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Abstract

A METHODOLOGY FOR TRANSLATING SCHEDULED SOFTWARE
BINARIES ONTO FIELD PROGRAMMABLE GATE ARRAYS

DAVID C. ZARETSKY

Recent advances in embedded communications and control systems are pushing
the computational limits of DSP applications, driving the need for haedsaitware co-
design systems. This dissertation describes the development antcamedi of the
FREEDOM compiler that translates DSP software binaries ribzaie descriptions for
FPGAs as part of a hardware/software co-design. We present ethiodology for
translating scheduled software binaries to hardware, and dekcabearray of
optimizations that were implemented in the compiler. Our bathrsodeduling and
operation chaining techniques show even greater improvements innpenfa. Our
resource sharing optimization generates templates of reogcpatterns in a design to
reduce resource utilization. Our structural extraction techniqueifiderdtructures in a
design for partitioning as part of a hardware/software co-deSigese concepts were
tested in a case study of an MPEG-4 decoder. Results indmzgdups between 14-67x
in terms of cycles and 6-22x in terms of time for the FPGA émgintation over that of
the DSP. Comparison of results with another high-level synthesisindicates that
binary translation is an efficient method for high-level synthesis.
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Chapter 1

| ntroduction

Recent advances in embedded communications and control systemsiage dri
hardware and software implementations for complete systems4or{S0IC) solutions,
while pushing the computational limits of digital signal procesgiD§P) functions.
Two way radios, digital cellular phones, wireless Internet, 3G andid€less receivers,
MPEG4 video, voice over IP, and video over IP are examples of D@Rajns that
are typically mapped onto general purpose processors. Often timggribenance of
these complex applications is impeded due to limitations in the cotigmala
capabilities of the processor.

The conventional way to address the computational bottleneck has doeen t
migrate sections of the application or its entirety to an apgmitapecific integrated
circuit (ASIC) as part of a hardware-software co-desigstesn. The flexibility of an
ASIC allows the designer to optimize for power consumption and amadtparallelism.

However, the design time and cost of such an implementatiorgn#ficant. Field
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Programmable Gate Arrays (FPGAS), provide an alternati®tes with built-in DSP

functionality. FPGAs combine the programming advantage of a dgmenaose DSP
processor with the performance advantage of an ASIC. By expldisnghherent

parallelism, it is expected that FPGAs can provide morebiexand optimal solutions
for DSP applications in a hardware-software co-design system.

Generally, the path from DSP algorithms to FPGA implementaisoasomplex
and arduous task. DSP engineers initially create high-level maddlspecifications for
the system in high-level languages, such as C/C++ or MATLAB. Hardwaigndesims
use these specifications to create register transfer (Bvdl) models in a hardware
description language (HDL), such as VHDL and Verilog. The RiBscriptions are
synthesized by back-end logic synthesis tools and mapped onto the FPGAs.

In recent years, the size and complexity of designs for FPGASs otimer
reconfigurable hardware devices have increased dramaticaly #esult, the manual
approach to hardware designs for these systems has become sam#)deading the
way to automated approaches for reducing the design time gile&omystems. The
problem of translating a high-level design to hardware iedhigh-level synthesis [16].
Traditionally, the high-level synthesis problem is one of transfogran abstract model
in a high-level application into a set of operations for a systenvhich scheduling and
binding are performed to optimize the design in terms of aredes;yfrequency, and
power. Recently, many researchers have developed synthesis thabldranslate

descriptions of systems in high-level languages such as C/C++TLRB, and
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SIMULINK into RTL VHDL and Verilog for hardware implementatis. Most high-
level synthesis tools allow the designer to make optimizataaetffs in the design,
such as power, area and functional parallelism. By identifying-leigel constructs,
such as loops and if-then-else blocks, further optimizations can feenped, such as
loop unrolling and functional partitioning. However, when high-level Uagg
constructs are not readily available, such as in the case wdgmeyl code for an
application on an older processor is to be migrated to a new poocashitecture, a

more interesting problem presents itself, knowbiaary translation.

1.1 BinarytoHardware Transation

Implementing a hardware/software co-design from softwareribgias a
complicated problem. The compiler must determine the bottlenecke computational
portion of the software binary, automatically partition these@esiand translated them
to hardware, generate the proper hardware/software interface, Gty e original
software binary to integrate properly with the new co-design. Moreovereghking co-
design must show improvements over the original implementation fey#tem to be a
worthwhile task. The hardware/software co-design problem israliest in Figure 1.1.
Binary translation, however, has an advantage over the traditionaleliglhsynthesis
approach in that it works with any high-level language and cemflbw since the

binary code is essentially the final and universal formataf@pecific processor. In
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addition, software profiling is more accurate at the binary le@gelcompared to the

source level, allowing for better hardware/software partitioning.

Original Binary
Software Program

00101001000100010
10010100101001001
10010010010001001
00100100100100101
00100100100010010
10010101001001001

Compile portion
to Software

00101001000100010
10010100101001001
10010010010001001
oolnoloniooloolol
oolooio0io00Io010
10010101001001001
10010101000100100
11000110001010010,

Software Partitioned
on new Processor

10010101000100100
11000110001010010
R SRS R
i o b v

I SWHW inerface

o - = Hardvere
010010 Implementation on
Compile portion FPGA/ASIC
to Hardware
00100100100010010 I HWISW Interface

10010101001001001

10010101000100100
11000110001010010

onioo1ooIoo1ooL01
00100100100010010
1o010101001001001
10010101000100100

Software Partitioned
on new Processor

Compile portion
to Software

11000110001010010

Figure 1.1. Using binary trandation to implement a harwar e/softwar e co-design.

Translating scheduled software binaries from a fixed processboitesnture to a
hardware system, such as an FPGA or ASIC, is an even morestimgrand complex
problem than the traditional high-level synthesis problem. A geperabse processor
consists of a fixed number of functional units and physical regjstehich often
necessitate the use of advanced register-reuse algorithwanipilers to handle large
data sets. Consequently, the effects of memory spilling optimimatcause many

designs to suffer due to wasted clock cycles from memory loadsstemes. The
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challenge in translating instructions from a fixed processumitacture to hardware is in
undoing these optimizations by reverse-engineering the limitatiotise architecture,
and then exploiting the fine-grain parallelism in the design usingaharger number

of functional units, embedded multipliers, registers and on-chip embedded memories.

FPGA designers
unfamiliar with
DSP concepts

DSP Design
Environment

Assembly

= =

ASIC /| FPGA Design
Environment

D

VHDL

Veril
— * Manually
l created RTL

Models
RTL Simulation

= Verified
]! RTL Models

Logic Synthesis

DSP designers
not versed in
FPGA design

Netlist of
l Primitives

Place & Route

Figure 1.2. FREEDOM compiler bridging the gap between DSP and FPGA
designs environments.

A manual approach to this task is quite difficult. Often times? [@8gineers are
not familiar with the hardware implementation aspect of FPGAsv€rsely, hardware
engineers are often not familiar with the low-level aspett®®P applications and

general purpose processors. An automated approach is often relied ygotition or
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translate software binaries. Towards this effort, we have deseltipe FREEDOM
compiler, which automatically translates DSP software bisdaodardware descriptions
for FPGAs [42][75]. “FREEDOM” is an acronym foiFabrication ofReconfigurable
Hardware Environments fromDSP Optimized Machine Code.” The concept of the
FREEDOM compiler is illustrated in Figure 1.2. The two asegttitres selected in
evaluating the concepts brought forth in this research are thes Ties&ruments
TMS320C6211 DSP as the general-purpose processor platform and the\Xitex I
FPGA as the hardware platform. A brief description of these taothres and their

design flow is provided in the following sections.

1.2 Texaslnstruments TM S320C6211 DSP Design Flow

The Texas Instruments C6211 DSP has eight functional units, composea of
load-from-memory data paths (LD1/2), two store-to-memory data {&h$/2), two
data address paths (DA1/2), and two register file data crass (daX). It can execute
up to eight simultaneous instructions. It supports 8/16/32-bit data, andidioreally
support 40/64 bit arithmetic operations. It has two sets of 32 genepalgeuregisters,
each 32-bits wide. It has two multipliers that can perform twol@6ar four 8x8
multiplies every cycle. It has special support for non-aligned 3@itehemory access.
The C6211 processor has support for bit level algorithms and for retatbitacount

hardware. Figure 1.3 illustrates the Texas Instruments C6211 DSP auwhitect
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Figure 1.3. Texas I nstruments C6211 DSP architecture.

The design flow for an application to be implemented on this procassaily
begins with DSP engineers developing specifications and design modatgh-level
languages such as C/C++, MATLAB, or SIMULINK. These modets simulated and
verified at that level using known or randomized data. The high-ldegign is then
compiled to a binary for the processor. The design is once agauataoh for
verification of correctness using the same data as before. mheyhbs also profiled

during simulation to determine computational bottlenecks. The DSPnéesigill then
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go back and make adjustments to the high-level design or impierteer optimizations
to produce more efficient results. If the design still does no¢tniee necessary
specifications or timing constraints, DSP engineers will oftesolve to manually
writing the assembly code. The development flow for the Tensisuments C6211 DSP

is illustrated in Figure 1.4.

I High-Level Design l

Yes

Efficient?
| Compile |
v No
I Simulate / Profile l A

I Write Assembly

’ v
Yes ] I Simulate / Profile l

No v

I Refine Design l Efficient? No
‘ ?

I Compile l Yes
i !

| simulate  Profile | @
L]

Figure 1.4. Texas Instruments C6211 DSP development flow.

1.3 Xilinx Virtex Il FPGA Design Flow

The Xilinx Virtex 1l FPGA consists of up to 168 18x18 multipliersa single
device, supporting up to 18-bit signed or 17-bit unsigned representationasuatiing

to support bigger numbers. The multipliers can be fully combinationglipaiined.
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They also consist of up to 3 Mbits of embedded Block RAM, 1.5 Mbits drfilzlised
memory and 100K logic cells. Virtex Il FPGAs may contain up toDigital Clock
Managers (DCMs) and offers logic performance in excess of 300 MHz.

Similar to the design flow of a DSP, an application to be imphketeon an
FPGA usually begins with DSP engineers developing specificatiotslesign models
in high-level languages such as C/C++, MATLAB, or SIMULINKhe€Be models are
simulated and verified at that level using known or randomized datahighdevel
design model is then given to hardware engineers, who manuallg ¢heahardware
descriptions for the FPGA in VHDL or Verilog, or they may usghHevel synthesis
tools to automatically translate the high-level design to tméwsae descriptions. The
design is once again simulated for verification of bit-true acguuging the same data
as before, while profiling the design for computational bottlendtkbe design does
not meet the necessary specifications or timing constraintbatidgvare designers will
go back and make adjustments to the hardware descriptions, or implethent
optimizations to produce more efficient results. Once the stionlaesults meet the
specification requirements, the hardware descriptions are syrgtiesto netlist of gates
for the target FPGA using logic synthesis tools. The desigmée again simulated for
verification at this level. If errors occur in the post-synthesmulation or design
specifications are not met, the hardware engineers must umatvathe hardware
descriptions and begin the process again. After post-synthesilton has passed all

requirements and verification, the netlist of gates are placedoanned on the FPGA
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using back-end tools. Timing analysis and verification is perforomeg again at this
level. If errors occur or timing constraints are not met, theweanre engineers must re-
evaluate the hardware descriptions once again. The development fldte fofilinx

Virtex Il FPGA is illustrated in Figure 1.5.
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Figure 1.5. Xilinx Virtex 11 FPGA development flow
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1.4 Motivational Example

In order to better understand the complexity of translating saftiiaaries and
assembly code to hardware, consider the example Texas Instsu@é@il DSP
assembly code in Figure 1.6. The processor has eight functionalluhits11, etc.),
and may therefore execute at most eight instructions in datalthe example code, the
MPY instructions require two cycles to execute and all otheruictstns require one
cycle; hence, the instruction following the MPY is a NOP in #gwample. Thq|
symbol in certain instructions signify that the instructionxisceited in parallel with the

previous instruction. As a result, the section of code requires seven cyclesuteexe

MV L1 AOAl
I MV .L2 BO,B1

MPY .M1 A1,A2A3
I MPY .M2 B1,B2,B3

NOP 1

MPY .M1 A3,A6,A7
I MPY .M2 B3,B6,B7

NOP 1

ADD .L1X A7,B7,A8

ADD L1 A4,A8A9

Figure 1.6. Example TI C6000 DSP assembly code.

A simple translation of this code onto an FPGA, by assigning onatapeper
state in an RTL finite state machine, would result in no perfocenaenefit. The design
would require eight cycles to complete on an FPGA since thereigine instructions,

excluding NOPs. Rather, one must explore the parallelism indéssgn through
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scheduling techniques and other optimizations in order to reduce the desiglexity
and exploit the fine-grain parallelism inherent in the FPGA achite, thereby

reducing the number of execution clock cycles.

1.5 Dissertation Overview

The key contribution of this research is twofold: To provide a desmmiptf the
process and considerations for automatically translating softwer@ies from a
general-purpose processor into RTL descriptions for implementatiorFRBAS.
Included in this work is an array of optimizations and scheduling rajtasewell as a
description of important concepts to consider when translating seftivaaries to
hardware. Additionally, the true test is in experimentally evalgathe quality of the
synthesized software binaries in terms of area and perfoenaan&PGAs as compared
to general-purpose processor implementations. The researchibeeésdan this
dissertation is a collaborative work with Gaurav Mittal [41].

The work in this dissertation is presented as follows. In Chapters@rvay of
related work is presented. Chapter 3 presents a detailed overivilne EREEDOM
compiler infrastructure, which translates software binaries tdweae descriptions for
FPGAs. Chapter 4 discusses the intricacies in performing camtdotlata flow analysis
of scheduled and pipelined software binaries. Chapter 5 provides an oveiviee

optimizations implemented in the FREEDOM compiler. Chapter 6eptesnew
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scheduling and operation chaining methods for FPGA designs. In Chapteesburce
sharing optimization is presented. Chapter 8 discusses a methodwhatelsoftware
partitioning using structural extraction. Chapter 9 provides a sas#y, using the
MPEG-4 CODEC as an example application translated from seftwwdnardware using
the methods described in the previous chapters. Finally, Chapter 1tpréise

conclusions and future work.



Chapter 2

Related Work

The research presented in this dissertation is focused in thrieeaneas of
interest:high-level synthesis, binary translation, andhardware-software co-design. The
FREEDOM compiler unifies all three of these areas of rebear that it performs high-
level synthesis on software binaries for implementation on FP@Aitectures in a
hardware-software co-design. The following sections discuss sereat advances in

these areas of research.

2.1 High-Level Synthesis

The problem of translating a high-level or behavioral languageigisn into a
register transfer level representation has been explorer mxigns research and
industry. Synopsys developed one of the first successful commerelavioral
synthesis tools in the industry, tiBehavioral Compiler, which translates behavioral

VHDL or Verilog and into RTL VHDL or Verilog. Th@rinceton University Behavioral

14
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Synthesis System [67] is another system that translated behavioral VHDL models and
processes into RTL implementations.

Over the years, there has been more work in developing compiletsatisiate
high-level languages into RTL VHDL and Verilog. Many of thésels are available as
commercial products by electronic design automation (EDA) compaAsiante,
Celoxica, and Cynapps are a few of the many companies thatsgffdresis tools for
translating C code to RTL descriptions. Haldar et al. [28] destriberk on the
MATCH compiler for translating MATLAB functions to RTL VHDLof FPGAS, which
is now offered as a commercial tool by AccelChip [3]. There HBaen some system
level tools that translate graphical descriptions of systems Tth &escriptions.
Examples includ&PW from CadenceSystem Generator from Xilinx, andDSP Builder
from Altera. Other languages have been used in high-level symtiesign flows, such
as SystemC, a relatively new language that allows usergrite hardware system
descriptions using a C++ class library. HardwareC is a faeldescription language
with syntax similar to C that models system behavior, and wed umstheOlympus
Synthesis System [15] for synthesizing digital circuit designs.

Recent studies in high-level synthesis have focused on incorpolatrgvel
design optimizations and trade-offs in the high-level synthesiseps. Dougherty and
Thomas [20] presented work on unifying behavioral synthesis and phgs&gh using
transformation that act as forces upon each other to guide théodgdis scheduling,

allocation, binding, and placement to occur simultaneously. Gu et ald¢a4tibed an
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incremental high-level synthesis system that integratesléighh and physical design
algorithms to concurrently improve a system'’s schedule, resource bindindp@pdah.
Through incremental exploration of both the behavioral-level and gdiylsivel design
space, one is able to reduce the synthesis time, area and powemgbos of the
system. Bringmann et al. [5] combined partitioning and an extente@donnection cost
model in high-level synthesis for multi-FPGA systems with theatlve to synthesize a
prototype with maximal performance under the given area and onteFction
constraints of the target architecture. Peng et al. [51] tescrnethods for automatic
logic synthesis of sequential programs and high-level desmigptof asynchronous
circuits into fine-grain asynchronous process netlists for higloqmeance asynchronous
FPGA architectures.

In recent years, power and thermal optimizations have played emtiaksole in
high-level synthesis research. Musoll and Cortadella [46] evaluséweral power
optimizations at high levels during synthesis. Jones et al. [32}ildedovork on the
PACT compiler that focuses on power optimizations in translafingode to RTL
VHDL and Verilog for FPGAs and ASICs. Chen et al. [7] developed @EASS high-
level synthesis system for reducing power consumption in FPGAJrdesising a
framework for RTL power estimates that considers wire length. Stamemne et al. [58]
described a power optimizations during high-level synthesis in whidrpfanning,
functional unit binding, and allocation are implemented simultaneoustgdiace the

interconnect power in circuits. Lakshminarayana and Jha [37] prdsantéterative
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improvement technique for synthesizing hierarchical DFGs intaitsroptimized for
power and area. Mukherjee et al. [45] investigated temperatume-avegsource
allocation and binding techniques during high-level synthesis to naeithe maximum
temperature that can be reached by a resource in a desgieinto prevent hot spots
and increase reliability of integrated circuits.

All of the research studies mention here focused mainly on dheeantional
high-level synthesis approach in which hardware implementationgeserated from
high-level applications and the source code was available. In cotutrémss traditional
approach, the FREEDOM compiler translates software binangsassembly language
codes into RTL VHDL and Verilog for FPGAs. In such cases, thecearode and high-
level information used in most of these optimizations and techniqugsiohde readily

available, which makes binary translation to hardware an even more imig@stblem.

2.2 Binary Trandlation

There has been a great deal of fundamental research and stuadgaof
translation and decompilation. Cifuentes et al. [10][11][12] descrimethods for
converting assembly or binary code from one processor’s instruséib@architecture
(ISA) to another, as well as decompilation of software binaodsgh-level languages.
Kruegel et al. [36] have described a technique for decompilation of @déaksbinaries.

Dehnert et al. [19] presented work on a technique célée Morphing, in which they
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produced a full system-level implementation of the Intel x86 ISAhen Trransmeta
Crusoe VLIW processor.

In related work on dynamic binary optimizations, Bala et al.d@}eloped the
Dynamo system that dynamically optimizes binaries for tReakthitecture during run-
time. Gschwind et al. [27] developed a similar system for the FR@vearchitecture
called the Binary-translation Optimized Architecture (BOAgvine and Schmidt [38]
proposed a hybrid architecture called HASTE, in which instructimm fin embedded
processor are dynamically compiled onto a reconfigurable computatadmmec during
run-time using a hardware compilation unit to improve performanceetYa. [72]
developed a similar compiler system for the Chimaera aramigectvhich contains a
small, reconfigurable functional unit integrated into the pipelineaoflynamically

scheduled superscalar processor.

2.3 Hardware-Softwar e Co-Designs

The choice of a hardware-software architecture requires hadpé many
factors, such as allocation of operations or portions of the de&siga implemented on
each processing element, inter-processor communication, and desicamong others.
De Micheli et al. [15][16][17] and Ernst [22] have discussed muctheffundamental

aspects of hardware/software co-designs.
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Generally, hardware/software co-designs are partitioned afasieor process
level. Vallerio and Jha [63] presented work on a task graph céiwtmatool for
hardware/software partitioning of C programs. Xie and Wolf [70]cilesd an
allocation and scheduling algorithm for a set of data-dependésst ¢aisa distributed,
embedded computing system consisting of multiple processing elemenarious
types. The co-synthesis process synthesizes a distributed masipoo@rchitecture and
allocates processes to the target architecture, suchhthatlocation and scheduling of
the task graph meets the deadline of the system, while the tdke system is
minimized. Gupta and De Micheli [26] developed an iterative impreveralgorithm to
partition real-time embedded systems into a hardware-softwasedesign
implementation based on a cost model for hardware, softwarent@nthce constraints.
Wolf [68] described work on a heuristic algorithm that simultarsty synthesizes the
hardware and software architectures of a distributed sydtatnmeets all specified
performance constraints and simultaneously allocates and schetelesoftware
processes onto the processing elements in the distributed systeeranXiWolf [69]
introduced a hardware/software co-synthesis algorithm that opsimidee
implementation of distributed embedded systems by selecting osevefal possible
ASIC implementations for a specific task. They use a heuitstiative improvement
algorithm to generate multiple implementations of a behaviastription of an ASIC

and then analyze and compare their performances.
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Others have tackled more fine-grain partitioning of hardware/aoét co-
designs. Li et al. [40] developed the Nimble compilation tool that auiceiis
compiles system-level applications specified in C to a hardsait@are embedded
reconfigurable architecture consisting of a general-purpose procassbPGA, and a
memory hierarchy. The hardware/software partitioning is perfdratethe loop and
basic-block levels, in which they use heuristics to select émtyu executed or time-
intensive loop bodies to move to hardware.

Another relative area of research is hardware-softwaretipaiig of software
binaries. Stitt and Vahid [60] reported work on hardware-softwarétipaing of
software binaries, in which they manually translated softwarenbikarnels from
frequently executed loops on a MIPS processor and investigated haelware
implementations on a Xilinx Virtex FPGA. More recently, Séttd Vahid [59] have
reported work on fast dynamic hardware/software partitioning ofvacdt binaries for a
MIPS processor, in which they automatically map kernels consisefirggmple loops
onto reconfigurable hardware. The hardware used was significaintiyles than
commercial FPGA architectures. Consequently, their approach liwated to
combinational logic structures, sequential memory addresses, pretidet® loop sizes,
and single-cycle loop bodies.

In contrast to these methods, the FREEDOM compiler can translaire
software binaries or portions at a block or structural levélaimware implementations

on FPGAs as both stand-alone designs and hardware/software co-designs.



Chapter 3

The FREEDOM Compiler

This chapter provides an overview of the FREEDOM compiler infrasimeic
[42][75], as illustrated in Figure 3.1. The FREEDOM compiles wlasigned to have a
common entry point for all assembly languages. Towards thid,dfie front-end uses a
description of the source processor’'s ISA in order to configur@seembly language
parser. The ISA specifications are written in SLED fromNleev Jersey Machine-Code
toolkit [54][55]. The parser translates the input source code inton@mmediate
assembly representation called th&achine Language Syntax Tree (MST). Simple
optimizations, linearization and procedure extraction [43] are imghéed at the MST
level. A control and data flow graph (CDFG) is generated from the MST instructions,
where more complex optimizations, scheduling, and resource bindingreftgmed.
The CDFG is then translated into an intermediate high-lelsbware Description
Language (HDL) that models processes, concurrency, and finite state machines.

Additional optimizations and customizations for the target architecre performed on

21
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the HDL. This information is acquired via techitecture Description Language (ADL)
files. The HDL is translated directly to RTL VHDL and Vedl to be mapped onto
FPGAs, and a testbench is generated to verify bit-true agcurathe design. A
graphical user interface (GUI) was design to manage projects and compiler
optimizations for the designs.

The following sections provide an overview for different aspecteetompiler,
including the MST, the CDFG, and the HDL. A brief description of thdd G also

presented, as well as the techniques for verification of the generated designs

DSP Assembly DSP DSP
Language Semantics Assembly Code Binary Code

!
44 Parser Pi

Optimizations, Linearization,| #
and Procedure Extraction ’ MST ‘
Optimizations, ‘
Loop Unrolling, Scheduling, CDFG .
and Resource Binding ArCh'tefCt_ure
v Description
Optimizations, Language
Customizations ’ HDL
’ RTL VHDL ‘ ’ RTL Verilog ‘ ’ Testbench ‘

Figure 3.1. Overview of the FREEDOM compiler infrastructure.

3.1 TheMachineLanguage Syntax Tree

The Machine Language Syntax Tree (MST) is an intermediatpiéme whose

syntax is similar to the MIPS ISA. The MST is generic enotgylencapsulate most
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ISAs, including those that support predicated and parallel instructisn An MST
design is made up of procedures, each containing a list of instruclibes MST

grammar is described in detail in Appendix A.

3.11 MST Instructions

Many advanced general-purpose processors handle predicated opesapans a
of the ISA. To accommodate for these complex ISA, all MST instmg are three-
operand, predicated instructions in the fornjgted] op srcl src2 dst, syntactically
defined asif (pred=true) then op (srcl, src2) - dst. MST operands are composed of
four types: Register, Immediate, Memory, and Label types. MSTate are grouped
into six categories: Logical, Arithmetic, Compare, Branch, dwsient, and General

types. Table 3.1 lists the supported operations in the MST language.

Table 3.1. Supported operationsin the MST grammar .

Logical | Arithmetic | Compare | Branch | Assignment | General
AND ADD CMPEQ | BEQ LD NOP
NAND DIV CMPGE | BGEQ MOVE
NOR MULT CMPGT | BGT ST
NOT NEG CMPLE |BLEQ UNION
OR SUB CMPLT | BLT
SLL CMPNE | BNEQ
SRA CALL
SRL GOTO
XNOR JMP
XOR
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3.1.2 Control Flow Analysis

An MST procedure is a self-contained group of instructions, whoseotdotv
is independent of any other procedure in the design. Intra-procedutadlctbow is
altered using branch type instructions, such as BEQ, GOTO, JMPThe destination
operand for these branch operations may be a Label, Registemediate value. Inter-
procedural control is transferred from one procedure to another tisendCALL
operation. The destination operand of the CALL instruction must be bdab&ining

the name of procedure, function or library.

3.1.3 Data Dependency Analysis

The fixed number of physical registers on a processor netessadvanced
register reuse algorithms in compilers. These optimizationsn ofitroduce false
dependencies based on register names, resulting in difficulties determining correct
data dependencies. This is especially true when dealing with setedulpipelined
binaries and parallel instruction sets. To resolve these disciepargach MST
instruction is assigned a timestep, specifying a linear irigiruorder, and an operation
delay, equivalent to the number of execution cycles. Each cyclashegh an integer-
based timestefd,. Each instructiom in a parallel instruction set is assigned the timestep
T, =T+ (0.01 * n). Assembly instructions may be translated into more than one MST

instruction. Each instructiom in an expanded instruction set is assigned the timestep
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Tm= Ty + (0.0001 * m). The write-back time for the instruction, or the cycle in which
the result is valid, is defined a = timestep + delay. If an operation delay is zero, the
resulting data is valid instantaneously. However, an operatidn defiay greater than
zero has its write-back time rounded down to the nearest whole number, or
floor (timestep), resulting in valid data at the beginning of the write-back cycle.

Figure 3.2 illustrates how the instruction timestep and delayuaesl to
determine data dependencies in the MST. In the first instnydthe MULT operation
has one delay slot, and the resulting value in register A4 is ndtwéil the beginning
of cycle 3. In cycle 2, the result of the LD instruction is ndidvantil the beginning of
cycle 7, and the result of the ADD instruction is not valid untildbginning of cycle 3.
Consequently, the ADD instruction in cycle 3 is dependant upon the oésiiét MULT
operation in cycle 1 and the result of the ADD operation in c3clekewise, the first

three instructions are dependant upon the same source register, A4.

TIMESTEP PC OP DELAY SRC1 SRC2 DST
1.0000 0X0020 MULT (2) $A4, 2, $A4
2.0000 0X0024 LD (5) *($A4),  $A2

2.0100 0X0028 ADD (1) $A4, 4, $A2
3.0000 0X002c ADD (1) $A4, $A2, $A3

Figure 3.2. M ST instructions containing timesteps and delays for
deter mining data dependencies.
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3.2 TheControl and Data Flow Graph

Each MST procedure is converted into an independent control and olata fl
graph (CDFG). A control flow graph is a block-level representationhefflow of
control in a procedure, designated by the branch operations. A datgrfiptvis made
up of nodes connected via edges, which represents the data dependernties
procedure. Using the write-back timegb(= timestep + delay) for each operation, one
may calculate the data dependencies for each MST instruction, sasibdd in

Section 3.1.3.

DOTPROD: MVK .S1 500,A1
ZERO L1 A7
MVK .S1 2000,A3
LOOP: LDW .D1 *Ad++A2
LDW .D1 *A3++A5
NOP 4
MPY .M1 A2,A5A6
SUB .S1 A1,1,Al
ADD .L1 A6,A7,A7
[A1]B .S2 LOOP
NOP 5
STW .D1 A7,*A3

Figure 3.3. Tl assembly codefor a dot product function.

The nodes in the CDFG are distinguished in five different typesstants,
Variables, Values, Control, and Memory. Constant and Variable nodes are inputs to
operations. Value nodes are operation nodes, such as addition and ratitiiplic

Control nodes represent branch operations in the control flow. Memory refdesar
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memory read and write operations. Figure 3.3 shows the Tl asserobé for a
dot product procedure, while Figure 3.4 illustrates the CDFG representatioerajed

by the FREEDOM compiler.

BBLK #2 Graph

ENTRY(BBLK_0)

§

BBLK

H
5

BBIK_2
BBIK_3
Y

EXTT(BBLK_S)

Figure 3.4. CDFG representation for a dot product function.

3.21 Memory Operations

Memory read and write operations are represented in the CDB{Bgs node
operations with two input edges from source nodes. The source nodesrdad a
operation consist of an address and a memory variable, while the smades for a
write operation consist of an address and the value to be writtemdrery element to

which these operations read and write are distinguished by the ohthe memory
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variable. In other words, each memory variable is mapped to indepe memory
elements. Essentially, memory partitioning may be accomplighedhanging the
memory variable name in the read and write operations.

When rescheduling operations for an FPGA design, it is possible thie
ordering sequence of memory operations may shift, resulting in rgehszards.
Additionally, some FPGAs do not allow more than one memory operatiansingle
cycle. To ensure proper scheduling and that memory operations octoe correct
linear sequence, virtual edges are added from each read ated operation to
subsequent memory operations. This is demonstrated in block 2 in Biguebove,

where a virtual edge is added between the two memory read operations.

3.2.2 Predicate Operations

Predicated instructions are operations that are conditionallyueeander a
predicate condition. Predicated operations are handled in the CDF@Edyg ahe
predicate operand as a source node to the operation node. Additionally, &moede
previous definition of the destination node is also added as a sourcennoctei to
ensure proper data dependencies. The result isthen-else statement, which assigns
the previous definition to the destination operand if the predicate camdstinot met.

This is illustrated in Figure 3.5.
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° e @ if (P)
C &€ A+B
° —> else
(o C € Cprev

Figure 3.5. Predicated operation in the CDFG.

Predicated operations pose an interesting problem when optimiziigF&.C
Because the result of the predicate condition is generally nemuatstic at compile
time, predicated operations effectively prevent many optimizatioos ensuing.
Additionally, the extra multiplexer logic increases the arethe design. Although this
method introduces limitations in the optimizations, it does however aserdhe
opportunity for greater parallelism in the design.

Considering this problem, two methods have been explored to eliminate
predicates on operations. The first method replaces the preditiate vanch operation
that jumps over the instruction if the predicate condition is not Ties. resulted in a
significant number of disruptions in the data flow, effecting the alvefficiency and
parallelism in the design. The second method converts predicatesairget of
instructions that model a multiplexer, in which the predicate camdgelects either the
new value or the old value to pass through. This method resulted infecaigrincrease
in instructions, area and clock cycles. It was therefore detednihat the original

method is the most efficient way to handle predicates in the CDFG.
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3.23 Procedure, Function and Library Calls

Procedure, function and library calls are handled in the CDFGQAL4 node.
The input and output edges to a CALL node represent the 1/O portsef@racedure.
Any variable or memory read from in the procedure becomes an inguapgivariable
or memory written to in the procedure become output ports. Memory opeaaads
always set up as both input and output nodes in order to ensure the poppsice of
memory operations. In Figure 3.6, an example CDFG is shown in whidottpeoduct
procedure is called twice. A memory dependency exists betweeiwb procedure
calls, preventing the two functions from running in parallel, a3 aglany read/write

hazards.

Figure 3.6. CDFG representation of a CALL operation.
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3.3 TheHardware Description Language

The Hardware Description Language (HDL) is an intermediate-level
language, which models processes, concurrency, and finite steheneg Syntactically,
the HDL is similar to the VHDL and Verilog grammar. Th®Hgrammar is described
in detail in Appendix B.

Each CDFG in a design is mapped to an individual HDL Entity. Isiftgplest
form, each CDFG operation node is assigned to an individual stateHDIafinite state
machine. However, by performing scheduling techniques, one may explit
parallelism in the design by increasing the number of instructissigned to each state,
thereby reducing the total number of execution cycles in thegrdegidditional
optimizations and customizations are performed on the HDL to enhance tieneffiof

the output and to correctly support the target device’s architecture.

3.3.1 Memory Support

Memory models are generated in the HDL as required by baskaitigesis tools
to automatically infer both synchronous and asynchronous RAMs. Thes®rynem
elements are used as FIFO buffers as communication betweepracessor and the
hardware. Pipelining is used for the memory operations to improvehtbaghput

performance in the design.
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3.3.2 ProcedureCalls

Each CDFG that is translated to HDL is expressed as a etetypsynchronous
finite state machine (FSM) process within an Entity model. dcgdure that is called
from another is represented as an instantiation of that HDLlyeRtgure 3.7(a) shows
the HDL for an instantiation of thaot product procedure. The process is controlled via
I/O signals; it is initialized by setting theset signal high in the first state, and cycles in
the next state until the function concludes when dbee signal is set. To prevent
memory contention between processes, an asynchronous process is ast aup
multiplexer to distribute memory control between all procesBes memory control is
enabled by assigning a select value to riieen_mux_ctrl signal just before a process
begins, as show in Figure 3.7(b). The HDL model for the memorXMahtrol process

is shown in Figure 3.8.

dot_prod : dot_prod_1 state: O

( mem_mux_ctrl <=1
clock <= clock dot_prod_1 reset<=1
reset <= dot_prod_1_reset State <= main_process_1
done <=dot_prod_1_done
DP <= 32'hs00000000 state: 1
A0 <= A0 dot_prod_1 reset<=0
mem_addr <= dot_prod_1_mem_addr if (dot_prod_1 done ==1)
mem_d <=dot_prod_1 mem_d mem_mux_ctrl <=0
mem_g <= dot_prod_1_mem_q state <=2
mem_we <= dot_prod_1_mem_we else

); state <=1

(a) Processfor dot product function. (b) FSM for running dot product.

Figure 3.7. HDL representation for calling the dot product function.
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process mem_mux_process( mem_mux_ctrl, mem_q, dot_p rod_0_mem_addr,
dot_prod_0_mem_d, dot_prod_0_mem_we, dot_pr od_1 mem_addr,
dot_prod_1 mem_d, dot_prod_1 mem_we)

begin

dot_prod_0_mem_g <= 32’bXXXXXXXXXXXXXXXXXXXXXXXX  XXXXXXXX
dot_prod_1_mem_g <= 32’BXXXXXXXXXXXXXXXXXXXXXXXX  XXXXXXXX

switch( mem_mux_ctrl )

case 0O:
mem_addr <= dot_prod_0_mem_addr
mem_d <= dot_prod_0_mem_d
dot_prod_0_mem_qg <= mem_(q
mem_we <= dot_prod_0_mem_we

case 1:
mem_addr <= dot_prod_1_mem_addr
mem_d <=dot_prod_1_mem_d
dot_prod_1_mem_qg <= mem_(q
mem_we <=dot_prod_1 _mem_we

default:
mem_addr <= 10’bXXXXXXXXXX
mem_d <= 32’BXXXXXXXXXXXXXXXXKXKKXKXXXXXXXXX XXX

dot_prod_0_mem_q <= 32’hXXXXXXXXXXXXXXXXXX XXXXXXXXXXXXXX

mem_we <= 1'bX

dot_prod_1 _mem_q <= 32’BXXXXXXXXXXXX XXX XXX XXXXXXXXXXXXXX
end switch

end process

Figure 3.8. HDL processfor asynchronous memory MUX controller.

3.4 TheGraphical User Interface

The graphical user interface (GUI), shown in Figure 3.9, was rk$igs an
interactive means for interfacing with the FREEDOM compilérallows for easy
management of projects and access to all related files vadjeet workspace window
(left). Thefile view shows the source files included in the project and those generated by
the compiler, while themodel view shows the procedures in the design listed

topologically in a call graph tree. All compilation information andssages, such as
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warnings and errors, are displayed in libggwindow (bottom). Files opened in the GUI
are displayed using syntax highlighting of keywords specific tdilgnéype (right). The

tool and menu bars allow easy access to the tools and settings for projects and the GUI

=] - [fir16tap.asm
B3 FREEDOM - [fir16! 1

@ Fle Edit View Project Tools Window Help &
2 & =R AR ?
| 10x00000000 firlétap:
File View | Model View 2 0x00000004 blurg 256,B4
= [ Workspace 3 0x00000008 MV 16,24
= G firl6ap 4 0x0000000c STW B4, *+5P[0x2]
=43 Source Files 50x00000010 STW 24,*+SP[0x1]
=B firlétap.asm 6 0x00000014 NOP P
Pl frbtap 7 0x00000018 5UB 24,1,B4
- VHDL Files 8 0x0000001c ST B4, *+SP[0x3]
Sg&fggjﬁzvhd 50200000020 LDW *+52 (03], BS
=T,EVEH\LOE;F|\55 i 100200000024 LDW *+3P[0x2],B4
2 friBtapy 11 0x00000028 NOP 4
RAM. 1024¢32.v 12 0x0000002¢ CMPLT BS, B4, B0
- 13 0x00000030 [!'BO] B L4
14 0x00000034 NOP 5
150x00000038 L1:
16 0x0000003c LDW *+5P[0x3],B6 N
< | >
ﬂ3 ——————————————————————— Log Window ——————————————————————o A
\Compiling...
|optimizing designs...
firlétap
|Running BALANCED scheduling with target frequency 1.0 MHz...
Rssigning Registers...
Optimizing hardware. ..
|Implementing synchronous RAMs of size 1024x32...
Generating VHDL designs...
|Generating Verilog designs...
|Compilation is complete! v
Ln2,Coll

Figure 3.9. Graphical user interfacefor the FREEDOM compiler.

3.5 Verification

Verification is an integral part of high-level synthesis, galte performed in
simulation. When implementing a design in hardware, verificatiort beiperformed at
three levels: at the design stage, after synthesis, and onneafigaplace and route for

timing verification. As part of this process, input and output data beicaptured in
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order to verify correctness and bit-true accuracy. The follovguigsections discuss

methods of verification for the FREEDOM compiler in more detail.

3.5.1 Verifying Bit-True Accuracy

It is essential that the RTL designs generated by the cantyeilgerified as bit-
true accurate. This is accomplished by capturing input and outpuatdagsource level
and comparing results from the RTL simulation against the original output data.

Generating input/output testbench data for DSP designs may be approache
using one of two methods. Generally, most DSP application designglesment their
designs in a high-level language such as MATLAB or C/Cthe; designs are then
compiled into binaries for the specific DSP processor. One msiy ezapture or
generate input/output data at this high-level stage using pateingents. Alternatively,
most general-purpose processors have simulation and verificatian Emwl instance,
Texas Instrument’'€ode Composer Sudio software allows one to probe points within a
simulation to verify the correctness of data in memory. Thd/fdeallows the user to
write memory data to a file at any point during the simulati@me may use this method
to capture input data before a function is called, and capture outpubnietathe
function is complete. This data may then be used in during simutztithe hardware

models to verify the bit-true accuracy.
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3.5.2 Testbenches

RTL VHDL and Verilog designs are generally verified usingigation tools
such asModelSm by Mentor Graphics. Input and output data are captured and used for
verification of design correctness. The designs require a top-tesddench model,
which runs the design and handles the clocking, reset, and I/O data siamuigtion.
Currently, a general template is used for all testbenches. teRtigench includes a
memory model, which is loaded with the input data from a file betegesimulation
begins. Upon completion, the output data is read from memory and viatsenoutput
file. One may then compare the contents in this file againgirtgmal captured output

data. An example testbench written in Verilog may be found in Appendix C.

3.6 Summary

This chapter provided an overview of the FREEDOM compiler infrastreict
The front end is a dynamic parser that may be configureddw ahultiple assembly
languages as input. The input assembly language is convertib@ tMST, a virtual
machine language in which data dependency analysis is perforrhedCDFG is
constructed from the MST, and is the central point in the compilerewdyimizations
and scheduling are performed. The CDFG is converted into the tbBere hardware

customizations are performed using the resource information froin fA&s. A GUI
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was developed to allow user manageability of projects and selegiimgizations. A

methodology for bit-true verification was also described.



Chapter 4

Building a Control and Data Flow
Graph from Scheduled Assembly

In the high-level synthesis process, an abstract design idyusoaVverted into a
control and data flow graph (CDFG), composed of nodes represengintg,i outputs,
and operations. The CDFG is a fundamental component of most high-leteésy
tools, where most optimizations and design decisions are performdachprove
frequency, power, timing, and area. Building a CDFG consiststafoastep process:
building the control flow graph (CFG), which represents the path ofraiomt the
design, and building the data flow graph (DFG), which representsaatheddpendencies
in the design. Much research has been performed on CDFG generatiosdftware
binaries and assembly code. However, there has been verywittle on generating
complete CDFGs from scheduled or pipelined software binaries. @gandency

analysis of such binaries is more challenging than that of sequentiaébinari

38
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0x0000 VECTORSUM: ZERO A7

0x0004 LDW *A4++, A6 ;4 delay slo ts
0x0008 || B LOOP ; 5 delay slo ts
0x000C LDW *A4++, A6

0x0010 || B LOOP

0x0014 LDW *A4++, A6

0x0018 || B LOOP

0x001C LDW *A4++, A6

0x0020 || B LOOP

0x0024 LDW *A4d++, A6

0x0028 || B LOOP

0x002C || SUB A1l,4,Al

0x0030 LOOP:  ADD A6, A7, A7
0x0034 || [AL]LDW *Ad++, A6
0x0038 || [Al] SUB A1, 1, Al

0x003C || [A1]B LOOP ; branches ex ecutes here
0x0040 STW A7, *A5
0x0044 NOP 4

Figure4.1. TI C6000 assembly code for a pipelined vectorsum procedure.

When translating assembly codes from digital signal procegB@fs), it is
common to encounter highly pipelined software binaries that have begnizept
manually or by a compiler. Consider the Texas Instrument C6000a3§#nbly code
for thevectorsum function in Figure 4.1. In this architecture, branch operations cobtai
delay slots, and loads contain 4 delay slots. [Tlh&ymbol indicates the instruction is
executed in parallel with the previous instruction and [thesymbol indicates the
operation is predicated on an operand. Clearlyyvéarsum code is highly pipelined;
each branch instruction is executed in consecutive iterations afdpe Moreover, the
dependencies of the ADD instruction in the loop body change withiemation of the
loop: in the first iteration of the loop A6 is dependent on the loaastruction 0x0004,

in the second iteration of the loop A6 is dependent on the load atctnmtr®x000C,
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etc. Generating a CDFG to represent this pipelined strucsuwery challenging. In
doing so, one must consider the varying data dependencies and alsotleatsesh
branch is executed at its proper time and place. Branch instruttiaingall within the
delay slots of other branch instructions complicate the structutbeotontrol flow
graph. For instance, when the predicate condition, Al, on the branch instinctien
loop body isfalse, the previous branch instructions that were encountered during the
execution sequence will continue to propagate and execute. This may vatdar
the loop, or possibly after exiting the loop. More complex softwapelipes may
contain branch instructions with various targets, producing multiple pexints in a
CDFG block.

In this chapter, a methodology for generating CDFGs from schedandd
pipelined assembly code is presented. This process consists oftdges: generating a
control flow graph, linearizing the assembly code, and generatindatiaeflow graph.
We use the methods described by Cooper et al. [14] for genemti@§G from
scheduled assembly code. We extend their work to support more comgi@rciures
that employ parallel instruction sets and dynamic branching. a0 present a
linearization process, in which pipelined structures are sedali#e linear assembly.
This allows for proper data dependency analysis when constructindlaatgraphs.
This methodology was incorporated in the FREEDOM compiler, whichlatassDSP

assembly code into hardware descriptions for FPGAs. Preliymimank on this research
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has been published [74]; here we present a more in-depth and detailegtidasof

the research.

4.1 Reated Work

There has been some fundamental research and study on control afidvdat
analysis, an essential aspect in binary translation. Cifuenséés[®£2] described methods
of control and data flow analysis in translating assembly taga-level language.
Kastner and Wilhelm [33] reported work on generating CFGs froranady code.
Decker and Kastner [18] described a method of reconstructing aflGFGpredicated
assembly code. Amme et al. [1] presented work on a memoryngliésthnique, in
which data dependency analysis is computed on memory operations using-based
analysis and modified version of the GCD test [4].

There has been very little work on generating CDFGs from highgglined
software binaries in which branch instructions appear in the d&és of other branch
instructions. The most comprehensive work on building CFGs from pipedsssmbly
code was reported by Cooper et al. [14]. However, their method doesnsitler the
complexities of modern processor architectures that utilizeustgin-level parallelism
and dynamic branching techniques. In this paper, we address these assl present
methods to handle CDFG generation from software binaries thatirdedhese

sophisticated scheduling techniques.
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4.2 Generating a Control Flow Graph

Cooper et al. [14] presented a three-step process for building aflORG
scheduled assembly code, which was used as the first stdge pnoposed work. The
first step of their algorithm partitions the code at labatéryepoints) into a set of basic
blocks. During this process, they assume all entry points are demafel no branch
targets an instruction without a label. The second step adds leelge=en basic blocks
in the CFG to represent the normal flow of control. Here, they oohsider non-
pipelined branch instructions, or those that do not appear within theslletayof other
branch instructions. Pipelined branches are handled in the third stgpawsiterative
algorithm that simulates the flow of control for the program by myapag branch and
counter information from block to block. Their method is shown to terminalieear
time for CFGs containing only branches with explicit targetgur@ 4.2 illustrates the
CFG generated for theectorsum procedure in Figure 4.1.

In practice, the assumptions made in their work pose some difgulh
generating CFGs for some modern processor architecturesiskamae, they assume all
labels and branch targets are well defined. However, some disdseefimit the labels
to a procedure level only and refrain from including them locallghiwiprocedure
bounds. In some architectures, registers may be used in branch, @sgetthe case of a

long jump where a static PC value is loaded into the reggstier to the branch
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instruction. To handle these situations, we introduce a pre-processpg trst

determines all static branch targets and adds the respective labelsgirthetions.

'

0x0000 VECTORSUM: ZERO A7

0X0004 LDW *Ad++, A6
0x0008 || B LOOP
0X000C LDW *Ad++, A6
0x0010 || B LOOP
0x0014 LDW *Ad++, A6
0x0018 || B LOOP
0X001C LDW *Ad++, A6
0x0020 || B LOOP
0X0024 LDW *Ad++, A6
0x0028 || B LOOP
0x002C || SUB AL 4, Al
b
0X0030 LOOP:  ADD A6, A7, A7
0x0034 || [AL]LDW *Ad++, A6
0x0038 || [Al]]SUB AL, 1, Al
0x003C  ||[A1]B LOOP
I | -
| ox0040 STW A7, *A5 |
# | -
| 0x0044 NOP 1 |
¢ >
| 0x0044 NOP 1 |
y
| 0x0044 NOP 1 |
¢ >
| 0X0044 NOP 1 |
I | -

Figure4.2. Control flow graph for vectorsum.

Some architectures may also support dynamic branch targets, am wie
destination value may be passed to a register as a functiongv@arasuch as with

procedure prologues and epilogues. In these situations, we take arstaptpproach
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by assuming the dynamic branch operation is a procedure calbrdiheh is temporarily
treated as a NOP instruction when building the initial CFG tonvathe control flow to
propagate through. We rely on post-processing steps, such asaabdysis and
procedure extraction to determine the possible destinations [43]. Fke i€ then
regenerated with the newly identified destination values.

Many of today’s processor architectures utilize instruction-I@ashllelism to
achieve higher performances, which complicates generation of GfeGsnstance, a
branch destination may have a target within a parallel setstfuctions. This would
break up the control flow at intermediate points within a basic bloelating erroneous
data dependencies.

In Figure 4.3, the ADD, SUB, and SRL instructions are schedulecriall@l.
However, if the predicated branch is taken, the ADD instruction isemetuted.
Consequently, the entry label on the SUB instruction partitions theotdiotv in the
middle of the parallel set, placing the latter two instructiona separate basic block.
This forces the A7 operand in the SRL instruction to use the regwélue from the
ADD instruction in the previous block. To account for such discrepancesmtroduce
a procedure that checks for entry points (labels) within a pasatedf instructions. If
such an entry point exists, the instructions falling below they ggdint are replicated
and added to the top portion of the parallel set. Figure 4.4 showsS3fiechte after
instruction replication. The SUB and SRL instructions have beenagdi@and a branch

operation has been added to jump over the replicated code segmemehWn
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subsequent optimizations in the CDFG, such as code-hoisting [44], nonatk

superfluous operations.

0x0800  [Al]B L1

0x0804 NOP 5

0x0808 ADD A4, A7, A7
0x080C L1:|| SUB A4, 1, A4
0x0810 || SRL A4, A7, A8
0x0814 L2:

Figure4.3. Branch target inside a parallel instruction set.

10.0000 0x0800 [A1] GOTO (6) L1
11.0000 0x0804  NOP (5)5
16.0000 0x0808  ADD (1) $A4, $A7, $A7

16.0100 0x080C SUB (1) $A4,1,%A4 ;re plicated SUB
16.0200 0x0810 SRL (1) $A4, $A7, $A8 ;re plicated SRL
16.0300 0x0810 GOTO (0) L2 ;ad ded ‘branch-over’

17.0000 0x080C L1: SUB (1) $A4, 1, $A4
17.0100 0x0810 SRL (1) $A4, $A7, $A8
18.0000 0x0814 L2: ..

Figure4.4. M ST representation with instruction replication.

4.3 Linearizing Pipelined Operations

In the previous section, a methodology for generating a CFG frpelined
assembly code was presented. The CFG represents the flow of aotiieprogram via
edges connecting basic blocks in the graph. However, the CFG does nentiyhe
contain any information regarding propagation delay or data depelesd in a pipelined

control flow. This information must be well defined to generate a proper DFG.
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This section describes the linearization process for pipelined mpexailhe
concept of this process is to serialize the pipelined assemlityatigns into linear
assembly, such that the each pipelined instruction has a well-ddatedow path. The
process for linearizing computational operations (arithmeticcddgmemory, etc.) and
branch operations are described independently, as they function rdiffare pipeline
architectures. The linearization process assumes that thesGe@Giplete, i.e., no edges
will be inserted between blocks in the future. Consequently, if edhyes are added in
the future, data propagation and data dependencies are not guaranteedrtedbeTo
ensure its completeness, we force the algorithm to cover alibwgontrol paths when
generating the CFG. This is accomplished in a preprocessiaghadsensures all branch
instructions in the program are predicated. A constant predicaté wfhose condition
always resolves ttrue, is added to all non-predicated branch instructions. This forces
the branch to be treated as a conditional, and allows the contrdicoflpr@pagate to the
fall-through block. Subsequent optimizations, such as dead-code elimif¥atiomwill

remove any resulting extraneous operations.

4.3.1 Event-Triggered Operations

When translating pipelined or scheduled assembly code from one ecitof@teo
another, it is essential that the compiler capture the propagdetay and data
dependencies correctly. Failure to do so may result in falsedégendencies, incorrect

data value propagation, and possibly an ill-terminated or non-termgnatiogram.
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Referring back to theectorsum procedure in Figure 4.1, we find that the main loop
body will execute an unknown number of times until the predicate comdin the
branch instruction ialse, namely, wheAl = 0. At that point, the loop will continue to
iterate for 5 more cycles until the branches within the pipeline bampleted. During
this time, data is still computed and propagated through the loop.dStheutompiler
not consider the propagation delay on the branch instructions, itemmaynate the loop
early, producing erroneous data. Similarly, failure to consideptbpagation delay in
the pipelined load instructions will also result in erroneous data.

As a solution, we introduce the concept of arent-triggered operation,
composed of @rigger and anexecute stage. An eventrigger is analogous to the read
stage in a pipelined architecture, where the instructioetchéd and register values are
read; an everaxecute is analogous to the write-back stage in the pipeline, during which
the values are written to the destination register or memory.eVéet triggering and
execution stages are offset by the delay of the operation.

An operation event is encapsulated in the MST language usingual \shift
register with a precisiord, corresponding to the number of delay cycles for the
operation. Virtual registers are temporary operands creatédebgompiler that do not
exist within the framework of the source architecture’s phi/segisters. In practice,
this results in the addition of a very small shift registeces most ISAs generally have
no more than 4-6 delay slots in any given multi-cycle insoactWhen a pipelined

instruction is encountered during the normal flow of the programyeant és triggered
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by assigning a ‘1’ to the highest ba-{) in the shift register. In each successive cycle, a
shift-right logical operation is performed on the register. Thentexseexecuted afted
cycles, when a ‘1’ appears in the zero bit of the shift register.

Figure 4.5 illustrates the event triggering for the branchadiper in the loop
body of thevectorsum procedure, which has an operation delay of 6 cycles. In the first
iteration of the loop, an event is triggered when the branch insinustiencountered by
setting the high bit of shift register. In each subsequent cydeagpister is shifted right
while a new event is triggered. After six iterations, eveistdxecuted and the branch to
LOOP is taken. This is followed by subsequent event executionagtinrthe tenth
iteration of the loop, until the pipeline in the shift register has been cleared.

The technique described here is utilized in the linearization ggdoe pipelined

operations as discussed in the following sections.

Bit5

SRL —» Bit0
lteration 1| 1 | 0 | 0 | 0 | 0 | 0 |Event1Triggered

lteraton2[ 1 | 1 | O | O | O | O | Event2 Triggered
Iteration 3| 1 1 11 0| O| O | Event3 Triggered
lteration4] 1 | 1 | 1 | 1 | O | O | Event4 Triggered
iteration5 1 | 1 | 1| 1| 1 | O | Event5 Triggered
iteraton6| Q| 1 | 1 | 1 | 1 | 1 | Event1Executed
lteration 7| 0 | 0 | 111 | 1 | 1 | Event 2 Executed

iteraton10] QO | O | O | O | O | 1 | Event5Executed

Figure 4.5. Event-triggering for a pipelined branch operation in aloop body.
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4.3.2 Linearizing Computational Operations

In the linearization process for computational operations, multi-aysteuctions
are serialized into a well-defined data flow path along the ipgelln order to
accomplish this task, virtual registers are introduced to break-oyale instructions
into a sequence of multipkengle-cycle instructions. Each instruction in the sequence is
guarded by a predicate on an event-triggering register, ashdesabove. Should the
program encounter the instruction through a path outside the normal pigeianéow
path, the predicate will prevent the operation from executing.

The linearization process works as follows: For an instruction maélay slots,
the original instruction is modified to write to a temporary virtiggisterR,, and the
delay of the instruction is changed to a single cycle. In eadheokubsequem-1
cycles, the value is propagated through virtual registers dlengipelined data flow
path by assigningR,.1 <Ry, Ri-2€<Ro1, ..., Re&Ry in sequence, whelig, is the original
register name. Each of these instructions is predicated aaspective cycle bit of the
shift register: P[n-1] through P[O]. If the end of a basic block is reached, the
linearization is propagated to the successor blocks. This approarcheasthat no two
instructions are scheduled such that both have the same destingister rand write-
back stages in the same cycle. This is a fair assumption,csingalers generally do not
produce code resulting in race conditions. If two or more identic&iugt®ns have

intersecting pipeline paths, redundant instructions may be avoidedatking the
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timesteps to which they have been written. We rely on optimizatoics, as copy and

constant propagation [44], to remove any extraneous operations.

12.000 0x000C MOVE(0) 1, $P1[4]  ; LD event cycle 1

12.001 0x000C SRL(1) $P1, 1, $P1

12.002 0x000C [$P1[4]] LD(1) *mem($Ad), $A6_4

13.000 0x000C ~ SRL(1)$P1, 1, $P1 | LD event cycle 2

13.001 0x000C [$P1[3]] MOVE(L) $A6 4, $A6_3

14.000. 0x000C . SRL(1) $P1, 1, $P1 LD event cycle 3

14.001 0x000C [$P1[2] MOVE(L) $A6 3, $A6_2

15.000 0x000C ~ SRL(1)$P1, 1, $P1 | LD event cycle 4

15.001 0x000C [$P1[1]] MOVE(L) $A6 2, $A6_1

16.000 0X000C LOOP: SRL(1)$P1,1, $P1 ; LD event cycle 5

16.001 0x0014 OR(0) $P1[0], $P2[0], $MP 1

16.002 0x001C OR(0) $MP1, $P3[0], $MP6

16.003 0x0024 OR(0) $MP6, $P4[0], $MP13

16.004 0x0034 OR(0) $MP13, $P5[0], $MP1 6

16.005 0x000C [$MP16] MOVE(1) $A6_1, $A6 ;i ntersecting paths
: :  f orLDs 1,2,3,4,5

Figure 4.6. Linearization of a pipelined load instruction in the vectorsum procedure.

Figure 4.6 illustrates the linearization process in the MSTheffirst pipelined
load (LD) instruction in theectorsum example of Figure 4.1. In timestep 12, an event is
triggered for the LD instruction by posting a ‘1’ to the high bit in the virtudt stgister
P1. Additionally, the LD instruction is modified to write to virtuabrsterA6_4, and the
operation delay is changed from 5 cycles to 1 cycle. In the guésecyclesA6 4 is

written toA6_3, A6_3 is written toA6_2, andA6_2 is written toA6_1, at which point the
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linearization is propagated to th®OP block. A6_1 is finally written to the physical
registerA6 in timestep 16. Each of these move instructions is guardechlsdecate on
a P1 bit, which is right-shifted in each cycle along the same contril. pehe same
methodology is applied to each LD instruction in program. Although the pmtpag
instructions may read and write to the same register inlglarthle one-cycle delay on
each instruction enforces the correct data dependencies.

It is interesting to note that the pipelined LD instructions hatersecting paths.
As an example, all five LD instructions will have thet &ycles intersect in the same
timestep (16), wherd6 < A6_1. To avoid extraneous instructions, the propagation

instructions are merged by OR-ing their predicates, as shown in the figure.

4.3.3 Linearizing Branch Operations

Unlike computational instructions, branch instructions do not propagate data.
Rather, they trigger a change in control flow after a certainbeurof delay cycles. In
linearizing branch operations, only thewent is propagated through the CFG, as
described above. At each branch execution point in the CFG, which gabeotile end
of a basic block, a copy of the branch instruction is inserted.branch instruction is
predicated on the event shift-register. Similar to the prodesgeaif two or more of the
same branch instruction have intersecting paths, redundant instructiays be
eliminated by tracking the timesteps to which the instruct@ve been written. Two or

more of the same branch instruction that execute at the samecanitite merged by
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OR-ing their predicates. The original branch instructions aptaced with NOP
instructions in order to maintain the correct instruction flow. Figuieillustrates the

linearization process for pipelined branch operations.

11.000. OXOOOé MOVE(0) 1, $P1[5] ; branc h event cycle 1

11.001 0x0008  SRL(1) $P1, 1, $P1

11.002 0x0008 NOP(1) 1 ; branc h replaced with
NOP

12.000 0x0008  SRL(1)$P1,1, $P1 : branc h event cycle 2
13.000 0x0008  SRL(1) $P1, 1, $P1 :branc h event cycle 3
14.000 0x0008  SRL(1)$P1, 1, $P1 : branc h event cycle 4
15.000 0x0008  SRL(1) $P1, 1, $P1 : branc h event cycle 5
16.000 0x0008 LOOP: SRL(1) $P1, 1, $P1 ; branc h event cycle 6

16.008 0x0008 OR(0) $P1[0], $P2[0], $MPO

16.009 0x0010 OR(0) $MPO, $P3[0], $MP1

16.010 0x0018 OR(0) $MP1, $P4[0], $MP2

16.011 0x0020 OR(0) $MP2, $P5[0], $MP3

16.012 0x0028 OR(0) $MP3, $P6[0], $MP4

16.013 0x003C [$MP4] GOTO(0) LOOP ; inter section paths
: : ; forb ranches 1-6

Figure4.7. Linearization of a pipelined branch instruction in vectorsum.

434 Thelinearization Algorithm

Figure 4.8 presents our algorithm for linearizing pipelined operatidhs.
procedure has the same general organization as the algoritrentpceby Cooper et al.
[14] for generating CFGs. The algorithm initially createsvarklist of instruction

counters for each basic block in the CFG in lines 1-3, and then iteratesghrthe
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worklist in lines 4-26. An instruction counter is particular to a kl@nd holds a list of
pending instructions and a counter representing the remaining cldels @gfore each
instruction is executed. To prevent redundant iterations over blocksem 8-9, the
algorithm checks that the block has not seen any of the pendimngctie counters
before continuing. The algorithm then iterates over the bloakhole timesteps in lines
10-20. The instructions in each timestep are iterated througmes [1-17, as the
algorithm searches in line 12 for previously unvisited pipelined ingtingcto add to the
instruction counter. Lines 13-15 add a counter for the branch instructitimscyale
delays greater than zero; the original branch instruction is explagth a NOP
instruction to maintain the correct program flow. Lines 16-17 add caufaesll multi-
cycle instructions whose write-back time falls outside the blddkique event
instructions are inserted for each pending instruction in lines 18-2&sasbed above;
those that have completed are removed from the instruction countéftgstiterating
over the instructions within each timestep, the pending instruction csuate
decremented in line 21. At the conclusion of the iteration over tapgsn the block,
lines 22-26 propagate all pending counters to new instruction countersabbr
successor block edge; the new instruction counters are added tootkigstw The
algorithm terminates once no new instruction counters are encouhteaey block and
the worklist is empty. The algorithm runs @(n) time, wheren is the number of
instructions in the program, assuming a small, constant number of raytgdges

between blocks.
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Linearize_Pipelined_Operations( CFG )
1 worklist = empty list of InstrCounters
2 for each basic block in CFG do
3 add InstrCounter(block) to worklist
4 while worklist->size() > 0 do
5 instr_counter = worklist->front()

6 remove instr_counter from worklist
7 block = instr_counter->block

8 if block has seen all live counters in instr_ counter then
9 continue

10 for each whol e timestep ts in block do

11  for each instruction i in timestep ts do

12 if i has not been seen by instr_counter t hen

13 if i is a branch instruction and i->del ay > 0 then
14 add {i:i->delay} to instr_counter

15 replace branch instruction i with NOP instruction
16 else if (i->timestep + i->delay) > bloc k->max_time
17 add {i:i->delay} to instr_counter

18 for each counter c in instr_counter do

19 insert a uni que event instruction for c in timestep ts

20 if ¢ = 0 then remove c from instr_count er

21  instr_counter->DecrementCounters()

22 ifinstr_counter has live counters

23  for each successor s of block do

24 target_instr_counter = InstrCounter(s)

25 add uni que live counters to target_instr_counter
26 add target_instr_counter to worklist

Figure4.8. Linearization algorithm for pipelined operations.

4.4 Generating the Control and Data Flow Graph

In the previous sections we described how to build a CFG and break data
dependencies in pipelined and scheduled assembly code. In this sectiomhige the
two techniques to generate the complete CDFG. The procedure gsbeddsin
Figure 4.9, which takes a list of assembly instructions as implteiurns a CDFG. The

procedure begins with a preprocessing step to ensure that all bnatrefetions in the
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program are predicated as described in the previous section. The algorithmotetisér
CFG using Cooper’s algorithm, and then linearizes the pipelined mpresrais described
above. The data flow graph is then generated from the newly sediahstructions.
Source edges are connected based on the timing dependencies inTtlas Mescribed

in Section 3.1.3.

Generate_ CDFG( instr_list)
1 Predicate_Pipelined_Instrs( instr_list)
2 CFG = Generate_Ctrl_Flow_Graph( instr_list )
3 Linearize_Pipelined_Operations( CFG )
4 CDFG = Generate_Data_Flow_Graph( CFG)
5 return CDFG

Figure 4.9. Procedurefor generating a CDFG.

45 Experimental Results

The correctness of the methodology presented in this chapter vifesdven 8
highly pipelined benchmarks in the Texas Instruments C6000 DSP ldgdanguage.
The FREEDOM compiler generated CDFGs and RTL code targétngitinx Virtex Il
FPGA. Each benchmark was simulated using Mentor Graphic’s Mod&tSverify bit-
true accuracy and obtain cycle counts.

There has been little work reported on translating highly pipelindtivare
binaries to RTL code for FPGAs. This makes comparison with ctipproaches

difficult. However, it is interesting to consider the impact anigotifzeness of this



56

algorithm in a high-level synthesis tool. Table 4.1 shows comparisogslenapunts for

the T1 C6000 DSP and the Virtex Il FPGA, generated by the FREBEDompiler. Also
shown is the number of pipelined operations in each benchmark and the number of
instructions inserted during the linearization process to demon#teatmpact on code

size when using this approach.

Results indicate the FREEDOM compiler successfully generdtedcorrect
CDFGs from the pipelined assembly code, allowing complex optimmzatand
scheduling to significantly reduce clock cycles in the FPGAige On average,
approximately 9 instructions were added for each pipelined opemtibrihere was a
27% increase in code size during the linearization proBbsase note that these values
reflect the size of the design before CDFG optimizations, which will further reduce

implementation complexity.

Table 4.1. Experimental results on pipelined benchmarks.
# Pipelined # Added

Benchmark DSP Cycles | FPGA Cycles | Instructions | Instructions
memmove 125747 2516 33 | 352 (24.7%
memcpy 69615 2004 14 | 136 (52.3%
divi 282301 16127 17 | 141 (27.3%

)
(52.3%)
(27.3%)
mpyd 1329176 39669 26 | 269 (14.0%)
remi 260148 16888 13 130 (34.6%)
(43.1%)

(13.7%)

(15.3%)

dsp_fir_gen 30851 685 49 | 683
Ims_filter 33537580 773288 147 | 967
noise_canceller_fir 8239397 163778 21| 105
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46 Summary

This chapter presented a methodology for correctly represemieagdata
dependencies and data propagation when generating CDFGs from pijggiiped and
scheduled assembly code. This process consists of three stages: genewating #ow
graph, linearizing the assembly code, and generating the datagfaph. We use a
known method for generating the control flow graph from scheduled assead#yand
describe further techniques for handling more complex architediuae employ parallel
instruction sets and dynamic branching. We present a linearizptocess, in which
pipelined structures are serialized into linear assembly. Thiwsafor proper data
dependency analysis when generating the data flow graph.

The work was verified in the FREEDOM compiler on 8 highly pipedi
software binaries for the TI C6000 DSP, targeting the Xilinei Il FPGA. Results
indicate that data dependencies were correctly identified, egatii|mm compiler to

perform complex optimizations and scheduling to reduce clock cycles in the designs



Chapter 5

Control and Data Flow Graph
Optimizations

This chapter presents the optimizations that were implementedthior
FREEDOM compiler. The optimizations shown in Figure 5.1 have ineglemented on
the CDFG, and are cycled through until there are no more charigest of these
optimizations are well known algorithms [44]. Many of them nsitat® structural

analysis andreaching definitions [44], which are discussed in the following sections.

51 CDFG Analysis

The following sections discuss methods of control and data flow as#fiare
performed on a CDFGSructural analysis is performed on the control flow graph

(CFG), whilereaching definitions is performed on the data flow graph (DFG).

58
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Figure5.1. CDFG optimization flow for the FREEDOM compiler.

5.1.1 Structural Analysis

Sructural analysis is a method of determining high-level constructs within a
CFG, such as loop bodies. Structural analysis was implemented RRIBEDOM
compiler using the graph minimization technique [44]. The followingctires are
supported in the FREEDOM compildstock-set, if-then, if-then-else, self-loop, while-

loop, natural-loop, andimproper cycles. Figure 5.2 illustrates the graph minimization
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technique performed on a CFG. The first iteration reduce$-then-else construct. The

second iteration reduces tsef-loop. Finally, the third iteration reduces thieck-set.

A 4 ; A 4
» If-Then-Elsg * Self-Loop # Block Set
[

Figure5.2. Structural analysison a CFG using graph minimization.

5.1.2 Reaching Definitions

Reaching definitions is a method of data dependency analysis [44]. Four bit
vectors are used to represent each node in the CDFG during thisisanBhePRSV(i)
vector represents the definitions that are preserved by hloGdke GEN(i) vector
represents the definitions which are killed in blockJsing these two vectors, we may
then define the bit vecto®®CHin(i) and RCHout(i), which represent definitions that
reach the beginning and end of blackespectively. A definition is said to reach the
beginning of a block if that definition reaches the end of all blocks precedincA

definition is said to reach the end of bladkit either occurs in block and the variable



61
it defines is not redefined in or it reaches the beginningio&nd is preserved by The

RCHout(i) vector is thus defined as:
RCHout(i) = GEN(i) v ( RCHin(i) » PRSV(i) ) for all i.

In order to solve the system of bit vector equations, the equatienseeated
until no further changes result. The final system of equations b tasgenerate
definition-use (DU) chains anduse-definition (UD) chains. The former maps a definition
to all it uses in the CDFG, while the latter maps a use of a variable tatslideffinitions

in the CDFG. These mappings are used to determine data dependencies in the CDFG.

5.2 CDFG Optimizations

The following sections discuss the CDFG optimizations that wmepéemented
in the FREEDOM compiler. Most of these optimizations are well knomhile others

are modified versions or are extensions of the traditional implementation.

5.2.1 Identifying Input and Output Ports

Input and output (I/O) ports are identified immediately after gtimey a CDFG.
When identifying 1/0O ports for a hardware-software co-desigis, éspecially critical to
limit the cut-size in the graph. In other words, a compileerofgenerates many

intermediate variables, or virtual registers, beyond the sobpbe original source
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architecture. These variables should never be considered as |/@apdrtates. In
binary translation, the maximum number of ports, or the maximumzitEthe graph,
would be limited to the number of physical registers in the source processacuehit

Identifying 1/O ports requires the use of DU-chains and UDschalhere are
three types of ports supported in the FREEDOM compihput ports, output ports and
inout ports. An input port is defined as a node that is used, but has no prior definition.
Any physical register that is written to is added aatput port since the procedure
must capture any global changes occurring to the regilsteAn inout port is a variable
that has been defined as bothiaput and output port. However, we rely on single
static-variable assignment (SSA), describe in 5.2.2, to préneutt port types because
backend synthesis tools generally do not support bi-directional ports.

Input ports are added to the entry block in the CDFG and output poddded
to the exit block in the CDFG, as illustrated in Figure 5.3. Whemtiigeng ports in the
CDFG, all output ports must also have an equivaleimiput port added, since
transformations in the CDFG during optimizations can cause chaimgedata
dependencies to values outside the procedural boundaries. By ade@iggihadent input
port for each output port we cover all possibilities. During optinopati unused ports or

those whose value does not change between the input and output are eliminated.
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Dk

¢

Exit Block

Figure5.3. Adding input and output portsto a CDFG.

5.2.2 Single Static-Variable Assignment

Single static-variable assignment (SSA) is a method of breakia
dependencies by ensuring that every assignment in the CDFG Unague variable
name [44]. SSA form is invaluable, as it simplifies the dependgniithe DU-chains
and UD-chains, allowing for more effective optimizations.

Traditionally, a®-function is used in SSA to join multiple assignments to a
variable, stemming from different paths in the CDFG. The numbergofreents to the
@-function is equal to the number of definitions of the variable from each poitiite
CDFG. This method often causes a significant bottleneck when handimgrous data
paths. Interestingly, once the pipelined operations in the CDFG hawelibearized as
described in 4.3, thé-function becomes superfluous, as only the latest definition of a

variable will reach the end of the block and propagate through the ctiatwolThose
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instructions with multi-cycle delays that originally cros$esic block boundaries have
since been serialized into multiple single-cycle instructions.aAeresult, the latest
definition of each SSA variable may be assigned back to itsaligariable name at the
end of the block, thus eliminating the need for #héunction. Optimizations, such as
copy propagation and dead-code elimination [44], will remove exitEnassignment

operations created by this process.

5.2.3 Undefined Variable Elimination

Undefined variable elimination initializes variables to zero that are not input
ports and are used without a prior definition. Variables are izgidlin the entry block
of the CDFG. By initializing undefined values to zero, undefined variabmination
allows other optimizations, such as constant folding and constant ptiopagg&], to
more efficiently reduce the CDFG. This is a valid optim@zatbecause in hardware an
undefined variable would either be automatically set to zero Igittal left at high-
impedance, producing erroneous results. Here we are ensuring prageinitélization

during compile time to reflect the resulting hardware implementation.

524 Common Sub-Expression Elimination

Common sub-expression elimination removes redundant operations by replacing

them with previously saved values [44]. An operation is said to be anconsub-
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expression if it is preceded by another instruction containingdhee expression, and
the operands remain unchanged between the two evaluations. Thiszajim is
implemented locally in each CDFG block by mapping each operatiantoca hash key
representing the operation as function of its inputs. If a subsegperdtion produces
the same hash key, it is replaced with an assignment from the previously mapped node.

To ensure proper equivalence checking, the hashing function must capture low
level information such as operation precision, sign, bit-range seledt,predicated
values. Additionally, the source operands in the hash string aeel sdpha-numerically
for operations that hold the commutative and associative properties to ensussierpre
are always hashed consistently. As an example, a 16-bit signeidmadgieration would
be hash-defined é8ADD16( A1[15:0], B2[15:0] ), where registeAl appears beforB2
in the operand ordering.

This optimization produces many assignment operations, and thevedorely
on optimizations such as copy propagation [44] to reduce the CDFG evhar.fur
Figure 5.4 shows an example of common sub-expression elimination, wiere

expression assign wis evaluated and replaced by an assignment from the malue

c € a+b c € a+b
d €b —) o
e € a+b e € ¢

Figure5.4. Common sub-expression elimination example.
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5.25 Copy Propagation

Copy propagation is a transformation that given an assignment of variables
X €y, replaces subsequent usex @fith y, as long as the intervening instructions have
not changed the value of eitheror y [44]. However, ifx is a predicated assignment
operation, one may not propagate the vgite any later uses of because the result is
said to be indeterminate, unless the succeeding operations are tpredicahe same
conditional expression. Figure 5.5 illustrates examples of copy gatpa, where

subsequent uses afindd are replaced blg andc, respectively.

a€hb a€b
d € ¢ — .
e € a+d e € b+c

Figure 5.5. Copy propagation examples.

5.2.6 Constant Folding

Constant folding is an optimization that solves for operations on constant values
at compile time [44]. The result is a reduction in extraneous c@tus and resources,
and allows constant propagation to further reduce the CDFG. FigurdlusiBates

examples of constant folding, where each operation is solved at compile time.
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a € 5+10 a € 15
b € 6*5 —) < 3
c € 1<<3 c €« 8

Figure 5.6. Constant folding example.

5.2.7 Constant Propagation

Constant propagation is similar to copy propagation, in that given an assignment

x € cfor a variablex and a constarg, the optimization replaces later usex @fith c, as
long as the intervening instructions have not changed the valugtéf. Similarly, if x

is a predicated assignment operation, one may not propagatdude t@any later uses

of x because the result is said to be indeterminate, unless treedungr operations are
predicated on the same conditional expression. Constant propagation is gerfanuss
blocks, and therefore requires reaching definitions to determineldptndencies. This
optimization allows the opportunity for others, such as constant folnagstrength

reduction, to further reduce the CDFG as illustrated in Figure 5.7.

a € 10 a € 10
d € 12 # d € 12
e € a*d e € 10*12

Figure5.7. Constant propagation example.
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5.2.8 Strength Reduction

Strength reduction replaces operations that are costly in terms of area, power, or
cycle time with less expensive ones [44]. For instance, muklipdn by a factor of two
may be replaced by a shift operation, and an addition or subtractioatiopewith a
zero operand can be eliminated. Constant folding is inherently awtaspstrength
reduction since solving constant expressions at compile time alsoese the cost of

resources. Figure 5.8 illustrates examples of strength reduction.

a€i*8 a € i<<3
b € i-i = hHh €0
c €i+0 C < i

Figure5.8. Strength reduction example.

5.29 Constant Predicate Elimination

Predicated instructions are problematic when optimizing a Cb&€use the
result of a predicated operation is deemed indeterminate, evearfstant expressions.
Specifically, predicates prevent copy and constant propagation of vailoless the
succeeding operations share the same predicate. Removing pedgassential in
optimizing a CDFG.

Constant predicate elimination solves for predicated operations whose predicate
operand is evaluated to a constant expression at compile tintee dfedicate condition

is met, the predicate is removed from the operation node. Otherigseperation is
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replaced with an assignment from its previous definition. Thdtrekthis optimization
leads to a reduction in the number of multiplexers implemented ardwhre design,
saving the cost of area and critical path. Additionally, it all@tger optimizations to
function more efficiently in reducing the CDFG. In the exampl&igure 5.9, the first
predicated operation is evaluated to be true, so the predicataase@ However, the
second predicated operation is evaluated to be false, and therefqepegate the

previous definition ot to itself.

if(1) a < b _’ a<€hb
if(0) ¢ <d c €c

prev

Figure 5.9. Constant predicate elimination example.

5.2.10 Boolean Reduction

Boolean reduction is an optimization that reduces sequences of conditional
operations or predicates. The result of this optimization leads remuction in the
number of multiplexers implemented in a hardware design, savingp#iteof area and

critical path. In Figure 5.1@l is reduced to the inverse Boolean expressian of

a € b>0
c € al=0 g § ¢ b<=0
d € c==

Figure 5.10. Boolean reduction example.
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5.2.11 Shift Reduction

Shift Reduction reduces sequences of shift operations by summing their shift
values into a single operand, thus reducing the number of barrel siftére design.
The CDFG can be further reduced if these shift operatiohsd@constant shift values,

which may be evaluated at compile time. This is illustrated in Figure 5.11.

a € d>>2 _’ t1 & 2+3
b € a>>3 b & d>>tl

Figure5.11. Shift reduction example.

5.2.12 Redundant Memory Access Elimination

Redundant memory access elimination is an expansion of common sub-
expression elimination, in which the string hashing method is appdiecheamory
addresses to determine if two memory operations intersect intordemove redundant
memory operations. This optimization is essential in removing fieet® of memory
spilling and redundant memory operations that often occur after unrolling a loop.

In this optimization it is imperative that address expressioasaacurately
compared. Any ambiguities between the hash expressions can cawmse i® the
evaluation. Therefore, we apply several rules in hashing addnesssions for memory
operations. Firstly, address expressions are evaluated to thettap@DFG, not just a

single level as in common sub-expressions. This ensures the medwgsses are
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represented as accurately as possible. Secondly, this opimmimatonly implemented
once all other optimizations have minimized the CDFG as much aghlpoasd has
since become stable, as illustrated in Figure 5.1. This ensimesdre no unnecessary
copy assignments or other ambiguities in the CDFG prior to hashing the meidoegsa
expression. Finally, this optimization does not cross the boundary duaatyon call
with memory dependencies or memory operations whose addressuisiteal by means
of a memory read operation. The reason for these two restrigotit it is not
possible to definitively assert whether or not memory accass&sect across these
boundaries, and therefore the memory values are said to be indeterminate.

A memory operation is said to be redundant if it is preceded by amotdraory
operation containing the same address expression, and the value in nmemaiys
unchanged between the two evaluations. In such a case, the followeésgnmaly be
applied: If two consecutiviememory read operations access the same address, the second
memory read operation is eliminated and the result of the firsatipe is forwarded.
This is called aead-after-read reduction. If two consecutive memory write operations
access the same address, the first memory write operst@iminated since the second
over-writes the first. This is called \arite-after-write reduction. If a memory read
operation follows a memory write operation in which both accessatne sddress, the
memory read operation is eliminated and the value written toamyeisiforwarded. This

is called aread-after-write reduction. Predicated memory operations cannot be reduced,
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since the values read or written to memory are said to beemudette, unless the

subsequent memory operations are predicated on the same conditional expression.
Figure 5.12 illustrates examples of these memory reduction tedsnitiu the

first set,b is forwarded toc in read-after-read reduction. In the second set, the first

memory write operation is eliminated due toviate-after-write reduction. In the final

set, the read operation is eliminated dnds forwarded toi in a read-after-write

reduction.

b € mem]a] b
c € memia] c

mem[d] € e
mem[d] € f m—p- mem[d] € f

mem[g] € h mem[g] € h
i € mem[g] i € h

< mem|a]
< b

Figure 5.12. Redundant memory access elimination examples.

5.2.13 Block-Set Merging

It is often the case that a CDFG may contain sets of congedlicks, in which
the first block is the only predecessor to the second block, and theddeloak is the
only successor to the first blodBlock-set merging is an optimization that merges these
consecutive blocks and the nodes within, allowing for more effectivenizatiions in
reducing the design complexity and more parallelism when applgotgeduling

techniques. After the nodes in the blocks have been merged, it ssasc& run SSA
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on the merged block to break data dependencies once again. The blockeggeg me

technique is illustrated in Figure 5.13.

i )

v

Figure 5.13. Block-set merging example.

5.2.14 Dead-Code Elimination

Dead-code elimination [44] removes extraneous operations that have no effect on
the rest of the design. This is accomplished by utilizing DUnsh&p find operations
that have no subsequent use and are not output ports. The result is aatiomor

resources and area in the design.

5.2.15 Empty Block Extraction

Dead-code eimination may end up removing all nodes within a block, leaving an

empty block within the control flow graph. Although, inherently thered ill effect, the
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empty block do not serve a purpose, and may inadvertently preverd fsdrarmerging
or possibly add extraneous control statspty Block Extraction removes these blocks

from the CFG and modifies the edges to reflect the new control flow.

5.2.16 Loop Unrolling

Loop unrolling is a method of decreasing clock cycles in a design by unrolling
the body of a loop in order to allow more instructions to be schedulpdrallel. This
optimization requires structural analysis to be performedhliyitin order to identify
loop constructs in the design. Only certain loop structures may bkegnisuch aself-
loops and while-loops. Loop unrolling is implemented in the FREEDOM compiler by
inserting successive copies of the blocks (and their instructiotighwi loop body. We
rely on block-set merging to join the consecutive copies of the blodke loop body.
Figure 5.14 shows a self-loop structure in the CDFG (left), wisicmrolled four times

(center). The consecutive block sets and their nodes are then merged toggtt)er (ri

L

=

Figure5.14. Loop unrolling for a self-loop structurein a CDFG.
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5.2.17 Register Allocation

Register allocation is an optimization that is performed aftbeduling to reduce
the number of registers. Reducing registers in circuit desigmerglly leads to smaller
design size. Unlike general-purpose processor architectures,sF=&@Aot limited to a
small, fixed number of registers. However, the scheduling of bpesaaffect the
number of possible register reuses.

Register allocation was implemented in the FREEDOM compil@iguthe
Linear-Scan (left-edge) algorithm [53]. We assume the noddsiCDFG are in SSA
form, in which data dependencies are broken. We also assume an unboted atim
register resources in the target FPGA, and our task is timabsigvariable lifetimes to
the smallest subset of registers. Structural analysis fsrperd beforehand to identify
loops and other constructs.

Prior to running the Linear-Scan algorithm, one must determinévess of
each variable, or the time from the variable’s first defnituntil its last use. This
information is obtained from the nodes in the CDFG after schedulugag@proach for
calculating the live intervals of registers in a CDFGssfollows: The nodes in each
basic block are sorted in depth-first order. The nodes in each blotkearenapped to a
register table containing the name of the node and its minimumifmaaxtime interval;
each node that is encountered is added to the table under éspomding name. The
lifetime interval is updated by comparing the current startetiwith the node’s

timestamp, and comparing the current end time with the timestaaipsoficcessive uses



76

of the node. If avariable node exists inside a loop, the time interval for that register
name is extended to the loop body’'s time boundaries. The registerigaled in the
Linear-Scan algorithm by renaming the list of nodes in eagbpmg with a newly
allocated register name, based on the time intervals. We usgla approach that does
not make use of lifetime holes or necessitate memory spillihg. algorithm runs in

O(n) time, wheren is the total number of nodes in the CDFG.

5.3 Experimental Results

This section reports the results of the FREEDOM compiler opditizs on a set
of ten benchmarks. The benchmarks were written in C and comptile id €6211 DSP
architecture using TI's Code Composer Studio. The FREEDOM convpdle then used
to translated the software binaries to hardware descriptionstiteydghe Xilinx Virtex Il
XC2V250 FPGA. Table 5.1, Table 5.2, and Table 5.3 present the resultskrcgtbes,
frequency, and area for the Xilinx Virtex Il FPGA, respectivdlhe benchmarks were
run with different combinations of optimizations to show their individual effects.

The first column shows the results of the compiler's base &seith a simple
scheduling routine and no optimizations. The use of traditional optimizationsafasilé
reduction in the complexity and size of the CDFG. The resultsapparent when

comparing the base case (B) and the optimizations alone (Bs@)e &lock cycles and
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area dramatically decrease. In many cases, the optimizatiso allowed for better
frequency results due to less complex structures in the resulting hardware.

When combining traditional optimizations with loop unrolling (B+O+Wsults
show improvement in clock cycles due to greater levels of pisailen the design.
Area increased as expected, while frequency results dropped daggéo tomplex
structures in the resulting design. Tékep benchmark did not have loops to unroll and
therefore showed no changes in results.

The addition of memory optimizations (B+O+U+M) enables us to péiai the
redundant memory operations that occur after unrolling loop bodiesjrajldar greater
parallelism in the design. This is apparent in the dramatieedserin the clock cycles
for most of the benchmarks. The memory optimizations in turned allavtieer
optimizations to reduce the design further, as apparent in theerbdwea and higher
frequency results in most benchmarks. ™obel benchmark did not produce any
changes in results because its memory operations areredagimong differenf-then-
else structures in the design. Consequently, memory forwarding wasfactia in this
benchmark.

The final column presents results with register allocationrQB4+M+R). It is
interesting to note that this optimization in fact caused a negaffect in almost all
benchmarks; results showed design areas increased while freguaterreased.
Seemingly, the effect of register reuse requires the ingeati additional multiplexers

by the backend synthesis tools in order to support multiple uses oédlster across
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different combinational logic blocks. This in fact causes the desiga, interconnect
and the critical path to increase. Accordingly, results showthieabptimal method for

implementing FPGA designs would be to not use register reuseizagions, and leave

the design in SSA form.

Tableb5.1. Clock cycleresultsfor CDFG optimizations.

B B+O B+0+U B+O+U+M |B+O+U+M+R
Benchmark |Cycles % | Cycles % | Cycles % | Cycles % |Cycles %
dot_prod 11010 100.0 7004 63.6 5204 47.3 1654 15.0, 1654 15.0
lir 14487 100.0 8988 62.0 7656 52.8 6306 43.5| 6306 43.5
Matmul_32 {1852963 100.0| 1139471 61.5| 877327 47.3] 179944 9.7/179944 9.7
Gced 469 100.0 200 42.6 173 36.9 167 35.6f 167 35.6
Diffeq 997 100.0 725 72.7 668 67.0 158 15.8) 158 15.8
Ellip 199 100.0 189 95.0 189 95.0 66 33.2 66 33.2
laplace 71739 100.0f 47599 66.4) 40219 56.1 9431 13.1] 9431 131
fir16tap 207056 100.0f 119071 57.5| 94971 459 25073 12.1] 25073 12.1
fir_cmplx 17898 100.0, 10516 58.8 5364 30.0 4084 22.8 4084 22.8
Sobel 97606 100.0f 49493 50.7| 44543 45.6| 44543 45.6) 44543 45.6

Table5.2. Frequency resultsin MHz for CDFG optimizations.

B B+O B+0O+U B+O+U+M | B+O+U+M+R
Benchmark |Freq % |Freq % |Freq % |Freq % |Freq %
dot_prod 107.4 100.0f 132.8 123.6| 120.4 1121 1328 1236 99.5 92.6
lir 122.0 100.0f 1314 107.7) 107.4 88.00 1122 920 895 734
matmul_32 | 106.0 100.0, 131.7 1242 920 86.8 1272 120.00 850 80.2
Ged 103.9 100.0f 127.8 123.0, 1177 113.3] 111.3 107.1] 113.8 109.5
Diffeq 106.3 100.0f 1122 105.6 1065 100.2] 122.1 1149 961 904
Ellip 114.4 100.0f 108.0 94.4| 108.0 94.4/ 1296 113.3 123.0 107.5
Laplace 1014 100.00 91.0 89.7 86.2 850 108.0 106.5 89.0 87.8
fir16tap 75.8 100.0f 1189 156.9 109.8 1449 1057 139.4 925 1220
fir_cmplx 91.2 100.0f 130.1 1427 1041 114.1| 126.7 138.9 822 90.1
Sobel 775 100.0f 1316 169.8) 92.0 118.7] 920 1187, 69.3 89.4
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Table5.3. Arearesultsin LUTsfor CDFG optimizations.

B B+O B+O+U B+O+U+M | B+O+U+M+R

Benchmark| Area % | Area % |Area % |Area % |Area %

dot_prod 566 100.0 223 394 1761 311.1] 1463 258.5 4112 726.5
lir 1402 100.0 478 341 3183 227.0f 3064 218.5 10608 756.6
matmul_32 | 2447 100.00 1290 52.7] 3269 133.6] 2231 9121 6311 257.9
Ged 1067 100.0f 566 53.00 799 749 812 76.1| 1062 99.5
Diffeq 1693 100.0f 1096 64.7] 2451 144.81 1639 96.8) 4972 293.7
Ellip 2995 100.0f 2277 76.0f 2277 76.0, 1815 60.6| 2430 81.1
Laplace 2461 100.0f 1544 62.7| 5617 228.2| 3784 153.8] 7401 300.7
firi6tap 1661 100.0 957 57.6] 2702 162.7| 1789 107.7] 5594 336.8
fir_cmplx 1674 100.00 998 59.6) 3589 214.4| 3563 212.8| 12738 760.9
Sobel 2734 100.00 1443 52.8 9188 336.1| 9188 336.1| 20525 750.7

5.4 Summary

This chapter presented the CDFG optimizations that were implethémt the
FREEDOM compiler. Most of the optimizations are well known alborg, while
others were custom optimizations design for this compiler. The olgeof these
optimizations is to reduce the size and complexity of the CDF&ul on ten
benchmarks show significant improvements in area and timing perfoemesitg the
minimization techniques and transformations outlined in this chapbeveter,register
allocation seems to have a negative effect on the area for FPGA desibitd is
contrary to its objective of reducing registers in the design. &pmestly, it is preferable

to leave FPGA designs in SSA form to obtain better area and frequency perrmanc



Chapter 6

Scheduling

High-level synthesis tools often allow the designer to perfoaahebffs between
optimizations, usually using estimations. At high levels of abistra these estimates
are prone to errors, leading to inaccurate predictions of theifmémentation after
several levels of transformations. Consequently, poor or inaccureitgode at high
levels in the synthesis process will have direct impact omtaltd optimizations and the
resulting hardware implementation.

Accurate estimations play a particularly important role shesluling of
operations for hardware implementation on FPGA. The operation nodes in the CDFG are
scheduled by assigning each operation to an RTL state in adiatee machine using
schemes such as As-Soon-As-Possible (ASAP) and As-Late-A®lB0ogALAP)
scheduling [16]. When resources usage is critical, other schemeasslishscheduling
and force-directed scheduling are implemented. When targeting FP@fsite

resources are often assumed; the objective of scheduling is tmingrthe number of

80



81
clock cycles (states), while maximizing the parallelismtlie design as much as
possible, even at the cost of area. While ASAP and ALAP schedaringuite efficient
for this task, they generally hamper instruction-level paratelsy producing a non-
uniform distribution of operations among the state cycles. Consequimnlyesults in
an uneven distribution of resource usage, latency and power.

Operation chaining is a technique that is effective in reducinggyn a design
by allowing the result of an operation to be used immediatéherahan in the next
cycle. It is expected that scheduling without operation chainitigpnaduce the best
overall frequency at the cost of cycles, since the critictl {galimited to the operation
in the design with the largest delay. Conversely, a naive appioagteration chaining
may often result in large critical paths, low frequencies and subalpperformance.
Optimally, we would like to find a chaining technique that optimlzeth frequency and
clock cycles simultaneously.

In previous work, we evaluated simple scheduling and chaining routinde
context of translating software binaries to FPGA implemantat[76]. In this chapter
we presents a balanced scheduling routine, in which operations are iyndastributed
across states. A balanced chaining routine is also presented, wtiotes the clock
cycles and critical path of the design given a target frequéncgrder to accurately
determine the best-fit operation chaining, we require a delay mnthdelconsiders
varying bit-width for each operation implemented in the targetA-Bfghitecture. The

methodology for obtaining such models is also presented.
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6.1 Redated Work

Numerous algorithms for scheduling have been developed over the byears
various researchers. For a given data flow graph, scheduling detetimeneoncurrency
of the resulting implementation by assigning operations in a CioF§pecific cycles,
assuming either unconstrained or constrained resources. In this gageerdy the use of
scheduling in the context of unconstrained resources. As-Soon-As-P¢aSBIE) and
As-Late-As-Possible (ALAP) scheduling are often used for this purpose.

Force-directed scheduling was introduced by Paulin and Knight [S®Wasy of
minimizing resources under timing constraints. The algorithmthgeASAP and ALAP
times to determine the time frame for each operation, wherdébsce is computed as a
distribution function to determine the best schedule for the operationwdist-case
time complexity for the algorithm in cubic with the number of opens. Efficiency
improvements were shown by Verhaegh et al. [65] through increméoted
calculations that reduce the complexity to quadratic with the numwmibeperations.
Paulin and Knight [50][51] have also shown how force-directed schedulingo&an
integrated with list-scheduling, where the force calculationsuaesl as the priority
function. In contrast to force-directed scheduling, the balanced samgdapiproach
presented here only considers the instruction-level parallelism hen design,
where operations are not distinguished by their type. In other wirdstempts to

uniformly distribute the number of operations per cycle within the R@AAP time
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frame, whereas force-directed scheduling attempts to balamg@rsoperation types
among states.

Kerns and Eggers [35] introduced a balanced scheduling algorithm that schedules
instructions based on an estimate of the amount of load-levelgbigralin the program.
The scheduler computes load instruction weights based on a measueenaitber of
instructions that may execute in parallel with each load ingtructhe instructions are
then spread out to cover the load latency. Our balanced schedgbmighan is different
in that it considers the instruction-level parallelism for silhgle and multi-cycle
operations, not just load instructions. The weight of each instructibasisd solely on
the number of hierarchical dependencies.

Much research has been conducted on estimating delays in highyletresss.
However, very little research has been performed on using estindeiays at high
levels of abstraction in the context of operation chaining during séhgdafl CDFGs
for FPGA designs. Nemani and Najm [48] proposed a technique founmepdelays of
combinational logic circuits, but their work is limited to Boolean fioms. Nourani and
Papachristou [49] presented a method of estimating delays fordgjid_ih the context
of false-path detection, in which they construct a PropagatidenyD&raph to compute
the critical delay in the design. Srinivasan et al. [57] descrbsgstem for estimating
area and delay from behavioral RTL logic descriptions using hexitynomial models.
Their method, however, requires logic synthesis of the design inttwarkeof simple

gates in order to estimate the delay. Xu and Kurdahi [71l}epted an approach for
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estimating area and timing delays for FPGA designs bas&l Bnand wire modeling,
given an input logic netlist. Nayak et al. [47] developed an area day elimator for a
high-level synthesis compiler that translates MATLAB code T& RHDL and Verilog
for FPGAs. Their method of prediction is formulated as an equaticedl@s constant
parameters to be determined experimentally for each operationg &iaal. [30]
presented a similar approach in which accurate high-level nmaode! equations are
used for estimating area, delay, and power of various RTL tgesdor a target FPGA
architecture. Experimental values were obtained for each aperdtiring high-level
synthesis with varying precisions and the macro-model equatiohdargerations was
extrapolated from a best-fit curve. Our method of estimatiriical delays for our

balanced chaining algorithm is based on their approach.

6.2 Balanced Scheduling

In conventional FPGA designs, performance is often optimized witlegaira
for resource requirements. The goal is to reduce the number kfayldes and increase
the parallelism and frequency in the design, even at the coateaf Typically, a
scheduling method such as ASAP or ALAP is used, resulting in anandesain the
number of instructions scheduled per clock cycle. In ASAP schedalitagge number
of operations are executed within the first few cycles, folloiwedewer operations in

the successive cycles. In ALAP scheduling, fewer operations »@euted in the
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beginning, followed by a large number of operations executed ateride Both
scheduling routines produce the same number of clock cycles. Thet lmérzdlanced
scheduling over ASAP and ALAP is a uniform distribution of operationsnamall
clock cycles. Balanced instruction-level parallelism may also resinttproved resource
usage, latency, power, and heat dissipation. Figure 6.1 illustratésSthP, ALAP, and
balanced scheduling routines. In the diagram, each operation node t¢re-cycle
latency. In balanced scheduling, there is an even distribution of iopsramong the

four cycles, while the other methods show imbalances in the number of operations.

ASAP Scheduling AL AP Scheduling Balanced Scheduling

S a8 1 qll] | alé
éiég% oo lic 2‘/5%/
¥ R

Figure6.1. ASAP, ALAP and Balanced scheduling routines.

Balanced scheduling is implemented in two stages. In thestage, dependency
analysis is performed on each node, in which the total number of papemdéacies in

the directed acyclic graph (DAG) hierarchy is determined.ignré 6.1, the number of
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node dependencies for each operation is shown for balanced schedulinggcdhe s
stage uses the number of dependencies to selectively forward toolddsr cycles in
order to balance the instruction-level parallelism.

Figure 6.2 presents the algorithm for dependency analysis, velgiobpts as
arguments a basic blocB, and a mappind), of each operation node to its number of
dependencies. The algorithm iterates through the nodes in a blagkoiogdical order,
while adding all unique predecessors to the node’s dependency laty Fihe size of
each node’s dependency list is assigned to the Baglearly, the algorithm runs in

linear time with the number of nodes in the CDFG.

Dependency_Analysis( Block: B, Map: D)
topologically sort the nodes in B
DM is a mapping of nodes to their dependencies
for each node n in block B do
for each predecessor node p of n do
if p is an operation then
add each unique node in DM[p] to DM[n]
add p to DM[n]
for each node n in block B do
D[n] = DM[n].size()

O©CoOoO~NOOOTA,WNE

Figure 6.2. Dependency analysis algorithm.

The balanced scheduling routine is presented in Figure 6.3, which umyiforml
distributes operation nodes among the cycles in the design. At thes algorithm
initializes the timesteps for each node in the CDFG using ASgkieduling in line 2.

In lines 3-35, it reiterates over the CDFG to optimize thel lbalance in each basic
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block. In line 4, the dependency analysis is performed on the nodesbiothe Lines
5-10 count the number of operation nodes within the block, while adding eactorede t
map, T, which groups nodes by timestep. The average load balance per ybbeksc
then computed. Lines 11-35 traver$ein reverse order, beginning with the latest
cycle (t). It searches for the best node to forward to that cycle bersmg each
preceding cycldt-1, t-2, t-3, etc.) until the earliest cycle in the block is reached. The
forwarding node is selected based on two criteria: the node haargiestl number of
dependencies and forwarding the node does not violate any latencyaicisstas
described in lines 20-28. When a node is forwardeds updated by remapping the
forwarded node to its new cycle. Once a cycle is balanced, ibisifnot possible to
balance it after traversing all preceding cycles, the dlgarcontinues on to balance the
load in the next cyclé-1) in T.

An analysis of the algorithm shows a worst case when no forvgaislipossible
for all nodes. This results @(nt) time complexity, whera is the number of operations
in the block and is the number of cycles after ASAP scheduling. If the DAGary
narrow, i.e., there is one node scheduled per state cycle suth=thathe complexity
resolves taO(n®). However, since most CDFGs have tree-like structures, on avemge

can expect = log n, yielding an average time complexity of approximat{y log n).
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Balanced_Scheduling( Graph: G )
D is a mapping of nodes to dependency counts
ASAP_Scheduling( G)
for each block b in G do
Dependency_Analysis( b, D)
num_opers =0
for each operation node nin b do
n_opers =n_opers +1
add n to T[n->GetTimeStep()]
cycles = b->GetEndTime() - b->GetStartTime()
avg_load = n_opers / cycles
for each elementtin T in reverse order do
12 time =t.time
13  ptime =t.time -1
14 while T[time].size() < avg_load and
15 ptime >= b->GetStartTime() do
16 max_depend =0
17 best node = NULL
18 for each node n of T[ptime] do

O©CooO~NOOOTA~,WNPE

e
= o

19 bool fwd_node = true

20 whb_time = time + n->getCycles()

21 if wb_time > b->GetEndTime() then
22 fwd_node = false

23 for each successor s of n do

24 if wb_time >= s->GetTimeStep() then
25 fwd_node = false

26 if fwd_node and D[n] > max_depend
27 max_depend = D[n]

28 best node =n

29 if best_node !'= NULL then

30 best_node->SetTimeStep( time )

31 T[ptime].remove( best_node )

32 add best_node to T[time]

33 else if T[time].size() < avg_load then
34 ptime = ptime - 1

35 else break

Figure 6.3. Balanced scheduling algorithm.

To illustrate the balanced scheduling further, refer to Figute The CDFG is
initialized with ASAP scheduling, assuming each node has a latehone cycle.

Dependency analysis is performed on each node, as shown in the digdréhe load
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balance is determined to be 2 (8 nodes / 4 states). In a bottom-upchp@ginning at
the fourth state, one node is required to balance the load. The hatgaréverses the
preceding states to find a node to forward to the fourth statenfBegiin the third state,

a singlesubtract operation is found, but the 1-cycle latency prevents it from being
forwarded. In the second state, thdtiply andsubtract operators have the same number

of dependencies, but only tlsabtract operator has no latency restriction, and so it is
selected to be forwarded to the fourth cycle. Since the foutin istaow balanced, we
continue on to balance the third state, which also requireg)e siode. Beginning with
state two, thenultiply operation has the most dependencies and no latency restriction, so
it is forwarded to state three. Now the second state requisegyke node to balance.
Looking to the first state, all three operations have the same nwhbependencies,

but only theadd andshift operations have no latency restriction. Euel operation is
encountered first and is forwarded to the second state. Finallfirghstate is already

balanced and the procedure is complete.

6.3 Balanced Chaining

While balanced scheduling can significantly improve the distribution of
operations among state cycles over ASAP and ALAP, it is somavelize, for it does

not implicitly consider variations in the operation delays. To obtainimapt
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performance, it is essential to consider the operation delays wtigeduling and
chaining operations.

In this section a balanced chaining algorithm is presentecghwises a delay
modeling technique to predict the critical path of a design. We pissent our
methodology for obtaining accurate delay models of operations dingiglevel
synthesis. These models are used to obtain better timing pert@snduring scheduling
by optimally chaining RTL operations within each state of a finite stathime.

Consider the DAGs shown in Figure 6.4, scheduled using three different chaining
routines. In the examples we assume that multiplication operatiossdetays of 5 ns,
while addition and subtraction operations have delays of 2 ns. Inr¢hedse, ASAP
scheduling without chaining would require 4 cycles. The criticalydelathe worst-case
path delay, is 5 ns, resulting in a maximum allowed frequency is 200 MHz. It vakeld t
a total of 20 ns to complete the computations.

A naive approach to operation chaining would schedule three multiplibia &
single clock cycle, as illustrated in the second case in thaefigThe resulting
implementation takes 15 ns to complete, which is faster thanntleained approach.
However, after closer inspection, it is apparent that the drgietihh can be balanced by
chaining only the add-subtract operation sequence. This results/ae3 and a critical
delay of 5 ns, as illustrated in the third case in the figure.

It is interesting to note that although the balanced chainingislgheuns in the

same time as the unconstrained chaining schedule, more imporiamhpduces a



91
maximum allowed frequency of 200 MHz compared to 67 MHz in therlaiase.
Consequently, the lower frequency yielded in the naive approadh timei performance

of the entire design.

ASAP Scheduling ASAP Scheduling ASAP Scheduling
No Chaining Unconstrained Chaining Balanced Chaining
Ao} \._{ \.../ |

17
SR AT
& &

&

Cycles = 4 Cycles =1 Cycles =3
Critical Delay = 5 ns Critical Delay = 15 ns Critical Delay = 5 ns
Frequency =200 MHz Frequency =67 MHz Frequency =200 MHz

Figure 6.4. Comparison of chaining methods.

6.3.1 Modeling Delays

In order to obtain an optimal scheduling of operations, it is essemtéakcurately
model operation delays. Generally, operation delays depend on the &edtecture
and the precision of the calculation. It is therefore necessaltain delay estimates for

varying precisions of each operation for each target FPGA architecture.
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Our method of delay modeling is based on previous work by Jiang [@0gl
which demonstrates that it is possible to accurately modelellag,darea, and power of
operations for ASICs with constant, linear, and quadratic equations. process
consists of two steps: acquiring the operation delays for varyewsprns and creating
high-level equations to model the delay of each operation as a function of precision.

In acquiring operation delays, it is possible to use values ataiiffestages
during the high-level synthesis process. Primarily, values dhbeal obtained after
synthesis or place and route. We used delay values after synikeggisSynplicity’s
Synplify Pro v8.0 tool. Our goal is to obtain frequency results within a smatgmeof
error as compared to those reported by the synthesis tool. Biacgynthesis tool
generally performs many transformations on the RTL codeés @ssential to obtain
accurate values for each precision. This is accomplished [aingpbperations from all
other logic in the design. Figure 6.5 provides the Verilog coda fL.6-bit multiplication
operation, where the operation is isolated within @emodule. Figure 6.6 illustrates
the technology mapping for the design on the Xilinx VirtexRIGA, where the delay is
measured within th®©P module and excludes the external logic within M&DEL
module. We use this method for acquiring delays of all arithmetidaygical operations
with precisions of 2, 4, 8, 16, 32, and 64 bits. We also consider predicatedimypse
i.e., those embedded within if-then-else statements. The delays\aieiglotted and a

best-fit curve is found to approximate the delay model as a function of precision.
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module OP(IN1, IN2, OUT );
parameter [31:0] WIDTH = 32;
input wire signed [WIDTH/2-1:0] IN1,
input wire signed [WIDTH/2-1:0] IN2;
output wire signed [WIDTH-1:0] OUT;
assign OUT = IN1 * IN2;

endmodule

module MODEL( IN1, IN2, OUT );

parameter [31:0] WIDTH = 32;

input wire signed [WIDTH/2-1:0] IN1;

input wire signed [WIDTH/2-1:0] IN2;

output wire signed [WIDTH-1:0] OUT;

OP oper(IN1, IN2, OUT); // operation instance
endmodule

Figure 6.5. Verilog code for modeling delays.

D EIZBBEJDF OP 6.92-930
0009030018 | o - MULT18X18
[15D] Tiefo 52-9.30 i r A[17:0] . -
123 =/ Bz SO S
IN1_ibuf[15]
OUT_0[31:0] S I| 5 - .
iﬁ/ 131:0] BT | QB0

OUT_obuf[31]

T — 5.708 ns 4f

[12]0.82,-9.30

IN2_ibuf[15]

Figure 6.6. Measuring oper ation delays for FPGA designs.

Jiang et al. [30] have categorized their models into constantr, e quadratic
equations. We have chosen to use a cubic equation in all delay modéks fioliowing
reasons. We have found through experimentation that the delays ofoperagions in
FPGAs were discontinuous linear functions of precision. These nonthagacteristics

are often due to high-level optimizations. For instance, a 2dutoperation can be
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replaced with a combination of simple logic gates, resultinggeduced delay for low
precision operations. Similarly, operations with higher precisionsn ofequire
additional levels of logic that increase the delay. Consequehigetoptimizations
produce varying slopes in the model, requiring cubic expressions d@n &igher-
accuracy in the delay models. Incidentally, operations that éxtobstant, linear, or

guadratic properties can be modeled with cubic expressions as well.
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Figure 6.7. Comparison of delay modelsfor a multiply operation.

Figure 6.7 illustrates a comparison of linear, quadratic, and culsyg dedels
for the multiply operation over a range of precisions, as described .abogebest-fit
curve model for the delays of each operation is obtained usirXh¥FIT function in

MATLAB. Clearly, the cubic model produces the highest accuracy.
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In estimating the operation delays, we can expect a certagimrerror. If a
consistent method was used in obtaining the delays for all operationsgroe&pect the
margin of error to be relative among all the operation delay modlbkerefore, we can
justify that even with a margin of error, the critical pathy nonetheless be identified

correctly for determining the best chaining of operations.

6.3.2 Balanced Chaining Algorithm

In RTL VHDL and Verilog, operation chaining is accomplished bygassg the
result of a computation using the blocking operator (=) rather than non-blocking operator
(<=). This allows the resulting value to be used immediatelgaadsof in the next clock
cycle (state). Operation chaining is implemented on an operation na&€DFG by
assigning a cycle delay of zero. The cycle delay is wéesh determining a schedule for
each node in a finite state machine.

Figure 6.8 presents our balanced chaining algorithm, whose objectitee is
minimize the clock cycles and critical path in the input gr&ahgiven an input target
frequency. The target frequency is upper-bounded by the slowest operatioa design
and lower-bounded by 1 MHz, which is essentially equivalent to runmuognstrained
chaining. This chaining method uses a uniform cycle delay beteaeh operation and
its successor nodes; it does not consider independent cycle delasecifooutgoing

edge. However, the algorithm can be easily adapted to handle varying cycle delays
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Balanced_Chaining( Graph: G, frequency )

1 if frequency < 1.0 then frequency = 1.0

2 critical_delay = 1000 / frequency

3 D is a mapping of each operation node to a dela y
4 for each block b in G do

5 for each node nin b do

6 Din]= Cet _Operation_Delay( n )
7  if (D[n] > critical_delay ) then

8 critical_delay = D[n]

if n has successors and n->getCycles() ==

10 n->setCycles(0)

11 for each block b in G do

12 topologically sort nodes in b

©

13 foreach node ninbin reverse order do
14  for each predecessor node p of n do
15 D[p] = Cet _Operation_Delay( p )

16 total_delay = D[p] + D[n]
17 if p->getCycles() == 0 then

18 if total_delay > critical_delay then
19 p->setCycles( 1)

20 else if total_delay <= critical_delay
21 and total_delay > D[p] then

22 D[p] = total_delay

Figure 6.8. Balanced chaining algorithm.

The algorithm begins in lines 3-10 by iterating through the noddsilCDFG.
In lines 6-8, each operation node is mapped to its predicted delaghdotarget
architecture based on the model described above. While doing seo itadates the
critical delay, which is the worst-path delay of any sequence of chained operatithres
CDFG. In lines 9-10, the CDFG is initialized to unconstrained chgibijnassigning a
cycle delay of zero for each operation node.

The chaining is performed in lines 11-22. The nodes in the CDFGirate f
topologically sorted, and then traversed frawttom-up. The delay of each node is

recalculated based on the delay of its predecessor nodes id3igs If the combined
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delay of a node and its predecessor is greater thaaritheal delay, the predecessor
node is unchained by setting its cycle delay to one cycle ia i8€19. Otherwise, the
operation delay of the predecessor node is updated witbtdhelelay in lines 20-22. It

is evident that the algorithm runs in linear time with the number of nodes in the CDFG.

6.4 Experimental Results

In this section we present timing results for ten benchmarksg tise scheduling
routines discussed in this chapter. The benchmarks were originallgtde in C, and
compiled to assembly code using the Texas Instrun@ous Composer Sudio software
suite, targeting the C6211 DSP architecture. The assembly wedesompiled to RTL
VHDL and Verilog using the FREEDOM compiler, and the CDFGsewenrolled
several times to increase the design size. Using the schetkdmgques outlined here,
the designs were synthesized to target two different FPGAitectures: the Xilinx
Virtex Il FPGA and the Altera Stratix FPGA. The RTL codgsnerated by the
FREEDOM compiler were simulated using th®delSm v5.7e simulation tool from
Mentor Graphics. In each case, the design was verified to beibdigtcurate. The RTL
codes were synthesized using 8yaplify Pro v8.2 logic synthesis tool from Synplicity.
These synthesis results were used to obtain estimated frequércesach benchmark.
The execution times on the FPGAs were measured using the nundeclotycles in

the simulation and the frequency results from the synthesis prd¢essstimated delay
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models for balanced chaining were based on data gathered for this &Bl@tecture
using theSynplify Pro v8.2 logic synthesis tool. Table 6.1 and Table 6.2 present the
measured operation delays for each operation and their predictednuadi®y on the
Xilinx Virtex Il and Altera Stratix FPGAS, respectively. Thielay model for each

operation is in the forma€s* X + C;* X% + C;*X + Co.

Table6.1. Delay models for operationson the Xilinx Virtex |1 FPGA.

Measured Operation Delays for Constant Coefficients for
Varying Bit-Widths Delay Models
Operation| 2 4 8 16 32 64 Cs C> Cy Co
ADD 0.383 0.900 1.041 1.456 2.192 3.655| 0.0000 -0.0019 0.1000 0.3414
SUB 0.383 0.900 1.041 1.456 2.192 3.655| 0.0000 -0.0019 0.1000 0.3414

MULT 0.382 0.382 3.140 3.996 5.708 11.236] 0.0001 -0.0143 0.5116 -0.7996

ASSGN 0.000 0.000 0.000 0.000 0.000 0.000[ 0.0000 0.0000 0.0000 0.0000

UNION 0.000 0.000 0.000 0.000 0.000 0.000{ 0.0000 0.0000 0.0000 0.0000

NEG 0.383 0.383 0.900 2.097 2.282 3.156] 0.0000 -0.0056 0.2088 -0.2173
NOT 0.382 0.382 0.382 0.382 0.382 0.382] 0.0000 0.0000 0.0000 0.3820
AND 0.382 0.382 0.382 0.382 0.382 0.382] 0.0000 0.0000 0.0000 0.3820
OR 0.382 0.382 0.382 0.382 0.382 0.382] 0.0000 0.0000 0.0000 0.3820
XOR 0.382 0.382 0.382 0.382 0.382 0.382] 0.0000 0.0000 0.0000 0.3820

XNOR 0.382 0.382 0.382 0.382 0.382 0.382] 0.0000 0.0000 0.0000 0.3820

NAND 0.382 0.382 0.382 0.382 0.382 0.382] 0.0000 0.0000 0.0000 0.3820

NOR 0.382 0.382 0.382 0.382 0.382 0.382] 0.0000 0.0000 0.0000 0.3820

CMPEQ | 0.382 0.901 0.901 1.419 1.938 1.938| 0.0000 -0.0015 0.0903 0.3459

CMPNE 0.382 0.901 0.901 1.419 1.938 1.938] 0.0000 -0.0015 0.0903 0.3459

CMPLT 0.382 0.810 0.810 0.810 1.870 2.605] 0.0000 0.0021 -0.0038 0.5908

CMPGT | 0.382 0.810 0.810 0.810 1.870 2.605/ 0.0000 0.0021 -0.0038 0.5908

CMPLE 0.382 1.544 1.544 1544 2.603 3.339] 0.0000 -0.0015 0.0948 0.6766

CMPGE | 0.382 1544 1544 1544 2.603 3.339] 0.0000 -0.0015 0.0948 0.6766

SLL 0.383 0.900 1.547 2191 2.877 3.649] 0.0000 -0.0055 0.2139 0.0652
SRL 0.383 0.900 1.547 2205 2.799 3.803] 0.0001 -0.0060 0.2224 0.0425
SRA 0.383 1.115 2523 3.202 3.844 4.431] 0.0001 -0.0114 0.3856 -0.2246

PRED 0.382 0.901 0.901 1.419 1.419 1.938] 0.0000 -0.0040 0.1254 0.2560
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Table 6.2. Delay modelsfor operationson the Altera Stratix FPGA

Measured Operation Delays for Constant Coefficients for
Varying Bit-Widths Delay Models
Operation| 2 4 8 16 32 64 Cs C: Cs Co
ADD 0.527 1.078 1.462 1.702 2.182 3.142| 0.0000 -0.0040 0.1437 0.4210
SUB 0527 1.058 1462 1.702 2.182 3.142| 0.0000 -0.0041 0.1446 0.4108

MULT 0.244 0.527 6.065 6.065 6.065 4.974| 0.0003 -0.0350 1.0330 -1.8792

ASSGN 0.000 0.000 0.000 0.000 0.000 0.000{ 0.0000 0.0000 0.0000 0.0000

UNION 0.000 0.000 0.000 0.000 0.000 0.000[ 0.0000 0.0000 0.0000 0.0000

NEG 0.244 0527 1.342 1.462 1.702 2.182] 0.0001 -0.0059 0.1855 -0.0524
NOT 0.000 0.000 0.000 0.000 0.000 0.000[ 0.0000 0.0000 0.0000 0.0000
AND 0244 0.244 0.244 0.244 0.244 0.244| 0.0000 0.0000 0.0000 0.2440
OR 0.244 0.244 0.244 0.244 0.244 0.244| 0.0000 0.0000 0.0000 0.2440
XOR 0.244 0.244 0.244 0.244 0.244 0.244] 0.0000 0.0000 0.0000 0.2440

XNOR 0244 0.244 0.244 0.244 0.244 0.244| 0.0000 0.0000 0.0000 0.2440

NAND 0244 0.244 0.244 0.244 0.244 0.244] 0.0000 0.0000 0.0000 0.2440

NOR 0244 0.244 0.244 0.244 0.244 0.244| 0.0000 0.0000 0.0000 0.2440

CMPEQ | 0527 1.058 1.485 2.017 2.444 2.836| 0.0000 -0.0048 0.1785 0.2999

CMPNE | 0527 1.058 1.485 2.017 2.444 2.836] 0.0000 -0.0048 0.1785 0.2999

CMPLT 0.527 1.342 1462 1.702 2.182 3.142] 0.0000 -0.0037 0.1314 0.5554

CMPGT | 0527 1.342 1462 1.702 2.182 3.142] 0.0000 -0.0037 0.1314 0.5554

CMPLE 0527 1.342 1462 1.702 2.182 3.142] 0.0000 -0.0037 0.1314 0.5554

CMPGE | 0527 1.342 1462 1.702 2.182 3.142| 0.0000 -0.0037 0.1314 0.5554

SLL 0.527 1.590 1.587 2.368 2.532 3.634| 0.0001 -0.0069 0.2178 0.3928
SRL 0.527 1.590 1.587 2.368 2.532 3.634| 0.0001 -0.0069 0.2178 0.3928
SRA 0.527 1.590 2.244 2939 3.577 4.860/ 0.0001 -0.0087 0.2996 0.2380

PRED 0527 0971 1435 2314 3.192 4.169] 0.0000 -0.0038 0.1842 0.2187

Table 6.3 and Table 6.4 show timing results for the Xilinx Virteand Altera
Stratix FPGAs using ASAP, ALAP, and balanced scheduling with uneomst

chaining. These results produce the minimum number of cycles possiblegahe
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scheduling routines, which are consistent for both architectures. Tlatiwdbjs then to
maximize the frequency within this time frame.

With balanced scheduling, a uniform distribution of operations among/thesc
improves the frequency dramatically over ASAP and ALAP for gealtlbenchmarks.
This is due to the fact that the scheduling has partitioned the taitical paths in the
design. Variations in frequency ftaplace results for the Xilinx Virtex Il FPGA, as well
asellip andsobel results for the Altera Stratix FPGA are due to the naivetipaing of
the critical path. Consequently, minor variations in the data pathates® the back-end
synthesis tool to make substantial changes in design implementd@irean affect the

overall frequency.

Table 6.3. Comparison of scheduling routinesfor Xilinx Virtex |1 FPGA.

ASAP ALAP BALANCED
Benchmark| Cycles |Freq (MHz) Time (us) |[Freq (MHz) Time (us) |Freq (MHz) Time (ps)
dot_prod 1204 54.8 22.0 68.5 17.6 111.5 10.8
ir 2704 54.6 49.5 50.1 54.0 58.2 46.5
matmul_32 | 111909 103.0 1086.5 70.9 1578.4 103.0  1086.5
ged 66 215.6 0.3 211.1 0.3 215.6 0.3
diffeq 58 20.4 2.8 26.6 2.2 424 1.4
ellip 53 124.9 0.4 146.8 0.4 166.9 0.3
laplace 5528 150.5 36.7 109.7 50.4 131.8 41.9
fir16tap 14948 103.7 1441 71.3 209.6 103.7 1441
fir_cmplx 2852 54.4 52.4 47.8 59.7 78.7 36.2
sobel 18891 108.8 173.6 80.6 234.4 111.7 169.1
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Table 6.4. Comparison of scheduling routinesfor Altera Stratix FPGA.

ASAP ALAP BALANCED
Benchmark| Cycles |Freq (MHz) Time (ps) |Freq (MHz) Time (ps) |Freq (MHz) Time (us)
dot_prod 1204 56.4 21.3 56.4 21.3 89.6 13.4
iir 2704 56.5 47.9 46.0 58.8 55.3 48.9
matmul_32 | 111909 89.6 1249.0 42.9 2608.6 89.6  1249.0
gcd 66 159.8 0.4 176.2 0.4 159.8 0.4
diffeq 58 11.1 5.2 13.8 4.2 26.7 2.2
ellip 53 119.6 0.4 165.3 0.3 147.7 0.4
laplace 5528 89.3 61.9 100.4 55.1 100.8 54.8
fir16tap 14948 89.6 166.8 42.9 348.4 89.6 166.8
fir_cmplx 2852 51.0 55.9 36.5 78.1 57.8 49.3
sobel 18891 94.1 200.8 67.5 279.9 86.7 217.9

Table 6.5 and Table 6.6 show comparisons of the same benchmarks tiwo the
FPGA architectures using no chaining, unconstrained chaining, $mtced chaining.
For the latter case, a target frequency of 500 MHz was chosen, resuttiegmaximum
allowed frequency for the design. As expected, the clock €yntgeased over that of
the unconstrained chaining due to reduced chaining of operations. BGfitikeVirtex
Il FPGA, we see dramatic increases in frequency as weligaificant improvements in
timing over that of an unconstrained chaining approach. The delemagsnhs forellip,
laplace, andsobel were hampered by extra logic inserted by the synthesis tool. However,
the difference was within a 10% margin of error as compared tbdsteresults. It is
interesting to note that the frequency results for balanced chainingrgrelese to those
reported for scheduling without chaining, which is the maximum capadtgidncy

expected for each benchmark. This strengthens our claim tisatnileed possible to
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effectively predict the critical delays of a design athbstract level in order to optimize

the chaining of operations during scheduling.

The results for the Altera Stratix FPGA seemed to be lessistent than that of

the Xilinx Virtex Il. The resulting frequency estimations fdot_prod, matmul_32,

diffeq, andfir16tap were much lower than the best case (with no chaining). Aftdrer

investigation, it seems the synthesis tool optimized awagtsrgibetween cycles for the

MAC operations, which increased the overall critical path. Thessformations were

unpredictable and could not be disabled. While these frequency resules wer

significantly less than the best case, it is interestingte that they were no worse than

that of unconstrained chaining.

Table 6.5. Comparison of chaining routinesfor Xilinx Virtex |1 FPGA.

NONE UNCONSTRAINED BALANCED

Benchmark | Cycles Freq Time | Cycles Freq Time | Cycles Freq Time

(MHz)  (us) (MHz)  (us) (MHz)  (ps)
dot_prod 1654 1451 114 1204 1115 10.8 1304 146.2 8.9
ir 6306 103.8 60.8 2704  58.2 46.5 4204 136.0 30.9
matmul_32 171528  146.1 1174.00 111909 103.0 1086.5| 120101 146.2 821.5
ged 118 1878 0.6 66 215.6 0.3 67 215.6 0.3
diffeq 156  143.1 1.1 58 424 1.4 94 1433 0.7
ellip 66  168.1 0.4 53 166.9 0.3 59 1614 04
laplace 9221 1895 487 5528 150.5 36.7 6638 173.1 383
firi6tap 23386 1451 161.2] 14948 103.7 1441 15912 1452 109.6
fir_cmplx 3924 1023 38.4 2852 787 36.2 3012 1023 294
sobel 33563 148.0 226.8) 18891 111.7 169.1] 22611 1320 171.3
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Table 6.6. Comparison of chaining routinesfor Altera Stratix FPGA.

NONE UNCONSTRAINED BALANCED

Benchmark | Cycles Freq Time | Cycles Freq Time | Cycles Freq Time

(MHz)  (ps) (MHz)  (us) (MHz)  (ps)
dot_prod 1654 1467 113 1204 89.6 13.4 1304 896 14.6
ir 6306 555 113.6 2704  56.5 47.9 4204 1316 319
matmul_32 171528 1354 1266.8) 111909 89.6 1249.0f 120101 89.6 1340.4
ged 118 1418 0.8 66 176.2 0.4 67 180.8 0.4
diffeq 156 1240 1.3 58 26.7 2.2 94 757 1.2
ellip 66 1521 0.4 53 165.3 0.3 59 162.7 0.4
laplace 9221 1044 88.3 5528 100.8 54.8 6638 1126  59.0
firi6tap 23386 127.3 183.7) 14948 89.6 166.8] 15912 89.6 177.6
fir_cmplx 3924 531 73.9 2852 57.8 49.3 3012 1381 21.8
sobel 33563 89.8 373.8| 18891 941  200.8) 22611 96.0 235.5

6.5 Summary

When good delay estimations are not available for FPGAs, highdgnéhesis
tools often use unconstrained chaining in scheduling to reduce the numlyetesfino
the design. In this chapter we present a balanced schedulingerdbét uniformly
distributed operations among states. This effectively breaks g ¢aitical paths in the
design and improves the frequency. Results indicate that inrajetieis technique
performs better than ASAP or ALAP scheduling with unconstrainednicigaifor
different FPGA architectures.

With good delay estimation and modeling methods, better-quality olgaisi
possible. Towards this effort, we have developed precision-based oheldgls to

estimate operation delays in FPGAs. This technique was inccgdoiratour balance
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chaining routine. Given a target frequency, balanced chaininghessdelay models to
reduce the cycles and critical path in the design by chainingtapesavithin the given

critical delay. Results show significant improvements in frequeme run times using
our balanced chaining routine, even with ASAP and ALAP schedulinthdfarore, our

method for modeling operation delays is shown to accurately idehéfgritical paths

of complex designs during high-level synthesis for different FP&¢éhitectures.

Consequently, when using balanced chaining, the balanced schedufingiuecis no

longer essential.



Chapter 7

Resour ce Sharing

As part of the translation process of DSP assembly code into &a&rdw
descriptions by the FREEDOM compiler, a grammar is provided toeaelp operation
of the source ISA to a set of MST instructions. The MST instmstare then converted
into a CDFG that is composed of nodes representing inputs, outputs, aatooger
which are optimized for performance in terms of frequency, poweingd, and area. It
is interesting to observe that such methods of translation in-lévgh synthesis
compilers often produce reoccurring patterns in the resulting CI28Gn example,
suppose a design targeted for high-level synthesis contains a numbalisoto a
multiply-accumulate (MAC) function. The grammar might transkdeh of these calls
to a sequence of multiply-add operations in the CDFG. We surmisi ihaiossible to
re-associate these reoccurring patterns of instruction sequeértoegollections of

operation sets, or templates, to be shared in a hardware inmpéeime to reduce area

105
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and facilitate better placement and routing. Additionally, theptetes may be used for

IP blocks and other specialized complex computational units.

Figure 7.1. Reoccurring patternsin a CDFG.

Figure 6.6 illustrates a CDFG with reoccurring patterns of dpesg allowing
several possible resource sharing schemes. A simple impleioentatuld share only
individual operations, such as adders and multipliers, although more copgiterns
may also be extracted, namely T1, T2, or T3. Sharing individual topesaalone will
result in the removal of 13, considering the added cost of implemesdiriy template.
However, the cost of routing and steering logic necessaskdre a single operator for
an entire design is unacceptably high. Similarly, one might asguspreferable to use
a small number of large templates in resource sharing. Howgnmving template T3
only removes 7 operations. Consequently, implementing template T2 praaldce the

best resource coverage. We see from this example two imposjaetta in template



107
generation: a cost function is essential in the decision femtgrowing templates, and
the template selection and growth has a direct impact on fdéaisions. For instance,
selecting the template T1 will prevent the growth of templdtediie to overlapping
structures, thus resulting in a suboptimal area reduction.

Regularity extraction is the term generally used for extracting reoccurring
patterns from CDFGs. This approach is related to the technolagping and the graph
covering problems. However, in the classical technology mappiablgm, a static
library of modules is provided with the goal of completely covetivegCDFG with a
mapping of each operation to a gate in the technology library. At thighels of
abstraction, these static libraries may not be readily &lail&€onsequently, regularity
extraction requires a more dynamic approach.

The contribution of this work is an area optimization algorithm thats us
regularity extraction to generate templates of reoccurriritenpa to enable resource
sharing. We use a heuristic method to grow templates dynaynlzasled on a cost
function and the frequency of reoccurring patterns within the C¥elditionally, we
implement backtracking and vary the look-ahead depth when growingatesdb
evaluate the efficiency of the algorithm in obtaining near-optsoéalitions in practice.

Preliminary work on this research has been published [73].
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7.1 Reated Work

Many approaches have been evaluated for resource sharing. phecgvering
problem may be solved optimally using a binate covering formulatomvever, the
problem is NP-Complete; the optimal binate covering approach a&ctable for large
problem instances. Villa et al. [66] proposed methods for obtaieswgts more quickly
by implementing better bounding techniques. However, even at itsusasy, binate
covering to cover large CDFGs can take an extremely long tonfind an optimal
covering solution. Many researchers have resorted to heuristicsder to obtain
solutions quickly. Memik et al. [39] proposed a method of resource shangPGAS
using a combination of five heuristics to merge resources across basic blo€kiSHta
They assume a technology library is provided for the targetAF&al the operation
nodes have been annotated with area and delay measurements. Wie gresee
general approach that may be used when this information is rltyrasailable. Our
method utilizes regularity extraction to organize reoccurring atjper networks in a
CDFG into separate templates to enable resource sharing.

There has been a significant amount of work on regularity exdradt general,
two methods are used. The first method uses a static libragmpiiates. The second
method, which we have implemented, dynamically generates tempbat the fly.
Callahan et al. [6] proposed a method for mapping operations to EP@s given a

library of templates to match. Prior to performing graph coverthg DAGs are
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partitioned into trees. This approach, however, can be very costly wyiaeg to
minimize area, as the number of operations will increase signify. Furthermore, they
only allow single-output templates, whereas our proposed method suppgtigle
fanout. Chowdhary et al. [8] have proposed dynamic template genefaioconsiders
the complete set of templates for trees and single-output dx@smultiple fanouts.
The complexity of considering all possible templates can be higtnir et al. [34] and
Rao and Kurdahi [56] and have proposed methods for extracting temptate®AGs
based on incremental template matching. However, this greedyaappsosubject to ill-
fated decisions that may prevent future template growth or bet@pped in local
minima. Our proposed method includes a varying look-ahead to considetenaiseof
hierarchy simultaneously in order to avoid this problem. Guo €iR8]. proposed a
similar method for the MONTIUM architecture that allows mifito the generated
template sizes. However, templates are grown based on frequency oéonceuthey do
not consider a cost function. Additionally, there is no discussion of threalég which
their solutions deviate from optimality. In our method, we have impiged a cost
function and backtracking to determine the point of diminishing refomas number of

benchmarks, allowing near-optimal solutions to be efficiently generated.
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7.2 Dynamic Resour ce Sharing

This section presents our heuristic algorithm for dynamic resosinaring. We
discuss our methods of building template matches using regulafitgcon, and

selecting which templates to implement for resource sharing via a cosbfun

7.2.1 Linear DAG Isomorphism

The key to regularity extraction is identifying common pattémsa graph.
CDFGs composed of directed acyclic graphs (DAGs) pose a méoeiidiproblem than
trees. Unlike trees, in which dynamic programming may be useftindl optimal
solutions for template matching, DAGs are commonly approached usinigtiosuto
identify isomorphic patterns. This process becomes more coneglifat large DAGs
and with multiple fanouts. Consider the example in Figure 7.2, whereitauits are
structured differently, but perform the same function (assumingnghes for the two
are the same). Evidently, the second structure may be used iroptheefirst structure
if the same inputs are used in both multipliers. However, in soses ¢hese structures
may in fact not be identical due to other properties, such as sign and precision.

There has been much work on DAG isomorphism. Gemini [21] was developed
as a means of validating circuit layout through graph isomorphisng ws graph
coloring technique. Rao and Kurdahi [56] proposed a string matching technique

for comparing graphs, but they use very simple string formwaked K-formulas).
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Zibin et al. [77] have described efficient methods of linear isomsnply utilizing the
commutative and associative properties of operations. We have impéehsesimilar
approach using string matching that encapsulates additional propémigsh operation,
including predicates, sign and precision. The algorithm is limited to singledrB#t&s,

but allows for multiple fanouts as described later in section 7.2.6.

\/

&QH/
Q ()

UADD32( UMULT32(U32,U32), UMULT32(U32,U32) )

Figure 7.2. Equivalent DAG structures.

Figure 7.3 describes the proceduBenerateExprs(), which takes as input a
nodeset from a single-rooted DAG, and a hash tablethat maps string expressions to
nodes. Thaodeset is topologically sorted in order of leaves to the root. Beginnirtlg
the leaves, the algorithm calls thiashNode() function on each node in th@deset to
generate a string value based on the properties of the opeaatl the hash expressions
of its input nodes. In Figure 7.2, the hash vallMULT32 is used to represent an
unsigned 32-bit multiplication operation, while the input$32, are represented
abstractly using only sign and precision properties. Similarly3gibit unsigned add

operation is represented as a function of its inputs. The functionaifybe expanded to
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handle other properties, such as bit-select and predicated opendasmsode() utilizes
the associative and commutative properties of symmetric operatyosrting the input
hash expressions alphanumerically. Two DAGs are said to be isomadfrgthe hash

values of the root nodes are equivalent, Nerpotl] = N[root2].

GenerateExprs(nodeset, N)

1 Topologically sort the nodes in nodeset
2 for each node n in nodeset

3 for each incoming edge p of n do

4 add N[p] to expr_list

5 Nn] = HashNode(n, expr_list)

Figure 7.3. Pseudo-code for DAG expressions.

7.2.2 Growing Templates

Templates are grown by first buildimgdesets and then matching structures as
described above. Aodeset is built by performing a depth-first traversal of a DAG
beginning at a root node, and incrementally adding the nodes at tegeh o the
hierarchy. In Figure 7.4, we present a recursive funcBondNodeSet() that grows a
nodeset. The function takes as input the cumede, thenodeset to which the nodes are
added, the currerievel in the hierarchy, anax_level of hierarchy, and a table that
maps each node to its current parent nodeset. In each ridgés added taodeset if
max_level has not been reached and no reconverging paths are found, as deschieed in t
next section. A nodeset may only be combined with another viaods node.

Consequently, the procedure checks thate is a root prior to combining sets. The
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procedure then recursively calls itself on each inputotte. The recursion is bounded
by max_level look-ahead or the height of the DAG if it is the smaller of the two.
Figure 7.5 illustrates the nodesets generated from a DAG waithing look-ahead

depths of 0, 1, and 2.

BuildNodeSet(node, nodeset, level, max_level, P)

if level > max_level then return

else if Pat hReconver ges(node, nodeset, false)
return

pset = Get Par ent Set (node, P)

if pset = NULL then
if node != pset->root then return
else add pset->nodes to nodeset

else add node to nodeset

for each node n in nodeset do

10 for each input edge p of n outside nodeset do

11 Bui | dNodeSet (p,nodeset,level+1,max_level,P)

O©CoO~NOOUOTAWNPRF

Figure 7.4. Pseudo-code for growing nodesets.

\_/
(8)(») (1) AR,
) oliteYo
Reconverging ' Vv LA=1
Path N/
Root v A=
YLA=0
SADD32( S32, S32)
SADD32( S32, SMULT32(S32,S32) )
SADD32( SMULT32(SADD32(S32,S32), SSUB32(S32,S385UB32(S32,S32)

Figure 7.5. Generated nodesets and expressions.
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7.2.3 Reconverging Paths

The order in which templates are grown is important. If teersts a secondary
path between a nodeset and a joining node in which an intermediatéaspdiee node
may not be added to the set unless the node on the intermediate fpathinsluded.
Otherwise, a cycle is produced. Referring to Figure 7.5, eéhse the root node’s first
input, the subtract node, has a reconverging path through the multipatiopeHad the
subtract node been added first, the multiply node would become both an input and output
to the nodeset, resulting in a cycle. Consequently, only the multiplyis@digled in the

second stage, while the subtract node is added in the third stage.

PathReconverges(node, nodeset, diverged)
1 for each outgoing edge s of node do

2 if nodeset contains s then

3 if diverged == false then

4 continue

5 else if diverged == true then

6 return true

7 else if s has not been visited then

8 |if Pat hReconver ges(s, nodeset, true) then
9 return true

10 return false

Figure 7.6. Pseudo-code for reconverging paths.

Figure 7.6 describes a recursive algorithm for determiningiode has a
reconverging path toodeset. The procedure performs a depth-first traversal of all paths

from node by calling itself on each successor node. If a node on a patmdbbslong
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to nodeset, the node is said to have diverged. Consequently, the presence of any

subsequent nodes along the same patldeset indicates a reconverging path.

7.24 Template Matching

We have described a method of growing nodesets for templates agana of
generating expressions for nodeset equivalence checking. We nowbéestechnique
for generating template matches that employs these methodse Figurpresents
a procedureGenerateExprTable() for generating template matches. It takes as input a
graphG, a hash tabl& that maps a list of equivalent nodesets to a hash expression,
a tableP that maps a node to its parent nodeset, diodkaahead factor for generating
nodesets.

The procedure iterates through each nod@ end builds nodesets based on the
look-ahead value provided. It considers all permitted levels of loolkdahea
simultaneously. For instance, a look-ahead value of 2 produces nodesetkfahéads
of 0, 1, and 2. Similarly, a look-ahead of infinity)(considers all possible nodeset
combinations for each node in the graph. Once a nodeset is built, expasksion is
generated for the DAG. This expression is used as the keydfiing the nodeset to
tableE. To bound the size of the table, the procedure terminates if an bagstywalue
is found or if the hash value is the same as that in a previags. $tigure 5 shows the
nodesets generated for a look-ahead of 2 and the correspondingexpslsions

generated at each level.
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GenerateExprTable(G, E, P, look_ahead)
1 for each block b in G
2 foreachnodeninb
fori = 0 to look _ahead do
nodeset is a collection of nodes
N is a hash table of string to node
nodeset->root = node
Bui | dNodeSet (node, nodeset, 0, i, P)
Gener at eExpr s(nodeset, N)
key = N[nodeset->root]
10 if nodeset is empty then break
11 else if key was already seen then break
12 else add nodeset to E[key]
13 for each element e in E do
14 Get Maxi nmal | ndependant Set s(e, P)
15 PruneUnmat chedSet s(E, P)

ooo~NOOIThW

Figure 7.7. Pseudo-code for template matching.

The result of the procedure is a complete mapping of expressiandidb of
equivalent nodesets. It is, however, necessary to remove any cottféctarise locally
within each set of template matches. Villa et al. [66] desailbeethod of obtaining a
close approximation of the maximal independent set using an adjacetrey, in which
the number of nodesets is maximized by first selecting thosedhéict with the least
number of nodesets, and then eliminating any rows/columns thateicterith a ‘1’.
Templates that do not have at least two matches are pruneslssne is no benefit to
instantiating single-match templates. Figure 7.8 illustratest af conflicting template
matches and the corresponding adjacency matrix. Selecting redtieset T1 or T3 first
would result in the maximum attainable matches. Conversely, isglél2 first would

have eliminated matches T1 and T3, thereby producing suboptimal results.



117

T1|T2|T3

Ti( 1|1 (O

T2 1 (1|1

T3] 0| 1|1

Figure 7.8. Adjacency matrix for overlapping sets.

7.25 Selecting Templates

Once the table of possible template matches is constructednécessary to
determine the best templates to implement. Typically, each chaga direct impact on
future choices, as there may yet exist conflicts between etsdet different templates
that must be eliminated. Figure 7.9 describes a procegaieet TemplateMatches(), that
iteratively selects the best template matches fioasing a cost function based on the
number of operations covered, less the cost of implementing the temjitla replicated
hardware (see section 7.2.6). The corresponding list of matches ¢sl prao T. Al
remaining nodesets iR that conflict with these matches are removed, and unmatched
sets are pruned. This process continues &ntd either empty or no suitable template
matches are available. If a single template match is foufidaifter the other matches
were combined into larger templates, the template is pruned and its nodes areaaklded b

to the pool for future template matching.
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Different techniques may be considered when choosing a cost funtioecise
area measurements are available for operations, it magdsgle to obtain nearly
minimal area solutions. For our purposes, we chose a wiring coseveral reasons.
First, it is often difficult to approximate the area costrathbstract level, since we must
predict how the resulting CDFG will be translated to hardwareor& we wish to give
preference to large, complex networks in order to reduce intercoandcsimplify

routing. Finally, reducing the nets effectively reduces the area as well

SelectTemplateMatches(E, T, P, costfunc)
1 changes = true
2 while( changes)
changes = false
best_expr = Get Best Cost Expr (E, costfunc)
if best_expr != NULL then
nodesets = E[best_expr]
remove best_expr from E
AddTenpl at e(nodesets, T, P)
Renovel nt er sect i ngSet s(nodesets, E, P)
10 Pr uneUnmat chedSet s(E, P)
11  delete nodesets
12  changes = true
13 PruneUnnat chedSet s(T, P)

O©CoOoO~NOO O~ W

Figure 7.9. Pseudo-code for template selection.

7.2.6 Building Template Structures

To ensure that a template performs the same function fosaatiarphic DAG
structures, it must have a tree structure, as shown in Figiirdhe disadvantage of this
approach is that it may result in an increase in area. Howéngintrease is bounded

because it is possible to prune a template if it is deemed tdg tmanplement for the
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number of available matches. The template tree structure canbgucted from any of
the matched nodesets by decomposing the DAG into a tree using @gmstraversal,
beginning at the root node. For each template match, we iddrgifyodes with edges to
external operations, adding them to the fanout list. Note that it beagecessary to
replicate DAG input edges to split nodes in the expanded treduseu€&igure 7.10
illustrates the template tree structure for the DAG in g5 with replicated input
edges and multiple fanouts. The subtract operation has been replicated duringiconver
from DAG to tree. The nodeset is extracted into a separate C&¥replaced with a

single call node to the functidremplatel(B,A,B,A,A,10).

MRE oo

ol gV

— e
ATE
e

Figure 7.10. Generated template for the DAG in Figure 7.5.

7.2.7 Resource Sharing Algorithm

In this section we presentResource Sharing algorithm, shown in Figure 7.11,
comprised of the techniques described in this chapter. The procedureasakgsit a

graph G, alook-ahead value for generating the table of template expressions, and a
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backtracking value. As previously described, each chosen template match dheecia
impact on future template selections. Thus, the following questigesarif we had
chosen the second, third, or fourth best template expression first, bold this have

affected the future results?

ResourceSharing(G, look_ahead, backtrack)

1 best T=NULL

2 best_P =NULL

3 best _cost=0

4 changes = true

5 while ( changes ) do

6 changes = false

7  E maps exprs to nodeset lists

8 T maps templates to nodeset lists

9 P maps nodes to their parent nodeset

10 Gener at eExpr Tabl e(G, E, P, look_ahead)
11  fori= 0 to min(backtrack+1, E.size) do

12 Sel ect Tenpl at eMat ches(E, T, P, i)

13 for each template tin T do

14 template_cost += Get Cost (t,costfunc)
15 if template_cost > best_cost then

16 best_cost = template_cost

17 best T=T

18 best P=P

19 changes = true

20 Bui | dTenpl at es(G, best_T, best_P)

Figure 7.11. Pseudo-code for resource sharing.

Backtracking prevents the algorithm from becoming trapped in subalpibcal
minima as a result of ill-fated decisions. However, deep baéltigacan dramatically
increase the CPU time required for template extraction. Tovexefve have evaluated
the relationship between look-ahead depth and gains in solution qualigdén to

determine the point of diminishing return. By selectingithbest template expression
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first, we can evaluate how well the solution compares with @fityn For instance, with
a backtracking value of 1, the best expression is chosen in thigefiesston and second-
best expression is chosen in the second iteration. Similarlyngsette backtracking
value to infinity o), although it is really bounded by the size of the expressioa Eabl
will evaluate the cost of implementing each template miatsth In each iteration of the
backtracking loop, we compare the cost of the resulting templalieTt to the best cost

and update the values accordingly. Ultimately, the best table of templhtes.is

7.3 Experimental Results

This section reports results on ten DSP benchmarks using the propasecee
sharing algorithm. The CDFGs were generated using the FREE&Didiler, and were
unrolled several times to increase the design complexityeTabl presents the number
of templates generated and the maximum template size fomgalyok-ahead and
backtracking depths. Table 7.2 presents the number and percentage resalurced.
The percentage resource reduction is the cost of the operationsedniess that
required for implementing the templates. Table 7.3 presents theuntame for the
resource sharing with varying look-ahead and backtracking depth.

In examining the template sizes and resource reduction foretitféok-ahead
depths, there are apparent ambiguities in the results. Thestownariare likely due to

the order in which templates are grown, which effects future teéengaowth.
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Additionally, the templates did not include memory operations, whiclielimthe
maximum allowable coverage. It is interesting to note the numhkengflates generated
decreased as the look-ahead depth increased. This is expectethrggrceemplates are
discovered initially. However, we found that increasing the loola@ltkepth caused an
exponential growth in the size of the hash values, requid@) time for string
matching. This explains the exponential increase in execution witlesncreased look-
ahead depth.

Overall, the results show quality gains saturate at look-aheagbodximately 3,
with reduction in resource usage ranging from 40-80%. The last sech table shows
results for a backtracking depth of 10 to quantify the optimalitthefalgorithm. The
results show that reduction in resource usage only varied wi# margin, indicating
that our resource sharing algorithm produces efficient results, asagrg small,
incremental template growth. Consequently, small, incremental agngirowth is
preferable for resource sharing to obtain near-optimal results in reducedn@RU t

Interestingly, when applying this resource sharing technique kardware
implementation in an RTL model, the multiplexer and glue logicriadeby the logic
synthesis tool for sharing the hardware resulted in poor qualit.gi fact, the added
glue logic cost more than the overall benefit of removing Kieeeous hardware, thus
counteracting the affect of resource sharing. However, one canthegukis is the fault
of the logic synthesis tool. In order to properly test this regosinaring algorithm in a

hardware implementation, the FREEDOM compiler would need to beeatieptlirectly
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translate the CDFGs to structural hardware models (compétlistrof gates) for the

target architecture instead of RTL models to be synthesized by third party tools.

Table 7.1. Number of templates generated and maximum template sizesfor varying

look-ahead and backtracking depths.

BT =10

LA=1 LA=3 LA=5 LA=7 LA = INF LA = INF
# Max| # Max| # Max| # Max, # Max| # Max
Benchmark | Tmpls Size | Tmpls Size | Tmpls Size | Tmpls Size | Tmpls Size | Tmpls Size
dot_prod 5 24 4 18 4 18 4 18 4 18 4 18
ir 9 18 6 48 6 48 6 48 6 48 6 48
matmul_32 10 24 9 18 6 18 6 18 6 18 9 20
ged 7 5 6 5 5 5 5 5 5 5 5 5
diffeq 18 9 8 93 9 10 9 10 9 10 9 10
ellip 4 3 2 3 2 3 2 3 2 3 2 3
laplace 9 5 7 5 7 5 7 5 7 5 7 5
fir16tap 9 24 7 18 5 18 5 18 5 18 5 18
fir_cmplx 15 21 1237 8 37 8 37 8 37 12 37
sobel 13 8 11 8 11 13 11 13 10 13 11 13

Table 7.2. Number and per centage resour ces reduced with varying look-ahead and
backtracking depth.

BT =10
Benchmark LA=1 LA=3 LA=5 LA=7 LA = INF LA = INF
dot_prod 202 69.2%| 220 75.3%| 220 75.3%| 220 75.3%| 220 75.3%| 220 75.3%
lir 531 78.4%| 520 76.8%| 520 76.8%| 520 76.8%| 520 76.8%| 520 76.8%
matmul_32 219 61.3%| 231 64.7%| 214 59.9%| 214 59.9%| 214 59.9%| 220 61.6%
ged 51 43.6%| 51 43.6%| 48 41.0%| 48 41.0%| 48 41.0%| 48 41.0%
diffeq 161 55.5%| 133 45.9%| 146 50.3%| 146 50.3%| 146 50.3%| 146 50.3%
ellip 104 64.6%| 101 62.7%| 101 62.7%| 101 62.7%| 101 62.7%| 101 62.7%
laplace 229 67.4%| 215 63.2%| 215 63.2%| 215 63.2%| 215 63.2%| 215 63.2%
firt6tap 197 61.8%| 215 67.4%| 208 65.2%| 208 65.2%| 208 65.2%| 208 65.2%
fir_cmplx 514 71.3%| 474 65.7%| 500 69.3%| 500 69.3%| 500 69.3%| 518 71.8%
sobel 894 79.2%| 870 77.1%| 837 74.1%| 868 76.9%| 846 74.9%| 844 74.8%
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Table 7.3. Timing resultsin seconds for resour ce sharing with varying
look-ahead and backtracking depth.

BT=10

Benchmark | LA=1 | LA=3 | LA=5 | LA=7 [LA=INF|LA =INF
dot_prod 3.6 4.8 5.9 9.0 23.7 31.5
iir 19.5 29.8 40.4 47.6 70.8) 120.6
matmul_32 4.2 7.1 8.7 11.3 20.7 36.9
ged 0.8 0.8 0.8 0.8 0.8 2.1
diffeq 4.4 7.3 9.0 17.3 23.6 31.4
ellip 1.6 1.6 1.8 1.9 1.9 3.2
laplace 6.5 8.4 1.9 15.2 20.8 31.3
firt6tap 4.9 6.3 7.3 9.7 17.5 29.3
fir_cmplx 25.1 36.8 45.3 65.7| 156.6] 231.2
sobel 38.3 49.4 54.0 54.9 48.0 164.9

74 Summary

This chapter presented a regularity extraction algorithm faures sharing in
CDFGs. We use a heuristic to dynamically grow templatesdb@sea cost function and
the frequency of reoccurring patterns, while applying backtrackim varying look-
ahead depth to evaluate the trade off between solution quality and men ti
Experimental results on ten benchmarks indicate that small, inntahiemplate growth

is preferable for resource sharing to obtain near-optimal results in redetetime.



Chapter 8

Har dwar e-Softwar e Partitioning of
Software Binaries

Partitioning plays an increasingly important role in the desigmcgas of
hardware/software co-designs of embedded systems. The decistums ahd where to
partition a design are crucial in obtaining optimal performaragetoffs. Often times,
synthesis and simulation tools cannot handle the complexity of thie spstem under
development, or designers may want to concentrate on critical gfagssystem to
speed-up the design cycle. Thus, the present state of design techwitéogsequires a
partitioning of the system.

Generally, designers will profile functions in an application tteiheine the
bottlenecks in the design, or locate the portions of code that are ts m
computationally intensive portions in the design. These structuresh vgeicerally
consist of entire procedures or loop structures, are usuallyegklecove to hardware

in order to obtain performance speedups.
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Partitioning is usually performed at high levels of abstractiocesit is usually
easier to analyze the design structure. Partitioning softwararids poses a more
complicated problem since the structures are not often identifiabléhey may be
highly pipelined and cannot be easily partitioned. Sometimes the lampusés are too
small and larger structures are required, or perhaps the desiggevish to move large
blocks of sequential code to hardware instead.

This chapter presents a general scheme for hardware/sofpagrgoning of
software binaries, in which structures are extracted from guves at different levels in
the design hierarchy. The structures are self-contained and bearoptimized
independently, moved to hardware as a stand-alone procedure, or impteaseptat of

a hardware/software co-design.

8.1 Related Work

There are many important aspects to design partitioning, somieici has been
discussed by Johannes [31]. Partitioning can be implemented on aknliffevels of
granularity, generally at the functional or structural levais] at different stages of a
high-level synthesis process. In the early stages of desigtitjopamng can be more
complicated as the critical decisions for optimal performaredeoffs are often based
on incomplete knowledge. Many researches have implemented partitaining FSM

level. Feske et al. [23] presented an approach for FSM partiti@mdgstate encoding
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targeting FPGA architectures. Vahid et al. [61][62] showed thaitipamg a design at
the functional level can produce better /O and size constrdiats at the structural
netlist level. Furthermore, partitioning a design before syntlugisyield an order of
magnitude improvement in synthesis runtimes.

Other work has shown that partitioning a design into smaller sec#mnbe used
to decrease power consumption. Chung et al. [9] described work on pangjtiohi
behavioral-level descriptions prior to scheduling and allocation, sutledlkh partition
is controlled by an independent gated clock, which can be turned off teerpduer
consumption for the entire functional block. The optimality of the fpamtis defined in
terms of area and power under a given global timing constrairgd bas high-level
estimations. Hwang et al. [29] proposed a power reduction techniquartityoping an
FSM, and then shutting down the inactive processes and datapathamioateli
unnecessary switching activity. Venkataraman et al. [64] described the@Atool for
FSM partitioning. Using a genetic algorithm they perform estassignment and
partitioning simultaneously to reduce power consumption.

Partitioning software binaries is often more complicated thatitipaing a high-
level application due to the lack of functional boundary informationeptes the
design. Software binaries generally require coarse-grain ipairiig first at the
procedural level, or procedure extraction. Cifuentes and Simon [13] lepeoeted
algorithms for identifying function calls from assembly progsamsing predefined

procedure call interfaces. They further described a procedumacitmst language that
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can be used to specify the calling conventions for different artimésc and discuss
how data flow analysis can be used to identify function argumentsal Mt al. [43]
described a method of automatically extracting function bodies fioked software
binaries using procedure-calling conventions along with limited coatrdl data flow
information. This work was incorporated as part of the FREEDOM compiler.

There has been very little work reported on structural panirtg of software
binaries at a fine-grain level. Most work reported focused on silopfe structures or
the entire function [10][11][12][60][59]. Our approach allows for both famel course
grain partitioning of software binaries at the procedural and tetalclevels. The
partitioned kernels of the design can then be optimized individuadg, selectively

moved to hardware as a stand-alone procedure or as a hardware/softwargrco-desi

8.2 Structural Extraction

This section introduces the concept shfuctural extraction as a means of
partitioning software binaries for a hardware/software cogte Structural extraction
was implemented in the FREEDOM compiler as a means of @rggaine-grain and
course-grain structures from MST procedures at different hiecatchevels. This
includes loops, if-then-else blocks, etc. The designer is able tacexhe identified
structures using the GUI interface. The extracted strucamegreated as independent

procedures, and therefore can be easily optimized and moved to hardwatearid
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output ports are automatically generated during the CDFG optimizatsodsscribed in

Section 5.2.1.

8.2.1 Discovering Extractable Structures

Structural extraction requires one to first identify those structureat@deasible
for partitioning. A manual approach is often used to profile #sgmh for computational
bottlenecks. Alternatively, heuristics may be used to deterrhabdst sections of code
to move to hardware, such as those loops with the large codensma. approach, we
leave the structural selection to the designer. The objectivashiredentify structures
that can be partitioned within a maximum inter-procedural cut-sae data
dependencies. As described earlier (Section 5.2.1), we limit thsizeuof the 1/0O
interface to the size of the number of physical registerbansource general-purpose
processor architecture. Consequently, we do not allow virtual eegjigt cross inter-
procedural boundaries.

Figure 8.1 describes the procedubascover Structures() for discovering
structures to be extracted, whose inputs consist of an MST precBdand a Boolean
mapping,M, of each structure to signify if it is extractable. The pdoce begins by
generating a linearized CFG from the MST procedure, asibdeddn Chapter 4. Using
the methods described in sections 5.1.1 and 5.1.2, reaching definitions enagepefor
data flow analysis, followed by structural analysis to gereaaminimized structural

graph.Discover_Extractable Structures(), described in Figure 8.2, is recursively called
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on the each structure in the hierarchical tree to determirteniay be extracted. A
structure may only be extracted if no virtual register has dependencies that cross the
structural boundaries. Figure 8.3 describes the proce@areExtract Structure(),
which utilizes data dependency analysis to identify such operandsprblecedure
iterates through the instructions in each basic block within thetste and checks that
no virtual operand has data dependencies that exist outside therstrAcstructure that
contains inter-procedural virtual data dependencies may not laetextindependently

from its parent structure.

Discover_Structures( P, M)
CFG =Build_CFG(P)
Generate_Reaching_Definitions( CFG )
SG = Structural_Analysis( CFG )
struct_list = SG->GetStructures()
Discover_Extractable_Structures( CFG, M, struct_ list)
return SG

O wWNRE

Figure 8.1. Procedurefor discovering structuresfor extraction.

Discover_Extractable_Structures( CFG, M, struct_| ist)
1 for each structure s in struct_list do
2 if (Can_Extract_Structure(CFG, s) ) then
3 M[s]=true
4 else
5 M[s]="false
6 Discover_Extractable_Structures(CFG, M, s->Get Structures())

Figure 8.2. Recursive procedurefor identifying extractable structures.
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Can_Extract_Structur e(CFG, s)

1 for each block b in s do

2 for each instruction i in block b do

for each virtual operand registerrinid o]

4 if r is has a definition outside of s t hen
5 return false

6 else if r has a use ou tside of s then

7

8

w

return false
return true

Figure 8.3. Procedurefor determining if a structure can be extracted.

An analysis of the algorithm in Figure 8.1 requi€®) for generating the CFG
[74] in line 1, as described in Chapter 4. Generating the reachimitidat (DU-chains
and UD-chains) [44] in line 2 requiré¥n?) in the number of instructions. In line 3,
structural analysis require®(b) time in the number of blocks using the graph
minimization technique with depth first search [4B]scover Extractable Sructures()
in line 5 (see Figure 8.2gcursively iterates through the structure hierarchy in taphgr
At each level in the hierarchy, it iterates through altrirdions within the structure to
find any definition that crosses structural boundaries, as Hedciin the function
Can_Extract_Structure() in Figure 8.3. Searching the DU-chains for definitions that
cross structure boundaries has a worst case time complefiy)for each structure. A
worst case scenario results when each structure is composed stiftictures in which
one has a single instruction, requiri@(n®) time complexity to traverse the entire
structure hierarchy. Consequently, the complete algorithm has & wass time

complexity ofO(n?).
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8.2.2 Selecting Structuresfor Extraction

Once the extractable structures in the procedure are iddntiiey may be
selected for extraction manually using the GUI interfacediadog box presents a tree
model of the structural hierarchy in the procedure that can be edplrstructure (and
its children) may be selected for extraction by clicking tiec&box next to it. However,
the checkbox is disabled for structures that may not be extradegeandently of its
parent structure. While exploring the structures in the procethegeyindow on right
side presents useful information about the highlighted structure, sutle &ype (loop,

if-then-else, etc.) and the number and percentage of operations within.

FREEDOM

Fle Edit View Project Tools Window Help
=S < =T

X

File View | Model View

2 Workspace
= firl6tap
=23 Source Files

R I
Structure Extraction
Structures Information
= [P firlGtap Structure: Self Loop

=T Block_Set 13

=2 firibtap.asm
[P] firlGtap
[Pl main
=23 VHDL Files
firl6tap.vhd
main.vhd
RAM_1024x32 vhd
=-E3 VERILOG Files
firl6tap.v
main.v
RAM_1024x32 v

=7 f_Then_12
[~ Block_1
£
=-I¥ Block_Set_10
= If_Then_9
[¥ Block_2
=-F Self_Loop_8
7 Block_3
¥ Block_4
[T Block %
" Block_&

Operations: 157 (68%)

l Analyze Structures

l Extract Structures

l Close

Figure 8.4. GUI interfacefor selecting structuresfor extraction.
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8.2.3 Extracting Structures

Figure 8.5 describes a recursive procedure for extractingtigiescfrom a
procedure. It takes as input the procedgyra Boolean mappiniyl for each structure to
be extracted, anstruct_list, the current list of structures at each hierarchical level. If the
mapM returnstrue for a structure, it is extracted along with all its clelalr Otherwise,
the function is recursively called on its children structures. tires are extracted by
replacing the basic blocks and instructions that lie within theth wicall to a new
procedure. The algorithm has a worst case run time complex@{spfn the number of

structures.

Extract_Structures( P, M, struct_list)

1 for each structure s in struct_list do

2 if (M[s]==true)then

3 extract structure s from procedure P

4 else

5  Extract_Structures( P, M, s->GetStructures() )

Figure 8.5. Recursive procedur e fore extracting structures.

In Figure 8.6, the outer loop of tfiel6tap procedure was extracted; instructions
with PC values 0x0704 to 0x0770 have been replaced with the call instrtatibe
procedurefirl6tap _struct 0. Figure 8.7 describes the Verilog code for calling the
firl6tap struct O procedure from its parent in a FSM. The inputs and reset aretbet
first state, and then it waits in the second state until theeps is complete. In the third

state the output values from the procedure are read.
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22.00000000 0x00000700 L1: NOP(0,u’) 0x00000000(s '32)
22.00100000 0x00000700 CALL(O,u’) firl6tap_struct 0
23.00000000 0x00000700 GOTO(0,u’) L4

64.00000000 0x00000774 L4: NOP(0,u’) 0x00000000(s '32)

Figure 8.6. Extracted M ST instructions replaced with a procedure call.

FIR1I6TAP_FSM_PROCESS_STATE_1: begin
firl6tap_struct_O_instance_0_reset <= 1'b1;
firl6tap_struct_0_instance_0_A10_IN <= SRS;
firl6tap_struct_0_instance_0_A11 IN <= SR5;
firl6tap_struct_0_instance_0_A2_IN <= SR9;
firl6tap_struct_O_instance_0_A3_IN <= SR11;
firl6tap_struct_O_instance_0_A4_IN <= SR13;
firl6tap_struct_0_instance_0_A5_IN <= SR14;
firl6tap_struct_0_instance_0_A6_IN <= SR17;
firl6tap_struct_0_instance_0_A7_IN <= SR18;
firl6tap_struct_O_instance_0_A8_IN <= SR20;
firl6tap_struct_O_instance_0_A9 IN <= SR21;
firl6tap_ctrl <= FIRI6TAP_FSM_PROCESS_STATE_2;

end

FIR16TAP_FSM_PROCESS_STATE_2 : begin
firl6tap_struct_0_instance_0_reset <= 1'b0;

if (firl6tap_struct_0_instance_0_done == 1'b1) be gin
firl6tap_ctrl <= FIRI6TAP_FSM_PROCESS_STATE_3;
end
else begin
firl6tap_ctrl <= FIRL6TAP_FSM_PROCESS_STATE_2;
end
end

FIR16TAP_FSM_PROCESS_STATE_3: begin

SRO <= firl6tap_struct_0_instance_0_AO0_OUT,;

SR2 <= firl6tap_struct_0_instance_0_Al_ OUT,;

SR9 <= firl6tap_struct_0_instance_0_A2_OUT,;

SR14 <= firl6tap_struct_0_instance_0_A3_OUT,;

SR15 <= firl6tap_struct_0_instance_0_A5_ OUT;

SR18 <= firl6tap_struct_0_instance_0_A7_OUT,;

SR21 <= firl6tap_struct_0_instance_0_A9 OUT,;

firl6tap_ctrl <= FIRI6TAP_FSM_PROCESS_STATE_4;
end

Figure8.7. Verilog code for calling the extracted procedurein a FSM.
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8.3 Summary

This chapter presented a fine-grain hardware/software panigjascheme for
software binaries at the structural level, such as loop bodiesle Vdigcovering
structures for extraction, we minimize the cut size of thaplgrby only allowing
partitioning of a structure that does not have any virtual registith dependencies that
cross the structure boundaries. Rather, only physical registershave dependencies
across structural boundaries. The extracted structures areotkesetf-contained and
can be optimized independently, or moved to hardware as a stand-aloadype or in

a hardware/software co-design.



Chapter 9
A Case Study: MPEG-4

This chapter presents a case study on the MPEG-4 (Motion PEtoeding
Group) video decoder, which was used as a means of quantifying tkeresented in
this dissertation. The MPEG-4 video decoder was originally availebiC code and
compiled for the Tl C6211 DSP architecture. The software binay translated to
hardware using the FREEDOM compiler, targeting the Xilinxté 1l FPGA. The
following sections provide an overview of the MPEG-4 software awthite and a
comparison of implementation results for the general-purpose poycasd the FPGA

architecture.

9.1 Oveview of the M PEG-4 Decoder

The MPEG-4 standards began development in 1995, and is now composed of 16
parts, shown in Table 9.1. The visual coding standard is detailedtid.pa part 10, an

advanced video codec (AVC) is described, which was added as a mdzaatkwhrds
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compatibility for the older MPEG standards. The implementatioaridesl here is only
concerned with the standard detailed in part 2. Each pareistémdard is subdivided
into profiles, which define different technology criteria. Foranse, thesimple profile
operates on rectangulésframes and P-frames, while the core profile also allows for
B-frames. Within each profile are levels that define the scope or magnuéidbe
parameters within the profile, such as bit rate and typical&rame. The software
architecture for the MPEG-4 video decoder used in this case wstaslymplemented
using thesimple profile. The following subsections describe the software modehéor

decoder, as is illustrated in Figure 9.1.

Table9.1. MPEG-4 standard.

Part Description
1 Systems
2 Visual
3 Audio
4 Conformance testing
5 Reference software
6 DMIF
7 Optimized software of MPEG-4 tools
8 MPEG-4 over IP networks
9 Reference hardware description
10 AVC
11 Scene description and application engine
12 ISO media file format
13 IP management and protection extensions
14 MP4 file format
15 AVC file format
16 AFX
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Figure 9.1. Software model for the M PEG-4 decoder .
9.1.1 Parser

The parser module is the front-end to the MPEG-4 decoder, in which the input
byte stream is partitioned and decoded. The parser decodes visuallajmegVOL)
headers for multi-layer streams and video object plane (VOP) headergdmrdiframe
types. The simple profile supports VOP headers made iyraimes, which are intra-
coded frames that do not use motion estimation, Rffichmes, which are predictive-
coded frame that use motion estimation based on the previously encaned frhe
frame data is organized into macroblocks. THieames macroblocks contain the texture
data, while theP-frame macroblocks are composed of the motion vectors. A variable

length decoder is used to decode both texture data and motion vectors.
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9.1.2 Texture Decoding

The texture decoding module performs complete decodingldfames for intra-
coded pictures. The texture decoding works on a block level (8x83 amade of zigzag
encoding, inverse quantization, AC/DC prediction, and Inverse Discle®ne
Transform (IDCT). The software architecture for the textudedoding module is
illustrated in Figure 9.2. The values in parentheses are thentwtdoer of function calls

in the procedure and the edge values are the number of calls to individual procedures.

TextureIDCT
@
1 / 1 \ :
¥
BlockIDCT DCACreconstruct inv_zigzag dequant cal dc_scaler remi
@ ) © © ©
idctcol idctrow divi

© © ©

Figure 9.2. Softwar e implementation for the texture decoding module.

9.1.3 Motion Compensation

The motion compensation module operates on macroblocks Bfframes.
This module reconstructs frames based on motion vectors, which are taddeel
reference frame that is stored in the external memory. Theerefe frame is streamed

into a buffer via the memory controller, and operations are performedbbock level
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(8x8). The software architecture for the motion compensation modilassated in

Figure 9.3.
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©

Figure 9.3. Softwar e implementation for the motion compensation module.

9.1.4 Reconstruction

The reconstruction module combines the movement information carried by the
decoded motion vector with the reference frame produced by the telecoeer. The

resulting image is stored in the external memory and streamed out to vide®aforgvi

9.1.5 Memory Controller

Thememory controller module provides the motion compensation module access

to the external memory where the reference frame is storeditignally, the
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reconstructed frame is stored to the external memory via tineorgecontroller. The

software architecture for the memory controller module is illustrsiéigure 9.4.

copyControl
®

/N

updateBufferChrom updateBufferY
@ @

g

remi

©

Figure 9.4. Softwar e implementation for the memory controller module.

9.1.6 Display Controller

The display controller module performs YUV to RBG conversion on the

reconstructed frame. The RGB frame data is then streamed out to video.

9.2 Experimental Results

This section reports comparison of results for several moduld®eiMPEG-4
decoder software that were implemented on a general-purposerid3Rea translated
and optimized for an FPGA architecture using the FREEDOM cemgihe MPEG-4
decoder modules chosen were tif¢ure decoder, motion compensation, reconstruction,

andmemory controller. Theparser anddisplay controller modules were left out because
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their software implementations were highly integrated with Ifi0 functions that posed
a problem in the hardware/software translation.

Table 9.2 compares the performance of the MPEG-4 decoder modules on the
T1 C6211 DSP and Xilinx Virtex Il FPGA platforms. The first faoo listed for each
module is the top-level function. Results indicate speedups between 14-&rms of

cycles and 6-22x in terms of time for the FPGA implementation over that of the DSP

Table 9.2. Comparison of MPEG-4 decoder modules on DSP and FPGA platforms.

Tl C6211 DSP Xilinx Virtex Il FPGA
Avg. Freq. Time | Avg. Freq. Time Area Speedup Speedup
Function Cycles (MHz) (ps) [Cycles (MHz) (us) (LUTs) (cycles) (time)
Texture Decoder

TexturelDCT 275156 300.0 917.19] 4088 100.1 40.84 36029  67.31 22.46
DCACreconstruct 4860 300.0 16.20f 132 1001 132 * 36.82 12.29
cal_dc_scaler 71 3000 0.24 12 1001 0.12 * 5.92 1.97
inv_zigzag_dequant| 55198 300.0 183.99, 1380 100.1 13.79 * 40.00 13.35
BlockIDCT 200654 300.0 668.85] 2203 100.1 22.01 * 91.08  30.39
Idctcol 13980 300.0 46.60f 224 100.1 224 ~ 62.41 20.82
Idctrow 10915 300.0 36.38 48 1001 048 * 227.40  75.87
Divi 30 300.0 0.10 47 1001 047 * 0.64 0.21
Remi 22 300.0 0.07 46 1001 046 * 0.48 0.16

Motion Compensate
MotionCompBlock | 73447 300.0 244.82| 5266 124.5 42.30 9851 13.95 5.79

MotionCompensate | 71658 300.0 238.86| 5245 124.5 42.13 13.66 5.67
translateAddress 854 300.0 2.85 74 1245 059 * 11.54 4.79
Remi 14 300.0 0.05 46 1245 037 * 0.30 0.13
Memory Controller
copyControl 202294 300.0 674.31] 5248 107.6 48.77 9675 3855  13.83
updateBufferY 65132 300.0 217.11| 1705 107.6 1585 * 3820 13.70
updateBufferChrom | 33588 300.0 111.96/ 887 107.6 824 * 37.87  13.58
Remi 20 300.0 0.07 46 1076 043 * 0.43 0.16
Reconstruction

TextureUpdate 34888 300.0 116.29] 1348 1342 10.04 5781  25.88  11.58
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9.3 Summary

This chapter presented a case study on the MPEG-4 video decoddeiirtar
guantify the work presented in this dissertation. An overview of tREGH software
architecture was provided. Comparison of implementation resultedorl C6211 DSP
and the Xilinx Virtex Il FPGA architectures show speedups eéetwl4-67x in terms of
cycles and 6-22x in terms of time for the FPGA implementatiom that of the DSP.
These results indicate the successfulness of the FREEDOM leommpiranslating and
optimizing even large software binary applications for FPGA techires to obtain

greater performances.



Chapter 10

Conclusions and Future Work

Recent advances in embedded communications and control systems are pushing
the computational limits of DSP applications. Often times, theopaence of these
complex applications is impeded due to limitations in the computatmaradwidth of
the processor. The conventional way to address the computationatdxcktlieas been to
migrate sections of the application or its entirety to hardwas part of a
hardware/software co-design system. However, the problem is moehaomplicated
when implementing a hardware/software co-design from softwareridsnaThe
challenge in translating instructions from a fixed processnitacture to hardware is in
undoing all the architecture-specific optimizations, and then expdottie fine-grain
parallelism in the design using a much larger number of functiona, temtbedded

multipliers, registers and on-chip embedded memories.

144
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10.1 Summary of Contributions

The contribution of this work is in developing a methodology for translating
software binaries of general-purpose processors to hardwareptiessrifor FPGAS,
and to evaluate the efficiency of such methods as compared to ther@erce of the
general-purpose processor. Towards this effort, we have developdeREEEDOM
compiler, which automatically translates DSP software bisaaéardware descriptions
for FPGAs. The multiple levels of the compiler architecture were distussketail.

We have presented our methodology for translating scheduled and pipelined
software binaries to hardware and described an array of optiomgathat were
implemented in the FREEDOM compiler. The effects of thesemigtions on
performance were evaluated in terms of clock cycle count, freguand area. Through
new techniques for balanced scheduling and operation chaining weslhawe even
greater improvements in performance.

We employed methods of fine-grain and course-grain extractiomstofictions
to further improve design feasibility. Our resource sharimiprtigjue uses a method
known as regularity extraction to generate templates of wedcg patters in a design.
The reoccurring patterns are then extracted and replatkedemplate calls in order to
reduce resource utilization. Our structural extraction techniqueifiderdifferent types

of structures in a design, such as loops and if-then-else blocks. Stheseres can be
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extracted as separate procedures in functional hierarcbwiradj for partitioning of a
design or implementation of a hardware/software co-design.

These concepts outlined in this work were tested in a case siudy MPEG-4
decoder in which we compare performances between a DSP and aA FPG
implementation. Results indicate speedups between 14-67x in termdex apd 6-22x

in terms of time for the FPGA implementation over that of the DSP.

10.2 Comparison with High-L evel Synthesis Perfor mances

One may speculate that there is a loss of information whenatagskoftware
binaries to hardware rather than from a high-level languagernatteely, one might
assume in order to obtain quality results the software binariesdwuegd to be
decompiled into a high-level language, such as C, and then use aob&hsymthesis
tool to generate hardware.

In order to test this hypothesis we took ten example benchmagksand used
the PACT compiler [32] to generate a hardware implementabiothé Xilinx Virtex I
FPGA. Table 10.1 shows the best performance results for the PACpileoras
compared to the best performance results for our FREEDOM compilerms of area,
frequency and cycles. It is clear that the results of tleeamproaches are comparable.
This validates our claim that one does not need to decompile sofbweBes or

assembly code to a high-level language in order to obtain quabtytge Rather,



147
assembly and binary codes may be used as an intermediateglarfigua any high-level
language to generate an efficient hardware implementation. ierséy, results for the
FREEDOM compiler show improvements of 3-22x in terms of clock cyatels2-10x in

terms of time over that of the DSP implementation.

Table 10.1. Performance comparison between the Tl C6211 DSP and the PACT
and FREEDOM compiler implementations on the Xilinx Virtex || FPGA.

DSP PACT FREEDOM

Exec Exec Exec
Benchmark| Cycles Freq Time |Cycles Area Freq Time |Cycles Area Freq Time
dot_prod 12516 300.0 41.7] 3357 2447 69.2 48.5 1354 1371 1301 10.4

iir 22987 300.0 76.6f 3010 5873 984 30.6] 4255 2837 1242 343
matmul_32 | 1799064 300.0 5996.9277703 2155 70.2 3955.9134502 1832 124.91076.9
gcd 268 300.0 0.9 48  322158.2 0.3 76 283 1816 04
diffeq 2318 3000 7.7 79 1396 69.4 1.1 104 1259 1419 0.7
ellip 335 300.0 1.1 43  1222180.0 0.2 57 1649 1477 04
laplace 74673 300.0 248.9] 8467 10000 78.2 108.3] 5919 3222 130.7 45.3

fir16tap 113285 300.0 377.6/115209 547 69.7 1652.9) 17600 1458 127.4 138.1
fir_cmplx 72856 300.0 242.9 8499 6083 57.9 146.8] 3316 3319 101.1 32.8
sobel 127495 300.0 425.0 81418 7873 57.6 1413.5 24501 4458 128.3 191.0

10.3 FutureWork

The work presented in this dissertation has show great promisghrelvel
synthesis of software binaries. More optimizations are negesga improve
performance even further. For instance, most of the optimizatiorentdyrimplemented
in the compiler are local to a single basic block. Optimdrestj such as inter-procedural

constant propagation could significantly improve design performagcpropagating
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constant inputs to procedures at compile time. This would allow ofiteninations to
effectively reduce the design complexity and allow for bettesialg. Additionally,
FPGA designs are capable of larger throughput, but are often hindeee to the
significant number of memory operations that originate from the sobirtaries. It
would be of great advantage to optimize or further remove extranemumsory
operations in order to allow more parallelism and throughput in the hardwa
implementations.

Scheduling plays a particularly important role in high-level Isgsis. Our new
balanced scheduling and operation chaining methods are quite effegticesasing the
overall frequency of the design. However, the current schedubngnes do not
consider power or thermal effects for VLSI circuits. Thisisrucial area of research
that needs to be evaluated and integrated into the FREEDOM comipéargenerating
FPGA designs. Software pipelining is another important schedulinmiaption that
needs to be addressed which will have a significant impact on throughput perfermanc

The FREEDOM compiler currently assumes a FIFO buffer for comication in
a hardware/software co-design. It does not consider other commamioaithods. The
architecture description language can be used as a meantgrédde co-synthesis for
such applications. There is also a need for investigating thenmepitation of streaming

interfaces for hardware designs.
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Appendix A

MST Grammar

Design <= Design Desi gn_Name { Symbol_Table {Procedure}
[{Function}] [{Library}]

Symbol_Table <= {Symbol_Declaration}

Symbol_Declaration <= register Regi st er _Name [ Precision ]
(signed | unsigned )[ virtual ]
Procedure <= Procedure Procedur e_Name { {Instruction} }
Function <= Function  Functi on_Name { {Instruction} }
Library <= Library  Li brary_Name {}
Instruction <= Reference_Line Timestep PC [Label : ] [Predicate] Operator
[ SRC1_Operand ,][ SRC2_Operand,][ DST_Operand]
Predicate <= [[!]Operand ]

Operator <= (Logical_Operator | Arithmetic_Operator |
Branch_Operator | Assignment_Operator |

Compare_Operator | General_Operator) ( Delay, Sign )
Logical_Operator <= AND| NAND| NOR NOT| OR| SLL| SRA| SRL|
XNOR XOR
Arithmetic_Operator <= ADD| DIV | MULT| SUB| NEG
Branch_Operator <= BEQ| BGEQ BGT| BLEQ| BLT| BNEQ

CALL| GOTQ JMP
Assignment_Operator <= LD| MOVH ST| UNION

Compare_Operator <= CMPEQ CMPNEB CMPGT CMPGH CMPLT] CMPLE
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General_Operator <= NOP

Operand <= (Immediate | Register | Memory | Label)
Immediate <= value ( Sign Precision )

Regi st er <= Regi st er _Name [BitRange]

Memory <= *[ Address_Operand|[ + O fset Operand] ] [BitRange]
Label <= Label _Name

Name <= string

BitRange <= [ (integer | integer . integer) ]
Timestep <= double

Delay <= integer

Reference_Line <= integer

PC <=value

Precision <= integer

value <= hexadecimal

’

Sign<= u | s



Appendix B

HDL Grammar

design <= {entity}

entity <= entity entity_name()
port_symbol_table
global_symbol_table
{component}
{process}
end entity

component <= component conponent _nane()
component_symbol_table
{component_instance}
end component

component_instance <= conponent _name : instance_name
( {port_connection} )
port_connection <= port_symbol <= expression
process <=  process process_nane ({synbol nare[,]} )
[local_symbol_table]
{statement}

end process
comment<= // conmment _string

statement <= assignment_statement |
if _statement |
switch_statement |
case_statement |
set_statement |
read_statement |
write_statement |
report_statement |

159



160

for_loop |

while_loop |

fsm |

state
assignment_statement <= variable ( <=| :=) expression
if_statement <= if ( expression ) {statement} [ else {statement}] end
switch_statement <= switch ( expression ) {case_statement} end switch
case_statement <= ( case expression | default ) : {statement} end case
set_statement <= variable ( <=| :=) expression ? expression . expression
read_statement <= variable ( <=| :=) memory
write_statement <= memory ( <=| :=) expression
report_statement <= report( “ report_string” {, expression} )

null_statement <= NULL

for_loop <= for ( statement; expression; assignment_statement )
{statement}
end
while_loop <= while ( expression ) {statement} end

fsm<= fsm ( control _var_name ) {state} end fsm

state <= state state id . {statement} end state

state_id <= integer | idle | init | done| reset | default
operator <= binary_operator | unary_operator
binary_operator <= logical_operator |
shift_operator |
arithmetic_operator |
relational_operator
logical_operator <= and| or| xor | nand| nor | xnor | &

shift_operator <= SLL| SRL| SRA

arithmetic_operator <= +| -1 *| V]| %



relational_operator <= =| =] <| <=| >|

unary_operator <= -]~

expression <= binary_expression |
unary_expression |
function_call |
primary |
(expression )

binary_expression <= expression binary_operator exp
unary_expression <= unary_operator expression
function_call <= [ $] functi on_nane({expression|
primary <= variable |

memory |

number |
z

name <= {[A-Za-z0-9_]}
variable <= synmbol _nane [range]

memory <= synbol _nane [ expression ] [range]

number <= precision ' [sign]binary_value |

precision ' [sign]octal_value |
precision ' [sign]decimal_value |
precision " [sign]hexidecimal_value

binary_value <= b{0-1}

octal_value <= 0{0-7}

decimal_value <= d[ +| - ]{0-9}

hexadecimal_value <= h{0-9a-fA-F}

Z <= precision "[sign][ b| d] o] hK z| Z| x| X}

precision <= integer

sign<= s| u | signed | unsigned

range <= [integer ] | [integer :integer ]

symbol_table <= {symbol_declaration}
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symbol_declaration <= variable_declaration |
array_declaration |
port_declaration

variable_declaration <= symbol_type sign value_type [ register
[ sensitive ]range  synbol _nane

array_declaration <= variable_declaration range

port_declaration <= io_type array_declaration

symbol_type <= signal | variable | constant

value_type <= integer | decimal | binary | octal | hexadecimal

io_type <= input | output | inout



Appendix C

Verilog Simulation Testbench

“‘timescale 1 ps/ 1 ps
module testbench();

parameter
clock_high = 50000,
clock_low = 50000;

reg [0:0] clock;

reg [0:0] reset;
wire [0:0] done;

reg [31:0] tb_data out;
wire [0:0] ACK;

wire [31:0] Errors;
wire [0:0] EOF;

reg [0:0] EOS =0;
reg [0:0] Action=0;
wire [31:0] mem_d;
wire [31:0] mem_q;
wire [9:0] mem_addr;
wire mem_we;
integer i J;

/I main procedure module
main main_func
(
.clock( clock ),
.reset( reset),
.done( done),
.mem_d(mem_d),
.mem_addr(mem_addr),
.mem_we(mem_we),
.mem_g(mem_Qq)
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/[ memory module
RAM_1024x32 RAM_1024x32_instance_0
(
.clock(clock),
.d(mem_d),
.addr(mem_addr),
.we(mem_we),
) .q(mem_q)

/I file /O module
file_out file_outdata

(
.reset( reset),
.action( Action ),
.eos( EOS),
.data( tb_data_out ),
.errors( Errors),
.acknowledge( ACK)),
.eof( EOF)

);

/I clock process

always begin : clock_process
clock = #clock low 1'b1;
clock = #clock_high 1'b0;

end

Il reset process

always begin : reset_process
$write( "@ %0t: beginning simulation...\n", $ time );
reset = 1'b1;
@(posedge clock);
@(negedge clock);
reset = 1'b0;
@(posedge done);
@(posedge clock);
@(negedge clock);
wait( 0);

end

[/l interrupt process
always @(posedge done) begin

@(posedge clock);

@(negedge clock);

@(posedge clock);

$write( "@ %0t: simulation completed.\n", $ti me );
$write( "Total simulation cycle count: %0d\n\ n",

$time/(clock _high+clock_low) );
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/I write memory data to file
for (j=0; j<1024; j=j+1 ) begin

Action <=1;
tb_data_out = RAM_1024x32_instance_0.mem]j 1;
@(posedge ACK)
@(posedge clock);
Action <= 0;
@(negedge ACK);
@(negedge clock);

end

EOS <=1;

$stop;

end

/l memory initialization
initial begin
for (i=0; i<1024; i=i+1 ) begin
RAM_1024x32_instance_0.mem[i] = O;

end
$readmemh("mem.txt", RAM_1024x32_instance_0.m em);
end
endmodule
module file_out( reset, action, acknowledge, eof, e 0s, errors, data );

parameter filename = "output_tb.txt";
parameter  precision = 32;
parameter  resolution = 0;

input reset;

input action;

input €os;

input signed [precision+resolution-1:0] data;

output [31:0] errors;

outputreg acknowledge = 0;

outputreg eof=1,;

integer  lineno;

integer  final_errors = 0;

integer  writer_errors = 0;

assign  errors = final_errors + writer_error S;

integer f,v,r;

reg open_file = 0;
reg [1024*8:1] fn;
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always @(posedge reset) begin
$fclose( f);
acknowledge <= 0;
@(negedge reset);

f = $fopen( filename, "wW" );

if (f==0) begin
$write( "ERROR: failed to open output fil
$stop;
end
end

always @(posedge eos) begin
$fclose( f);
end

always @( posedge action ) begin
if (reset == 0 && eos == 0) begin
$Sfwrite( f, "%0x\n", data );
end

acknowledge <= 1;

@(negedge action);

acknowledge <= 0;
end

endmodule

e: %0s\n", fn);



