or execute floating operations. The user defined IP core shown in
purple color is a static logic defined by the user. The essential components used in PR design
flow are memory where the partial bit files are stored and ICAP which loads the partial bit
files on the configuration memory from external memory. The processor instructs the ICAP to
load the bitstream from external memory to the buffer. ICAP then reconfigures the portion of
FPGA indicated by the configuration frame address which is included in the partial bitstream
through the configuration port.

2.5. Challenges of RCS
RCS design flow presents many degrees of concern in creating a successful design.
2.5.1. The Complex Design Flow

The biggest disadvantage in creating the partial reconfiguration flow is the complex steps the

designer has to follow. The steps are given below
e Create an IP and verify the functionality.
e Interface the port of the IP to the bus wrapper as a black box.
e Write the scheduler in SW.

The problem found during PR design flow can sometimes be undesirable and can be resolved,

leading to multiple time project creation.

PR can be explained with a analogy: consider a class room (black box) in a building which has
fixed doors/windows (ports) in which various classes and masses (different designs) are

involved and scheduled at different time (scheduler).
2.5.2. Restrictions in Design Flow

In-spite of the enormous advantages of partial reconfiguration technology, there are some
limitations such as lack of complex applications that substantially benefit from a run-time
reconfiguration, the design tools that permit quick development of PR systems and the cost of
the programmable devices having PR feature which prevents its use in the commercial
products. Some resources on the FPGA can be reconfigured and some cannot which poses
substantial challenges in the system design. In the tools there are limitations in selection of

resources during partial reconfiguration design that are [2.66] as follows.

1. Clocking logic such as global buffers, memory controller and digital clock manager should
reside in the static region of the design. This means that if the synthesized IP uses any of

these resources then it should in static region.
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2. Multi-gigabit Transceiver, boundary scan, startup should not exist in the static region of the

design.

3. No bidirectional interfaces are permitted between static and reconfigurable regions, except
in case where there is a dedicated route. For example a bidirectional I/O buffer in the
reconfigurable region routed to a top level I/O pad in the static logic can cross between the

reconfigurable region and static logic via a bidirectional interface.

4. The number of global clocks that can be pre-routed to any clock region, and therefore to
any reconfigurable partition, depends on the device family used. The number of clocks in
reconfigurable region cannot exceed the defined limit such as 8 for Virtex-4, 10 for Virtex-5
and 12 for Virtex-6 & Virtex-7 respectively. These limits must account for both static &

reconfigurable logic.

5. Active low resets & clock enables should be used in the design flow to allow the SW to

reset and enable the configuration.
2.5.3. The Reconfiguration Overhead

Table 2.4: Comparison of Reconfiguration Throughput from 2003 to 2009 [source: 2.66]

Reference Storage Conf. Port Cotlr BS RT ARTP
[Fong et al. 2003] PC/R5232 [CAFS c-HW HaE 6200 D005
[Griese et al. 2004 PC/PCI SMAPS@25 c-HW 57.0 14.328 3.88
[Gelado et al. 2006 BREAMppe [CAPS v-OPB 1.6 25.499 4.13
|Delahaye et al. 2007] SHAM ICAPR v-0OPB 5.7 0.5110 49.20
\Papadimitrion et al. 2007] | BRAMppe  ICAPS@100  +-OFPB 2.5 1.67 L.46
[Papadimitriou et al. 2010] | CF [CAPSs@100  +-OPB 14.6 101.1 .15
[Claus et al. 2007] DDR [CAPRG100 c-PLB  350.75 375 9134
|Claus et al. 2007] DR ICAPRGI00 v-OPB 001,28 19,39 .66
[Claus et al. 2008] DDR [CAPS@100 oPLB 705 0803  89.90
{Claus et al. 2008] DDR [CAPRG100 v-OPB T0.5 15.0 4.77
(Claus et al. 2008 DDR2 ICAP32G100 c-PLB 1.125 0.004  295.40
[Claus et al. 2008] DDR2 ICAPI2G100  v-OPB 1,125 0.227 507
[French et al. 2008] DDR2 [CAPI2066 v-OPB ald.o 1120 4.48
(Manet et al. 2008 DDR2/ZBT  ICAP326100 OPB 166.0 047 353520
[Liu et al, 2004 DDR2 ICAPI2@100 +-OPB .9 135.6 .61
[Liu et al. 2009] DDR2 ICAP32G100 v-XPS 0.0 99,7 0,82
[Liu et al. 2009] DDR2 [CAP32G100 +-OPB 5.9 7.8 10,10
\Liu et al, 2009 DIDR2 ICAPR2GL00  v-XPS T4.6 4.2 19.10
{Liu et al, 2000] DDR2 ICAF32G100 «PLB 819  0.9491 52,10
|Liu et al. 2004] DIDRZ ICAP326100 PLB Th.0 0.323  234.50
Liu et al. 2000] BRAM ap ICAP326100 PLB 452 0121 33210
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The time required to place the bit file of an application which is stored in a memory on a
partial reconfigurable region is known as reconfiguration time. When the reconfiguration is
performed, the bit file has to move through various stages, which adds time and is referred as
reconfiguration overhead. The characteristics that affect the reconfiguration overhead also
depends on the system setup such as external memory, memory controller, reconfiguration
controller and its interface with ICAP, and the user space to kernel space copy penalty when
an operating system is running on the processor controlling the reconfiguration. The size of
the local memory of the processor (cache) can significantly affect the reconfiguration time.
The primary concern for partitioning and executing an application on one PR region is time
overhead. Author in [2.67] gives exhaustive time model that can be used to calculate

theoretical results.

For Table 2.4: BS: Bitstream size in bits, RT: Reconfiguration time in ms, ARTP: Actual
Reconfiguration throughput. The last column shows that the maximum throughput is obtained
is 353.20 Mbps using DD2/ZBT based memory. They have described the total reconfiguration
time as the sum of times spent in transferring the data from the storage memory to processors
local memory (phase 1), then to the ICAP configuration cache (phase 2) and then finally to the
configuration memory of FPGA (phase 3). Thus, total reconfiguration time can be expressed

as
Reconfiguration Time= RTSM PPC + RTPPC ICAP + RTICAP CM . (2.1)

Where,
e RTSM PPC- time spent in transferring bitstream data from storage memory to
processor local memory
e RTPPC ICAP - time spent in transferring bitstream data from PPC local memory to
ICAP cache
e RTICAP CM - time spent in transferring bitstream data from ICAP cache to
configuration memory.
An online calculator [2.67] for estimating time overhead given the bitstream size is also
available. This calculator requires the bitstream size, which means that after the entire design

flow is complete and project is created in PlanAhead.

The earliest work in this domain reports a throughput of 94.85 MB/s by using DMA and a
new ICAP design [2.68]. Since this value was too low it required further improvement. Three
designs as Master ICAP, BRAM ICAP and DMA ICAP [2.69] show a performance of 253.2
MB/s, 371.4 MB/s , 82.6 MB/s. Table 2.5 show the comparison of various methods. Although
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the results have been promising, but the resource usage for BRAM is very high and scarcity of
memory makes it unrealistic design. Very good results are cited in [2.70], where 1.2 GB/s is
reported with the combination of full streaming direct memory access (DMA) and bitstream
compression. Such a drastic improvement requires inspection as the factor is 1000 times. The
answer for this is, simply instruction simulator (ISE) based project (non processor based) has
much greater performance as compared to an EDK based project (processor based). Further
improvement up to 2.2 GB/s is reported [2.71] by over clocking ICAP. The usage of partial
reconfiguration for real systems by scheduling was first reported in [2.72]. The comparative

summary is shown in Fig. 2.5.

Table 2.5: Reconfiguration speed measurement of ICAP design for various sizes of

partial bitstream [Source: 2.69]

AP desi ] 4 Avg . | Ma. reconf
IHI’dES]gH | (B ‘L;[ELI Il | fHL Jﬁr Tirf | Eil 'iu::!Elﬁ% Tz (B L.t[ePit.e: Tie} hu’!m\ﬁg m‘ﬂﬁ'ﬂ%
OPBHWICAP | 77KB/AZIms | B2KBO6Sms | HIKBT6ms | MOKBANS6ms | OSIMBS | 064MBS
{Pames{ carhe hsabled |
APSHWICAP | TTKBAIms | 2L2KB2T9ms | 465KBSTIms | SOOKBSS.Tms | O8IMBS | 084 MBS
(FywerP{ cache dhssbind
OPBHWICAP | T7KB6MSus | 227KB23ms | 39KBMSms | T59KBTSms | I00MBS | ILIMBs
(Pywerf cache.enabin)

XPSHWICAP | T7KBA30S s | D2KBA3ms | M5KB2Sms | T46KBM2ms | 191MBs | 229MBh
(Pomert' cache_erabled|

OPBHWICAP | 7T7KB3ms | B32KBASms | 4T1KB7Yms | TT7KB/A30ms |  60MBS 0. MBis

krolike cache sl

XPSHWICAP | T7KBAR26ps | BIKBMAms | 4T2KBA3ms | T9IKBSAms | 43MBSs | [46MBS
(Microittser cache maled

DMAHWICAP | 77KBSS.0ps | 3IKBISLI s | 468 KBISBOI s | BLOKBOLI s | BLIMBSS | KL6MBE
MSTHWICAP | T7KBA330ps | BIKBMAGps | M8 KBANT us | TROKBAZM ps | IMIMBS | I35.IMBIs
BRAMHWICAP | TTKB280ps | B32KBIGO3 ps | 431KB/IILT ps fone BLIMBS | 3714 MBS

Most of the work has been concentrated on reducing reconfiguration time by designing an
efficient ICAP controller, using DMA, placing bistream in BRAM and compressing the
bitstream file. The theoretical speed of the ICAP is 100MHz, and its width can be
programmed as an 8-bit or a 32 bit port allowing a bandwidth of 0.75 or 2.98GB/s.

Authors have shown one PR region that implements different protocol to read data from
sensors. The paper also proposes a simple equation to calculate reconfiguration. The

reconfiguration time mainly depends upon the following features [2.73]:
1. Configuration clock speed (CCLK)

2. Bus width
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3. Bitstream size
The reconfiguration time of FPGA is estimated as

Reconfiguration time(s) = Bitstream size /(Cclk * Buswidth) ...(2.2)
But Eq. 2.2 does not take system setup parameters into consideration. The only work with
multiprocessor design for PR design is seen in [2.74]. From this we conclude that the

conventional ICAP controller available in EDK flow has low throughput of 10 Mbps.
This leads us to summarize the research horizons as:
e Propose an automated HW-SW co-design approach and compare the performance.

e Propose partitioning approaches for converting dataflow graphs into clusters that

accelerate the performance further.

e Design clusters as IP cores and map them to partial reconfigurable region. Compare the

performance the design flow.
e Use resource estimation technique for making these clusters based on a given area.
e Perform the resource estimation using a compiler based flow.
2.6. Conclusions

e LegUp tool is the only open source tool available for co-design and results shown are not
very promising in a SOC based design. Low speedups were reported in the survey which

of the order of 2x in HW.

e The designer should be guided easily for adopting a particular design flow. Such a flow

should generate various HW-SW solution of an application.

e Time profiling and HLS tools can be used for generating time and area parameters

consumed by an application.

e Control and dataflow are commonly used graphically representations as input to
partitioning and scheduling algorithms. These intermediate structures are also used by the

HLS tools to convert the SW into HW.
e Graph isomorphic concept can be used to find the similar patterns in the dataflow model.
e Resource estimation can be done using a mathematical approach.

e Genetic algorithm performs better as compared to SA, FM and MFM.
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e Using a partial reconfiguration for a partitioning and running a single application on HW

has not been reported.

e We conclude that maximum throughput of 2 Gbps is possible with reconfiguration process

with specialized architecture.
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Chapter 3

Automated Migration of Applications in Hardware
Software Co-design Paradigm

This chapter presents an elaborate introduction to hardware software co-design process and
challenges involved. The methodology required for co-design needs the identification of the
time consuming part of the application and its automated hardware generation. Time profiling
using gprof has been demonstrated for finding the critical parts of the program. A basic
introduction on how C to HDL converter is designed using a compiler (LLVM compiler) and
how it can be used for estimating the resources consumed by a program have been discussed.
A commercial C to HDL converter (Vivado-HLS) has been explored in the chapter for
accurate resource estimation and it also allows to apply various optimizations and explores the
latency-area trade-offs.

The chapter is organized as follows: In section 3.1 an introduction to HW and SW systems is
presented. A co-design framework has been proposed in section 3.2. The two important
aspects: time and area estimation are demonstrated in section 3.3 and 3.4. The area estimation
using a commercial high level synthesis tool is showcased in section 3.5. Section 3.6 presents
the IP core interfacing techniques and its challenges generated from the tool. For measuring
the performance, a HW timer is required which is discussed in section 3.7. In section 3.8, the
co-design flow has been applied on a Dfdiv program and results are presented. Section 3.9
shows the results obtained for Dfdiv program from LegUp tool which was discussed in the
literature survey.

3.1. Hardware and Software Systems

A digital system can be visualized as a HW-SW layered architecture as shown in Table 3.1

with various components used in each layer [3.1].

Table 3.1: Digital system hardware and software layered architecture

Applications (e.g. Brower, jpeg)

Compilers( e.g. gcc, LLVM)

Operating Systems( e.g. Windows, RTOS)
Firmware( e.g. HAL, BSP)

Interfaces( e.g. ISA, AMBA)

Hardware( e.g. processor, memory, accelerators)
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The bottom most layers comprise of HW components followed by firmware, OS and
applications layers. At the top of the layer, any application can be described as pure SW in a
programming language. The same application can also be described as pure HW in a HDL and
interfaced to the processor as accelerators.

A system-on-chip based design allows the system to be implemented in SW, HW or a
combination of both as discussed in chapter 1. This gives rise to various permutations for
design space exploration and the trade-off of system parameters. The parameters which are of
prime concern in the design flow are time, area and power. These parameters are orthogonal in
nature and affect each other. For example parallel HW unit consumes more area but it can do
more computation in parallel.

The SW designer works at the application development layer and achieves the functionality in
SW using a high level language [3.1]. The popular languages used for embedded system
design are C, C++ and Java. Here, the developer requires minimal insight into the HW
characteristics and focuses on achieving the desired functionality. Depending on the
complexity of the design and performance requirements, these designs can either be operating
system (OS) [3.2, 3.3] or non-OS [3.4] based. In OS based approach, a device driver is
required for communicating with the accelerators, where as in non-OS based simple read
/write protocol driver can be used. Multi-threaded applications can be easily be developed in
OS based approach, hence is a preferred choice. The popularly used processor based software
platforms in this domain are Beagle board, Beagle-bone, Raspberry-pi, Panda board, ARM
LPC series and FPGA based platform design.

When the SW implementation does not meets the required performance gain primarily due to
application demanding intensive computation, the designer looks for a total HW
implementation. For e.g. SW implementation of a JPEG compression roughly takes xyz
seconds on an ARM based platform, but it may take xyz/100 seconds on an ASIC IC based
design or xyz/10 second based on FPGA based design flow [2.1]. As a result of this gain,
frequently used applications such as multimedia, compression are being migrated to HW to
improve performance. The migration of a SW implementation to HW implementation is a
time consuming process as it requires the description of the application in the form of control
and datapath structures in a HDL language. An HDL programmer aims at optimizing the
resource usage, achieving the maximum clock frequency and limiting the power dissipation
during this conversion. The popular languages used to describe the HW specification are

Verilog, SystemVerilog, VHDL and SystemC.
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3.2. Automated Approach to HW-SW Co-design

Now suppose we are given an application in high level language, which has certain functions

like preprocessing, discrete cosine transform (DCT) and encoding as shown below.

main (){

Preprocessing ();
DCT (),
encoding (), }

A SW implementation of the above program may take xyz seconds and a HW implementation
may take xyz/100 second, but more area will be consumed on the FPGA [2.1]. From an upper
limit of xyz seconds to lower limit of xyz/100 seconds, many possible implementations may
exist between the two boundaries. Such implementations are possible by migrating one or
more SW functions to HW. The remaining functions are executed in SW depending on the
resource constraints. For e.g. the DCT functions can be implemented in HW, while the
remaining two functions can be in SW. Such an exploration in the design process gives rise to

HW-SW co-design.

The aim of co-design approach is to meet the system-level objectives by exploiting the trade-

offs between HW and SW in a system through their concurrent design.

HW
C/C++/HLL/DFG ———— Partitioning stage {
SW

BUS

CPU DSP Prcocessor

SOC platform

Figure 3.1: SOC platform on FPGA with a design in HW and SW

Fig. 3.1 shows that a single application is divided into two parts (HW and SW) using a
partitioning approach. Co-design flow requires a SOC platform and a partitioning approach as

shown in Fig. 3.2.
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‘ §W running on processor and HW interfaced to bus ‘

| \ B |

SW HW
CPU

DSP Prcocessor

SOC platform

Figure 3.2: Design in HW-SW with bus interface

The HW part is mapped to programmable fabric and SW part is compiled on the processor.

HW-SW co-design is a paradigm which aims at achieving system design requirements by

migrating design components from top to bottom or bottom to top in a digital system design

environment.

It encompasses several problems [3.5]:

e Co-specification: Creating specifications that describe both hardware and software

elements (and the relationships between them).

e (Co-synthesis: Automatic or semi-automatic design of hardware and software to meet a

specification. The co-synthesis problem can be broken up into four principal phases:

o

o

Scheduling: choosing times at which computations occur;

Allocation: determining the processing elements (PEs) on which computations

occur.
Partitioning: dividing up the functionality into units of computation.

Mapping: choosing particular component types for the allocated units. These
phases are, of course, related. However, as in many design problems, it is often
desirable to separate these problems to some extent to make the problem more

tractable.

e Co-simulation: Simultaneous simulation of hardware and software clements, often at

different levels of abstraction.

Hardware/software partitioning introduces a design methodology that makes use of several

techniques that will become important in other styles of co-synthesis as well.

e The functional specification must be partitioned into processes, each of which denotes a
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thread of execution. The best way to partition a specification depends in part on the
characteristics of the underlying hardware platform, so it may make sense to try different

functional partitioning.

e The performance of the function executing on the platform must be determined.
Since exact performance depends on a great number of hardware and software details, we

usually rely on approximations.
e The processes must be allocated onto various processing elements of the platform.

The design flow as shown in Fig. 3.3 describes the synthesis of a specification into HW and
SW components, interface generation and output verification. It shows that an ideal co-design
tool that takes a high level specification and outputs the HW part on ASIC/FPGA and the SW
part which can be compiled on the processor. The tool can take specification at a high level of
abstraction and should be able to decide the part which should be migrated to HW. It should
then produce the required HW and SW drivers for easy interfacing. Such a fully automated

approach is still missing in the current existing tools.

High Level Specification
C/C++/Matlab/DFG

Esitmate HW and SW
parameters

Co-design Partitioning and

Scheduling
\
v v
HW part
VHDLVerilog SWpart
A
. Interface generation Compilation
Synthesis Drivers Gcc/cross tool chain
A
FPGA chip
FPGA fabric and HW/SW processor

Figure 3.3: Co-design tool

The co-design aims at performance exploration without a real HW implementation by
performing co-simulation and co-synthesis. This requires that both HW and SW are executed
on a simulation tool and the system parameters are extracted for performance comparison. The
two crucial parameters for system design are execution time and area consumed by the various
parts of an application. The various parts of the application are defined by the level of

abstraction chosen to describe the application such as functions, modules etc. A partitioning
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stage requires execution time and area of each function declared in the specification. Based on
the given constraint and these parameters, it generates the best HW-SW solution. Hence

robust techniques are required to estimate these parameters.

The co-design flow is advantageous, but comes with following challenges [1.10]:

e Following a well defined design flow which can assist the designer in partitioning process.

e The HW development can be done manually in hardware description language for an
efficient design and requires comprehensive knowledge of FPGA resource usage.

e Interface knowledge is required to interface the IP core to the communication architecture.

e Setting up the performance measuring and debugging tools to the test the performance of

the overall design is required.
3.3. Estimation of SW Performance Using Time profiling

Profiling is a technique by which we can determine the behavior of a program in terms of the
amount of time a function takes, the number of call invocations and memory references made.
The co-design flow requires an appropriate profiler to detect the functions that contribute to a
large percentage of program execution. There are different types of profilers which aim at one
or a combination of these features. The examples of time profiler include UNIX prof, GNU
gprof, callgrind, Intel VTune, IBM Quantify, Visual C++ profiler, Matlab profiler etc. [3.7].

Among them, gprof is available in most of the toolchains, hence it is popularly used.

The profiling can be classified into intrusive or non-intrusive nature. The intrusive profiling
instruments the code during compilation, hence incurs some amount of overhead. Gprof [3.8,
3.9], an intrusive profiler, is widely accepted open source profiler and Xilinx EDK tool chain
also renders same profiler in its tool chain, hence it has been chosen in this flow. Two kinds of
profile are generated by gprof, one is known as flat profile and other one is known as
callgraph profile. Table 3.2 and 3.3 show the two profiles for the sample program which has 7
functions which are named as fl to f7. The commands used in Linux operating system to

generate the profile are given below:
8 cc -g -c myprog.c utils.c -pg // compile with pg option to create object file
8 cc -0 myprog myprog.o utils.o -pg // create executable
8 ./myprog //execute the program // execute the program to generate the gmon data file
8 gprof myprog // generate the statistics

Table 3.2: Flat profile
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% Cumulative Self | Calls | Self | Total | name

time seconds seconds s/call | s/call

25.04 8.15 8.15 1 8.15 | 8.15 F7
21.41 15.12 6.97 1 697 | 697 F6
17.85 20.93 5.81 1 581 | 5.81 F5
14.29 25.58 4.65 1 4.65 | 4.65 F4
10.72 29.07 3.49 1 3.49 | 3.49 F3
7.13 31.39 2.32 1 232 | 232 F2
3.56 32.55 1.16 1 1.16 | 1.16 F1

The interpretation for flat profile as shown in Table 3.2 can be described as follows:

Column 1: It shows the percentage of the total execution time program spent in this
function. These should all add up to 100%.

Column 2: It shows the cumulative total number of seconds spent in these functions,
plus the time spent in all the functions above this one.

Column 3: It shows number of seconds accounted for this function alone.

Column 4: It shows number of times the function was invoked.

Column 5: It shows average number of seconds per call spent in this function alone.
Column 6: It shows average number of seconds spent in this function and its
descendents per call.

Column 7: It shows name of the functions.

The interpretation of call profile as shown in Table 3.3 can be described as follows: Each row

describes the function's descendents and child.

Column 1: It shows unique index of the function.

Column 2: It shows percentage of the total time spent in this function and its children.
Column 3: It shows total amount of time spent in this function

Column 4: It shows total time propagated into this function by its children.

Column 5: It shows number of times this parent called the function and total number of

times the function was called.

Column 6: It shows current function.
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Table 3.3: Callgraph profile

index | %time | self | children | called | names
[1] 100.0 | 0.00 | 32.55 171 main [1]
8.15 | 0.00 1/1 7 [2]
6.97 | 0.00 1/1 16 [3]
5.81 | 0.00 1/1 f5 [4]
4.65 | 0.00 1/1 4 [5]
3.49 | 0.00 1/1 3 [6]
2.32 | 0.00 1/1 2 [7]
1.16 | 0.00 1/1 f1 [8]
[2] 25.0 8.15 | 0.00 11 main [1]
8.15 | 0.00 7 [2]
[3] 21.0 6.97 | 0.00 1/1 main [1]
6.97 | 0.00 f6 [3]
[4] 17.8 5.81 | 0.00 1/1 main [1]
5.81 | 0.00 f5 [4]
[5] 14.3 4.65 | 0.00 1/1 main [1]
4.65 | 0.00 4 [5]
[6] 10.7 8.15 | 0.00 11 main [1]
8.15 | 0.00 3 [6]
[7] 7.1 2.32 | 0.00 11 main [1]
2.32 | 0.00 2 [7]
[8] 3.6 1.16 | 0.00 1/1 main [1]
1.16 | 0.00 f1 [8]

Gprof instruments program to count calls and samples the program counter every 0.01
seconds in general purpose operating systems such as Linux. For example, if the total samples
are 10 then execution time is equal to 100 milliseconds. It creates a histogram of each function
and if the program counter value corresponds to that function, an entry is made. Any function
which runs faster than 10 ms may shows zero time. This is because samples of the program
counter are taken at fixed intervals of run time. This attributes to the statistical inaccurate
nature of gprof [3.10] so the run-length of the function should be long enough as compared to
sampling period for better results. Secondly the output from gprof gives no indication of parts
of program that are limited by inputs/outputs (I/O). The other information given by gprof is
number-of-calls made to each functions. This is derived by counting, and not by sampling,

hence this is completely accurate and does not varies from run to run.

Although gprof tool is commonly available, but there were certain problems encounters when

we executed it on our desktop. During heavy load the accumulated time varied and many
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functions showed zero time as no time accumulation was done. The execution time of many

functions on general purpose machines is less than 10 ms, since these machines are running at

few GHz.

Ccdpplnitial
ize

CntrlCapture CntrlCompres
Image sImage

Ccdlnitialize CntrlSendIma

ce
ge

Uartlnitialize

CcdppCapture
1
CcdCapture CcdPopPixel

The gprof does not display the call tree structure; hence we have used the pvtarce utility [2.18]

16384

CodecPushPix
el

Figure 3.4: Callgraph of digital camera case study

for generating the visual diagram of callgraph. Fig. 3.4 shows the callgraph for the C language
for digital camera case study [2.1] discussed in previous chapter. The Fig. 3.4 clearly shows
the total number of functions present in the application, along with the number of calls at the
edge. It also shows the hierarchical structure of the calls and is a good abstraction level for co-
design implementation. The gprof cannot accurately show the time taken by each function,
hence cannot be used for time estimation of each function on a general purpose machine. In
order to capture the exact time, hardware timer has been proposed [3.11, 3.12] to do real time
profiling which uses HW counter to trace the running address and store the values. There are
other methods that be used for finding the time of each function on the general purpose
desktop machine such as Time stamp counter TSC [3.13] which is a good choice for Intel
based processors. The time.h C library [3.14] has functions that can be used for measuring the
time of a piece of code. The drawback of using these functions is that the resolution is poor.
For obtaining better results from gprof utility, we next migrate to time profiling on the target

and explore more possibilities.
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3.3.1 Time Profiling on Target

Time profiling on the target which usually run at low frequency, can give the better results as
compared to profiling on general purpose machines. The Xilinx software development kit
allows to parameterize the real time profiling [3.15] by changing the sampling frequency and

bin size as shown in Fig. 3.5.
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Figure 3.5: Profiling and bin options in SDK

A HW timer is used in the real time profiling to provide the time base and it is interrupt
enabled. The sampling frequency determines the rate at which timer interrupt are given to the
processor. Setting a higher value of frequency means more interrupts are generated and more
samples are taken. This gives better results, but degrades the precision due to more calls being
used in interrupt. The bin refers to program text segments and setting a smaller value of the
bin allows the results to be better. For example, if we set the bin size to 10 bytes, we can only
determine that the program was executing instructions between y and y+10 on each profile
interrupt. The DfDiv program from ChStone benchmark [2.50] was profiled on the ML507 kit
and results are shown in Fig. 3.6 with sampling rate of 100000 and bin size of 4. This means
that the sampling time is 10 microseconds, which is good value for a program that takes

milliseconds to run.
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Figure 3.6: Software profiling results of DFDIV on ML507 board on PowerPC@400MHz

All the functions used during the real time execution are shown in the profiling results. This
includes all the functions running with elf file (BSP functions) which are shown as 55.4%.
Float64 div is the top level function and calls all other functions. The best candidate for HW
migration is estimateDiv128To64 function which calls mul64to128 and sub128 and as it
consume 17% out of 44.6% of time. The total time taken by DfDiv using profiling is
calculated using top function which is float64 div will be equal to 80 samples x 10
microseconds = 800 microseconds. Similarly 120 us is taken by roundAndpackFloat64, 60 us
will be taken by propogateFloat64Nan, 60 us will be taken by estractflaot64Exp, 80 us will be
taken by estractflaot64Frac, 70 us will be taken by estractflaot64Sig. Adding these values we
get 390. Since float64 div calls estimateDic128To64, 800 - 390 = 410 is taken by
estimateDic128To64. Hence we now know the time parameter for each function and these

values will be used in partitioning algorithm in next chapter.
3.4. Estimation of HW Resources Using LLVM Compiler

This section presents a method to use LLVM compiler [2.52] to perform high level synthesis
and estimate the resources required. High level synthesis is the process in which the sequential
codes written in languages such as C/C++ is converted to hardware description design as
discussed in chapter 2. Using C/C++ to develop and validate the algorithm prior to synthesis
is more productive than developing the design at RTL level. Such a migration from a

sequential to concurrent behavior descends with many challenges. A high level specification is
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written for meeting the functional behavior of the application without concerning to the

resources or performance constraints.

C/C++ constructs to RTL mapping is usually done by converting functions to modules,
arguments to input/output port, operators to functional units, scalar to wire/reg., arrays to
memory and control flow to finite state control logic. Many features of the high level
specification such as dynamic memory allocation, continue, break/goto, multi-dimensional
arrays, file operation are not the candidate for HW description, hence cannot be synthesized.
System calls such as printf() or fprintf() cannot feature in the hardware design and so cannot
be synthesized. Pointer casting or using the recursive functions is not supported. Any system
calls which manage memory allocation within the system, for example malloc(), alloc() and
free(), must be removed from the design code prior to synthesis. The reason for this is that
they are implying resources which are created and released during runtime. To be able to
synthesize a hardware implementation the design must be fully self-contained, specifying all
required resources. In this section, we address the following issues:

1. Generation of DFGs and CFGs in LLVM Compiler

2. Optimization of C code using LLVM compiler

3. Resource estimation using LLVM compiler

4. Generating extended basic blocks using LLVM compiler
3.4.1. Generating CFG and DFG from LLVM Compiler

Control flow graphs have been frequently used for the automatic generation of HDL from
C/C++ specifications. Compilers usually decompose programs into their basic blocks as a first
step in the analysis process. Basic blocks form the vertices or nodes in such a graph. A control
flow graph (CFG) in literature is a graphical representation, of all paths that might be
traversed through a program during its execution. In a compiler, a control flow
graph node represents a basic block, i.e. a straight-line piece of code without any jumps or
jump targets. The representation of a piece of code in CFG is essential to many compiler
optimizations and static analysis tools. CFG is an intermediate representation which carries
the control and data flow information. Any compiler can be used to generate CFG like SUIF,
LLVM, GCC, and TRIMARAN. The one having the inbuilt pass for CFG generation would
be the most optimum one. This pass is available in LLVM [2.52], hence it is a good candidate
for the generation of CFGs. Using LLVM, we can generate the machine independent
intermediate representation (IR) code and from that the CFG of basic blocks are generated.

LLVM is a compiler infrastructure written in C++. It is designed for compile-time, link-time,
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run-time, and idle-time optimization of programs written in arbitrary programming languages.
Many HLS compilers have used LLVM such as Ctoverilog, PandA, LegUp etc. Clang [3.16]
is the frontend of the LLVM complier that converts the C program into an IR [3.17] that is
similar to assembly language and useful for performing processing in subsequent compiler
stages. Opt utility in the LLVM compiler allows various passes to run on the code for doing

optimizations such as dead code elimination etc.
For example, a program to find the gcd of two numbers is given below:
int ged(int a , int b){
while(a!=b){
if(a>b) a=a-b;
else b=b-a, }
return a,
The commands used to generate CFG in LLVM are:

= Line 1: § sudo apt-get install perl clang llvm

= Line 2: § clang -S -emit-llvm filename.c -o filename.ll

=  Line 3: § opt —mem2reg —instsimplify —S filename.ll —o filename.opt.ll

= Line 4: § opt -disable-opt -dot-callgraph -dot-cfg -S p11.1l I-o filename.opt.ll
= Line 5: $dot -Tjpg -o callgraph.jpg callgraph.dot

The command shown in line 1 is used to install Perl, Clang and LLVM. Commands in line 2
emit the human readable IR representation of the C code. Line 3 commands does required
optimizations like memory references that are converted to local registers. Line 4 produces
callgraph and CFG of each function. Line 5 converts the graphs to jpg format. The generated
CFG is given in Fig. 3.7. This graph can be used for scheduling and estimating the resources

required for the program.
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Figure 3.7: Control flow graph of GCD program

The generated graph shows the IR language [3.18], and defines the semantics of ANSI C in
LLVM compiler. The control flow graph encapsulates the data edges as it defines the order of
execution of the program. To generate instruction level CFG which shows the control edge
and data edge, following commands are executed. We have used llvmpy [3.19] a python

plugin.
= Sclang -emit-llvm filename.c -S -o filename.bc
= Sopt -mem2reg filename.bc -o filenamel.bc
= $llvm-dis -o filenameDFG.lI filenamel.bc
»  8./graph-llvm-ir ./filenameDFG.Il

Graph-llvm-ir [6.3] is the python script used to generate DFG as shown in Fig. 3.8. The black

arrow denotes data dependency and red once show the control dependency.
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Figure 3.8: Instruction level CFG of GCD program

The above diagram can be divided into two parts to show the control flow and data flow

separately:
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Figure 3.9: CFG of GCD program

For separating the control flow and data flow information the dot file was parsed and resultant
is shown in Fig. 3.9 and 3.10. Figure 3.10 is automatically generated using the script and not
meant for manual interpretation. For this a perl script was coded to read the edge information

and command is given below:

8 perl Sep CF and DF .pl main.dot
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Figure 3.10: DFG of GCD Progrm
3.4.2 Library of Operators in LLVM Compiler

Now the generated control flow graph (Fig. 3.7) is used for generating the Verilog and
estimate the resources consumed. An input specification written in simple C is taken, but the
entire C specification which includes arrays, pointers is excluded here since our motive is to
propose a estimation method and test its effectiveness. This research in not focused on high

level synthesis but aims at providing an innovation that can be integrated to an existed tool.

Table 3.4: Library of operators

Ilvm instruction set: i32 | Equivalent hardware unit LUT
Phinode Multiplexer 32
+register
Phinode Up/down counter 33
Or acculumator
add Adder 32
fadd FP Adder 721
sub Subtractor 32
fsub FP Sub 874
mul Multiplier 3/128 DSP
fmul FP Multiplier 49
Udiv/urem Unsigned Div 1098
Sdiv/srem Signed Div 991
Fdiv/frem FP divider 1941
shl Shift left 93
ashr Arithmetic 94
Ishr Logical Shift right 94
and AND 32
or OR 32
XOr XOR 32
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icmp _eq equal 11
icmp ne Not equal 11
icmp_sge Signed GE 32
icmp sgt Signed GT 33
icmp_sle Signed LE 32
icmp_slt Signed LT 33
icmp uge Unsigned UGE 32
icmp ule Unsigned ULE 32
icmp_ult Unsigned ULT 33

The Table 3.4 shows the LLVM instructions and their corresponding area. The Xilinx FPGA
Virter-5 series having xc5vtx70t-1{f1136 chip on ML507 was used to compile the operators.
The Table 3.4 shows the operators that are commonly used in the HDL design. Since the
datapath contains arithmetic operators and consumes most of the area, its estimation is a prime
concern. In this work we have focused on area hence we have not shown the delay values in
the table. In the Table 3.4, column 1 is the LLVM instruction, column 2 is the equivalent
hardware unit and column 3 is the area in terms of Look-up tables (LUTs). In order to
estimate resources correctly we need so see the types and quantity of resources available in
Xilinx Virtex-5. The various kinds of resources available in Virtex-5 are slice registers with
LUTs and flip-plops, DSP slices and BRAMs. We need to create formula for slices registers
and LUT which are the primary resources under the assumption that no operator sharing
occurs 1.e. one to one mapping for each instruction in CFG to its corresponding hardware

block.
3.4.3. Converting C program to HDL

High-level synthesis [1.7], is the design flow to obtain hardware automatically from high level
specification. These specifications are sequential in behavior hence the design flow is
converted to concurrent execution in hardware. Parallelism is extracted and clock is added to
the generated hardware. The generated hardware is in RTL form and described in Verilog or
VHDL. The goal of HLS is to let hardware designers efficiently build and verify hardware, by
giving them better control over optimization of their design architecture, and through the
nature of allowing the designer to describe the design at a higher level of tools while the tool
does the RTL implementation. Verification of the RTL is an important part of the process. A
Perl script was coded to parse the LLVM IR and convert to Verilog.

The Perl parsing gives three files as outputs FSM, datapath and the top module. The FSM
module preserves the control dependency and datapath preserves the dataflow. The top
module instantiates the two modules and binds them together. The LLVM IR instructions can
be divided into four categories [2.57].
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1. Datapath instructions e.g. add, sub, mul,

2. Conditional jumps e.g. whilecond, ifcond.
3. Control flow e.g. br, ret
4

PHI nodes define the incoming branch.
By this classification, the instruction are handled differently during synthesis .

The above synthesis is discussed with respect to Fibonacci the C code as given below:

int fibo(int n)
{

int prev =-1;

int result = 1;

int sum;int i;
for(i=0;i <=n;++i)
{

sum = result + prev;
prev = result;

result = sum;

/

return result;}

The CFG for the above program is shown in Fig. 3.12.
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Figure 3.11: Fibonacci series C program and its CFG

The synthesis process starts by modeling each basic block as one FSM state. Each phi node
defines the incoming branch which infers a MUX operation. The first line in %1 state means
assign the variable %result.0 takes a value of 1 from %0 state or a value of %4 from %5 state.
The select line of the MUX comes from FSM when in state %/. The output of the MUX goes
to a register which has an enable line from FSM. The phi node with loop variable infers a
counter in synthesis, so in Fig. 3.12 for control variable with constant adder is shown. The
operators like icmp and add are synthesized as separate blocks. The output of the comparator
is send to FSM to update the state. In state %7 the program ends and result is the output.
Signals generated in FSM are mapped to the datapath in the top level module. As shown in
Fig. 3.11 the CFG has five states and so are in FSM diagram as shown Fig. 3.13. The various
enable signals are generated when the state changes. Since this is first step for resource
estimation, simple programs with no high level constructs have been used like no function

calls, memory access.
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Figure 3.12: Datapath for Fibonacci program

From the CFG we can see that three phi nodes are in state %1, hence Fig. 3.12 shows two
multiplexer and one counter. The output of MUX goes to a register, which has an enable
signal. Four variable %result, %previous, %i.0 and %n are assigned values in different states.
Other variables are temporary variable and are not generated. The datapath contains operators
like adder shown in state %3 and is used to do computation. A data bit is also generated by

comparator operator like icmp and is used as input in FSM machine.

69



en result.0=0,s5el result,0=x
on L0 = 0,5 |.0=x

on provall,sel prov,0=x

en result,0=1,sel result.0=1 IF 1{%%2)

on i.0=1,5eli.0=1 en result,0=0,
en prev=1,sel prev.0=1 sl result,O=x
| eni.0D=0,
sel i.0=x
on prev=0,

se| preyv.0=x

IF %2

en result.0=0,s¢l result.0=x

[ result.0 H re L
¢n i.0 = 0,561 1.0=x 20 result.0=1,s8l result.0=0

n L0 0=0
en prev=0.sel prev.0=x en result.0=0, wn kR LmntlOn

@n prov=] sel prew, D=0}
sel result.0mx

an |0 =0,

sel | O=x

en prev=0,

sl prev.0=x

Figure 3.13: FSM of Fibonacci program

The aim of the FSM machine is to execute the code in correct order by generating control
enable and select signal based on input coming from operators. Each node of basic block is
taken as one state. The default entry for the FSM is state %0 which makes a state transition
and goes to %]1. In %1 state all the control signals are at the enabled as assignment to phi node
happens. This state goes to %3 or %7 based on the condition flag generated from branch

instruction which is an input to FSM machine.
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Figure 3.14: Top module for Fibonacci program

The top control flow and dataflow are combined and are shown in Fig. 3.14. This shows that
resource consumed by the synthesis can be for the FSM, datapath and top entity combining

them.

Many optimizations are can be carried out on the generated HDL. We next show the operator
sharing optimization in this section. Operator sharing is used for using single hardware block
and implementing multiple operations on it. So, a MUX is placed at each of the inputs of the

operator block. The FSM controls the select pin of the MUX. If the next state uses the
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operator, then corresponding lines are selected by FSM. Other than icmp instruction, all other
operations are generally stored in a register through a phinode. If the next state to the current
state where operation is used contains a phinode, then we need place a register after the
operator. When this is not the case, then we have to place a register to temporarily store the

value, which consumes Flip Flops.
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Figure 3.15: Sharing operators program for Fibonacci

The actual resource consumption is measured by number of LUT flip-flop pair used.
Generally, number of LUT slices used is larger in number than FF used. So, to save resource
usage on FPGA slice LUT utilization must be minimized. Worst case in operator sharing for a
particular number of operations is when no inputs are shared between two operations. The

implementation of gcd program with operator sharing is shown in Fig. 3.15. The operator

72



sharing has been compared for three operators and, add, sub, shl. From the Fig. 3.16 we
conclude that with operator sharing, the slice usage is much less as compared to without
sharing. The consumption of resources comes down and can be seen in Fig. 3.16 (a), (b), (c)
and (d) as best case. This happens because of reusability of area, but this should only be used

in case the tolerance in performance is acceptable.
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300 / =—&—without operator sharing
LUT slices 250
200 =l best case-operator
150 ~ sharing
100 - ==f=worst case-operator
50 sharing
0 T T T T 1
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Figure 3.16(a): SHL operator sharing
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Figure 3.16(b): AND operator sharing
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Figure 3.16(c): ADD operator sharing
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The total estimated area depends on the area consumed by three entities FSM, datapath and

top level, which corresponds to CFG, DFG and their connection. The area consumed by FSM

Figure 3.16(d): SUB operator sharing

and top level is insignificant and is ignored. The analysis is given below:

Estimatedr,i = FSMypeq + Datapath ., + Toplevel e,

We now propose equation that can estimate the resource consumption without doing the

synthesis discussed above.

Proposed theoretical formula for resource estimation:
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No. of Registers = (number of phinodes) * (width of variable) + [log(number of  ...(3.2)
nodes)/ log2]

No. of LUT slices = (LUT slices of hardware) * (occurrences) + LUT slices used in  ...(3.3)
FSM

Since datapath is 32 bit and the FSM signals are 1 bit wide, LUT slices used by FSM can be
ignored without losing much in accuracy. Based on the Table 3.4, we have taken three simple

programs: Fibonacci, GCD and factorial using Eq. 3.2 and 3.3:
Case a : Fibonacci series program
Expected slice register = 3*32 +3 =99

Expected LUTs = 2*(phi node) + 1*(constant increment phinode) + 1*(32-bit adder) +
1*(icmp_sle) = 161

Case b: GCD program,

Expected slice register = 4*32+3 = 131

Expected LUT = 4*(phi node) + 2*(32-bit subtractor) + 1*(icmp_eq) + (icmp_sgt) = 236
Case c: factorial program

Expected slice register=4*(phinode)+4=132

Expected slice LUT=1*(phi node) + 2*(constant increment phinode) + 2*(icmp_sle) = 194

Based on Eq. 3.3, the algorithm to calculate the LUT usage is shown in algorithm 3.1. We
iterate through the CFG and make a entry for DSP slices and LUT usage by each basic block
and finally add all the LUT slices used.

Algorithm 3.1: Resource Estimation Algorithm

Create library of resources
No.of LUTs = 0
No.of DSP slices = 0
For each line in LLVM IR
{
If (line==BasicBlock name)
{Make a new entry in the Resource requirement table

LUTs required for the previous block = no. of LUTs
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DSP slices required for the previous block = no. of DSP slices
No.of LUTs=0
No.of DSP slices=0}

Else {
Search for matches with library
If a match is found {
No.of LUTs += Matched entry’s resource requirement in the library
No.of DSP slices += Matched entry’s resource requirement in the library}

/

/
Total LUTs required = Sum of LUTS required for each block

Total DSP slices required = Sum of DSP slices required for each block
End

3.4.4. Comparative Results of Theoretical and Synthesized Programs

In the previous section, we have proposed a formula which can estimate the resources used for
implementing a CFG in HW. It is necessary to verify the formula with the real synthesis and
compare the results for checking the correctness. The Verilog codes are generated and
synthesized using Xilinx ISE. The output waveforms generated for the GCD program is in

Fig. 3.17(result = 6).
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Figure 3.17: Verification of the GCD program

The LLVM IR can be extracted with different optimizations for the convenience of the

programmer. It is found that different optimizations give different area.
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We have applied various optimizations which are given below:
Optim1:

* -mem?2reg, -instsimplify
* memZ2reg pass considers memory as register

= instsimplify simplifies instruction and inserts phi nodes
Optim2:

* -mem2reg —Icssa -licm

= |cssa is loop closed single static asiignment form pass. It places phi nodes at the end of
loops

= licm is loop invariant code motion. This pass identifies the statements which are inside the

loop and whose values are not changing and keeps them outside the loop
Optim3:

= -mem?2reg -loop-rotate -loop-reduce
= loop-rotate rotates loop and —loop-reduce reduces the strength of array references inside

loops
Optim4:

* -mem2reg -loop-unswitch

= Joop-unswitch creates multiple loops wherever it is necessary
Optim5:

= -mem?2reg -loop-rotate -loop-unroll
= Joop-unroll unrolls the loop. Here the unroll count used is 10. Table 3.5 shows the effect

of these optimizations on the resources usage.

Table 3.5: Shows the LUT/DSP resource estimation for each of the optimizations

Function Optiml | Optim2 | Optim3 | Optim4 | Optim5
LUT/DSP

Ged 236/0 268/0 311/0 268/0 1859/0
Factorial 320/6 384/6 512/6 384/6 1376/60
Sum of Fibonacci series | 192/0 224/0 288/0 224/0 1152/0

Fig. 3.18 shows the graphical representation of LUTs used for different optimizations. It is
clear that loop unrolling increases the resource requirement. But with loop unrolling,

concurrency can be achieved.
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Figure 3.18: Comparison of LUT after optimizations on three programs

Table 3.6: Comparison of resources

Module(1) Estimate(2) Actual after synthesis(3) | Vivado-HLS Results
Slice Slice Slice Slice Slice
Lut register Lut register Lut, registers
Nth Fibonacci 161 99 164 99 168,96
number
Gcd function 236 131 240 134 212, 65
Sum of all 194 132 199 136 163
factorials + + +
upto ns 3/128 DSP 3/128 DSP 4/128 DSP

Table 3.6 shows the comparison of three works, estimate 2 refers to the amount of resources
calculated based on formula proposed in Eq. 3.1, 3.2 and 3.3. Column 3 shows the result after
the Verilog code generated from the synthesis proposed in section 3.4.3. Column 4 shows the
resources used shows by Vivado HLS tool. The Vivado shows much lower values of
resources results as compared to other. Hence we conclude that resources for a program can

be estimated in different ways and using Vivado-HLS is a good option.

The resource estimation for dfiv program which was used in the previous section (time
profiling) was carried out and the estimated results showed in Table 3.7. The callgraph
depicting all the functions available in Dfdiv program is shown in Fig. 3.19. The main
function contains the test data, hence the floa64 div has been taken as top level synthesizable

functions.
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Figure 3.19: Callgraph for DfDiv

Table 3.7: Resource consumption of Dfdiv functions

Name (location) Calls DSP48(%) FF(%) LUT(%)
main 1
estimateDiv128To64 12 8 14268 15464
mul64Tol128 20 The resources added to estimateDiv128To64
sub128 20 as they are sub functions
float64 is_nan 6 propogateFloat64NaN as they are sub
float64 is_signaling nan functions
propagateFloat64NaN 0 0 329
extractFloat64Exp 44 0 168 428
extractFloat64Frac 44 0 296 642
extractFloat64Sign 44 0 258 546
float raise 3 0 198 486
float64 div 22 24 17196 19824
packFloat64 17 The resources added to roundand
PackFloat64 as it is sub function
roundandPackFloat64 12 0 214 ‘ 1180

Table 3.7 shows the resource consumed by functions in the dfdiv program(19824) using the
estimation method presented in algorithm 3.1. The function estimateDiv128To64 consumes
significant resources as compared to all other functions. In the time profiling results, it was

shown that this function consumed most of the time in the code.
3.4.5. Creating Extended Basic Block for Task graph generation from CFG

CFG can also be combined together to form clusters known as extended basic blocks for
increasing the granularity of a node. A basic block is a sequence of straight line code that can
be entered only at the beginning and exited only at the end. To build basic blocks we first

identify the leaders (the first instruction in a procedure, or the target of any branch, or an
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instruction immediately following a branch (implicit target). Starting from a leader, the set of
all following instructions until and not including the next leader is the basic block
corresponding to the starting leader. We formally define an Extended Basic Block [3.20] as
follows: A maximal sequence of instructions that has no merge points in it (except perhaps in
the leader). Extended basic blocks increase the scope for optimization and parallelization.
Following is an algorithm that can be used to form extended basic block from a Control Flow

Graph containing basic blocks. The comments are given at different places in the algorithm.

Algorithm 3.2: Extended Basic Block

all nodes: set of all nodes
EBB roots=root //set of root nodes for EBB initially only root
for every node ‘n’

if |Predecessor(n)| >1

set EBB roots +=n

for every x’ in EBB_roots
successor(x) = x’;
for every v’ in successor(x)
‘s’=pop successor(x)
EBB(x)=s;
for every child ‘c’ of ‘s’

if ‘c’is not in EBB _roots // add the nodes till the roots are found
successor(x) = successor(x) +{c}

finally EBB(x) contains group of nodes making an EBB with entry node x’;

Figure 3.20: Identification of extended basic block [Source: 3.20]

For e.g. B1, B5 and B4 are the roots in Fig. 3.20. The algorithm starts from B1 and clusters
B2 and B3 and stops at a root which is B4. To implement the algorithm we first create an
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adjacency matrix of CFG of Basic blocks which is input to the algorithm. The result is an
output file containing labels of Basic blocks that form Extended Basic Blocks. For the CFG

given in Fig. 3.20, we used the dependence matrix given below:

This gives the EBB = {(BI, B2, B3), (B4, B6), (B5, B7)}. Fig. 3.20 shows the CFG created
after extended basic blocks are identified. We applied this algorithm in LLVM IR and
following commnds and files wre used to generate the ouput graph:

» [lvm-gcc -emit-llvm -S -0 program.ll dijkstra.c

= opt -disable-opt -dot-callgraph -dot-cfg -S -o p11.1l program.ll

»  dot -Tjpg -0 main.jpg cfg.main.dot

= gcc -o dotToMat.out dotToMat.c

= /dotToMat.out

= gcc-oebb final.out ebb final.c

= Jebb final.out

= gcc -o bbtoebb.out bbtoebb.c

= ./bbtoebb.out

= gcc -o adjtodot.out adjtodot.c

* Jadjtodot.out

» dot -Tps AMatrix.dot -o outfile.ps
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Figure 3.21: CFG for Dijkstra
The CFG for the Dijkstra algorithm is shown in Fig. 3.21 (It has many operations hence
visibility is low and is parsed by program). Its EBB is shown in Fig. 3.22 and can be used to
create coarse level graphs from C programs. These EBBs provide a higher level of abstraction

for the algorithm design.

Figure 3.22: Extended basic block for the CFG
We continue the discussion on Vivado-HLS as it was released in 2012 and it need

comparative analysis.
3.5. Resource Estimation using Vivado High Level Synthesis Tool

The Xilinx Vivado HLS [1.21] compiler interface is built very similar to eclipse interface
which can convert a C/C++ program into HDL and SystemC. It has been developed over a

decade of research work. It gives the idea of the amount of resources, latency, frequency of
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operation of the application and exploitation of parallelism in HW. We have used Xilinx
Vivado HLS version 2013.2 and chose the target product family as Virtex-5 and target device
as xc5vix70t-1ff1136. Many kinds of optimization can be applied during HLS which result in
the area/delay trade-off. We discuss these optimizations in brief in the next section.

The synthesis of all the ten ChStone benchmarks [2.50], written in C, was done using the
Vivado-HLS tool [2.60]. The results of synthesis are shown in Table 3.8 with respect to four
resource components: BRAM, DSP slices(it contains MAC units), slice registers and slice
LUT obtained from Xilinx ISE. It can be concluded from the Table 3.8, that AES, Dfsin,
JPEG and DfDiv consume more than 40% of the slice LUTs.

Table 3.8: Synthesized results of ChStone benchmarks

Benchmark Class Lines of BRAM DSP48 FF LUT
Code (%) (%) (%) (%)
adpcm Media 550 9 48 5 17
aes Encryption 289 4 2 12 41
blowfish Arithmetic 1255 1 ~0 1 5
dfadd Arithmetic 441 ~0 ~0 2 26
dfdiv Arithmetic 292 ~0 10 18 50
dfmul Arithmetic 270 ~0 6 1 12
dfsin Arithmetic 580 1 18 23 93
jpeg Media 1073 24 38 12 57
mips Processor 271 1 3 ~0 4
sha Encryption 1969 3 ~0 1 6

We can infer from the Table 3.8 that many programs consume high resources using automatic
synthesis. If area is the constraint for an application then designer may look for HW-SW
partitioning of such benchmarks. We chose dfdiv for partitioning process described in chapter
4.
3.5.1. Optimizations in Vivado-HLS
Area and latency are two important parameters that the designer has to keep in mind while
developing any digital hardware which are. In most cases the aim of the designer is to
minimize area utilization and increase the throughput thus making it an efficient design. These
two parameters are inversely proportional to each other and hence both the parameters cannot
be optimized simultaneously. The area parameter is usually an optimization metrics, while
performance is defined as a constraint metrics. Different kinds of optimizations [1.21] can be
applied by the designer to achieve the area/delay trade-offs in a HLS methodology. Some of
them are explained below:
¢ Function Inlining: This basically removes the functional hierarchy which saves the time
spent in executing the call and return statements from the function every time it is called.
This can be used at places where the function is called just once or twice or if there is

some kind of dependency which is preventing the top function to be pipelined.
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e Function Dataflow Pipelining: This is a very powerful technique used to increase the
throughput by a huge margin. This basically breaks the sequential nature of the algorithm
and performs tasks in parallel as much as possible, so that one function doesn’t have to
wait for the previous one to be executed completely before it can start. It checks for
dependencies and overlaps the operations as much as possible.

e Loop Unrolling: This technique tries to carry out a certain number of iterations of the
loop in one go unlike the unrolled case where it executes iteration in each clock. This
increases the resources on the chip but can prove to be beneficial if the number of
iterations is low.

¢ Loop Dataflow Pipelining: It is operated in a similar manner as the functions pipelining,
by allowing the parts of the loop that is sequential in nature to occur concurrently at
register transfer level (RTL) .

e Array Partitioning: Arrays can also be partitioned into smaller arrays. Memories only
have a limited amount of read ports and write ports that can limit the throughput of a
load/store intensive algorithm. The bandwidth can sometimes be improved by splitting up
the original array (a single memory resource) into multiple smaller arrays (multiple
memories), which effectively increases the number of ports.

These optimizations were applied to ChStone benchmark and results are discussed next:

In the adpem benchmark, functions dataflow pipelining was applied on the encode function
because it contributed to minimum latency. This led to a drop in the latency and interval of the
design by almost 80% (((35654-7154)/35654)x100) as shown in Table 3.9(part-a). The
resource used goes from 4577 FFs to 7293 FFs.

e Interval defines the number of cycles after which the IP can accept new values.
e Solution-1 is original version and solution 2 is optimized version.
e The clock has been kept at 100 MHz.
Table 3.9 (a): Performance comparison of original and optimized adpcm synthesis and

3.9 (b): Resource usage comparison of original and optimized adpcm synthesis.

Latency Interval Resources
(part-a) cycles (part-b)
cycles
min max min max BRAM 18K | DSP48E | FF LUT
Solutionl | 28254 | 35654 28255 | 35655 26 116 | 4577 | 11483
Solution2 | 7154 7154 7155 | 7155 24 242 | 7293 | 11483

84



In the blowfish benchmark, the array partitioning was applied on the array because it got
synthesized into a dual port BRAM, which was constraining the number of reads and writes
per cycle to two. Hence, complete partitioning of the array led to more number of reads and
writes per cycle thus decreasing the overall latency and interval of the design as shown in Fig.
3.23 and Fig. 3.24. The iv_load variable which was sequentially accessed is converted into a

parallel accessible array mapped to dual port RAM. Fig. 3.10 shows the comparison of

resource (1090 to 2173) and latency (44002 to 1442) for blowfish.
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Table-3.10 (a): Performance comparison of original and optimized blowfish synthesis and

(b): Resource usage comparison of original and optimized blowfish synthesis

Latency(part-a) | Interval Resources(part-b)

cycles cycles

min | max min | max BRAM 18K | DSP48E | FF LUT
Solutionl | 2 44002 3 44003 | 3 0 1090 | 2173
Solution2 | 2 1442 3 1443 | 3 0 2173 | 1954

In the dfmul benchmark, the loop dataflow pipelining directive was applied to the
float64 mul function and it led to a decrease in interval from 14 to 2 as shown in Table 3.11

(a) and resource went from 1338 to 1879.
Table 3.11 (a): Performance comparison of original and optimized dfmul synthesis

(b): Resource usage comparison of original and optimized dfmul synthesis

Latency(part-a) | Interval Resources(part-b)

cycles cycles

min max min | max | BRAM 18K | DSP48E | FF LUT

Solutionl | 1 14 2 14 1 16 1338 | 5213

Solution2 | 14 14 2 2 1 16 1879 | 5393

In mips benchmark, the loop unroll was applied to the three inner loops with constant bounds
inside the infinite while loop. This led to a decrease of about 5% in latency. Further the reg
array was completely partitioned leading to a further decrease of 8% in the overall latency.

This also decreased the time period of each clock cycle increasing the frequency as shown in
Table. 3.12.

Table 3.12 (a): Performance comparison of original and optimized mips synthesis and

(b) Resource usage comparison of original and optimized mips synthesis

Latency(part-a) | Interval Resources(part-b)

cycles cycles

min max min | max | BRAM 18K | DSP48E | FF | LUT
Solutionl | 75 867 76 | 868 | 4 8 437 | 1900
Solution2 | 27 819 28 | 801 | 2 8 386 | 2120

In the sha benchmark, the dataflow pipelining directive was applied on sha transform
function since it majorly contributed to the latency. It led to a drastic decrease of 60% in the

latency and interval of the design as shown in Table. 3.13.
Table 3.13 (a): Performance comparison of original and optimized sha synthesis

(b): Resource usage comparison of original and optimized sha synthesis
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Latenc Interval

Cycles(};)art-a) cycles Resources(part-b)

min max min max BRAM 18K | DSP48E FF LUT
Solutionl 103587 151605 103588 151606 10 0 1315 2619
Solution2 11067 59085 11068 59086 9 0 10543 26709

In most of the optimized solutions as shown in tables above, more resources were consumed,
but performance improved, hence it is the choice of the designer to select solution 1 or 2 based

on constraints.

Table 3.14: Comparison with LegUP compiler synthesis results:

Benchmark e e | i et

Virtex-5, PowerPC | Cyclone IV, MIPS
Adpem 7154 10585 | 115.74 53
Blowfish 1442 | 196774 | 11751 60
DfAdd 8 788 115.61 102
DfDiv 10 2231 115.74 71
DfMul 14 266 115.74 93
DfSin NA 63560 | 114.68 46
JPEG NA | 1362751 | 11521 37
MIPS 800 5184 124.84 78
SHA 59085 | 201746 | 139.08 58

Since the ChStone benchmark has been developed by LegUp group, it is necessary to compare
the optimality of generated HDL from Vivado-HLS vs. LegUp. LegUp is an open source high
level synthesis tool developed at the University of Toronto. The LegUp framework allows
researchers to improve C to Verilog synthesis without building the infrastructure from scratch.
It accepts a vanilla ANSI C program as input, i.e. no pragmas or special keywords are
required, and produce a Verilog hardware description as output that can be synthesized onto
an Altera FPGA. C printf statements are converted to Verilog $display statements that are
printed during a Modelsim simulation, making it possible to compile the same C file with gcc

and check its output in the simulation.

In LegUp, we can compile the entire C program to hardware, or we can also select one or
more functions in the program to be compiled to hardware accelerators, with the remaining
program segments runs in software on the MIPS soft core processor. Compiling the entire
program to hardware can give us the most benefits in terms of performance and energy
efficiency. However, there may be parts of the program which are not suitable for hardware,

such as linked list traversal, recursion, or dynamic memory operations. Table 3.14 shows the
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comparison with respect to latency and frequency of operation. It can be seen from the table
that on Virtex-5 series of Xilinx, the Vivado performs much better as compared to LegUp.
The loop bounds in the C code to be synthesized can either be constants or variable. For
certain types of variable loop bounds Vivado can calculate the upper loop bound and give the
latency of the design but for some it is unable to do so and hence the results are undefined.

Such cases have been mentioned as NA in the Table 3.14.

From the above analysis, we obtained the resource consumption of functions and will be used
in partitioning phase. The next section shows how an IP generated from Vivado-HLS can be

directly be added to the EDK flow and minimizes the designer’s effort in interfacing.
3.6. HW IP Design Integration of IP as a part of SOC

FPGAs are platforms that allow the implementation of the HW synthesized from HDL
languages. The application is synthesized and interfaced to the bus in FPGA based SOC
design as discussed in chapter 1. The SOC flow encompasses the computation and
communication infrastructure for the generated HW. There can be various communication
substructures that can be used such as peer to peer connection, network on a chip or a bus
design. Bus design has been the most used commonly interface in FPGA [P interfacing
technique. This is because it is simpler as compared to others and available in all the SOC

platforms.

3.6.1. Case Study for Hardware, Software IP Core Integration Using Vivado-HLS and
EDK

This sections aims to clarify the wrapper generation and bus bundling required for IP
integration. The same method can be applied to any co-design process. A simple code for
adding two numbers was written and its RTL description was generated using Vivado-HLS.
Then, the generated RTL IP core was migrated to Xilinx EDK and interfaced [3.21, 3.22] with
the Microblaze soft core processor. The hardware design was exported to SDK to create its
board support package and user interface. The driver generated from Vivado-HLS where used
as application programming interface and were used to write an application code for the
generated hardware. The software computation was then complied on the hardware thus

demonstrating the concept of usage of automatically generated IP core using Vivado-HLS.

Source Code: Input to Vivado
#include<stdio.h>
#include "adder.h"
void adder(int *c,int a,int b)
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{
#pragma HLS RESOURCE variable=return core=AXI4LiteS metadata="-bus bundle slv0"

#pragma HLS RESOURCE variable=a core=AXI4LiteS metadata="-bus bundle slv0"
#pragma HLS RESOURCE variable=b core=AXI4LiteS metadata="-bus_bundle sliv0"
#pragma HLS RESOURCE variable=c core=AXI4LiteS metadata="-bus bundle siv0"// AXI
bundle for slave interface

*c=a+b;

/

A simple adder written in C is defined in the code above and is used input to Vivado-HLS.
The pragma compiler directive tells the compiler to bundle the input signals in the AXI bus as

slave inputs.

Testbench:
#include<stdio.h>
#include "adder.h"”
int main()
{
int a,b, *c,result;
a=2;
b=3;
c=&result;
adder(c,a,b);
if(result==35)
return 0;
else
return 1,

/

The tool requires a test case in which the function to be synthesized is called and inputs are
given. Such test case in shown above with a = 2 and b = 3. The generated IP core and its
driver are migrated in EDK/SDK flow for achieving the SOC flow. The core generated by the
Vivado-HLS tool was copied in the pcore directory of the EDK and interfaced with the

Microblaze processor. Similarly the drivers were included in the SDK environments.

SDK Application Code:
#include <stdio.h>

#include "xadder siv0.h" //generated from Vivado as header files
#include "xadder.h" //generated from Vivado as header files
#include "xparameters.h"

XAdder XA;

XAdder Config XA config={0,XPAR_ADDER S AXI SLV0 BASEADDR);

void XAdderStart(void *InstancePtr){
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XAdder *pAd = (XAdder *)InstancePtr,
//Enable ap done as an interrupt source
XAdder InterruptEnable(pAd, 1),
//Enable the Global IP Interrupt
XAdder InterruptGlobalEnable(pAd);
//Start the IP

XAdder Start(pAd);

/

int main()

{

int result, resultm,
XAdder Initialize(&XA, &XA_config);

XAdder SetA(&XA,2), //pass value of 2 to adder
XAdder SetB(&XA,3); // pass value of 3 to adder
XAdderStart(&XA), //execute

result=XAdder GetC(&XA); // get the sum
resultm=result*result; //square the value

xil_printf("%c2J",27);
xil_printf("Final result:%d",resultm);
return 0;

/

The above SDK code which uses the driver functions in given input 2 and 3. When the above
code is run on the FPGA, the result = 25 is shown on the console screen. Here the addition is
carried out by the hardware, whereas the squaring is done by the software as shown by two

bold lines in the code.

The above example shows the generation of IP core for AXI bus. The same procedure can be
adopted for PLB bus, but the PLB drivers are not generated automatically in the Vivado-HLS.
The user has to write the API functions to read and write from the IP core. Clock and reset are
manually connected for the core by the designer. The example given below shows the PLB

bundle that is used for IP [3.23].
#pragma HLS RESOURCE core=PLB46S variable=a metadata="-bus_bundle CONTROL"
#pragma HLS RESOURCE core=PLB46S variable=b metadata="-bus_bundle CONTROL"

#pragma HLS RESOURCE core=PLB46S variable=return metadata="-bus bundle
CONTROL"

The PLB on-chip [3.24] bus is used in SOC integrated systems and it supports read/write data
transfers between master and slave devices equipped with a PLB interface and connected
through PLB signals. It is a 64-bit bus format that supports multiple master and slave devices.

Listed below are some of its characteristics:
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» It can support 32-bit devices.

* Each master device is assigned a priority so that the bus can arbitrate when multiple

masters want to use the bus.

» Slave devices are assigned one or more regions of addresses that are responsible for

handling read/ write requests.

» The read or write operation takes five bus clock cycles and the maximum clock frequency

is 125 MHz.
*  PowerPC 405(ML507 Board used in this work has 405) supports two PLB interfaces:

1. Instruction-side PLB for loading instructions into cache.

ii.  Data-side PLB (read-write) for data cache.

The IP cores interfaced to the bus runs at a high frequency which is usually in MHz and hence
the latency of computation is in the order of nanoseconds. This gives the designer a hope of
very high throughput in HW. The data transfer takes place from memory to memory through
the bus. This means that the processor takes data from cache, sends it to core, the core
processes it and results are saved back to cache. This sending/receiving of data incurs a
communication overhead. If such a overhead is large, then the advantage of using the HW-SW
co-design approach may be lost. Hence it is necessary to understand the underlying bus and its
overhead. When an IP core is designed for acceleration, many kinds of optimization and
design strategies at different levels of the design flow can be applied to increase performance.

Some of the strategies are discussed below:

e Using burst mode of transfer in which packets of data are transferred after the initial

address setup.

e Using pipelined mode of transfer if the bus supports. In this mode address and data are

overlapped.
e Using data pipelining in the design and pre-fetching the data.
e Allowing the core, bus and processor to run at their maximum allowable frequency.

e Using a direct memory transfer technique to release the processor during

communication.

We conclude that migration of C/C++ based application to HW is now accelerated, but there
is a need to recognize the performance gain. Next section elaborates the usage of HW timer

for calculating the time taken by core for processing the data.
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3.7. Hardware Timer

This section describes Xilinx XPS HW Timer [3.25] which has been used in this thesis for
time measurement and has been used to find the running time of the applications. The XPS
Timer connects as a 32-bit slave on processor local bus (PLB). It is organized as two identical
timer modules. Each timer module has an associated load register that is used to hold either
the initial value for the counter for event generation, or a capture value, depending on the
mode of the timer. The top level block diagram of the XPS Timer/Counter is shown in Fig.

3.25. There are 3 modes in which the timer can operate:

Generate mode: The value of the load register is loaded into the counter. The counter begins
the count and on reaching the value, it stops or automatically reloads the generate value. This
generates an interrupt if enabled. This mode is useful for generating repetitive interrupts or

external signals with a specified interval.

Capture mode: The value of the counter is stored in the load register when the external
capture signal is asserted. This mode is useful for time tagging external events while
simultaneously generating interrupts. This mode of the timer is used for capturing the number

of cycles elapsed.

Pulse Width Modulation Mode: In this mode, the two timers are used as a pair to produce an

output signal with a specified frequency and duty factor.
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Figure 3.25: XPS timer interface with PLB bus [3.25]
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There are three functions we need to use to capture the time. These are as follows:
o  XTmrCtr_Start() :— Starts the timer specified in the arguments,
o  XTmrCtr_Stop() :— Stops the timer specified in the arguments,
o XTmrCtr_GetValue() :— Returns the value of the timer at that moment,
We declare the following required global variables in the code for creating a timer object —
o  XTmrCtr TimerCounterlinst;

o Unsigned long cycles,

The first variable is required to be passed as an argument to the above functions. The second
variable is used to capture the value returned by the get value function. After the above

initialization, the functions must be called in the following order:

o  XTmrCrt_Reset() — To reset the timer before starting it to any other value;
o  XTmrCtr _Start() — To start the timer;

o  XTmrCtr_Stop() — To stop the timer;

o XTmrCtr_GetValue() — To get the number of cycles as captured by the timer,

The events for which the time is required must be between the start and stop functions. It must
be noted that the value captured is accurate to few clock ticks and hence, time captured at
different runs can be different up to few nanoseconds. This inaccuracy is tolerable as order of
execution time is more than milliseconds for critical and time consuming applications. The
timer runs at 125 MHz and for all practical purposes, it is sufficient. Also, the operations of
starting and stopping the timer take a few clock cycles. This overhead must be subtracted from
the total time computation. So, for complete accuracy, the two functions (start and stop) must
be written one below the other and the time must be captured. This gives the time taken to
initialize the functions themselves. This value can be subsequently subtracted from total time
values to get accurate results. For e.g. if the number of cycles = 000012FC and timer is
running at 125MHz then the time would be 38880 ns. We found that timer takes 80 cycles for
these start/stop functions, hence 80 x 8 ns = 640 ns. So the actual time comes out to be 38880

- 640 = 38240 ns. A demo function showing the timer code is presented in Appendix 1.
3.8. Results of Manual Interface of DfDiv Program as IP Core

In the last three sections we have discussed time profiling, Vivado-HLS and HW timer. We

now choose a program from ChStone benchmark to compare its SW, HW and HW-SW
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performance in Virtex-5 series on ML507 board. This board has been chosen since,

e It has a hard core PowerPC processor which can run at maximum frequency of 400

MHz
e [t supports partial reconfiguration which will be used in chapter five for comparison.

DfDiv program was selected since it consumed 50% of resources of the chip and profiling
results showed that it takes around 0.8 ms to execute in SW, which is large value for a double

precision floating point operation and its callgraph is shown in Fig. 3.19.

From the Fig. 3.11, it is concluded that the best candidates for HW migration is
estimateDiv128To64 as it consume more time (>400 us) thus being computationally intensive
as compared to other functions. This function was synthesized manually in Vivado-HLS and
its [P core was generated for achieving the co-design process. The IP core generated from
Vivado-HLS was interfaced in the EDK flow and its execution time was measured using HW-

timer as shown in Table 3.15.

Table 3.15: ChStone benchmarks timing results on ML506 Board

SW time Using SW Time

0 1 -

ﬁc;nchmark él)JT( %) Profiling (gprof) | Using XPS g\)’\’ Time I";"I:rVn S(\g;
3) timer (4) ¢

DfDiv 50 0.800 ms 0.728 ms 0.0294 ms 0.406 ms

The above process was done manually and following are the results as given in Table 3.8:
= SW time using the gprof profiling = 800 usec
= SWtime using XPS timer time = 728 usec

=  HW time as DfDiv generated using Vivado-HLS and interfaced with the PLB bus = 29.4

usec
= HW-SW co-design time using XPS timer = 406 usec

From these values we have proved that SW/ HW acceleration = 728/29.4 = 24.76 times. But

the co-design flow shows only a 1.79 speed-up due to bus interface overhead.

3.8.1. Comparison with LegUp

LegUp tool also supports co-design process and computationally intensive functions can be
accelerated by hardware, while the remainder of the program runs in software. This allows
supporting a wider range of applications and enables a broad exploration of the
hardware/software co-design space. With the MIPS soft processor, we can also execute the

entire program in software. First we compile the benchmark with gcc to verify the output.
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Hybrid flow is a combination of SW and HW. All the three flows hardware, hybrid and
software were performed on the DfDiv benchmark program and it has been found that the
execution time was least in pure hardware flow but hybrid flow is far better compared to pure
software flow. The same DfDiv benchmark was compiled in LegUp and the result of the
simulation is shown in Table 3.16 for the MIPS (150 MHz) processor. For hybrid case the

estimate64div function was migrated for co-design flow.

Table 3.16: Performance comparison of DfDiv in LegUp

Category Pure Hybrid Pure
SwW HW
Clocks 94188 9980 1928
Fmax 71.88 65.19 100.123
(MHz)
Execution 1310.35 153.09 19.123
Time (us)

Table 3.16 shows that DfDiv program takes 1310 microseconds in SW and 19.123
microseconds in HW. These results are simulation based and do not consider the bus overhead

incurred during the real time execution.

Table 3.17: Area delay product comparison of DfDiv in LegUp

Category Pure SW Hybrid Pure HW
Area(Logic 4735 10884 4384
elements)
Execution 1310.35 153.09 19.123
time(us)
Area delay 62040507 1666231 83835
product

Table 3.17 shows that the area delay product is maximum for pure SW and best for HW. The
drawback of the HW results is that it only shows the area taken by the IP, but does not
includes the system area, which includes controllers and processor. Since there is big
difference in the clock frequencies in the two platforms (Xilinx and Altera) a significant
comparison cannot be made. The LegUp area and delay are for Altera FPGAs, the comparison
with ML507 which has PowerPC (400 MHZ) processor is not justified. The hybrid
implementation lies in between the HW and SW implementation in Table 3.17.

This section described the manual process of co-design and is static in nature. In such a design
flow a function selected by the designer is used in SW migration and design space exploration
cannot be explored. The next chapter uses genetic algorithm for answering such a crucial

question.
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3.9. Conclusions

In this chapter we have shown how real time profiling can be used to find the time consumed
by each function. The principle behind the generation of HW from a high level specification
has been discussed. An algorithm has been proposed that can find the amount of resources
consumed by the program by iterating through the control flow graph. A standard program
(Dfdiv) selected from ChStone benchmark has been used testing and verification. For the
same program its HW, SW and co-design time has been compared on Xilinx ML507 board.

Thus it can be ssummarized as:

a) Vivado-HLS tool was able to compile most of the programs present in ChStone

benchmark and is user friendly.

b) The Vivado-HLS generated core when interfaced in the EDK design flow gave 25

times better performance to SW.

c) The real time profiling gave accurate results, when the sampling time was order of

microseconds.
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Chapter 4

Design and Development of Efficient Hardware and
Software Partitioning Algorithm

This chapter describes a framework which aims at design space exploration using HW-SW co-
design approach. The framework presents an automated flow to generate design parameters
using partitioning algorithm. Data generated from Vivado-HLS and time profiling has been
further used as an input to genetic algorithm for partitioning the application and generates
various implementations. This chapter proposes various solutions to overcome the co-design

challenges, making the design flow feasible.
4.1. Frameworks for Reconfigurable Computing Systems

For migrating any design to FPGA, the amalgamation of both SW-HW and HW-HW can be
applied to a design to explore the design space. We have broadly classified the framework into

two classes:
Framework-1: Efficient automatic conversion method for C to HW-SW-co-design:

A complete HW solution of an application gives best performance, but in many cases, it may
consume a large amount of chip resources. We may then, look for implementing only a part of
the application into HW. In such a case, the option is to use a combination of HW and SW.
Such a design flow requires to identity the part of the application that takes more time in a
systematic way rather than estimating the parameters manually. The extra effort required in
this case is of interface design development for the application to work correctly. The
interface can be simple for bare metal design (no OS) and complex for OS based design as it
requires device driver development for. Many parts of such design flow are manually done
and require broad knowledge of the application, interface and FPGA. This research work
proposes an automated co-design approach way by using profiling, partitioning and high level

synthesis process. This chapter extensively covers this framework in detail.

Framework-2: Multiple IP cores can be designed for an application and interfaced to the bus.
Usage of such core has been referred as HW-HW design flow in this thesis. This research
work explores this framework which is HW-HW implementation of an application and is
researched as two different approaches. In approach 1, reusable patterns in application are

identified, and interfaced as static IP cores to the bus. Such reusable cores will allow the total
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consumed resources to diminish and improve overall metrics of the design. Such similar

patterns are created as clusters using isomorphism concept.

The second approach aims at partitioning an application into clusters using genetic algorithm.
These clusters are then dynamically scheduled on a given area using partial reconfiguration
design flow. This framework is discussed in detail in chapter 5. The next section presents
framework 1 and the profiling, high level synthesis, partitioning and results are put together in

the subsequent sections.
4.2. Hardware Software Co-design Partitioning Design Flow

The proposed framework that implements co-design and guides the designer with well defined
steps is presented in this section. An efficient partitioning technique being the sole objective in
design flow requires the HW-SW time and the area of each function on a real HW, for
identifying the best solutions. Since the time and area parameters are not directly available
from a single tool-chain, certain assistance from different tools is required. Here Vivado-HLS,

gprof and time profiler were used to accumulate these values.

The framework starts from the specification written in C language. The code is synthesized
using Vivado-HLS and resources are tabulated for each function in the program. For timing
estimation, a callgraph is generated using gprof, which is a time profiler utility in gcc compiler
and it returns the time taken by each function. The generated data from Vivado-HLS and

gprof are given as input to the partitioning stage.

The partitioning step generates the various implementations of an application for a different
deadline. The objective of this phase is to guide the designer about which functions should be
in HW and which once should be in SW. When the C program is populated with too many
functions and the value of time/area is close, answering this question is very tricky. Unless an
initial implementation on real HW is available, this cannot be answered easily. An initial
implementation which gives performance parameters requires extensive efforts in system-on-
chip design flow. If this initial implementation can be bypassed, the job of the designer can be

simplified.

The HW is then interfaced with the bus and bus wrapper is created. The SW part is compiled
with Xilinx SDK and finally the entire design is tested for performance gain using HW timer.
We propose a design flow as shown in Fig. 3.7, which is an extension of design flow

discussed in [2.1] and aims at answering the issues discussed above.
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Figure 4.1: HW and SW Co-design flow

The flowchart in Fig. 4.1 describes the steps followed in detail:

We start from a program written in C subset. Recursion and dynamic data structures are
not supported in Vivado-HLS, hence should be avoided. LegUp group [2.5] has developed
a standard benchmark known as ChStone which is written in C language and has been

used in this work.

The C code is profiled in gprof to generate callgraph and tabulate the call values and time
consumed by each function. The call graph and the flat profile format are extracted for

finding the number of calls. The child and parent relation is generated using pvtrace utility
[2.18].

Vivado-HLS is used to generate Verilog code of the benchmark. It can bundle the entire C
code into an IP core that can be directly interfaced with the bus. However, it does not
allow generating Verilog code of selected functions automatically. Though, we can choose
the individual functions and migrate them to HW manually. This option is also possible in
LegUp by defining a function in a Tcl script manually. This step identifies the resource

taken by each C function and latency in terms of number of cycles consumed.

The proposed partitioning algorithm is now applied to find the best solution. The
functions, their dependency, resource table from Vivado and time of each function are
given as input to the algorithm. The algorithm then generates the best HW-SW

implementation for a given deadline.

The previous stage identifies the functions that are supposed to be migrated to HW. These

functions are taken from Vivado and a wrapper is created for interface design. The
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required FIFO or slave registers are used for input/output data transfer as discussed in

section 3.1.

e An upper level SW is now written in SDK, which can bind the functions together and the
entire design is now built to test the performance gain and verify the functionality. Pure
SW execution of the program on SDK gives the lower bound and pure HW as core
interfaced to the bus gives the upper bound for comparison of HW, SW and hybrid

partitioning approach. The above two steps have been discussed in previous chapter.
4.3. Partitioning Process Using Genetic Algorithm for HW-SW Co-design

In the previous section we have proposed the design flow and presented the manual approach
of interfacing a predetermined function in a SOC flow. We have shown how time and area can
be estimated using profiling and synthesis in Vivado-HLS for a program written in C. If any
other function other than estimate64div is migrated to HW, what will be the performance can
only be estimated after following the SOC flow. Such a flow is time consuming and error
prone. What we need is a algorithm that will define which functions should be in HW and
which once should be in SW, so that a given deadline is met. Hence we explore the process of
partitioning and apply it to the domain of co-design. In subsequent sections we will show the

process of partitioning on two different kinds of specification:

a) A C program: Partitioning at this level means deciding which functions should be
migrated to HW. Since there can be data structures shared across these functions, they
cannot be assumed to be independent of each other. Hence in this case serial execution of
functions will be considered in proposing the time equation. For this we will assume one

CPU and one HW area available for mapping.

b) A task graph: It is an acyclic graph in which data flows from one node to another and the
assignment is continuous. Since there in no data structure sharing and continuous
assignment, it is possible to run the operations in parallel, hence a different time equation
will be proposed. Here we will extent the architecture to have multiple CPU and multiple

HW area available for mapping.

Partitioning is a process by which we divide the input specification into disjoint subsets
depending on the constraints which defines the number of subsets, maximum vertices running
between the subsets and the number of functions or nodes in a subset. It has been extensively
used in Electronics design automation in placement and routing algorithms for netlist
processing. It has extended its span to domain of embedded systems where HW-SW co-design
exploration can be done. Most of the applications can be described as dataflow and control
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flow graphs which are inputs to the partitioning phase hence the roots of partitioning phase are

in graph theory. We next introduce basic terms and jargons used in graph theory.

A graph G = (V, E) portrays nodes V as operators and edges E as connections. The graph size

parameters: are defined as n (nodes) = [V|, m (edges) = |E|. Fig. 4.2 (a) shows the sample

graph with its parameters in Fig. 4.2 (b).

‘ V={1,2,3,4,5}
’ c E={{1.2}.{1.3}.{24}. 3.4}, 14,

O i

N=5
o
Fig. 4.2: (a) Sample graph Fig. 4.2: (b) Parameters for sample graph

The graphs can be classified as undirected, directed, mixed and weighted. An undirected

graph G = (V, E) is bipartite if the nodes can be colored red or blue such that every edge has

one red and one blue end. A cycle is a path vy, vo, ..., Vi1, Vk in which v; = vi, k > 2, and the

first k-1 nodes are all distinct. An undirected graph is a tree if it is connected and does not

contains a cycle. Forest is s a union of trees. Given a tree (T), choose a root node (r) and

orient each edge away from r defines a rooted tree. A shortest path between two vertices is a

path of minimal length. Given below are parameters and traversals [4.1] that are utilized in

algorithms applied to graph.

a.

b.

Length — number of edges in the graph.

Distance between u and v — the length of a shortest path between them (or o« if a path does

not exist)
Subgraphs: G’(V’, E’) is subgraph of G(V, E): V' €V, E' CE
Degree of a vertex: the number of edges incident on the vertex (in undirected graphs)

In-degree and out-degree in directed graphs: the number of edges coming into/going out

of the vertex.

Adjacency matrix: n-by-n matrix with Ay, = 1 if (u, v) is an edge. Fig. 4.3 (a) shows a

sample graph with its adjacency matrix in Fig. 4.3 (b).
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Figure 4.3: (a) Sample graph

112(3]4|5|6]7]8
11]0(1]1]0]0]0]0]0
2|]1]0]1]1]1]0]0]0
3(1]1]0JO0]T[O]1][1
41]0(1]0]1]1]0]0]0
501 |1]1]1]0]0]O
6{0/0/0]J0]1]0]0]O
7{0/0[1]0]0[0]0O]1
§10j0jJ1]0]0O]O[|1]O0

Figure 4.3: (b) Adjacency matrix
g. Adjacency list: Node indexed array of lists.

h. Graph traversing and shortest path problems: Given a graph G (V, E), explore every
vertex and every edge using the adjacency using depth first search or breadth first search

approach.

In the next section we present some vernaculars used in HW-SW partitioning that are used

in the algorithm selection and design.
4.3.1. Hardware and Software Partitioning Issues

HW-SW partitioning is the process of mapping of application defined as graph nodes to either
hardware or software components. The objective here is to minimize the execution time, while
keeping the physical area within constraints. Before the designer can apply partitioning, the
various issues have to be kept in consideration. These issues are briefly described below

[2.19]:

I. Abstraction Level: The partitioning process can consider the input at various levels of
abstraction. As the level increases the amount of logic amounting in the node also increases.

The HW abstraction level can be:

a. Netlist or DFG: This is the lowest level and nodes are digital components with their

interconnection.
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b. FSMD: These are used for behavioural specification of the systems along with control

structure.

c. Modules: These are entities that define functionality and can be treated as black boxes.
d. Subsystems: A complete system is a collection of sub-systems.

The SW abstraction level can be:

a. CFG: Control flow graph is used to describe the flow structure of any language and can be

used as graphical notations for specification.

b. Basic block: Most compilers generate CFG at the basic block level. A basic block level is a

piece of code which is entered at the top and exited at the bottom.
c. Functions: These are entities that define functionality and can be called as per requirement.
d. Subsystems: A complete SW is a collection of functions put together.

The partitioning process can be applied to any of these abstraction levels. In this chapter we
are showing the process on function level and DFG level, although the proposed algorithm can

be applied to any level.

II. Objective Function: The partitioning process is guided by a function which tells whether
the algorithm movement is beneficial or not and it is known as objective function. This
function can be modified as per the requirement and constraints in the design. For e.g. very
simple objective function can be cost, which means for a given solution the one with

minimum area cost will be chosen.
4.4. Genetic Algorithm for Co-design

Partitioning has been a matter of extensive research in the ASIC synthesis tools and aim at
creating clusters, such that minimum wires are running between them. It can be divided into
two categories: constructive and iterative based approach. Constructive partitioning aims at
identifying an initial partition and iterative perform a certain number of iterations. Examples
of constructive algorithm are cluster growth, hierarchical clustering, etc. Iterative algorithms
are heuristic in nature that find solutions among all possible ones, but they do not guarantee
that the best will be found, therefore they may be considered as approximately good but not
optimal algorithms. Examples of iterative algorithm are Fiduccia Mattheyses (FM), simulated
annealing (SA) and genetic algorithm (GA). The application of GA has been shown efficiently
in VLSI domain [4.2-4.3] and further extended to co-design [4.4]. The current work uses GA
[4.5] as the underlying partitioning algorithms since the literature survey shows the efficacy of

the algorithm. Another approach known as Integer linear programming is a mathematical
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approach that has been used for partitioning and scheduling solutions for smaller set of

problems.

Genetic algorithm is a robust stochastic optimization technique that is inspired by the principle
of survival of the fittest in nature [2.27]. GA gives good result because at a time it maintains a
set of solutions, whereas algorithm like simulated annealing works with one solution. An
initial population is randomly created at the starting phase of GA. This population is actually a
set of solution for the problem under consideration. The fitness value of the objective function
[4.6] for each individual in the set is the index of the goodness of that individual. GA evolves
the population over generations with the use of operators such as selection, crossover, and
mutation. In selection, individual with higher fitness value are selected and repeated in the
next population. The newly selected population is subjected to a crossover operation where
genetic information of the individuals, with better fitness value is exchanged. This enriches
the population with better offspring. The final step is mutation where some bit of genetic
information is complemented in the selected individuals. Finally the fitness value is compared
and a new iteration is started until there is no change in the fitness value of the new
generation. The pseudo code for GA is shown in algorithm 4.1 with explanation given in each

line as comments.

Algorithm 4.1: Pseudo Code for Time and Cost Calculation

/* Create first generation with gen_size random partitions™/

G =NULL
forlin I to gen size loop //select a generation size and for each generation do
G = G U CreateRandomPart(0O) // create a random solution and add it to G
end loop

P _best = BestPart(G); // Assign a solution to a var