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Résumé

Dans le domaine de I'électronique pour la consommation desejdes concepteurs sont
tenus de fournir des systemes embarqués qui doivent $atisfas exigences de perfor-
mance, de consommation, de codt et de temps de mise sur leéndour satisfaire toutes
ces exigences, nous nous concentrons sur les systemesceumplti-processeurs (MP-
SoCs) a base de processeurs configurables. Dans cette #seag;Hitectures hétérogenes
sont définies comme des architectures multiprocesseureadegsrocesseurs qui sont basées
sur le méme jeu d'instructions avec des extensions difféseiCette these tente de résoudre
certaines des difficultés causées par I'utilisation de ggseurs configurables et les archi-
tectures hétérogénes. Dans de telles architectures, tepcti@s solutions d’implémentation
devient extrémement large et inclut aussi bien des opttmaisalogicielles que des optimi-
sations matérielles. C’est pourquoi nous présentons 4 umveabstraction différents avec
des niveaux de détail et des vitesses de simulation diffésemour faciliter I'exploration
des différentes solutions d'implémentation. Une méthoelsichulation hybride est égale-
ment intégrée a ces niveaux d’abstraction pour éviter lestefd’adaptation du logiciel
dépendant du matériel durant I'exploration. Pour que lléngentation choisie soit haute-
ment performante et flexible, nous proposons un schéma datioig de taches dans lequel
une tache peut étre exécutée sur plusieurs processeursitolesp avec différentes exten-
sions d'instructions. Une application décodeur Motiof=GPa été utilisée pour valider ces
travaux.

Mots clés Systeme sur Puce, multi-processeurs, processeurs catfigs, hétérogénéite,
niveaux d’abstraction, budget, flot d’exploration des 8ohs d'implémentations, simulation
hybride et migration de taches.






Abstract

In the consumer electronics domain, we propose to use thepnogessor system-on-chip
solution with configurable processors and heterogeneastactures to satisfy all the re-
quirements of performance, power consumption, cost ane-toyrmarket. In this thesis, the
heterogeneous architectures are defined as a group of pooseshich are based on the
same core instruction set with different extensions. Bezadfishe configurability and the
heterogeneousness, the design space becomes extrergelatat includes both software
and hardware optimizations. To solve this problem, we baildesign space exploration
flow using 4 abstraction levels with different details anghgliation speed. As we find that
the Hardware-dependent SoftwafeldS) is the bottleneck in this flow, a hybrid simulation
method is introduced to avoid these HdS adaptation effédgive realization high perfor-
mance and flexibility, we propose one task migration frant&io which one task can be
executed on several compatible processors with differeieheed instructions. A Motion-
JPEG case study is used to validate all these works.

Key words: System-on-Chip, multiple processors, configurable prsmss heteroge-
neousness, abstraction levels, budget, design spaceaxphoflow, hybrid simulation and
task migration.
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Chapter 1
Introduction

With the advance of micro-electronics, in the consumer Bdaats domain, designers
are demanded to provide embedded system solutions whicidssetisfy the follow-
ing 4 requirements:

Performance It means that a successful product should meet perfornragcerements
for all supported applications. With the evolution of latasleo compression/decompression
algorithms such as MPEG 4 [26] and H.264 [4], high-speedlessecommunication proto-
cols [57] and 3D video games [53], performance requiremehtsese embedded systems
even exceed abilities of most desktop computers. Fig.lotvslihe performance require-
ment grows with the Moore’s law [79]. To satisfy the huge parfance requirement, the
gap of Fig.1.1 can potentially be solved by increasing thalmer of general processors and
application specifi®rocessing Elemen{®Es)[1].

Power Consumption It means that embedded systems should provide enouglalleail
time with limited battery power supply. Until now, almost pbrtable devices such as smart
mobile phones, MP3 players and video cameras rely on begtéar power supply. Because
the growth of battery technology is much slower than Moowe ¢d the micro-electronic
domain, the power consumption is one of key constraintsHerportable devices devel-
opment in the future. Even for other embedded systems sudiv-&®xes and 3D video
games consoles [53] with alternating current power sugpb,power consumption reduc-
tion can help avoid noise of coolers and improve reliabilfig.1.2 shows that the trend of
power consumption has to continuously growing in the nextytears. Thdnternational
Technology Roadmap for Semiconduct@idRS) report [1] provides several solutions for
SoC consumer portable including architecture optimizesithigh-level design stages based
upon power consumption analysis, and MPSoC realizatiom euistomized PEs.

Cost It means that designers should provide competitive anditabte products for
the embedded system market. With the ITRS prediction [2],nlask cost will increase
almost 20 times in the next ten years (to 2018). Meanwhike sthftware development fee
grows even faster than that of the hardware development.oiftnue getting profits with
this trend and reuse the same mask for different applicatigpplication-specific integrated
circuit (ASIC) based design methodologies are gradually replaced b$yseem-on-Chip
(SoC)based ones. By using the SoC design methodologies, theeutthgs with multiple



CHAPTER 1. INTRODUCTION

1.E+05
[0]
2
£
L 1EH4
o O
oo~
S o 5
ESR
S & o 1E+03
S 5T
TER
=gy E
210 £ 1E+02
Q506
3c<
&
§ 1E+01
o
k]
**
1.E+00
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
~*—# of Processing Engines —&— Device Performance
(Normalized to 2007) (Reciprocal of CV/ |, Normalized to 2007)
~® Trend: Processing Performance - Requirement: Processing Performance
(Normalized to 2007) (Normalized to 2007)

Figure 1.1: SoC Consumer Portable Processing Performaroel§from ITRS 2007 [1]

9,000
8000 Bn
7000 [ [ ] i
6,000 _ [ §
o000 | S
L;%_ 4000 F r
3000 [ % - A "
2,000 T kel kel Re R
w00 [ ] b b H
. @ & g
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
B | eakage Power, Logic Leakage Power, Memory
Switching Power, Memory C— Switching Power, Logic

=== Requirement : Switchina plus Leakage Power

Figure 1.2: SoC Consumer Portable Power Consumption TreodslfRS 2007 [1]



CHAPTER 1. INTRODUCTION

A Additional SW required for HW

log 2x/10 months

Technology capabilities]
2x/36 months
HW design productivity
Filling with IP and memory

HW design productivity

o\ 2% —
of€ SW productivity
2x/5 years

time

1989
1993
1997
2009
2013
2017

1981
1985
2001
2005
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customized processing units can provide more flexible ansitde solutions for a group of
similar applications.

Time-to-market: It means that designers should shorten as much develogimenas
possible for one product to success in the market.| Fig.1lo8/sthuge gaps between the
Moore’s law for the integrated circuits growth and the praitlity of the hardware/software
development. In this figure, these productivity gaps maksdittal product very hard to keep
up with the Moore’s law and the market requirements even bgegsing development re-
sources. Reusable design platforms, flexible hardwaretaothies and system level design
methodology could be possible solutions to shorten botlgdesd verification time to meet
the time-to-market requirement.

These 4 requirement trends existed more than ten years dgdreve the development
of the SoC design methodology. SoC integrates technolodyasign elements from other
system driver classes into a wide range of high-complekigh-value semiconductor prod-
ucts. In SoC design, the goal is to maximize the reuse ofiegishature and verified
blocks to shorten the design phase and protect the qualibewfproducts. As a kind of
SoC,Multi-Processor System-on-ChjpPSoC) extends the SoC idea and integrates multi-
ple General Purpose ProcessofGPPs)and special execution units suchlglital Signal
Processoi(DSP). As embedded applications exhibit natural parallelisnedalhread-Level
Parallelism(TLP) [52], these multiprocessors platforms can profit from tHi®To increase
computation performance with generality and flexibilityo meet all performance, power
consumption, cost and time-to-market requirements, th#38oC based platforms could be
the best solution and are already well accepted by the mafketth the embedded com-
puting domain and the general computing domain.| Fig.1.Wwshbe number of execution
elements inside one MPSoC growths with the performance and.# presents the design
complexity growths with the number of execution elements.

For the execution elements discussed in the ITRS reporiscdrehave fixed instruction
sets or configurable instruction sets. A standard procdss®m fixed instruction set and
its software is compiled by a standard compiler. In contiashis standard processor idea,

3



CHAPTER 1. INTRODUCTION

50 2,000

S
o

7 1,800

N
o

1,600

w
(3]

[a] 1 1,400

w
o

7 1,200

N
(&}

7 1,000

N
o

800

# of Processing Engines

-
[9)]

600

Logic, Memory Size (Normalized to 2007)

7 400

200

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

T Number of Processing Engines ~&— Total Logic Size & Total Memory Size
(Right Y Axis) (Normalized to 2007, Left Y Axis) (Normalized to 2007, Left Y Axis)

Figure 1.4: SoC Consumer Portable Design Complexity Tremus fTRS 2007 [1]

some existing technologies allow designers to customigeibetruction sets and compilers.
This kind of processors is hormally called configurable pssors. With this configuration
process, configurable processor can achieve specific gjpefed-a class of applications. As
normally embedded systems only need to support a very smalpgof applications, they

can profit from design specific instruction set to achievénbigperformance without much
cost and power consumption lost.

In this thesis, we will discuss the exploration flow speclficdesigned for the heteroge-
neous MPSoC based on configurable processors. This studgguire multiple abstraction
levels. The rest of this thesis is organized as follows:

Chapter 2 presents the background of configurable proceasdrdefines three classes
of problems which we focus on in this thesis: the definitiod amodeling of multiple ab-
straction levels for heterogeneous MPSoC based on conlilgypeocessors, the exploration
flow for this kind of heterogeneous multiple configurablegassors SoC architectures and
the complexHardware/Software interfacéHW/SW interface) for them. At the end, we
propose several open questions which will be solved in theWing chapters.

Chapter 3 analyzes the related works for all these questimp®ped in chapter 2. At the
end of this chapter, we conclude that there are no existingsmohich can well handle all
these questions for the configurable processors and thebeteeous MPSoC architectures.

Chapter 4 proposes 4 abstraction levels for the MPSoC magelithese abstraction
levels are defined and analyzed based on different softwagegmming interfaces, software
simulation technologies and hardware modeling technekgiA high level design space
exploration flow is created based on these abstractionséwedolve the huge design space
problem.

Chapter 5 provide a hybrid simulation platform to solvesttaadware-dependent Soft-
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ware (HdS) adaptation difficulties. This platform try to realize allrdware related oper-
ation with SystemC module instead of the traditionally agsly code and hard-coded I/O
addresses to make the adaptation process simpler.

Section 6 analyzes the Hardware/Software interface codtplef heterogeneous MP-
SoC based on configurable processors. This section propaseseling method for Hard-
ware/Software interface automatic generation. A task atign method is also provided
to make the hardware/software interface much efficient aadblle for the heterogeneous
architectures.

Section 7 is the experiment section which uses the MotiorGJB&coder case study to
validate our design methods for configurable processors.

Section 8 gives conclusion and possible follow-ups of thésts.
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Chapter 2

Problem Definition
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Sjnce trends of embedded systems are discussed in the chapterwould like to intro-
uce one of the possible solutions, the heterogeneous MBatiGrm based on config-
urable processors. This thesis focuses on some probleatedeb the configurable proces-
sors and the Hardware/Software interface of this hetergenMPSoC platform.
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Figure 2.1: Trade-off between performance/gate ratio andbility

In the first section, we introduce the background of configlerarocessors and show ad-
vantages of the MPSoC architecture based on this kind oegemrs. Though this platform
is not new [49], we would also like to show its advantages amavbdacks. After that, we
give out the motivation of this thesis which is to provideleg performances without losing
much flexibility and reduce the design effort for this comxpl@PSoC platform. In the third
section, we try to explore this MPSoC architecture basedafigurable processors by using
the abstraction modeling of MPSoC platforms. After that, present some existing prob-
lems of the abstraction modeling technology specificallydonfigurable processors. The
HW/SW interface is especially complex with configurable ms8or based heterogeneous
MPSoC systems. The fourth section provides an hybrid MPSwo@lation platform which
can be used to solve the HW/SW interface modeling andHtrelware-dependent Software
(HdS) adaptation problem found in the third section. In the fiftbtgs, we point out the
inflexibility and low efficiency problem of existing HAS fdhnis kind of systems. At the end,
we conclude this chapter by outlining several unsolved lerab which will be partly solved
in the following chapters.

2.1 Configurable Processors and Heterogeneous Multi-Processo
System-on-Chip (MPSoC)

2.1.1 Background of configurable processors

To evaluate one processing unit, there are two importaranpaters which are theerfor-
mance/gate rati@andflexibility. The performance/gate ratio represents how efficient each
gate is used for one hardware system, while flexibility shbaws easy this hardware system
can be adapted to different applications. In[Fig.2.1, sBweell used processing unit types
are compared with these two parameters. Because of gepettaditseneral Purpose Pro-
cessor(GPP) normally has the least performance/gate ratio with the dsgfexibility. In
contrast to GPPs, ASIC systems normally can fully utilizediasare resources but become
rigid and inflexible for different applications. Among albgsible execution units listed in
Fig.2.1, the configurable processor is a special kind ofiegbn specific instruction set
processors and good at the trade-off between the perfoefgate ratio and flexibility for
embedded system.

8 2.1. CONFIGURABLE PROCESSORS AND HETEROGENEOUS MULTI-PRESSOR
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Figure 2.2: Flow diagram of ASIP design methodology from|[58

Application Specific Instruction set Processor (ASIP)

Different from general computation environments, in thebedded system domain, most
processors only need to support a very small group of agjgita With this constraint, the
idea of designing a new processor with the instruction setifipally targeted to a group of
applications for higher system performance became mandeappeared almost 30 years
ago [103]. The most important reason for popularity of AS$Rhe trend of embedded
system complexity discussed in chapter 1. With the incredssomplexity, it becomes
harder and harder to realize the whole system with only ASi@ilware modules because
of the design and verification cost and inflexibility for @ifent applications. To follow the
embedded system requirement trends, ASIP requires leds/éigr development resources
and provides a more flexible solution for a group of apploadi[64].

Fig.2.2 shows the flow diagram of a general ASIP design metlogg. In this flow, the
application analysisuses a group of target applications for one embedded ptatfBased
on these analysis results, there are several possible dsetbdelp generate the application
specific instruction set.

e Build an ASIP by directly abstracting suitable instructidnem candidate applica-
tions. There is much research work focusing on this methol as [103].

e Another possible solution is to select the more appropriatuctions from a set of
predefined instructions or generate candidate instrustiath predefined templates.
Some researchers use this method to build their ASIP sakisach as [93] and [97].
This method is commonly used in latest ASIP automation peee

e To achieve higher performance with lower cost and power wasion, researchers
have created a trade-off solution which can both supportdefened instructions and

2.1. CONFIGURABLE PROCESSORS AND HETEROGENEOUS MULTI-PRESSOR 9
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easy for OS porting and software compiler generation. Cordlga processor is a
possible solution in which an existing general purpose ggsor instruction set is ex-
tended by adding and removing application specific insibast As we take account
of software development environments such as compiledimg) Operating System
(OS) porting and development effort, the configurable procesaith a fixed instruc-
tion set core becomes a much more mature solution for ingpsdjects. That is why
many research and industry works focus on this method [48] [#6] [48] [5] [90]
[41]. In the following thesis, all configurable processorsmntioned belong to this

group.

General structure

A general configurable processor should include both thie lease instruction set and the
basic core register file. All these instructions and regssghould appear in any configu-
ration instances. Normally, this basic core instructioniseludes the following groups of
instructions.

Arithmetic and Logic Instructions : which are used for arithmetic and logic opera-
tions.

Memory Access Instructions which are used for data transferring between memories
and registers.

Program Flow Control Instructions : which are used for changing the programming
execution flow based on the processor status.

Concurrent Access Control Instructions which are used to avoid non-coherence
shared memory access cases in multi-processors execuotimarenents.

Meanwhile, four classes of registers should be includetierbisic core register file.

General Purpose Registerswhich are used for the storage of the data and address
information.

Program Counter Registers which are used to indicate the current program address.

Program Status Registers which are used to store current processor statuses and
include the exception status, the interrupt status and so on

Program Stack Register which is used for the current stack address and can be
realized using a general purpose register.

As we use specific extended instructions to speed up thecapiph execution, we define
extended instruction sets and the relationship between.tMost extension instructions can
be divided into two classes:

10

SIMD Instructions : which can process in parallel multiple data inside oneurcston
with the same operation.

2.1. CONFIGURABLE PROCESSORS AND HETEROGENEOUS MULTI-PRESSOR
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Figure 2.3: Tensilica LX2: a configurable processor archite example from [3]

e MIMD Instructions : which can process in parallel multiple operations withdeit
pendencies inside one instruction.

Besides extended instructions, we can also extend regikertd improve the perfor-
mance.

e \ery Wide Registers which are used to improve SIMD instructions performance, w
add very wide register files to store operands and results.

e Special Internal Registers which are used for some special operations such as accu-
mulator registers for the multiply-accumulate operation.

To well explain internal architectures of configurable mssors, the LX2 configurable
processor from Tensilica [3] is presented in Fig.2.3 as & casdy. The left part of this
figure shows the configuration property which uses two dffiédata paths for the instruction
execution. The right path is the path for the execution oftteelefined instruction set, while
the left one is specifically designed for user defined insimacset which can support several
kinds of specific bit level operations, SIMD instructionsglavilMD instructions.

Instruction Level Parallelism (ILP)

Instruction level parallelism is a measure of how many ofp@na in one computer pro-
gram can be performed simultaneously. For one applicatien]LP can be increased by

2.1. CONFIGURABLE PROCESSORS AND HETEROGENEOUS MULTI-PRESSOR 11
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removingdata dependencebazardsandcontrol dependencd$2]. To really profit from
this ILP, the processor should have the ability to executdiphel instructions simultane-
ously. If all simultaneously executed instructions shae game operation code, this kind
of ILP is calledSingle Instruction Multiple Dat§SIMD). Meanwhile, if these simultane-
ously executed instructions have different operation spthes kind of ILP is calledulti-
ple Instruction Multiple DatgMIMD) . Both SIMD and MIMD instructions can be added to
configurable processors for the ILP exploration.

To improve overall performance, embedded systems needpgoove ILP also. One
possible solution is to replace the traditional RISC prooessvith ASIP to improve ILP
for one embedded SoC. For example, the ARM Cortex processos [@jeé kind of latest
embedded processors which support several kinds of egtensd improve ILP such as
NEON Media Processing Engine [7] and Jazelle extensionaiea Virtual machine [8].

Different from these predefined instruction set soluticc@figurable processors can
have specific extended instructions and have higher ILP loitter cost and power con-
sumption. To show the ILP advantage of configurable procsssee have one block of C
code which is a small part of tHaverse Discrete Cosine TransfoidCT) task.

for(k = 0; k < 8; k++)
for(l = 0; | < 8; I++4)
Y[K][I] = inputlK][l] << S_BITS;

To speed up the execution, we add extended instructiongtoatte instruction set. This
extended instruction set includes 128 bit burst load anckestostructionsload_32x4
store_32x4 and 128 bit parallel shift instructioshift_32x4 . With this extension,
we have the following refined C code with the assembly langisigle to realize the same
function:

Addr Addrinput = &(input[0][0]);

Addr AddrOutput = &(Y[O][O]);

for(k = 0; k < 16; k++) {
load_32x4(Addrinput, 4);//Addrinput+=4
shift_32x4();//Use the implicit register
store_32x4(AddrOutput, 4);//AddrOutput+=4

With the extended processor, we shorten the execution tiome the original 345 cycles
to the optimized 71 cycles. That means we achieve almosté&stimgher execution speed
with three extended instructions. Though the speed up &alyans attractive, we should
also notice that extended instructions consume extra aleigsaand power. The extended
instruction set used for this example consumes approxiynakeextra gates.

12 2.1. CONFIGURABLE PROCESSORS AND HETEROGENEOUS MULTI-PRESSOR
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Figure 2.4: Tensilica Tools Set for both Software and Hardvizevelopment [3]

Compiler support

Normally, a configurable processor needs a series of satiwaboth software and hardware
development. In Fig.2.4, we have the following two catalogs

e Software development tools A configurable processor generally has its own com-
piler which can adapt to a specific extended instruction s&traatically. For the
Tensilica Xtensa processor case, developers can get ssponding compiler after
modifying the processor instruction set. With this compitbevelopers can use the
extended instructions by including some correspondinglgiieed functions in the
source code. The compiler can automatically transfer thasetions into extended
instructions. This work avoid much assembly coding for ayapion development.

e Hardware Synthesis tools Hardware developers can get the synthesized configured
processors from this tools set. For the Tensilica Xtensagasor case, the extended
instructions are described in an RTL level language whichlmsynthesized, placed
and routed for tape-out. The hardware synthesis tools danritegrate the extended
instruction set with the basic processor core for the realare implementation.

Different from these commercial tools, there are also sooael@mic configurable pro-
cessor solutions such as [75] which extends the basic csteigtion set by hand code RTL
code and without much compiler support. All these solutiaressuitable for following the-
Sis.

2.1. CONFIGURABLE PROCESSORS AND HETEROGENEOUS MULTI-PRESSOR 13
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In contrast to the configurable processors, the reconfigpimocessors are also well
accepted as a possible way to improve ILP. There are two kihasconfigurable processors
and both of them are based on the reconfigurable fabric (fmmele FPGA). The first one
has the static configuration which does not modify duringsfstem execution. For example,
the research work [99] [56] and [9] belong to this group. &iént from the static method,
there are also the run-time on the fly reconfigurable proeceg68] which can modify the
configuration during the system execution. Fundamenttil,most important interest of
the reconfigurable processors is the reconfigurable falirichwcan help increase the system
performance by hardware implementation of some functioext@nded instructions for the
dedicated embedded applications. The configurable proxeskare the similar basic idea
but are implemented with the traditional fabrication pisszs.

2.1.2 Heterogeneous MPSoC platform based on configurable proces-
Sors

The multiple configurable processors idea can be used teahboth TLP and ILP for the
whole embedded system. As both TLP and ILP related works dismissed in previous
sections, we would like to focus on how to use the heterogesrexss property to improve
the overall performance and reduce the manufacture costribedded systems.

Heterogeneousness

In contrast toSymmetric Multiple Process@¢SMP) architecture, heterogeneousness is fre-
guently used to design an MPSoC system composed with diff@recessors. In the em-
bedded system domain, heterogeneous MPSoC appears moonthdecade ago and at the
commercial market, there are many products such as the Tl BdlAtform [10], the TI
Davinci platform [11], the ST Nomadik platform [12] and théndel SHAPES platform [82]
which integrate both RISCs and DSPs together to meet compjgicapon requirements.

The advantage of heterogeneousness is to map differens kihthsks onto different
processors to fully profit from execution properties of etadk. Generally speaking, RISCs
have better performance and power consumption for OS arttbtoglated tasks while DSPs
are designed mainly for intensive mathematical computaigks. The appropriate usage
of heterogeneousness can help achieve better flexibildysatisfactory performance with
lower power consumption and costs. Fig.2.5 (a) shows tlditimaal heterogeneous MPSoC
architecture in which each CPU subsystem uses SMP struatgrsleres the same HdAS
image.

As this thesis focuses on configurable processors, thedgeteeousness can be realized
much easier with configurable processors.|Fig.2.5 (b) shbw$feterogeneous MPSoC ar-
chitecture in which each CPU subsystem uses the asymmetratise based on the same
base core and uses different extended instruction setsfferetht processors. Meanwhile,
different CPU subsystems can use different base cores tortake variety. Compared with
the traditional architecture, configurable processor ganige much more heterogeneous-

14  2.1. CONFIGURABLE PROCESSORS AND HETEROGENEOUS MULTI-PRESSOR
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Figure 2.5: Heterogeneous MPSoC architecture based orgoaaiiie processors.

ness and flexibility. But we should notice this kind of arcbitees requires much sophisti-
cated HdS and application development environments. W tmyeet these requirements in
the following chapters.

Performance and cost advantages

Performance advantage is one of the most important reasbpheterogeneous MPSoC
architecture is chosen for embedded systems. To improverp&ance, there are several
possible solutions:

Adding extended instructions As discussed in the configurable processor section,
by adding application specific instructions, the whole eddasel system can achieve
higher performance.

Adding multiple processors With more processors, multi-tasks and multi-threads
system can achieve higher overall performance with botk &gl or thread level
parallelism.

Changing task mapping By using the heterogeneousness property for one embedded
system, it is possible to improve system performance byghgrthe task mapping or
migration algorithm to fully use extended instruction satdlifferent processors.

Refine system communicationSystem communication sometimes becomes a bottle-
neck of one MPSoC system. Different communication archites can be explored
to meet both the delay and throughput constraints.

2.1. CONFIGURABLE PROCESSORS AND HETEROGENEOUS MULTI-PRESSOR 15
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Power consumption advantage is also one interesting pmittié heterogeneous MPSoC
architecture used in embedded systems. To reduce powearoptisn, there are several
possible solutions:

e Multiple processors instead of high frequency For the same computation require-
ment, using more processors solution requires less powesuooption than the high
frequency solution because of lower circuit voltage [50].

e Extended instruction set instead of high frequency For some specific applications
and tasks, power consumption can be reduced by using spedificded instructions.
This method can help reduce the processor frequency to sawer gonsumption.

e Heterogeneousness instead of symmetrid=or different types of applications and
tasks, the heterogeneous property can be useful to reduwes ponsumption with the
same performance. This method is especially useful to eethecprocessor frequency
for power consumption saving.

Thecostadvantage is also obvious to this kind of heterogeneous @Rfdaforms. With
extended instructions, it is possible to reduce the praressmber, the cache size and so on
while keeping a fairly good flexibility and re-programmatyil Meanwhile heterogeneous-
ness can provide more specific acceleration for variousegipns.

2.2 Motivation

As both configurable processors and the heterogeneousrogssty have all of the perfor-
mance advantage, the power consumption advantage, thad@sitage and the flexibility
advantage, it would become a suitable candidate for thegeneration embedded system.
But the configurable processor is still a relatively new ideadmbedded system designs
in industry. A general heterogeneous MPSoC architectudeitsrassociated design flow
for embedded system design is still under research. Compartée traditional single core
embedded system based on off-the-shelf processors, alh@ifjaration, heterogeneousness
and multiprocessor properties provide much higher fleitybfbr system designers. Until
now, there are no well accepted design flows to well handldléxéility provided by this
kind of systems. The focus of this work is to build a possildsign flow for heterogeneous
MPSoC platforms based on configurable processors.

Because of the complex and huge design space presented lyyucahfe processors and
heterogeneous MPSoC, a modeling method and a corresponrdintagon platform are
necessary for this flow. In this thesis, both the modelinghmetand simulation platforms
are based on the abstraction level idea. With abstracti@ideone complex system can be
more easily modeled at higher abstraction levels and detegldescribed at lower abstraction
levels. At higher abstraction levels, the simulation gati is much faster than the one at
lower abstraction levels with less accuracy. Based on theskelmand simulation platforms,
a design space exploration flow can be built to help desidgmetshe most suitable processor

16 2.2. MOTIVATION
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configuration and heterogeneous MPSoC architecture. srdésign space exploration flow,
multiple abstraction levels modeling technology can hedglfiferent levels of detail and the
multiple abstraction level simulation platform can helpifyeboth function and performance
at each exploration step. This flow with multiple abstractievels can also close the huge
gap between requirements and realization details by addiweral intermediate models and
dividing big design loops into smaller ones.

In this design space exploration flow, we find that there aregmblems unsolved. The
problem of theHardware/Software interfacbecomes extremely complex because of the
growth of complexity and flexibility of configurable procesdased heterogeneous MPSoC
platforms. The HW/SW interface becomes a time consuming ama-prone part of the
whole design flow. In fact, this HW/SW interface adaptatiod &dS porting work is the
base of the design space exploration flow proposed before.

Beside this problem, another one is to have a software taskgeament system which
can get full profit from this kind of heterogeneous MPSoCfplan. A well designed task
management system can make workload balance between lmpitgressors and have bet-
ter performance/cost ratio for embedded systems.

These 3 sections are necessary to establish configurabl®geheous MPSoC as a ma-
ture and viable solution to embedded applications in tharéut

2.3 Design Space Exploration Flow with Multiple Abstrac-
tion Levels

Abstractionis the process or result of generalization by reducing tfeammation content of
a concept or an observable phenomenon, typically in ordeetin only the information
which is relevant for a particular purpose. In design spagxoeation flow, abstraction is
useful to help balance between simulation speed and resultacy in term of performance
or even function. This property needs to be especially esiped for configurable processor
based embedded systems.

Based on the abstraction levels, we would like to build a desjgace exploration flow
which can fully profit from the abstraction idea.

2.3.1 Classification of abstraction
Different use cases

There have been many abstraction level definitions befooe. alf these works, different

abstraction levels target at different users. For examgyplication software developers
may need to know that interruptions are triggerable and witatrupt handlers are avail-

able. While HAS developers need to realize these handlessdieg to features of hardware
configurations. At the end, hardware developers implentezge features by grouping and
combining logic circuits. In this thesis, three groups aéngsare focused:
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e Application software developers This group of developers uses simulation models
to help the design of application software. Instead of t@kiare of very detailed im-
plementation information, they just need a very gross vitth@hardware architecture
and use already existing operating system, drivers anariés.

e Hardware dependent software developersThis group of developers uses simula-
tion models to accelerate and verify hardware dependetwaied porting works. For
these developers, the detailed processor architecturé@rakvices behavior are re-
ally important for their works. Besides the user interfadatesl porting works, most
HdS porting works do not require very high simulation speed.

e Hardware developers This group of developers uses simulation models for hardwa
development and verification. These designers take simanlatodels to develop test
vectors and use the simulation platform as the golden ne¢erenodel for the test re-
sults comparison and the hardware system verification. YWeke requirements, the
simulation model should be very accurate to real hardwaat#igsm and cycle/byte
accurate. The simulation speed is not important for tesibvexxecution and compar-
ison.

For all these three groups of developers, it is clear thahgleisimulation platform
cannot meet all these different use cases. Abstractioslave the solution to model the
same hardware platform with totally different softwaregmamming interfaces, simulation
speed and result accuracy.

Different interfaces

For these three groups of users, differapplication programming interfacg&Pls) should
be taken into account. For example, application softwaxeldpers would like to have a
much higher level interface than hardware developers.

This thesis would like to answer this questidihat interfaces should be provided to
different kinds of users by simulation platforms at eachtraction level?

Different simulation technologies

As different groups of users have different speed and acguegjuirements, to satisfy all
user requirements, each simulation platform should hd#ereint software simulation tech-
nologies to satisfy user defined requirements.

This thesis would like to answer this questidithat simulation technologies should be
provided to different kinds of users by simulation platf@nheach abstraction level?

Different internal modeling

Besides the software simulation part, hardware modelings@sienportant for a simulation
platform. With different user requirements, differentdéssof detail should be presented at
different abstraction levels.
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This thesis would like to answer this questi®ihat internal modeling details should be
provided to different kinds of users by simulation platf@nheach abstraction level?

2.3.2 Design Space Exploration (DSE)

In the embedded system design domain, for a group of apiplicatthere are more than
thousands of possible solutions with different realizatietails. All these possible solutions
make up a huge design space. Among this design space, dasigresl to choose the one
which can meet all user defined requirements such as penf@engower consumption,
cost and so on. This comparison and choosing process is hypaeéined adDesign Space
Exploration(DSE) in the academic domain. Especially for embedded systenssptbcess
is really important and unavoidable for a successful system

User constraints

In this thesis, all user defined requirements are transfénte constraints. These constraints
can include some very high level ones such as the total chifprpgance should be able to
finish 25 frames of video decoding in one second and the tbiplsize should be smaller
than 1cm?. Besides these high level constraints, there are many losV émes such as the
cache miss rate of one processor and so on. It is natural tbdbiifferent granularities
constraints with different abstraction levels, but thedimg and refinement method is still an
open question.

This thesis would like to answer this questidtow to define constraints of each abstrac-
tion level and refine all high level constraints to low levakg?

Flow with abstraction levels

There are many possible ways for this multi-processorsgdespace exploration. Until
now, some most accepted methods are simulation based ordsart mature and flexible.
As speed and accuracy are the two most important propeitieseosimulation platform,
abstraction levels are used to balance these two propeifies design space exploration
flow should well utilize all these provided abstraction llevand avoid much design loop
cost existing in most traditional flows.

Heterogeneousness and processor configuration is sgdomlised in this thesis. These
two properties lead to the question how to well integratesehgroperties with different ab-
straction levels. Because these properties make the dgmge swuch huger than traditional
MPSoC architectures, we also want to solve the problem oftbaentrol these two proper-
ties at lower abstraction levels for the huge design spaadelggm and how to use these two
properties to avoid some design loops during the DSE process

This thesis would like to answer this questiaddow to integrate all these abstraction
levels together into a design space exploration flow?
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2.3.3 Questions

e How many abstraction levels are necessary to meet diffggenips of user require-
ments?

e What interfaces should be provided to different kinds of sider each abstraction
level?

e What simulation technologies should be provided to diffekemds of users by simu-
lation platform at each abstraction level?

e What internal modeling should be provided to different kilndisisers by simulation
platform at each abstraction level?

e How to define constraints of each abstraction level and refirégh level constraints
into lower ones?

e How to integrate all these abstraction levels togetheragongle design space explo-
ration flow?

2.4 Hardware/Software Interface Modeling and Hybrid MP-
SoC Simulation Platform

Hardware/software interfacéHW/SW interface) is used to describe the connection be-
tween software application modules and hardware fundtiomaules in embedded SoC
platforms. Fig.2.6 shows more and more details of HW/SW faters from left to right.

As this thesis focuses on the design space exploration fleatban configurable proces-
sors and heterogeneous MPSoC architectures, the HW/S\Viaiceatifficulty due to config-
uration and heterogeneousness should be solved to sirttpdifiyhole design flow .

2.4.1 Hardware/software interface modeling

Hardware/software interface Complexity

With the complexity of configurable processors and heteregas MPSoC architectures,
theHardware/software interfackecomes critical in the whole system development process.
During the DSE process, processors of the HW/SW interface teebe configured to meet
requirements of the application software. Even worse whehitectures and configurable
processors are modified during the design space explonatamess, the underlying part of
one HdS should be modified frequently and leads to maintenanad portability problems.

Bottleneck of automatic generation

A possible solution for this complex HW/SW interface problsnto generate one HW/SW
interface for a specific application platform automatigalh the embedded system domain,

20 2.4. HARDWARE/SOFTWARE INTERFACE MODELING AND HYBRID MPSOC
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Figure 2.6: The hardware/software interface idea for aggméPSoC platform [61].
(a) A high level HW/SW interface description which uses some#e lines to connect
between software tasks and hardware tasks. (b) The lesaetlistWW/SW interface squared
with dot-lines. This interface uses CPU subsystems to egesnftware tasks. Abstract
hardware and software adaption can help integrate the velystem together. (c) The
software adaption is refined into platform APIs and HdS. Taeltvare adaption is refined
into hardware interfaces for connections of hardware comapts. Subsystem
interconnection is used to integrate all these hardwaresaftdlare subsystems together.
(d) The most detailed HW/SW interface is shown in this figurs tiis thesis focuses on
configurable processors, detailed HdS and CPU subsysterh@wa svith POSIX Thread
APIs, HAL APIs and the processor binary format. From (a) 9o ffaese four figures express
the same HW/SW interface idea from very abstracted ones &ile#bnes. In (c), multiple
CPU subsystems and hardware subsystems are connectedtesittoimection for a general
MPSoC platform. Different from HW/SW interfaces of tradited MPSoC platform, in (d),
SIMD extensions of each processor can be different for one §&iRldystem.
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the automatic generation of the HdS and the hardware phatf®calledSystem Level Syn-
thesisprocess. Unfortunately, the formulation of this problemas well formalized and is
not easy to formalize as a whole.

Though most synthesis ideas are extensioriRagfister Transfer Lev¢RTL) synthesis,
system level synthesis lacks the background of Boolean edgaid digital logic. Without
strong mathematic background and relationship, the syleeshsynthesis remains a design
job.

This thesis would like to answer this questidtow to model the HW/SW interface to fa-
cilitate the automatic generation and support complex dettures such as the configurable
processor based heterogeneous MPSoC platform?

2.4.2 High level Application Programming Interfaces (APIs) realiza-
tion

Automatic generation of the HW/SW interface is not the onligson, we may have other
methods to make the integration of both the hardware anavaodteasier. During early
stages of the exploration process, these modification mregjonany updates of HAS imple-
mentation to validate both user applications and the upieyrIMPSoC hardware architec-
ture. For example, the assembly HdS code realization coasumuch effort and is error
prone for early design stages. Meanwhile, we also notidenibrenally the HdS does not oc-
cupy many of the whole platform computation resources. Homake the HAS realization
suitable for the design space exploration at early stagesnbes an open question for high
abstraction level platform designers. Beside this queshiow to well integrate high level
software interfaces with different simulation technokxis also a question this thesis tries
to solve.

2.4.3 Questions

e How to model the HW/SW interface to facilitate the automagagration and support
complex architectures such as the configurable processedltbeeterogeneous MPSoC
platform?

e How to build high level simulation models with high level gramming APIs to avoid
HdS porting works?

2.5 Task Migration Framework for Heterogeneous MPSoC
Architectures

Besides the complex HAS modeling and generation problem,also a difficult problem
to design a high performance and flexible task migration kexabldS for heterogeneous
MPSoC.

2%. TASK MIGRATION FRAMEWORK FOR HETEROGENEOUS MPSOC ARCHECTURES
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2.5.1 Rigid heterogeneous MPSoC platform

Though heterogeneous MPSoC platforms have many advantdges were discussed be-
fore, they are not as flexible as existing SMP based MPSo@ptas. Normally, in het-
erogeneous MPSoC platform, each task is mapped onto ondispeccessor instead of a
group of processors like on SMP platforms. This rigid magpiequirement makes either
the task partitioning very complex or task load unbalancedrag multiprocessors.

2.5.2 Mapping model of computation

There are several models of computation for multiprocessdredded systems such&m-
chronous Data FlowSDF) model [72] andKahn Process NetworK&PN) model [62]. As
these models are not dependent on the underlying MPSo@ptatthe mapping between
tasks/processes and each processor is not defined. Fargerteous MPSoC platform based
on configurable processors, because processors are wliffar®ng them, existing mapping
solutions are almost fixed for all models of computation.

This thesis would like to answer this questidttow to make heterogeneous MPSoC more
flexible by providing lightweight task migration betweenetéht processors?

2.5.3 Questions

e How to make heterogeneous MPSoC more flexible by enablingasie migration
function?

2.6 Conclusion

In this chapter, we proposed 6 questions which need to bed&dv design space exploration
flows based on configurable processors.

e How many abstraction levels should we have and how to integ@ftware program-
ming interfaces, software simulation technologies andrivdl modeling together for
one abstraction level?

e How to define constraints of each abstraction level and refirfegh level constraints
into lower ones?

e How to integrate all these abstraction levels togetheragongle design space explo-
ration flow?

e How to model the HW/SW interface to facilitate the automagogration and support
complex architectures such as the configurable processedleterogeneous MPSoC
platform?

e How to build high level simulation models with high level gramming APIs to avoid
HdS porting works?

2.6. CONCLUSION 23
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e How to make heterogeneous MPSoC more flexible by enablingatble migration
function?
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For most of the questions proposed at the previous chapte tre already many re-
search works related to them. In this chapter, we present srthese works and use
some parts of them as the background of our solutions. Meidawthe differences of our
solutions are also analyzed to show our contributions.

3.1 MPSoC Abstraction Levels

For MPSoC abstraction levels, we take a look at three aspduoth aresoftware simulation
technologieshardware modeling technologiemdsoftware programming interfaces

3.1.1 Software simulation technologies

As the trend is to move hardware functional modules intorsfé realization for embedded
systems, software simulation technologies are importanbéth the performance and the
accuracy of one MPSoC simulation platform.
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Basic software simulation technology

To simulate softwarelnstruction Set SimulatoflSS) is the most well known technology
which mimics the behavior of a mainframe or microprocessdirbading” instructions and
maintaining internal variables which represent the preces registers. In most embedded
system simulation platforms, the ISS is grouped with pempls and memories to model
the whole SoC. Runtime instruction translation technologyéssimplest and most robust
solution for both the software development and the hardwariécation. The most serious
drawbacks of this solution are the simulation speed andable of visibility of memory
accesses. The second drawback can be avoided if the IS§ istdgpret instructions, as the
rest of the system is modeled accurately [54].

Software annotation

Software annotation is used in some high level MPSoC sinaulapproaches to provide
performance informations. Some of them require explicihug source annotation by pro-
grammers [102][78][100]. There are also partially autamablution for the annotation
process [101][36][89][55]. All these methods provide tlusgibility to get the performance
of one MPSoC platform with a simulation speed close to thev@axecution.

As the software performance relies much on the processdigcmation, existing soft-
ware annotation methods have still hard problems to wellehtids instruction set modifi-
cation effect.

Dynamic binary translation

Dynamic binary translationknown also agdust-In-TimgJIT) compilation, can convert ob-
jects into target binaries during the runtime. In contrasstatic translation, dynamic one
can avoid long translation time during download and staridgere is much research work
focusing on this method such as [40], [42], [92] and [30]. ®oohthese works provide a
software translation kernel while some others model thelevhardware platform and pro-
vide just the same simulation properties as the real oneyMechine emulations are based
on this approach.

The advantage of this technology is the high speed simulatdity while the drawback
of this method is hard to express the pipeline effect (cdaind data dependencies) and other
detailed hardware properties such as the instruction fdtclhis thesis, we focus on how
to take the advantage of this technology to build our mudtgibstraction levels and related
exploration flow.

3.1.2 Hardware modeling technologies

Traditional hardware simulation

In the digital system domain, tiiRegister Transfer LevéRTL) is used to describe a digital
circuit by defining the flow of signals between hardware reggsand the logical operations
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performed on these signals. As this modeling technologyiges the synthesis ability on
libraries of standard cells, it ensures a path to layout @mantations. It is therefore well
accepted as a hardware modeling solution.

SystemC

At beginning, SystemC [13] is a hardware description lagguahich focuses more on sys-
tem description than VHDL and Verilog. SystemC includestao$elata types, macros and
library routines implemented in C++ language to well suppwent driven hardware simula-
tion. Instead of focusing on the gate level synthesis as Thel®el, SystemC is designed to
provide a system description of complex digital platforr@®@mpared to synthesizable RTL
level models, the SystemC models are much easier to builccamgprehend. Simulation

speed of SystemC models is also higher than RTL level mobetst doesn'’t target to the

synthesis ability.

Transaction Level Modeling

With the SystemC 2.0, SystemC extends the original harddeseription withTransaction
Level Modeling(TLM) [14]. TLM is a high-level approach to model digital systemes
details of communication among modules are separated fierdetails of the implementa-
tion of functional units or the communication architectugnce this modeling technology
simplifies the communication interface, the compatibiatyd higher simulation speed are
two obvious advantages.

3.1.3 Exploration Flow

Design space exploration is a huge domain which includessspich as hardware architec-
ture refinements, hardware/software partitioning, safwasks mapping and scheduling.

Automatically extracting the candidate extended instoucset from one specific appli-
cation is focused by both academia and industry. L. Poz4i ¢9@], F. Sun et al. [95] and
Xtensa Processor Extension Synthesis (XPRES) Compiler €3$ach works. They try to
extract the most efficient instruction set to meet timingst@nd power requirements. As
these works focus on automatic generation for the standadoocessor only, in some cases,
extension parts are several times bigger than originalscokebetter solution could be us-
ing multi-processor architectures and configurable psmssat the same time. Meanwhile,
most of them target pruning the huge search space [90][@%jul design flow, designers can
group and map a series of tasks with similar functions onsaSymmetric Multi-Processing
(SMP) subsystem at higher abstraction levels. The effort speohonsing the most suitable
instruction set from huge candidate instructions can baced.

On the thread level parallelism side, designers would eeploe multi-processor archi-
tecture for higher performance. Several simulation ptat®such as SoCLib [15], StepNP
[83] and CoWare [16] are developed to accurately evaluatdh8oC architecture. Most
of these platforms use cycle-accurate model or TLM [35] fardware modeling and ISS
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for software simulation. As these platforms need very tidla@rchitecture information, it
can only be useful at the very late design stage. Meanwhsldh@se platforms include
many architecture parameters and ISS, simulation speemreescslower than design space
exploration requirements.

To trade-off among simulation speed, accuracy and fleigbiinproving the abstraction
level of simulation seems to be a good way to solve these @nub[59]. Recently several
MPSoC design space exploration platforms such as Metofiefi], CASSE [91], MESH
[38], MILAN [77], Koski [63] and Sesame [86] use similar higbstraction level ideas as our
method for design space exploration. Metropolis focuseherframework for design space
exploration and different models of computation. CASSE lsdm Process Networks [62]
and abstract hardware components to build their simuldiased platform. MESH proposes
the layer-based approach for modeling and performancelaiion. MILAN is a model-
based, extensible framework which supports multi-abstnadevel and multi-granularity
simulation. Koski uses trace file to annotate the UML statartshand achieve very high
exploration speed at this abstraction level. Sesame atstrarse file to gradually refine the
application model and focuses more on their Y-chart metlogyo

With these related works, we find that most configurable msaeexploration works fo-
cus on standalone processor only while most MPSoC archreekploration works provide
no extra support for configurable processors.

3.2 Hardware/Software Interface

In this section, we introduce the idea of automatic genemnaif Hardware/Software interface
and limitations of existing Hardware/Software interfacedaling works. After that, we also
introduce the existing HW/SW interface adaptation and HdSmmpworks.

3.2.1 Hardware/Software interface modeling

With the growth of embedded system requirements and coafidgiprocessors, Hardware/-
Software interface becomes more complex than before. EGdss[an embedded operating
system which provides graphic interface for users to condigund port this OS. CoWare
[16], Virtutech [18] and ARM RealView System Generator [19pyide user friendly inter-
faces to help generate glue logics for the MPSoC platforngde3 hough the efficiency of
these industry tools is well verified by the market, thesek&atill need much user effort
during the MPSoC design process.

Automatic generation of HW/SW interface seems to be a promisolution to simplify
the HW/SW interface design problem [31]. But the system dp8on model is the critical
problem to improve the quality of generated MPSoC platforBecause UML is well de-
fined and used in software development, some research wetdisdethe UML to support
the whole embedded system description [67]. Compared with. Udr solution is rela-
tively concise in representation and focuses on the HW/SWffexte automatic generation.
ROSES [98] is another HW/SW interface automatic generatiolst As this tool need a Co-
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lif [39] tools for HW/SW interface modeling, the generatioropess should also be defined
as semi-automation tools. The ability of all these autoogeneration works are constrained
by the HW/SW interface modeling. In this thesis, we would li&grovide a new modeling
technology which may provide higher flexibility for the HW/SMterface modeling.

3.2.2 Hybrid hardware/software interfaces

Several simulation platforms such as SoCLib [15], StepNP §88 CoWare [16] are devel-
oped to accurately evaluate MPSoC architectures. Mosesgtplatforms use cycle-accurate
model or TLM [35] for hardware modeling and ISS for softwaim@ation. Because these
platforms need very detailed architecture information prmtessor configurations, it can
only be used at the late design stage when the choice of thaldvardware architecture has
already been made. With these platforms, OS should be panigthe porting work should
be debugged before simulating user applications.

To save all these OS porting works, some researchers propeseitomatic generation
of operating systems for specific architectures [44][34 these generation methods heavily
depend on available templates and libraries, they cantiobeatically adapt to new instruc-
tion sets and new 1/O devices. Titardware Abstraction LayeHAL [17] can separate
hardware related details from platform independent fumstiand ease the OS porting work.
Unfortunately, designers still need to realize all theseLH¥®Pls with assembly codes for
different processor configurations and system architestur

Simulation speed is also an important parameter for a Viguatotype platform. To
speed up the simulation, researchers have built a hosbement to locally execute software
with annotation data [55][70]. These solutions can prowidesy high simulation speed, but
have accuracy drawbacks (especially for configurable gsmrs which performance heavily
relies on user extended instructions).

The idea of hybrid simulation is created to take both adgedaf host and target sim-
ulation platforms. Software ISS and FPGA hybrid simulatieohnologies are created to
improve the speed of the energy estimation [80] and the iomat verification [81]. There
are also hybrid platforms which combine the ISS with the leastcution [66], but the target
of these works is to speed up the simulation with the hostugi@t

3.3 Task Migration Framework

In these section, we analyze the task migration problem lwappears because of config-
urable processors.

3.3.1 Task migration on configurable heterogeneous MPSoC

At the commercial market, there are many heterogeneous MRp8aducts such as the TI
OMAP platform [10], the ST Nomadik platform [12] and the Ath®HAPES platform [82]
which integrate MCUs, DSPs and ASIC modules to meet complphcgtion requirements.
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Because of the instruction set difference, it is impossiblechedule tasks between different
kinds of processors in one heterogeneous MPSoC.

One interesting heterogeneous MPSoC example iCileprocessor [53] [85]. The
Cell processor includes a general dual-threaded PowerPéagsor element as the main
processor and 8 synergistic processor elements (SIMD gs0cg) as coprocessors. Software
applications are compiled into either the PowerPC binarsnéd or the SIMD coprocessor
format. Normally, the task scheduling between coprocasisocontrolled by the PowerPC
and the task migration between the PowerPC and SIMD copsoces not possible.

Different from heterogeneous MPSoC platform, the SMP &echure [52] is composed
with two or more identical processors and connected to simai@ memories. Because
the SMP architecture can provide a uniformed executiorrenment, there are much more
scheduling researches and realization systems for thisd{iplatforms [34]. SMP architec-
ture is well suited to the general purpose computing, sinisegasier to program. However
it cannot profit from differences of various applicationueggments. In the embedded sys-
tem domain, this SMP solution is unfortunate to have weakitgan term of power and
performance [74].

As there is a huge gap between the homogeneous MPSoC andi¢hegemeous one,
some researchers try to provide a trade-off solution wheoh take both advantages. R.
Kumar et al. [68], M. Becchi et al. [29], S. Balakrishnan et &7][and S. Ghiasi et al.
[47] suggest to integrate several processors which impiénie same instruction set but
with different costs and performances. This limited hejereeous platform can achieve
higher performance than homogeneous one with similar cBsised on this platform, some
scheduling algorithms [37] are designed to achieve highgbpmance with less power con-
sumption.

3.4 Conclusion

With all presented works, we can find that
e Most existing multi-abstraction levels works do not focusconfigurable processors.
e Most existing exploration flows do not really handle confajle processors.

e HW/SW interface is more complex with configurable procesaadsno specific solu-
tion focus on it.

To handle the processor configuration and heterogeneaushesir MPSoC platform,
we will present our solution in the following chapters.
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any researchers focus on abstraction levels and propdseetif definitions from dif-

ferent points of view. Especially, configurable heterogerseMPSoC architectures
are more complex than traditional ones. To make abstrat#igis easier to define, in this
chapter, we propose 3 axes to help classify MPSoC abstndetiels. With these three axes,
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this chapter will present 4 different MPSoC modeling alediom levels. These 4 abstrac-
tion levels are targeted for different groups of users witfecent software programming
interfaces. Besides interfaces, simulation platformsldahake abstraction levels use differ-
ent simulation technologies which can propose a tradestifiéen the simulation speed and
performance result accuracy. Hardware modeling methadalao discussed in this chapter
for different abstraction levels.

By using these abstraction levels, we would like to help wajkhrough the huge design
space of configurable heterogeneous MPSoC to determine a\W\ar/&hitecture meeting
the system design constraints. As mentioned at the chapteitt2 the flexibility of con-
figurable processors and the heterogeneity property, thene infinity of ways to refine an
MPSoC architecture. All these possibilities lead to a hugsigh space for designers to
explore. To be able to target a specific solution to the systesign problem at hand, we
present a budget based refinement policy which can trans$é¢éom defined constraints into
budgets and refine all gross budgets through the defined listragtion levels.

In the following chapter, we try to answer the following gtiess:

e How many abstraction levels is necessary to meet differemigs of user require-
ments?

e What interfaces should be provided to different kinds of sider each abstraction
levels?

e What simulation technologies should be provided to diffekemds of users by simu-
lation platform at each abstraction levels?

e What internal modeling should be provided to different kilndisisers by simulation
platform at each abstraction levels?

e How to define constraints of each abstraction level and refireégh level constraints
into lower ones?

e How to integrate all these abstraction levels togetheragongle design space explo-
ration flow?

4.1 Classification of Abstraction

As there are different requirements with different groupasers, we would like to classify
all these requirements along three axes. In this thesise ttheee axes are very important to
differentiate 4 MPSoC abstraction levels. They are:

e Software programming interfaces
e Software execution methods

e Hardware modeling technologies

32 4.1. CLASSIFICATION OF ABSTRACTION
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MPSoC Applications

—  MPSoC Communication APls

MPSoC Communication
Realization

- Operating System APIs

Operating System
Realization

— Hardware Abstraction Layer APIs

Hardware Abstraction Layer
Realization

Software Programming Interfaces

— Processor Binary Format

MPSoC Architecture &
Processors Realization

Figure 4.1: 4 different software programming interface.

4.1.1 Software programming interface

The software programming interface is one of the most ingmaréxes as it defines the in-
terface between user developed software programs and tis®®Bimulation platform. In
Figl4.1, we have 4 different kinds of software programminggifaces which ar&PSoC
Communication AP|sOperating System ABRI#iardware Abstraction Layer APland the
Processor Binary FormatThese 4 interfaces represent different abstractiondedeelsoft-
ware developers and have different abstraction of harddetasls.

e MPSoC Communication APIs This software programming interface is at the highest
abstraction levels. With this interface, most hardwarézaton details are transparent
to software developers by using inter-processes commiimnicAPls. The advantage
of this interface is that the very high level modeling doesrety on the detailed hard-
ware architecture and the HdS realization. Many computatiodels such as KPN
[62], SDF [72] are compatible with these communication APHgr example, with the
KPN communication model, we use two main functions which@nannelRead
andChannelWrite  to communicate between two different processes. At thisllev
simulation platforms with this interface can be used tofydhe realization of high
level computation models to avoid deadlock and resourawattan cases. So this
software programming interface is suitable for high ley@lacation validation.

e Operating System APIs This software programming interface is lower than com-
munication APIs. At this level, the operating system is fixedl all OS APIs are
provided as the software programming interface for appboadesigners. For exam-
ple, the POSIX Thread OS APIs interface is an example of th&BIS interface and
can be grouped into the following classes:

— Thread Manipulation APIs: This group of APIs includepthread_create
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pthread_join  , pthread_exit and so on. These APIs are necessary for
thread management.

— Synchronization APIs This group of APIs supports two kinds of thread level
synchronization APIs which are relatedNtutual exclusiorandCondition vari-
ables These APIs guarantee a certain sequence of threads eteantl hand-
shake at a certain point to enforce the semantic of pasiedixecution.

— Thread Local Storage APIs This group of APIs handles threads specific data
during system execution.

— Utility APIs : This group of APIs includes some utility functions whicle aiseful
when working with threads such pthread_equal  andpthread_self

With this software programming interface, the realizatdll OS APIs can be mod-
eled by simulation platform and made transparent to appicalesigners. So appli-
cation designers do not need to take care of OS realizatitailglsuch as spin locks
and the thread scheduling.

e Hardware Abstraction Layer APIs: This software programming interface is even
lower than the OS APIs one. The HAL APIs interface is definetdtate hardware
realization details and upper general operating systerotims. We take the eCos
HAL APIs interface [17] as our example and these APIs can el into the fol-
lowing groups:

— Architecture Characterization APIs: This group of APIs contains basic CPU
architecture definitions. The CPU context save format, corsiwitching, endi-
anness, stack size and memory address translation makehifeeture charac-
terization APIs.

— Interrupt Handling APIs : This group of APIs includes definitions of excep-
tion and interrupt numbers, interrupt enabling and maskamgl real-time clock
operations.

— 1/0 Access APIs This group of APIs provides I/O devices register accessing
ability.

— Cache Control APIs This group of APIs contains definitions for cache struc-
tures and operations.

— SMP APIs. This group of APIs supportSymmetric Multi-Processin(SMP).
They include spinlocks, the processor number and atomiuictgons.

Details about interrupt and context switch are transpa@@sS and application de-
signers. This interface is suitable for OS developers thzeeand verify OS based on
these APIs.

e Processor Binary Format This interface is the most traditional software program-
ming interface used for simulation platforms. X86 [20], $#&[65] and MIPS [76]
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instruction sets are three typical examples of the procdssary format. A general
processor binary format should include the following gr@opinstructions:

— Arithmetic Instructions : This group of instructions is used for arithmetic oper-
ations such aadd andsubtract

— Logic Instructions: This group of instructions contains logic operations sagh
and, or andnot .

— Data Instructions: This group of instructions supports data operations fer th
register-register, the register-memory and the memonyong data movements
such asnove, load andstore

— Control Flow Instructions: This group of instructions can change the execution
flow of programs such gamp , call andreturn (may be conditional or not).

With this interface, software designers should understhadrery detailed computer
architecture of the target platform and be responsiblelf¢i@S realization. All user

applications, OS and drivers should be well defined and dewhpnto target binary

formats. This interface can be well suitable for HAL developand the hardware
verification usage.

4.1.2 Software simulation/execution methods

Besides the software programming interface, we should alsod look at internal simula-
tion or execution methods of software programs.

Formally, we have two different instruction sets which @&r@endH. T represents the
instruction set of the target processor to be modeled. Wihdevhole development environ-
ment is based on the computer with the instructioriptocessor.

We separately define the following three words for clear eggion in the following parts.

e Simulation: The program is compiled into the binary file with the targegtiuction
setT. The instruction set simulator running on the host compwith instruction set
H translates and executes the binary Wiiith

e Execution: The program is compiled into the binary file with the targestiuction
setT. In this case, we should have the condition tlia= H which means that the
development platform and the target system share the sastredtion set and the
compiled software can be executed directly.

e Emulation: The program is also compiled into the binary file with the&rinstruc-
tion setT and we have the condition th&t= H. In the emulation case, the binary file
is executed by using the experimental board or the FPGAttiirec

As software becomes much more important in today’s MPSo@aqpias, four software
simulation technologies are proposed in Chapter 3 and we swizerthem here:
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e Host execution This is the most direct simulation technology which corepill soft-
ware into the binary format of host machines. The simulasio@ed of target software
can be as high as the speed of the directly host executidrsihallation and hardware
modeling costs are excluded. But we should also notice tledtdlst execution cannot
provide any timing information which may be important fovdpers to verify the
performance of target application software and MPSoC quiats.

e Timing annotation: To avoid the weak point of timing information with the host
execution method, timing annotation technology is cre&teatld small timing infor-
mation into each basic block to improve the host executiothote There are several
different realization ways of timing annotation discussedelated works. But most
of these methods are still far from cycle accurate.

e Instruction interpretation : This method is the most traditional one which interprets
target binary code at run-time. This method can model thelevimstruction set ex-
ecution, the register files and all peripherals. Some sitotdamodel pipelines of
processors to achieve very high accuracy. Simulation spgetee drawback of this
method.

e Dynamic binary translation: To improve simulation speed, dynamic binary transla-
tion method can translate target binaries into binariee@hbst machine. As this pro-
cess is dynamic, self modification programs can also be wplparted. Because the
cache effect and some communication operations cannot teletbwith this method,
the performance result accuracy is lower than the traditiorstruction interpretation
method.

In this thesis, because only software based simulatiofoptas are discussed, we do not
deal with FPGA emulation methods. These methods requireyaagceurate description of
the HW, outside of the scope of the current work.

4.1.3 Hardware modeling methods

To model hardware components, there are also several poss#thods which are different
in both accuracy and efficiency. In this thesis, we have tpssible hardware modeling
technologies:

e Transaction Level Modeling: which is a high-level approach to model digital systems
where details of communication among modules are sepafratecthe details of the
implementation of functional units or of the communicatenchitecture. All clock
driving communication requests are replaced by functioalé to improve simulation
performance. Though transaction level modeling, as sumbs dot produce accurate
results, the simulation speed is very good and allows fanativalidation.

e Cycle Approximate Bit Accurate Modeling: which models the digital systems and
guarantees all data transferred between modules are hitaec Internal hardware
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Figure 4.2: Motion-JPEG decoder application modeled wiiNK

modules realization is only cycle approximate to balandé performance and accu-
racy.

e Register Transfer Level Modeling which is commonly used to describe the opera-
tion of synchronous digital systems. Compared with the TLMislmg and the CABA
modeling, RTL models both hardware modules and communpit&ibmponents with
cycle and bit accuracy. This modeling is the most accuragenath the lowest perfor-
mance among all these three modeling technologies. It lysal&dws producing the
real hardware by automatic synthesis.

4.2 4 Abstraction Levels for Configurable Heterogeneous
MPSoC

By combining multiple software programming interfacesfediént software simulation and
hardware modeling methods, 4 abstraction levels are peabiogpaper [59] and used by this
thesis for the configurable processor based heterogeneB&®®platform.

e System Level
e Virtual Architecture Level
e Transaction Accurate Level

e Cycle Approximate Level

4.2.1 System level

In this thesis, th&ystem LevdISL) is the highest abstraction level used in our design flow.
Because the key point in the MPSoC design is the applicatiosllpbsm, this abstraction
level is designed to provide a parallel execution envirommén Fig.4.2, the application is
described as a set of communicating processes exchandgmepadusively through blocking
lossless point-to-poirfirst In First Out (FIFO) channels, known asPN. This figure shows

a KPN example for the Motion-JPEG decoder application. Betiie KPN computation
model, we have a SDF one shown in Fig.4.3. Both of these coriputaodels and many
others can be supported at this system level for paralleiaog validation.
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Figure 4.3: A simple vector quantizer for images from Ptoldhdemo.
Author: Steve Neuendorffer.

At system level, there is no difference between softwaregsses and hardware mod-
ules. All of them are general high level language code tlwemtd communicate with
each other with communication APIs. Several commonly usednounication APIs are
channelinit , channelRead andchannelWrite . Channellnit APl is called by
the main process to create a new channel for process comationicChannelRead and
channelWrite  are used by processes to send and receive data. Here is terteon
module of the Motion-JPEG example:

/* Use Channels for KPN communication * |
void threadConv(Channel *from_idct, Channel *to_idct) {
uint8 MCU_Y[64], MCU_Cr[64], MCU_Cb[64], MCU_RGB|64 * 3]
int R, G, B, Y;
uint8 index, i, j;
while (1) {
[ *-- Channel read operations -- */
channelRead(from_idct, MCU_Y,sizeof(MCU_Y)/from_idct ->cellSize);
channelRead(from_idct, MCU_Cb,sizeof(MCU_Cb)/from_id ct->cellSize);
channelRead(from_idct, MCU_Cr,sizeof(MCU_Cr)/from_id ct->cellSize);
/ *-- process computation -- * |

for (i = 0; i < 8; i++) {
for G = 0; ] < 8 j++) {
index =i * 8 + |
Y = (int)MCU_Y[index]<<SCALEBITS;
R = (MCU_Cr[index] - 128) x+ C_RCr + Y + ONE_HALF;
B = (MCU_Cblindex] - 128) * ¢ BCb + Y + ONE_HALF;
G=Y-(MCU_Cb[index]-128)  *c_GCb-(MCU_Cr[index]-128) *C_GCr+ONE_HALF;
if(R < (1<<SCALEBITS)) R = 0; else if(R> (Oxffi<<SCALEBITS))
R = 255; else R = R >> SCALEBITS;

38 4.2. 4 ABSTRACTION LEVELS FOR CONFIGURABLE HETEROGENEOUS €PC



CHAPTER 4. DESIGN SPACE EXPLORATION FLOW WITH MULTIPLE ABSRACTION

LEVELS
CPU SS1 CPU SS2 HW SS
] ] o000 @
Adaptor Adaptor Adaptor
Inter-Subsystem Communication
Figure 4.4: System Architecture at VA Level
if(G < (1<<SCALEBITS)) G = 0; else if(G> (Oxff<<SCALEBITS))
G = 255; else G = G >> SCALEBITS;
if(B < (1<<SCALEBITS)) B = 0; else if(B> (Oxff<<SCALEBITS))
B = 255; else B = B >> SCALEBITS;
MCU RGB[(i * 8 +j) * 3] = R;
MCU RGB[(i * 8 +j) = 3 + 1] = G;
MCU RGB[(i * 8 + ) =* 3 + 2] = B;
}
}
[ *-- Channel write operations -- * [
channelWrite(to_libu, MCU_RGB,sizeof(MCU_RGB) / to_lib u->cellSize);

The converter process is a typical KPN process which gessfdanh other processes and
send computed data back. From Table.4.1, the applicatexeisuted natively and no timing
information is given for communications. The whole simidatplatform is compiled to host
machines and uses POSIX Thread APIs for thread operatidresciiannel communication
is realized as a library with sending and receiving datautatmon for communication opti-
mization at system level. The implementation of these flonstcan for example be done
on top of the Unix pipe system calls. The advantage of syseyal is to provide a fast
high level validation environment for one computation maogiéh communication profiling
abilities.

4.2.2 Virtual Architecture (VA) level

The VA level is a more detailed abstraction level compareth whe system level. The
most important difference is that the VA level includes saanehitecture information. At
this level, the architecture is coarse grain and abstrhetsdal system int§ubsystemand
Inter-subsystem Communicatiortsg.4.4 presents a general VA architecture. In this figure,
the system is composed with several subsystems which caritdedlintoCPU Subsystems
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Figure 4.5: VA Adaptor Realization

(CPUSS)andHardware SubsystenfslWSS). All these subsystems are connected with each
other by using the inter-subsystem communication module.

The aim of the VA level is to provide an execution model whiem give more detailed
inter-subsystem information with high simulation speedonf Table.4.1, we find all the
subsystems are timeless models and compiled to host mactarsgnificantly speed up
system simulation. But the inter-subsystem communicatéonke cycle accurate or timed
TLM to provide detailed timing information for communicai exploration.

With all these requirements, we build the VA level platforasbd on SystemC. We re-
place the original timeless communication module at sysesl with the timed commu-
nication module, and we add adaptors to connect subsystetine tommunication module
with the Virtual Component Interfac€/Cl) [33]. The overall objective of VCI is to obtain
a general interface, such tHatellectual Property(IP), in the shapes of virtual components
of any origin, can be connected to SoC of any chip integrdtothis manner, VCs are not
limited to one-time usage by their designers. They can hgseel over and over. Fig.4.5
shows realization details of an adaptor which connects itje level FIFO interface with
this VCI interface. The upper part of this adaptor is the clehmvrapper which transfer
read/write commands into buffer operations. By using dath®fead and the write buffer,
the VCI Finite State MachinédFSM) can communicate with the inter-subsystem communi-
cation module with the VCI interface.

4.2.3 Transaction Accurate (TA) level

TA level is created for subsystem internal modeling withitiginformation. As shown in the
left side of Fig.4.6, one general software subsystem iredwedmulti-threaded application, an
operating system, CPUs, memories, inter-subsystem coneations and so on. At the right
side of Fig.4.6, the TA level targets at modeling all thegerimal components with TLM to
speed up simulation at the cost of accuracy. The loss of acguras to be quantified by
experiments.

The TA execution model has to handle two different interfaame at the software side
using HAL APIs or POSIX Thread APIs and one at the hardware gging hardware pro-
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Figure 4.6: TA Level Abstraction with the HAL APIs Interface

tocols as shown in Fig.4.6. Over the HAL APls, the operatipstem, the specific /O
communication library and the multi-thread applicatioftware are added. With the same
HAL APIs, the effort of rewriting low level assembly prograrfor exploring different CPUs
and extended instructions sets is saved. Because uppetingesgstem and application
software are timing annotated and executed directly wighTiA level model, the MPSoC
simulation speed is higher than traditional ISS based afipplatforms.

At TA level, software and hardware components of one MPSa&Ceasy to integrate
for an executable platform with high simulation speed andtixely accurate performance
estimates [45]. All these properties make TA level a sugaistraction level for the CH-
MPSoC architecture exploration.

4.2.4 Cycle Approximate (CA) level

Cycle Approximat€A level is the most detailed abstraction level in our multgbstraction
levels design space exploration flow. The target of thisrabg8on level is to provide highly
accurate simulation results at the cost of a low simulatioeed. That means almost all
detailed architecture information should appear in thisuation model. Fig.4.7 gives out a
general model of this architecture.

At the hardware part, we have cycle approximatgruction Set SimulatdiSS for soft-
ware execution. With the ISS, we have the cache model witheaze, cache line size
and associativity parameters. As the software programmiegface of the CA level is pro-
cessor binary format, all HdS and applications should bepiieoh into target binaries. To
connect each processor, we propose two possible conneeéithrods which are bit accurate
SystemC connection modeling amcansaction Level ModelingTLM) . Hardware compo-
nents should be implemented with SystemC modules to pradderate timing information
during simulation processes.
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Figure 4.7: Heterogeneous MPSoC Software/Hardware Axchites.

4.2.5 Comparison of abstraction levels

Table.4.1 summarizes this chapter and presents the casupasf the four abstraction lev-
els. This table is also useful for the multi-abstractioreledesign space exploration flow
presented following.

4.3 Budget Based Exploration Flow

Budgetgenerally refers to a list of all planned expenses and rea&na the logic synthesis
domain, the timing budget is used to select suitable logmpments for predefined timing
requirements [46]. In DSE flow, budget means given resourael module or subsystem
can use to build the overall system. For example, the poweswaption is an important
parameter for most MPSoC architectures. During the DSE fiogvpower budget for the
whole chip will be divided into small budgets for each subbsgsand each module. With
this refinement process, details of each subsystem and eadercan be fixed at the end
of this DSE flow. Though budget is supposed to work on add@mestraints, this property
will unfortunately not always be true. For example, addiagdwidth requirement leads to
exponential growth of delay with some kinds of communicatochitectures.

This budget based exploration idea is not new for systen tmsgn space exploration
[71][96][38]. As this approach is in practice efficient amahgpatible with the multiple ab-
straction levels we proposed, in following parts, we wiNaidetails of this budget based
DSE flow.

4.3.1 Refine Budgets with Multiple Abstraction Levels

Our multi-abstraction levels exploration flow follows thedget based problem partitioning
approach. Fig.4!8 shows the whole flow from the most absleaet (SL) to the most de-
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Figure 4.8: Multi-Abstraction Levels Design Space Explmna Flow

tailed level (CA). At system level, designers optimize cotagion models such as KPN or
SDF for communication related properties. By using exedatabvironments provided by
SL models, designers can minimize the inter-task commtinicaize and optimize com-
munication properties to improve system performance. Atl&el, designers create basic
multi-subsystem architecture and map all processes of ®Leach subsystem. After ex-
ploring the inter-subsystem communication with high siatioin speed, designers can get
the communication size and transfer pattern of the intbsygstem communication. By us-
ing these statistical data, designers can fix inter-subsystommunication type selecting
from bus, crossbar and NoC and get the usage rate of this cormoation module.

After the inter-subsystem communication is well optimize&A level, we continue ex-
ploring each subsystem at TA level. Because a general s@ftsudorsystem includes CPUSs,
memories, buses and other modules, the architecture iscoarplex than that of the hard-
ware subsystem. At TA level, all complicated modules in SoéWare SubSystgf8WSS)
are modeled and composed together. The software perfoegata is based on the back
annotation from CA level with some statistical parameteitse $imulation results provided
at this level help designers to direct the automatic geimeratf configurable processors and
modify hardware peripherals of one subsystem. After all ponents are fixed for each
subsystem, we can automatically generate configurablegsocs and modify cache size to
meet TA level constraints. As CA level is the most detailedralotion level, all hardware
parameters of this configurable heterogeneous MPSoC solaite fixed and HAL APIs are
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carefully realized based on instruction sets of final preces The whole exploration flow
Is finished when a CA model is obtained to meet the budget cntdr

Summarily, our budget based design space exploration flowheadle the following
refinement processes with 4 MPSoC abstraction levels.

e Communication refinement 8ystem LevdSL).
e Subsystem refinement ¥irtual Architecture(VA) level.
¢ Internal subsystem refinementfaansaction AccuratéTA) level.

e CPU extended instruction and cache refinemeQyaie Approximat€CA) level.

4.3.2 Communication refinement at system level

TheSystem Leves$ the highest abstraction level in our design flow. Becausé&ely point in
the MPSoC design is the application parallelism, this alosisn level is designed to provide
a parallel execution environment. At system level, themneoglifference between software
and hardware. From Table.4.1, the application is execu#daly and no timing information
Is given for communications.

There are several advantages of exploring the communicatichitecture at this level.
Though compared with more detailed abstraction leveldj@wn tasks at system level are
timeless, the functional simulation can give out the adeunamber of transfer and the data
size of each transfer. The information can be used to opgirthie communication behavior
and estimate the required bandwidth for real time requiremeéNe should notice that the
simulation speed at system level is much higher than thatakndetailed levels. This
advantage is really useful for the communication exploratif complex applications.
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The system level exploration flow is shown in Fig.4.9. Squdoeks represent explo-
ration statuses while ellipses represent actions. Frasretploration flow, we first model the
original application into, for example, a KPN. The systemelesimulation model is based
on KPN and relies on existing tasks and FIFO libraries. Fonmaoinication exploration
requirements, we design a specific channel module whichumegpthe number of transfers
and transfer sizes. After each channel in the KPN model idamented, we obtain the
executable system with the detailed transfer burst sizdrandfer numbers. The statistical
communication information can be displayed in figures whilekigners can use for bus us-
age optimization and latency minimization. By modifying #yeplication source code and
the KPN modeling, communications can be optimized at thislleThe data shown in ex-
perimental section gives detailed information of the gystevel exploration. Because the
simulation speed is really high, design loops at this levelralatively low-cost.

4.3.3 Subsystem definition at VA level

After communications are optimized at system level, we miné the communication trans-
fer number and utilize the communication burst mode. At \Welewe continue exploring
communications by fixing the type and protocol of the intéips/stem communication. For
communication types, we can choose one type from {bus, bavsad Network-On-Chip}.
After we fix the communication type as bus, we may continuetect one specific protocol
from several kinds of buses {APB, Pl and so on}.

These exploration works are divided into two steps. The diegp is to map application
tasks into subsystems. Then we can simulate the whole syt&# level and get inter-
subsystem communication performance results. If resuétshat compatible with system
constraints, designers should change the tasks mappiegl lbasinter-subsystem commu-
nication performance results and choose another comniioriciype and protocol. The
exploration flow is shown in Fig.4.9 and we give details ofsthénvo methods separately.

Because computation and communication parameters aredglask mapping becomes
really complex. At RTL/binary level, it is a time consumingopess to simulate and find
a suitable mapping solution. At VA level, there is no comgiotainformation because all
CPUSS and HWSS are timeless. The designer needs only to takectdunt the communi-
cation data during the mapping process. With a specific nuwfgibsystems, we map ap-
plication tasks from KPN to these subsystems based on thiesaobsystem communication.
So a good mapping solution is the one uses all subsystem&guules less inter-subsystem
communication. This is the guideline for the VA level comruation mapping.

Concerning computation requirements, we satisfy them atekeabstraction level. The
performance of one CPUSS can be improved by increasing théeoh CPUs, changing
the CPU instruction set and adding co-processors. Theseutatign refinement approaches
are discussed in TA and CA levels of the DSE processes.

One obvious drawback of this method is that we can only gebteegall data commu-
nication size of the target communication architecture.tb&se is no computation related
timing information, all send/receive communication dattaken into average during the ex-
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ecution. This assumption may cause some inaccuracy fowghlevel simulation platform
and it can be corrected at TA can CA levels.

4.3.4 TA level subsystem exploration
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Figure 4.10: TA Level Exploration Flow

With the hardware architecture and either native reabmaf#5] the dynamic binary
translation simulator [30] for subsystems, the TA leveldraes a suitable platform for de-
sign space exploration. Fig.4.10 presents the explordioenfor the TA level and the CA
level. We can see that the TA level exploration flow exten@sdlassical Y-chart[87] flow
with separated budgets and ASIP generation. These pagsthisldesign flow become
suitable for the design space exploration of configurablerogeneous MPSoC based archi-
tectures.

Gross budgets used in this flow are derived from upper-laygioeation results. They
may include performance constraints, chip size (cost)tcaimés and power constraints for
this subsystem. With gross budgets, we can get gross astuivigeparameters for TA level
simulation. After we get TA level simulation results, we cafine gross budgets into detailed
ones for each component. With the budgets refinement prabesdesigners make progress
in the exploration flow.

Dynamic binary translation method is also important fostekploration flow. At TA
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level, the application software and HAS are simulated witk tnethod. Though there are
no cache and instruction execution dependency informatichis method, this TA level
platform has relative fast speed and is sensitive to extenagructions. These properties
can help designers optimize both MPSoC architectures guictapon software to meet user
defined budgets. For extended instructions, we can use the &omatic generation tools
XPRES[3] to generate a new processor with constraints of étsdgf designers want to
optimize the extended instruction set directly, the exéehidstruction set can be used at CA
level directly. So the optimization effort is retained dgithis flow.

4.3.5 Fix all details at CA level

With the MPSoC architecture parameters and extended atgtnuset fixed at CA level, the
MPSoC simulation platform can provide accurate perforreamsults with relatively low
simulation speed.

Table 4.2: Parameters: TA to CA

Cache Performance Subsystem communication
TA | e Miss rate e Execution time » Throughput
e Latency
e Cache size o Extended instruction set® Bus/crossbar/NoC
CA | e Line size e Protocol: AHB/PI-Bus
... . | e Frequency
e Cache associativity e Frequency

As the design space exploration process is a parametersidgéts refinement process,
we can, at CA level, continue refining some abstract paramefdiA level. Table 4.2 shows
several examples of this process. At TA level, we only haedMiss rate parameter for
the whole simulation and we need to refine it idtache size ,Line size andCache
Associativity at CA level. It is the same case fBerformanceand Communication
Statistical parameters used at TA level can save much catpouiand adaptation effort.

4.4 Conclusion

In the past, there have been much abstraction level definiéisearch works and only a few
of them are still in use now. Because these abstraction Iehelsld relate application soft-
ware, system software and hardware, modification of thgsecéswill make the abstraction
level definition lose its interests. Underlying simulatiglatform implementation technolo-
gies may also change with the time. These four abstractimdelescribed in this chapter
try to provide meaningful information for current requirents of application software de-
velopers, hardware dependent software developers and/éwadevelopers.

By integrating software programming interfaces, hardwacsleling technology and
software simulation technology, we can build an efficiend #ast multi-abstraction level
design space exploration flow. With the budget based refinemethodology, many huge
design loop cases become smaller ones between conseqibstreet@on levels. Though the
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detailed implementation of this methodology is still degent on real applications, the use
of multiple abstraction levels is a way to help designershdheir target design easier.
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CHAPTER 5. HARDWARE/SOFTWARE INTERFACE MODELING AND HYBRIIMPSOC
SIMULATION PLATFORM
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Figure 5.1: Design Space Exploration Flow with ConfigurabigcBssors.

1 and 2. Mapping applications on the configurable MPSoC tacture. 3. Refine
application to satisfy predefined constraints. 4. Refine nmapjp satisfy predefined
constraints. 5. Refine both the processor configuration an8d@Rarchitecture to satisfy
predefined constraints.

As presented in chapter 4, the HW/SW interface modeling anpitatilen become very
complex because of the configurable processors and theogeterous multiprocessor
architectures. As the HW/SW interface becomes a bottlenkttleavhole design flow, this
chapter proposes a modeling method and an automatic gemeflatv that help solve this
problem. Meanwhile, we also propose an hybrid MPSoC sinmugtlatform which can
realize HAL APIs and I/O device drivers with SystemC to avmidch adaptation efforts for
design space exploration flow discussed in chapter 4.
In this chapter, we try to answer the following questions:

e How to model HdS to facilitate the automatic generation angpsrt complex archi-
tectures such as the configurable processor based heteougeMPSoC platform?

e How to build high level simulation models with high level gramming APIs to avoid
HdS porting works?

5.1 Motivation

Configurable processors, being nowadays widely available,a complex process to find
a suitable architecture for user defined requirements. drethbedded system domain, this
process is generally callddesign Space ExploratiogfDSE). In Fig.5.1, a Y-chart [87] liked
exploration flow is given. We believe that tl#mulationandProfiling processes gradually
become the real bottleneck of the whole exploration flow bseaof the SW adaptation
requirement. Three kinds of modifications cause much Hd&ngpwork:
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e Processor Configurations To improve the performance evaluated during the DSE
process, the configuration of processor may need to be midifieadding and re-
moving some instructions/registers. Besides that, theiaddr removal of exception
causes, traps, interrupt numbers and priority may also éinpathe HAL realization
of the HdS.

e MPSoC Architectures. Beside processor level changes, the modification of MPSoC
architectures may also change the 1/0 mapping, the processonber and the pro-
cessors connection topology. These changes need modifisatf HAS accordingly.

e Hardware modules realization and interfaces During the DSE flow, both the re-
alization and the interface of hardware modules may neea tmadified according
to performance and architecture requirements. This madidic may require modify-
ing the driver at the same time because of register mappidduaction specification
changes.

Without well adapted system software, it is impossible tawsate the application and
profile the performance data in a reasonable time frame. Meiég normally some parts
of these components are realized with assembly code dinebich may need to be partly
re-implemented when the instruction set is changed.

As the automatic generation method could be a possibleisoligr the system software
adaptation, in this chapter, we try to solve the problem of BW/interface modeling which
is regarded as one of the bottlenecks of the automatic gemepocess. With a well defined
HW/SW interface modeling, the generated interface can béfeexfor different kinds of
applications and have a good balance between cost and syst&anmance.

Beside the automatic generation methods, we have creatduatid symulation platform
which can realize most of HAL APIs with SystemC codes to avoicth adaptation work.
Though there are already several hybrid simulation platfeesearch works in Chapter 3,
we use the similaBemi-Hostindunctional call technology for simulators, but the aim of ou
hybrid simulation platform is to avoid OS porting and modition works at early DSE stages
of the CMPSoC development. Though the system software isriiauptofor the whole DSE
flow and time consuming for development, it does not realpnge much performance of the
whole system. Because normally the system software doeserform heavy computations
and consumes much less time than application codes, we oaraldhe internal realization
of these functions without a large impact on the simulatesultt.

To the best of our knowledge, our hybrid simulation platfasrthe first work which uses
semi-hosting functional calls for HAL APIs and drivers ligation to simplify OS adapta-
tion and speed up the configurable MPSoC DSE process. Defailsr hybrid simulation
platform are given in following sections.

5.2 Hardware/Software Interface Modeling

In section 2, we conclude that there is no strong mathematikdround for the concurrent
and detailed hardware/software system level synthesisupport automatic HW/SW inter-
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Figure 5.2: Components in SDG

face generation, we need to find a method to describe resdtips between all components
used in one MPSoC. Theerviceideas are commonly used in software community for en-
terprise architectures. In that context, the term serveders to discretely defined sets of
contiguous and autonomous business or technical funditiesa We extended this defini-
tion and use the service idea for all functional componesgégiun MPSoC architecture. By
using this service idea, both software and hardware compsnesed in one MPSoC plat-
form can be modeled as a service object. All these servigctbgan be put into a library
for automatic generation tools. Service relationship agnaihthese service objects can be
used for the system level synthesis.

Interface and implementation

Actually, the service objects can be grouped into eithegrface Components Implemen-
tation Components

¢ Interface componentsare designed elements that present the exported infonmatio
of the services. By using the same idea of interface as in Jadather object ori-
ented languages, interface components abstract infamabout an exported inter-
face without any realization details. For the software werveach interface only in-
cludes thefunction namgparametersandreturn type As for the hardware service,
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each one includes thgort nameandsignal information In the diagram representa-
tion, the interface components are represented with gpselland the function name
noted inside. As show in the example SDG of [Fig.5.2, servi¢eke HW/SW inter-
face include the CPU service, the OS service and so on. Bedaargeare 80 services
in the SDG of this case study and we want to show the informatiearly, we pack
the services into several groups, such as OS related sermngklocal FIFO related
services.

e Implementation componentsare the second kind of component which realizes the
interfaces of the SDG. For every interface component in b& Shere should be at
least one implementation component to realize it. More thramimplementation of a
specific interface component is encouraged. The advansageprovide the support
for architecture exploration to meet the different perfanoe and resource require-
ments. With the same exported APIs in one service librag/SBG gives architects
more freedom to explore the system architecture withoutraoglification of existing
application codes. For the diagram representation, im@hation components are
represented as rectangles. The OS and CPU implementatigpooamts are shown
with rectangle in Fig.5/2.

5.2.1 Service Dependent Graph (SDG)

An SDG is a graph which vertices agervice Objectand arcs ar&ervice Dependenciea
Service Dependendy the connection between one interface component and quienmen-
tation component. The connection has two slightly differaeanings. When it originates
from an interface component and point to an implementat@nponent, it means that the
interface component needs a realization. If it goes fromngplementation component to
an interface component, it means that the implementatiguires the specific API to finish
its realization. In Fig.5.2, theequirement dependendy represented with an arrowed line
while therealization dependenayg represented with a line.

All the information relative to the service components dmelservice dependencies will
be used to build a service library. Using the service librarySDG tool could construct a
suitable SDG automatically for a specified HW/SW interface.uBing this suitable SDG,
the simulation model could also be generated automatically

5.2.2 Automatic Generation Process Definition

As we use the SDG to model the HW/SW interface, it is possiblgeteerate it automati-
cally. Service librariesandconstraint filesare the crucial parts for this process. The service
libraries contain service interface components and implgation components. In each
library, there may be several implementation componeiatisrialize one interface with dif-
ferent performance properties and at different abstradéieels. The constraint files include
system requirements such as the chip size requirementpfifaeare code size requirements
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and timing/performance requirements. Given servicellibsaand constraint files, the SDG
can be generated for the HW/SW interface automatically wadtsic exported APIs.
The generation process can be divided into several steps.

e The architects choose the exported APIs and give out thereamfiles.

¢ Build the SDG by traversing the service library and extragthre paths that implement
the APIs.

e Generate the simulation models (for hardware) and realutable code of HW/SW
interface (for software) by using the SDG model.

e Getthe performance results. If the results are not satjsfiedlesigners should change
the constraint files and run the process once again.

5.2.3 Constraints and limitation

Though this service based automatic generation procedsacatie all modules for HW/SW
interfaces, this process still has the limitation of parfance estimation. As the relationship
between application software and processors are not easgpdel analytically, simulation
becomes the only solution for MPSoC performance estimatiBacause it is still time-
consuming to simulate a group of applications for a gendrsdPSoC architecture, until
now, this system level automatic generation process Idatifrom the RTL level synthesis
process.

We have modeled a small OS kernel using this approach whiatsl® a very complex
dependency graph (shown in the chapter 7). As the complegxdws with the OS and
hardware components, this method is still far from real asag

5.3 Hybrid simulation platform

To simplify the configurable MPSoC design space explorafion, especially to separate
the operating system adaptation process to the archigéeahd application optimization, we
create a new hybrid simulation platform which can providecmhbigher simulation speed,
accurate enough performance results without having tord@many unrelated implemen-
tation details.

In both Fig.5.3 and Fig.5.4, we have the traditional simataplatforms at the left, while
at the right side, we propose new hybrid ones. We have theichgbmulation platform
with PThread OS APIs at the right of Fig.5.3. In this figure, prvevide the same POSIX
Thread OS APIs to multi-threaded applications, so theraidifierence for the high level
application development. Meanwhile, at the right of Fig,%ve show the hybrid simulation
platform with the HAL programming interface. In this platio, we share the same oper-
ating system, communication library, C library and applaas as traditional ones. In both
figures, the most important difference is that this hybritiidation platform replaces the
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Figure 5.3: Hybrid Simulation MPSoC Simulation Platform.
Left: the traditional ISS-based simulation platform. Righie hybrid simulation with the
local POSIX Thread OS execution.
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Figure 5.4: Hybrid Simulation MPSoC Simulation Platform.
Left: the traditional 1ISS-based simulation platform. Righie hybrid simulation with the
local HAL execution.
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Applications and Operating System

void scheduler commute (pthread t self) {

}

} HAL CONTEXT SWITCH (self->reg, thread->req);

\ HAL APIs Wrapper
#define HAL CONTEXT SWITCH (store addr, load addr) \
xt iss simcall (HOST HAL CONTEXT SWITCH, 0, store, load,0,0)\‘

Hybrid Instruction Set Simulator

SystemC HAL APIs Realization

Int host hal context switch(int store addr, int load addr) {
map<string, sc_unsigned> current=core.get all registers()
\\§saveRegWindow(context_map[store_addr}, current);
loadRegWindow (context map[load addr], current);
core.set_all_registers(current);

}

Figure 5.5: 3 Step of Semi-Hosting HAL Function Call.

1. The OS calls the HAL API: HAL_CONTEXT_SWITCH which transfecsthe
semi-hosting call xt_iss_simcall (this functional callMaie compiled into a special trap
instruction). 2. When this trap instruction is executed,|®® is bypassed and the
corresponding functional call of a host SystemC modulevieked. 3. The host SystemC
module finishes the task and returns the control right.

HAL assembly codes realization or PThread OS implememtatiothe ISS with SystemC
modules realization on the host machine.

Technically, we need to have a method to let the HAL or PTh@&d\PIs bypass the ISS
and reach the underlying SystemC modules. In our hybridIsitian platform, we propose
the usage of a specifiéemi-Hosting Interfacg8] for instruction set simulators. The semi-
hosting interface can be realized with a specific instructidnich can be used only in the
simulation process. When the ISS fetches this instructistead of decoding and executing
it directly, the ISS calls a specific host hooking functiomptocess it. Hooking is a technique
employing so-called hooks to make a chain of procedures aveam handler. After the
handled event occurs, control flow follows the chain in sfearder. Traditionally, most
simulators use this way to realize some system functios edlich are not realized in target
embedded environments such as SPIM MIPS simulator [21] amehsIn our platform, this
hook function invokes the corresponding host module wharhroodify the processor status
and memory data. After the host module returns, the embedpplication can have the
same execution flow as the traditional realization.

In following experiments, we use the Tensilica Xtensa XT3&i®nment [3], Xtensa
simulator has a specifSIMCALL instruction which can directly call hook functions for all
HAL APIs and PThread OS APIs accesses. |Fig.5.5 shows defaitss method with the
HAL_CONTEXT_SWITCHPI. We have built SystemC modules to realize most of these
APIs on the host machine directly. Realization details walldiscussed in the next section.
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Figure 5.6: Difference between traditional device redimaand TLM realization.
Left: Traditional realization with access memory mapp&régisters. Right: TLM DMA
with directly functional calls.

5.3.1 Simulation of peripherals by Transaction-Level Modeling (TLM)

Transaction-Level ModelingTLM) is a high-level approach to modeling digital systems
where details of communication among modules are sepafiatedthe details of the im-
plementation of functional units or of the communicatioaratecture. As existing TLM 2.0
Draft 2 [14] only focuses on the communication architectageeling, the method to model
and integrate peripherals with operating systems andadans is still an open problem.
Traditionally, this integration process requires well deél control registers and data reg-
isters specification for each device. All operations betwi#e OS and the device should
follow this specification and be triggered by a series of l&Qisters accesses. As the de-
sign space exploration process does not mainly target idataldrivers and HAL APls, we
abstract these details using a much easier SystemC fuattath approach.

In Fig.5.6, we show these two different realization methddis the left, we demonstrate
the traditional register based modeling technology fordbénition of one DMA device.
A group of control and data registers is defined for the driealization. On the right,
we propose a more proper method in our context which doesehobn memory mapped
registers at all. This new method provides only a series p€tian calls which can be
directly integrated with théevice Driversof the HAL level. By using the sam8&emi-
Hostinginterface, we can bypass the hybrid ISS and directly acéesetfunctional calls.
This method can simplify traditionally complex device asx@rotocols and avoid most 1/0
address decoder errors. For high level application deeesphis hardware modeling and
access method can make the system validation process msieh @&ad speedup the whole
system simulation.
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5.4 Operating System (OS) APIs realization details

In this part, we show details of POSIX Thread OS APIs impletagon with SystemC mod-
ules directly. SystemC is not only a language but also coataisimulator which allows
to handle high level process operations and schedulingowiolg three points take these
advantages of SystemC and detailed discussed here:

5.4.1 Thread manipulation

Traditionally, thread manipulation functions are reatdizeith C programs and should well
handle internal data structure and resources of each thfea@xampleattribute should be
implemented in each POSIX Thread system to store the infoomaf each thread. In the

PThread standarghthread_attr_init andpthread_attr_destroy are used to
handle the attribute structure for each thread. Wpiileead_attr_setschedparam ,
pthread_attr_setstackaddr , pthread_attr_setstacksize and so on can

change the thread statuses by modifying attribute strestuiVith our SystemC realiza-
tion, the thread manipulation functions become more cencise attribute structure used
traditionally is transformed into a C++ class compiled tothmachines directly. As most
concurrency and race conditions can be solved by the Systeant@work, this realization

can much simply avoid improper operation of thread attabut

5.4.2 Thread level synchronization

The POSIX Thread APIs mainly includes three synchroniratieethods which ardutex
ConditionandSpin lock We briefly introduce them and show how to concisely reakzsart
with SystemC modules.

e Mutual Exclusion: which can be abbreviated &dutex In the POSIX standard,
PThread APIs include several onep#sread _mutex_init , pthread_mutex_lock
pthread_mutex_trylock and pthread_mutex_unlock . These APIs are
used to avoid simultaneous access of critical sections.

e Condition Variables: which allow threads to synchronize based upon the actlha¢va
of data. PThread APIs include several related functionsclwigirecond_init
cond_broadcast ,cond_signal andcond_wait

e Spin Lock: which can synchronize access operations for shared =nuPThread
APIs include several such functionsghlread_spin_init , pthread_spin_lock
pthread_spin_trylock andpthread_spin_unlock

For Mutex, condition variable and spin lock, the host carizeghem with SystemC
modules and use the scheduler module for thread swappitjdas if necessary.
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5.4.3 Scheduler

The scheduler is the kernel of an operating system. Difteseheduling algorithms make
the OS suitable for different user environments. It is muas$ier and more flexible to realize
the scheduler with SystemC modules on the host machinelgiirEor example, thé&irst-In
First-Out scheduling algorithm can be implemented wsth::list . ThePriority based
multiple queuescheduling algorithm can also be realized with multigte::list . As
there are no race conditions during the scheduling pro¢ksse implementations do not
require any complex lock mechanism.

5.5 Hardware Abstraction Layer (HAL) APIs realization
details

In this part, we give details about how to realize these HAUsAédmpatible with the eCos
HAL standard [17] by using SystemC modules directly.

5.5.1 Checking and Modifying Processor Statuses

To realize all these HAL APIs from the host platform, we needytant host HAL Sys-
temC modules the right to access and modify internal pracaggisters. In our hybrid
simulation platform, Instruction Set Simulators shouldvpde this kind ofgetandsetfunc-
tions such aget_all_registers and set_multiple_registers provided by
the Xtensa ISS. Beside the processor data, control and stjisters access, host HAL
SystemC modules should also have the right to read and vetdndst memory which is
specific for the peripheral modeling. In the Xtensa XTSC emunent,peek_physical
andpoke_physical  functions are used to do this work. As both processor statds a
memories are under control of the host HAL realization, tegoally, the host HAL realiza-
tion can do the same work as the target assembly HAL realizétt with higher speed and
more flexible.

5.5.2 Context Switch

A Context Switchs the computing process of storing and restoring the staietéxt) of
a processor such that multiple processes can share a siogiespor resource. This con-
text switch is an essential feature of multitasking opaeagystems. In our platform, the
context switch related HAL APIs anrdAL_SAVE_REGISTERSHAL CONTEXT_INIT,
HAL _CONTEXT_SWITCEBndHAL _CONTEXT_LOAMAs all these APIs are heavily pro-
cessor related, the kernel part of this function can only dadized with assembly code.
During the configurable processors design space explaréiba, the modification of in-
struction set and register file may affect the realizatioalbfhese context related APIs. As
in our IDCT example code, we need to modify the context swigdlization to handle the
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new address register. As simulators provide the functi@attess all registers, the realization
SystemC code is concise and robust.

5.5.3 Synchronization Mechanism

Synchronization is normally used to make the coordinatioevents for one operating sys-
tem. HAL_SPIN_LOCKandHAL_SPIN_UNLOCKare synchronization related HAL APIs
used in our hybrid simulation platform. Generally, a spoklas a lock where the thread
simply waits in a loop repeatedly checking until the lock domes available. The processor
needs to perform a busy waiting operation when the lock iswailable. For real execution
situation, this solution is necessary and unavoidable. &usimulation, this busy waiting
realization wastes much simulation time, cannot provide @wseful information, and may
lead to deadlock of simulation.

In our hybrid simulation platform, we can ustst Eventio realize the same spinlock
function with much lower costsc_event is a mechanism used for the synchronization
among SystemC modules. When a thread wants to obtain a losfoutld check the lock
first. If it is not available immediately, our HAL API realizan will wait for a specific
event. This event will be triggered when the lock value is ifed by another processor.
This simple approach is also efficient.

5.5.4 Interrupt Mechanism

Generally an interrupt is an asynchronous event whichggéred by external devices and
breaks the normal program execution flow. For a specific sachire, both the interrupt
vector table andéhterrupt Service Routing$SR) are necessary to realize the interrupt mech-
anism.

With our simulation platform, instead of design ISR for eaderrupt, we put all inter-
rupt related functions "under” the ISS. When devices wanttariapt the core, the interrupt
SystemC module will handle these requirements directly. algrocesses and threads re-
lated to this interrupt, the SystemC interrupt module witedtly modify the appropriate
data in the target memory. Though this mechanism can siynptérrupt related operations,
we should also take care of the communication interface éatvthe interrupt module and
OS threads.

5.5.5 1/O Devices

In one MPSoC platform, multipl#O Devicesmay be included as peripherals. Tradition-
ally, as devices and drivers are developed separately, k smodification of the hardware
device may cause the failure of the whole MPSoC simulatiomulr hybrid simulation plat-
form, instead of realizing and compiling drivers into targeocessors, we integrate all driver
functions with the device realization.

Generally, 1/0 operations from the target system can bézeshin two ways: the non-
blocking access for the interrupt mechanism and the blgciotess for the repeated status
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checking mechanism. Traditionally, for the interrupt meism, the driver sets up the device
by writing to some status registers and changing the thmatadthe non-runnable status to
wait for the interrupt from this device. While, for the statleecking mechanism, the thread
need to repeatedly check the device status until the deultibsfthe requirement. Both of
these two mechanisms can be well modeled with non-blockingtfonal call and blocking
functional call respectively. For the non-blocking fuctal call of the interrupt mechanism,
when the host device gets the request, it returns immegiatadl launches the SystemC
method to execute this command in the background. After sdawok cycles pass, the host
module can interrupt the processor and return device gesdlhe internal realization of
this non-blocking functional call uses the interrupt metbm. For the blocking method,
the functional call returns the control right to the processhen all assigned works are
finished.

5.5.6 Reentrancy and atomicity

Reentrancys used to describe a computer program which can be safetutd concur-
rently. Atomicityrefers to a set of operations that can be combined so thaagh@sar to the
rest of the system to be a single operation with only succeésilare results. Most HAL
realization subroutines need to have the reentrancy orieitymroperties such as operating
task queues or handling interrupts. As most target reaizaf HAL APIs needs to take care
of reentrancy and atomicity problems, the realization beeodifficult and error-prone. For
the atomicity case, several locks are included which shiakel care of avoiding a dead-lock
situation. In the multiprocessor environment, instrucsidike Test-and-Sedre necessary to
guarantee the atomicity property.

In our hybrid simulation platform, most HAL APIs are implented locally. As the host
simulation platform does not simultaneously execute thé&k functions, problems and
bugs related to reentrancy and atomicity are avoided.

5.6 Conclusion

This chapter proposes a possible HW/SW interface modelirtgoddor the automatic gen-
eration flow. This method uses the service idea to descriltle $aftware and hardware
components in one HW/SW interface. Though the performanakeiation is still the bottle-
neck of this flow, this method provides the possibility tocanatic generation for relatively
complex HW/SW interfaces.

Besides the automatic generation method, this chaptermisegédybrid simulation plat-
form specifically designed to solve the HdS adaptation gmbin the HW/SW interface
design. This hybrid platforms shows the I/O device modeliaegibility and the HAL APIs
porting advantages. As both flexibility and porting advagetaare important properties for
system validation at early design stages, our hybrid sitimglatform shows its value for
the whole MPSoC DSE flow.
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Because of the configurable processors, the MPSoC archigegsing several config-
urable processors with different extended instructionbgebmes a nature choice for
latest embedded systems [22]. But the performance of toaditistatic task mapping so-
lutions can not provide enough flexibility and performance ¢o the workload inbalance.
Because of the heterogeneity property, most of existingatipgy system cannot provide the



CHAPTER 6. TASK MIGRATION FRAMEWORK FOR HETEROGENEOUS MP8&0O

ARCHITECTURES

| Operating System 1 | | Operating System N |

MCU MCuU o0 o DSP DSP

Inter—Subsystem Communication

@@@"'@@@

Single Operating System with the Heterogeneous Scheduler

CPUA| |cPuA| ©® @ @® cpuN| |[CPUN

[ [ [ [
| Global Communication with NoC |

Figure 6.1: Heterogeneous MPSoC Software/Hardware Axchites.
Top: the multi-subsystem based architecture. Bottom: tbleitaicture based on multiple
different extended processors.

task migration ability between the processors configuréfdréntly. In this chapter, a for-
mal task migration framework is presented to provide a meseaidle and higher performance
heterogeneous multiprocessor execution environment.

In this chapter, we would like to answer the following questi

e How to make heterogeneous MPSoC more flexible by enablingatble migration
function?

6.1 Basicidea

Migrating one task between different processors is regbadea key function of the multipro-
cessing OS design f@ymmetric Multi-Processo(&MP) based systems. This ability can
balance the workload among different cores to reduce idie tand achieve higher overall
performance. Because instruction set formats and regissrdie totally different in gen-
eral heterogeneous MPSoC platforms, it is impossible te k@& task migration function for
them. For example, the top part of Fig.6.1 represents a geheterogeneous MPSoC plat-
form which includes several different kinds of MCUs, DSPs atiter types of processors.
As instruction sets of MCUs and DSPs are not compatible, teskgiled and assigned to
MCUs cannot be migrated to DSPs even when DSPs are idling aitichgvbor new tasks.
This kind of subsystem based architectures is commonly fageshost existing heteroge-
neous platforms.

As both heterogeneous properties and workload balandgyai essential for modern
MPSoC platforms, we propose a framework which can providb beterogeneous process-
ing units and task migration ability. Because the key condtraf the task migration is

66 6.1. BASIC IDEA



CHAPTER 6. TASK MIGRATION FRAMEWORK FOR HETEROGENEOUS MP80O
ARCHITECTURES

Figure 6.2: Instruction Set Relationship: an example of feddht instruction sets which
share the same core instruction set in the center.

that the system software such as OS and drivers should becablecute on all underly-
ing processors, we make all processors share the same stiretions and registers set for
system software. Besides this, computing related instmastand registers (for the applica-
tions usage) can be totally different between each procésgmovide special acceleration
for different applications. With this framework, both theterogeneous advantage and the
migration advantage can be achieved by our platform.

From the realization point of view, we use heterogeneous d&@P8rchitecture based
on configurable processors. As all extended processors fifraisame core instruction set
which can be used for the OS realization to satisfy all ojregetystem and communication
requirements. The lower part of Fig.6.1 describes such téopta that all ASIPs share the
same OS image and tasks can be migrated between differeist édrprocessors. We would
like to give the formal definition and more details about thisk migration solution.

6.2 Instruction set relationship

To explain the relationship between processor instructeia and the task migration ability,
we use the concise example of Fig/6.2. This diagram rept®s$ka instruction set rela-
tionship of one configurable heterogeneous MPSoC platfdmthis platform, we have 5
different kinds of instruction sets which a@ore, A, B, C andD. We assume that the in-
struction set relationship is the same as the register fégioaship and therefore we have
a single relationship. In following parts, we discuss @mre Instruction Seand Extended
Instruction Seseparately.

6.2.1 Core Instruction Set

As our work is based on configurable processors, a strongquigite is that all processors
share the same core instruction set shown in the center &.Eig8ecause we need to realize
our task migration framework based on this core instructiefy we define the following
groups of instructions.

¢ Arithmetic Logic Instructions : which are used for arithmetic and logic operations.

e Memory Access Instructions which are used for transferring data between memories
and registers.
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e Program Flow Control Instructions : which are used for changing the program exe-
cution flow based on the processor status.

e Concurrent Access Control Instructions which are used to serialize requests and
avoid non-coherent shared memory access cases in mutggsors execution envi-
ronments.

Besides these classes of instructions, we also need thevfiodj@ groups of core register
files for operating system realization.

e General Purpose Registerswhich are used for the storage of the data and address
information.

e Program Counter Registers which are used to indicate the current program address.

e Program Status Registers which are used to store current processor statuses and
include the exception status, the interrupt status and so on

e Program Stack Register which is used for the current stack address and can be
realized using one of the general purpose registers.

Due to the generality of operating system software, it isspade and efficient to build a
real operating system in which tasks can migrate among pheitieterogeneously extended
processors by using only the core instruction set and the @gister file. To ensure this
stringent requirement, the designers should not remotieadlrcomponents (such as atomic
instruction, interrupt masking and handling) used by ti®adnstruction set and register file
during the processor configuration process.

6.2.2 Extended Instruction Set

As we use extended instructions to benefit from the data astdiction level parallelism of
the applications, we define extended instruction sets amddhrelationship between them.
Most extended instructions can be divided into either SIMDMIMD instructions, both
requiring independence between the parallel computations

Besides extended instructions, it is also often necessaextend the register files to
improve the performance.

e Very Wide Registers to improve SIMD instructions performance, we add very wide
register files to store the instruction operands and results

e Special Internal Registers which are used for some special operations such as accu-
mulator registers for the multiply-accumulate operation.

Normally, these extended instructions can be chosen by gp#cation programmer
based on the benchmark profiling results and the existingtacture and area/power con-
straints. Automatically extracting the candidate extehmstruction set from one specific
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application is also the focus of researches by both acadandandustry for a long time,
see for example the book by Leupers[73]. Among others, tgmeposals are L. Pozzi et al.
[90], F. Sun et al. [95] and Xtensa Processor Extension gml{XPRES) Compiler [3] are
such works. The formalism we propose does not make any assumngn how the extended
instructions are extracted, and thus the resulting ISA eacldssified accordingly.

As both read and write of user extended registers are criarithe context switch and
related detailed migration operations, we should also reakethat the extended instruction
sets include specific load and store instructions to acdebeae extended registers. In the
context related functions, the extended register files osedquired by the task should be
load or stored properly by using this kind of extended ingtans. For example, we have the
ARM processor with the NEON coprocessor extension [7] for imedlated applications.
The NEON extension integrates thirty-two 64 bit double waadisters which can only be
load and stored by using NEON extended instructions susi_Bs andVSTn.

6.2.3 Formal Definition

In one task migration enabled heterogeneByzrocessors MPSoC platform, we haVe<
P different instruction sets that all include the core instien set/,,,.. and the core register
file Reore. We callS.,e = I.ore U Reore the union of the core instruction set and core register
set. Meanwhile, we note the extended instruction séf Asand the extended register file as
ER,;.

Definition 1: Sets Relationship.

e For each processor in one heterogeneous MPSoC platformaweetine instruction set
I; and register fileR; definition:

v1<i<N:Ii:E[iU[core
ViI<i<N:R, =FER;URcye

e For each processor in one heterogeneous MPSoC platformaveethe extended in-
struction and register sétS; definition:

e For each processor in one heterogeneous MPSoC platformaweethe instruction
and register set; definition:

‘v’l<i<N:Si:IiURi:SCOTeUESi

e For all instruction sets in one heterogeneous MPSoC platfare have the instruction
set grou definition:

S ={51,82,...,9x} ={S:1<i< N}
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With these definitions, we can easily express the relatipnshFig.6.2. We note the
instruction set grou® = {Secore, S4, S5, Sc, Sp}. Because the core instruction set is one
part of each processor, we have the requirement tha® fmrocessors in one heterogeneous
MPSoC platform:vVl < i < N, S..,. € S;. Thus, for the special case of Fig.6.2, if all of
ES; are not empty, we have following expressiofs: C S¢, S¢ C Sp andSg C Sp.

6.3 Task compilation and migration

As extended instructions are only efficient for some speaffiglications, or even more pre-
cisely for some kernels of an application, we compile son@iegtion tasks and threads
with the basic instruction set while some others with exéehdnes. The basic threads can
be migrated for execution on any available processors vehxiilended application tasks and
threads can be only be executed on processors which shalilerehis instruction set exten-
sion. In the example of Fig.6.2, as the instruction$eis a subset of- andSp, it means
thatS, has less extended instructions thfgnandS,. On one side, if some tasks compiled
to S¢ instruction set and use instructions which not belongS tpthey are not able to be
migrated to processors only support thig type instruction set. On the other side, if some
tasks just use thé, instruction set, it is no problem for them to run 6@ and.Sp types
processors. This execution relationship is presentedgib 3.

Processor 1 Processor 2 Processor 3 Processor 4
Set A Set B SetC Set D

Figure 6.3: Processors and tasks compatibility.
All tasksT; and processorB; realize one of5;, from the total instruction sef. The
execution relationship is represented with connectiowéen tasks and processors.

The tasks, heterogeneously extended processors andiexe@lationship can be repre-
sented as a th€ompatibility Graph G shown in Fig6.3.

Definition 2: Migration possibility of the heterogeneous MPSBCis defined asVl =
(S, T,P,G).

e Sisthe setthatincludes all instruction sets used in onebgémeous MPSoC platform
(the same as Definition 1).

e T represents the task set which includg tasks for one application system and
Nr > 1. We haveT = {T},T5,...Txr}. When taskl; is compiled onto one spe-
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cific instruction setS;, we can represent the compiled for ISAelationship with the
symbolx. For this case, we havg x 5.

e P is the set of processors which includds different processors for one MPSoC
platform andNp > 1. When processaF, realizes one specific instruction sgt, we
can present thesalizes ISArelationship with the symbaol\. For this case, we have
P, AS;.

e A Bipartite Compatibility Graph G = (T, P, C) represents the compatibility rela-
tionship between eachi € T andP; € P. An edge{7;, P;} = ¢, € C C T x P. This
edgec, means task; can be executed by processot

Vi, j, T, €T,P;eP
(T; % Sp) A (P A S) = Sy, C S <= (T, P))

With both Def.1 and Def.2, we clarify the compatibility retanship among instruction
sets, tasks and processors. In/Fig.6.3, we have an exammengitibility with 4 processors
and 5 tasks. So we have the taskBet {T13,7»,73,7y,T5} and the relationship between
tasks and instruction sefg’ x Score, To*Sa, T3xSp, Ty * S, Ts*Sp }. Meanwhile, we have
the processor s& = { P, P, P;, P,} and the relationship between processors and instruc-
tion sets{ P, ASy, P,ASp, PsASc, P,ASp}. Forthe task compatibility of this example, we
have the compatibility relationshif = {c(7}, P,), c(T1, P»), c(T4, Ps), c(T1, Py), c(T5, Py),
c(Ta, Py), c(Tz, P3), c(Ty, Py), c(Ts, P), (T3, Ps), (T3, Py), c(Ty, P3),c(Ty, Py), c(Ts, Py) }.

All these instruction sets, tasks, processors and comiigtitelationships are represented
by the compatibility graplyy. From this example, we can clearly find tasks compiled with
the core instruction set have the best flexibility while taskis compiled with extended in-
struction sets can only be executed by specific processors.

6.4 Heterogeneous task scheduling algorithms and Real-
ization

As the compatibility of tasks and processors is readilybleswith our task migration frame-
work, we now need to provide a way to choose the right procedgtaread to migrate or
elect. This is the goal of our heterogeneous task schedalgaogithms. Based on the instruc-
tion set compatibility rules, we adapt several existinds &sheduling algorithms to our het-
erogeneous MPSoC task migration framework. Because diffemfigured processors can
execute different classes of tasks, our task schedulirgyitiigns try to utilize the extended
instruction set advantage and trade-offs between the atdveefficiency and the execution
efficiency. The formal descriptions and realization dstaflthese scheduling algorithms are
also given in this section.

With both Def.1 and Def.2, for a specific processtrcompatible tasks can be grouped
into the setT; whereT; = {T};,T},...,7;;}. Based on theompatibility graphg, there
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should be an edge between ed¢tandT;; to guarantee the compatibility. In the following
algorithm descriptions, botk; andT; are used to present this compatibility property.

Beside the compatibility property, we also need a value tdueta the efficiency of
processor computation. For a tagkrunning on a processar;, we have the difference
D(T;, Pj) defined as3S;,S; € S,(T; x S;) AN (P; AS;) : D(T;, P;) = |S; — Si|. This
definition represents the distance between the instructiod registers that the processbr
provides and th&; task requires. The bigger number©fT;, P;) means the more unused
instructions provided by processgy which wastes computation ability and power. Two of
the following scheduling algorithms are designed to taleant of this efficiency problem.
During the scheduling procesE,,... is used to defined all tasks inside the runnable queue
structure. MeanwhilgT,....| is defined as the size of this task queue.

6.4.1 FMFS algorithm

First Match First Servg FMFS) is one of the simplest algorithms for our heterogeneous
MPSoC platform. The basic idea is just add the compatiblesttamts into the traditional
FIFO like scheduling algorithms. When a processor is readynéw tasks execution, it
goes through the task queue and picks up the first compaéibketd execute. Though this
algorithm is simple and efficient for the scheduler real@atit does not fully optimize for
extended instruction sets of heterogeneous processoifsiMé FMFS algorithm, tasks with
smaller instruction sets generally have better executi@nces which decrease the whole
system performance.
Algorithm :

Search the queue in order to select the first task that is ciiloigna
Performance

Complexity of this algorithm i) (1).

For implementation, we have following abstract code.
Input:

A compatibility graphg = (T, P, C).

A free processoP; and a task queug,,.... in FIFO order.
Output:

If exist, select a compatible task for the procesBor
Implementation:

for j = 110 |Tyyeve| in FIFO order

if ¢(T}, P;) € C/lT; is compatible withP,;
T; is the result and finish this scheduling process
end if
end for
Default idle task is the result // There are no compatiblkgas

6.4.2 Most compatible algorithm

To fully take the advantage of powerful extended instrucsets, we define the most compat-
ible algorithm. By using this algorithm, when a processoesdy for new tasks execution,
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it iterates over the whole task queue and compares the CRgtien set with each waiting
task. After the whole task queue is checked, the compatiBlewhich uses the most instruc-
tions is chosen for execution. As this algorithm emphadiasiss using extended instruction
sets, in some cases, it may provide better overall perfocmaBut we should also notice
that tasks compiled only with the core instruction set maynbe starving situation if tasks
making use of extension are always ready to run.
Algorithm :
Search the queue and execute the most compatible task.
Performance
Complexity of this algorithm i) (| T ueucl)-
For implementation, we have following abstract code.
Input:
A compatibility graphg = (T, P, C).
A free processoP’; and a task queug, ...
Output:
If exist, select a compatible task for the procesBor
Implementation:
A empty candidate task S&%...4idate = ¢-
forall T; € Tyyeue
if ¢(T3, P;) € C/l' T} is compatible with?,
T candidate = Teandidate U T I Add T to the candidate set
end if
end forall
if Tcandidate 7& ¢
choose the first (or any) task from the get
T = IIllIl(D(TYJ € Tcandidatey -Pz))
elseDefault idle task is the result // There are no compatiblegas
end if

6.4.3 Priority based most compatible algorithm

To avoid the drawbacks of both the FMFS algorithm and the mastpatible algorithm, we
combine these two algorithms together and create the fyrioaised most compatible algo-
rithm. In this algorithm, we add a priority level to each talkstead of having a single task
gueue, we have several task queues, each correspondingitrity.pThis allows to limit
the search time and avoids the starving situation, by irsomgathe priority of long waiting
threads. Meanwhile, for each priority level, we still use thost compatible algorithm to
find the best candidate for one processor. The priority faretach task can be adjusted de-
pending on some priority calculation algorithms to avoahging situation and decrease the
overall system response time. The drawback of this algaorighthe complex realization and
the scheduler performance heavily depends on prioritingedind adjustment algorithms.

Algorithm :

Search from the highest priority queue and execute the begpatible waiting task.
Performance

Complexity of this algorithm i€ (| T ;yeuel)-

6.4. HETEROGENEOQOUS TASK SCHEDULING ALGORITHMS AND REALIZADN 73



CHAPTER 6. TASK MIGRATION FRAMEWORK FOR HETEROGENEOUS MP8&0O
ARCHITECTURES

For implementation, we have following abstract code.
Input:
A compatibility graphg = (T, P, C).
A free processop,.
Multiple task queues$ T ucue 1, Toueue 25 ---» Tquene n } fOr n different priorities.
Output:
If exist, select a compatible task for the procesBor
Implementation:
A empty candidate task s&..,.4iqate = ¢-
for k =1 ton // n queues with different priorities
forall T; € Tyyeue k
if ¢(7}, P;) € C/I'T; is compatible with?,
T candidate = Teandidate U T I Add T} to the candidate set
end if
end forall
if I’]I‘ca’rzdidcnfe 7é Qb
choose the task’ = min(D(7}; € Teandidate, ;) @and the result ig".
end if
end for
Default idle task is the result // There are no compatiblkgas

6.5 Scheduler realization

To realize all discussed task migration algorithms on orterbgeneous MPSoC platform,
we should well identify instruction sets provided by prams and used by tasks. Besides
this, we also have some task migration realization detdiishvare different from traditional
SMP based schedulers.

6.5.1 Instruction Set Identification

As the instruction set representation is important for lpptitessors and tasks, the scheduler
of the operating system should have a special mechanisrar®tsis information. We have
ISA_ID to represent the instruction set information. Then we assige CPU_ISA 1D
for each processor and o&SK_ISA_ID for each task. The use of specific ID to indicate
processor instruction set differences is a method commas®y in industry. As the instruc-
tion set relationship is complex in our platform, we woukelito have théSA 1D to well
represent the instruction set relationship. By using thistii3 convenient for the scheduler
to handle the relationship in run-time environments.

In our framework, we have instruction séis= {5, Ss, ..., Sys} and the relationship
R ={51 2 5,...,Svs-1 2 Snys}. We map the instruction set to the binary number set the
N = {1, 2, ...} and the relationship tBit ORrelationship.

In Fig.6.2, we have 4 different extended instruction setsthe core instruction set. In
Table.6.1, we assigned each separated instruction grahpamit and eacHSA_ID with
a binary number with bit validation for each small instroatigroup. By usingSA_ID
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Table 6.1: Processors and Supported Tasks ISA Identifirc&xample.

Set | CPU_ISA ID| Compatible Task Compatible Task_ISA_ID
Core 0x0000 Core 0x0000
A 0x0001 Core and A 0x0000, 0x0001
B 0x0010 Coreand B 0x0000, 0x0010
C 0x0101 Core,Aand C 0x0000, 0x0001, 0x0101
D 0x1111 Core, A, B, C and D| 0x0000, 0x0001, 0x0010, 0x0101, Ox1111

we replace the complex instruction set relationship withpde bitwise operations. For each
processor, th€PU_ISA _ID is the same as thiSA_ID of the one realized. Meanwhile,
for each task, th&@ask ISA ID s the instruction sefSA_ID used by the compiled bi-
nary. The compatibility relationship betwe@PU_ISA ID and TASK_ISA_ID is also
illustrated in Table.6.1.

6.5.2 Instruction Set Based Scheduler Realization

With the definition of bottCPU_ISA_ID andTASK_ISA_ID , we use the bitwiser oper-
ation to handle the instruction set compatibility test. @sttcompatibility, we need only this
operation:

(CPU_ISA_ID | Task.TASK_ISA_ID) == CPU_ISA_ID

This test only relies on simple bit and compare operatiomsdke the computation efficient
for the frequent usagg7}, ;) € C in all heterogeneous task scheduling algorithms.

6.5.3 CPU_ISA_ID and TASK_ISA_ID Integration

In our task migration framework, each processor should b&RU_ISA ID which presents
the instruction set and register file it realizes. In rediczrg we add one specific read-only
register to each processor which is hard coded to indicatedlrespondin@PU_ISA_ID.
The task migration framework should access this registandull task operations.

The TASK_ISA ID is assigned to each task during its creation. We have modified
the POSIX Thread standapthread_attr_t structure by adding th€ ASK_ISA ID
tag. When a task is created with standptidread_create , this ID is transfered to the
OS kernel and used for the heterogeneous task schedulinglsetbefore and the context
related functions realization in the following discussion

6.5.4 Context Related Functions Realization

The context related functions for heterogeneous MPSoGoptas are more complex than
for homogeneous ones. There are different extended refiiseRR; = FR; U R, in each

processoi, so we need to handle these extra registels in our context related functions.
In contract to loading and storing all extended registeranduhese operations, we should
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only touch the one used by the previous executed task andeddyy the next executed task.
For example, the new context switch function should incliedlewing four steps:

e Store all core registers to the stack of the previous exddatk.

e Store the necessary extended registers depending GiAtBkE _ISA ID of the previ-
ous executed task.

e Load all core registers from the stack of the next executskl ta

e Load all necessary extended register based oRA8K ISA_ID of the next executed
task.

As a processor may run a task that makes use of only a subset ektended register,
we save the registers depending on the instruction set ys#ddtask. This save action is
feasible because the registers used by the task is a sultbet pfocessor registers and the
load action is also feasible for the same reason. The costiexdtture has a shared part that
contains theR,... registers, and a private part that depends on the extengistiers used by
the taskE'R;.

Though the realization of the context related functions entdde structure of each task
context different depending on tHRASK _ISA ID, it can avoid much unnecessary stack
memory occupation and save the time of register operativVes still take the ARM pro-
cessor example with the NEON coprocessor extension. As E@NNextension integrates
thirty-two 64 bit double word registers, it should consumaimal 256 bytes context mem-
ory space. Besides the memory cost, loading and storingeslétbxtra registers wastes some
time and power which are important for embedded systems @it task migration frame-
work, we can fix the context size of the task dependent oRASK_ISA_ID when created.

If the task does not use the NEON extended instructions ajistees, the extra memory and
operation time are saved with our task migration framework.

6.6 Conclusion

We describe a task migration framework in this chapter whiattuses on heterogeneous
architectures which are commonly used for configurable gssars based MPSoC design.
Though this framework needs a shared core instructiontsegkes possible for tasks be mi-
grated among processors with different extended instmcets. Beside the compatibility
analysis of this task migration framework, We formally defibhwith 3 proposed schedul-
ing algorithms. Both heterogeneous advantages and the SkiBilitg advantage can be
achieved with this task migration framework.
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To well verify all modeling techniques and simulation platfes proposed in the previ-
ous chapters, we use tiMotion JPEGdecoder case study in this experimental results
chapter. We will show the advantages of using multiple alotitvn levels, the exploration
flow based on these abstraction levels and HW/SW interfackdt@mrogeneous MPSoC ar-
chitectures based on configurable processors.
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Figure 7.1: Two Functional Models of the Motion-JPEG Caselptu

7.1 Motion JPEG Decoder Case Study Introduction

This section presents the software and hardware archiéeofuthe Motion JPEG decoder
case study. The following experiments are all based on thhstacture, the SystemC simu-
lation platform and the Ubuntu Linux development platform.

7.1.1 Application definition

The Motion-JPEG is a multimedia format in which a video sempeeis separately com-
pressed as JPEG images. This format is often used in molpleatons such as digital
cameras. In this case study, we have two different reatimatiodels for the Motion-JPEG
decoder application. They work by reading a stream of JPE&g&w from the Traffic Gen-
erator (TG) task and writing the decoded pixels into the Ramdacess Memory Digital-
to-Analog Convert (RAMDAC). The traditional one has eightialitasks: TG, DEMUX,
VLD, 1Q, ZZ, DCT, CONYV, LINE BUILDER and RAMDAC in the upside of Bi7.1. The
optimized one shown in the downside of Fig.7.1 merges VLDat@ ZZ together to save
the communication cost. Because IDCT is the most time congutask in the whole appli-
cation, we separate it into 2 or more instances to take thardadge of multiple processors.
Both of these two application models are used in the folloWWlPEG case study.

7.1.2 Operating system definition

Mutek [84] is an open source lightweight operating systenstigdor the academic usage.
In Figl7.2, we present the basic architecture of Mutek OSlvprovides the POSIX Thread
API [23] for high level applications. As the POSIX Thread ARlone of the OS interface
most commonly used for the multi-thread application degeient, our experiment platform
Is general and flexible for all application domains. This BOS supports an SMP shared
memory multiprocessor architecture and is already poxesktveral processors which in-
clude ARM[6], MIPS[76], SPARC[65], Xtensa[3] and so on.

Because Mutek targets the academic usage, it only suppaets H® devices and does
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POSIX Thread APIs

[ Lock j [Semaphorej [Interrupt Managerj [Mutex) [ Contextj
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Figure 7.2: Mutek Operating System Architecture [94]

not include the virtual memory support. Also, the schedpébigorithms used in this OS are
relatively basic and do not have much optimization. Compé&vadClinux and other Linux
based open source OS, Mutek is very small and easy to configat is the most important
reason why we choose Mutek OS in this thesis.

7.1.3 Configurable processors and extended instruction sets

Beside the traditional SMP architecture with multiple synmgeembedded processors, we
also use a heterogeneous MPSoC architecture in this th&gis this architecture, all con-
figured processors use the basic instructions of the Xte@afdrocessor. The extended
instruction set compiler and the software compiler are ptevided by Tensilica [3].

Conv
B Demux
[ Idct
lqzz
Libu
EVid

(b)

Figure 7.3: Computation Time Difference
With the core instruction set (left) and extended instautset (right) separately. The
acceleration effect of extended instructions is obvious.

After the task profiling of the Motion-JPEG example, we getl#ft part of Fig.7.3 which
indicates the computation time used for each tasks basduearote instruction set. As we
focus on the application optimization, this figure only skdsoftware tasks, the operating
system and communication cost is excluded to make the casopaciear. In this figure, we
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Table 7.1: Both Instruction Set and Register File ExtensionD&T and CONV Tasks with
Speed and Cost Information

IDCT Core| CONV Core
New Instructions| 10 14
New Registers 4 28
Extra Gates 70,904 63,869
Total Gates 139,904 132,869
| Speedup Effect] 380% | 309% |

find that the IDCT and the YUV to RGB Converter (CONV) are two masteticonsuming
tasks which consume 64% and 16% of CPU time separately. Tlmsviob instruction set
extension work focuses on these two tasks.

Table.7.1 shows user defined extended instruction setotorIDCT and CONV tasks
(these extended instructions are given by designers basine aisage frequency and perfor-
mance improvement effects). With extended instructioD€T and CONV tasks speed up
more than 3 times and new computation time of these 6 taskevgrsat the right of Fig.7.3.
It is obvious to identify the efficiency of extended instioas for real applications. With this
table, we also give the hardware cost of these extendedatistins and registers. This infor-
mation is useful to show the advantage of our migration fraamk for the Cost/Performance
ratio.

7.1.4 Simulation platform and instruction set simulator

In this experimental result section, we have two differemudation systems which are the
SoCLib based platform and the Xtensa SystemC (XTSC) basednohat

SoCLib

The SoCLib[15] is an open source platform for virtual prototyping of limprocessors sys-
tem on chip (MPSoC). All this platform is developed based ost&yC [13] with both
instruction set simulators and peripheral IP component§. picessors and peripherals
in the SoCLib platform respect the VCI/OCP communication proko In the following
experiments, we mainly use the SPARC and MIPS processors $3uw@iib. Besides the
processors, we have also the peripherals such as tty, mesveord locks.

Xtensa SystemC (XTSC)

The Xtensa System(XTSC) package supports transaction-level modeling of Xtensascor
in a SoC SystemC simulation environment. The XTSC packadedss the following items:

e Xtensa ISS It supports two different simulation modes which are thenma cycle ac-
curate simulation mode and the high-speed cycle approgisiatulation mode (Turbo
Xim mode). The Turbo Xim mode can achieve very high simutagpeed with the
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assumption of each instruction can be executed in one cyclena cache effect are
modeled.

¢ Intermodule Communication: The intermodule communication component supports
the TLM interface and can well connect with other procesaosperipherals.

e Peripherals: The peripherals library includes a set of configurable Scrle com-
ponents such as memories, arbiters and routers in the foBystémC modules.

7.2 Hybrid Simulation Platform with the HAL APIs

In this section, we demonstrate the accuracy of hybrid satian technology and the sim-
plicity of 1/0O device modeling with DMA transfer example bwing our hybrid simulation
platform.

Table 7.2: System Performance and Simulation Speed.

Hybrid [ Traditional Speedy
Platform | ISS Platform P P
Extended Instructions
0,
Acceleration Ratio (times 17 1.53 10%
Host Simulator

0,

Speed (M Cycles/s) 4.07 0.18 2123%

7.2.1 Hybrid simulation speed and accuracy

We compare both the simulator speed and CMPSoC architegeeelgp ratio with extended
instructions in Table.7.2. Because speedup effepts:(up = Spg;i;flf_” g?fii?ii?gi?fiiéiiﬁi?j“)

of both traditional and hybrid simulation platform haveyf©D% difference, we believe that
both platforms can well present the acceleration propdrextended instructions. Because
of the dynamic binary translation technology, the simolaspeed of our hybrid simulation
platform (presented in Chapter 4.2.2) is almost 21 timegfdisan traditional ISS based sim-
ulation platform. From these results, we are confident thahgbrid simulation platform is
interesting for design space exploration. As the absolatéopmance given by our hybrid
simulation platform does not take account of cache effests@mmunication impacts, to
show very accurate performance results is not the targeti®fbrid platform. This ex-
ample also shows that the hybrid simulation platform carl sigdport general multi-thread

applications with HAL APIs implemented by SystemC modulesost machines directly.

7.2.2 DMA Transfer Example

DMA is a feature of microprocessors system that allows aettardware subsystem to ac-
cess system memory for reading and writing independentthefprocessors. As DMA
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devices are commonly used in most MCPSoC platform, we usedtiaexample to show
how to model peripherals and device drivers in this hybnduation platform.

int ta_dma::.dma_ss_copy(

xtsc_core &core, int from, int to, int size){
/[ Copy Original Data to DMA Buffer.
core.peek_physical(from, size, buff);
/[ Consume time for this copy operation
consume(size/4  =time_per_word);
/I Copy DMA Buffer to Target Memory.
core.poke_physical(to, size, buff);
return size;

The dma_ss_copy function is the hardware model for the memory to memory data
copy function of the DMA device. In this function, we use sfieqpeek_physical  and
poke physical  functions introduced in section 4 for target memory operatDifferent
from traditional complex register read/write operatidhss SystemC realization uses only 4
lines of C++ code to realize a DMA copy function and also makaughh estimate of the time
used by this operation. Beside the simple realization,dhig_ss_copy function can be
called directly from the I/O device driver by using semi-tiog functional call. Traditional
error-prone register operations are replaced by concisaiinal calls to facilitate the sim-
ulation platform building process. This example shows thathybrid simulation platform
can also simplify the peripherals and device drivers design

7.3 Design Space Exploration Flow

This section presents how our multiple abstraction levietgiation models can help speed
up the design space exploration flow and save the designroesou

7.3.1 Communication optimization at System Level

Because the bus is the most popular and well used intercaonactSoC designs, in this
MJPEG case study, we choose bus protocols as our interstebsyommunication back-
bone. One of the most interesting properties of bus commatinitmodels is the burst mode.
Most of the modern bus protocols such as ARM AHB [24] and PI-B% fupport the burst
mode. Though they may have different burst properties, rdnester size is always the key
point. The burst mode is effective only when the transfex Earger than a specific number.

Figl7.4 shows the transfer size property of the MJPEG agipdin before optimizations.
From this diagram, we find that there are lots of 1 byte trassecause of the bus granting
latency, these small transfers are not efficient. The op#tion method is to merge these
small data transfers together into bigger ones and tram#ifiem by using the burst mode
provided by bus protocols.
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Figure 7.4: Communication Property before Optimization
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Figure 7.5: Communication Property after Optimization

The transfer size property after optimization is shown qnF5. We can clearly find that
all single byte data transfers are eliminated. To evaluaeetfectiveness of this optimiza-
tion, we take thePl-Busmodels as the reference protocol. [Fig.7.6 shows the pagemtf
burst mode used under the PI-Bus protocol. From this diagnemotice the burst ratio is
significantly improved. The effectiveness of the systenelleommunication exploration is
obvious.

7.3.2 Communication optimization at Virtual Architecture Level

From the VA level communication exploration flow given at Bid, task mapping is ex-
tremely important for the whole system performance. Wegteai VA architecture which

Burst Burst
Transfer Transfer

—

Unitary Unitary
Transfer Transfer

Figure 7.6: Burst Mode Percentage Change with the System Ogsahization
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Table 7.3: Communication Size with Different Mapping Saas (25 Frames MJPEG)
CPUSS1 Tasks | CPUSS2 Tasks | Comm Size

DEMUX,VLD,IQ | ZZ,DCT,LIBU 2.2MB
DEMUX,LIBU | VLD,IQ,ZZ,IDCT 1.0MB

DEMUX,VLD,zZ I1Q,IDCT,LIBU 5.6MB
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Figure 7.7: Performance VS. Gate Size
A, B, C, D, E, F are 6 performance/Gate Size trade-off pointiwhiave different extended
instruction sets. All these 6 points are based on the saneentonber (1) and the core
instruction set.

includes two CPU subsystems and two HW subsystems. The two utgystems are used
by TG and RAMDAC tasks while two CPU subsystems are free for nmgpf software
tasks. In Table.7!3, we show three different mapping sahstiand the final inter-subsystem
communication size. After 25 frames of Motion-JPEG decail@ulation, the3™ solution
needs 5.6 MB communication size which is more than five tinmespared with that of the
2nd golution. From this table, we can easily understand adgastaf task mapping at the
beginning of the whole design process.

7.3.3 Subsystem Exploration at Transaction Accurate Level

Extension VS. Multi-Processors

To speed up the execution of one specific application, egmbtruction set and multiple
processors are complementary approaches. We would likeow Bow we explore both
methods in our design flow with the Motion-JPEG example. AGTDs the most computa-
tion intensive and time consuming task in our example, webpth IDCT and CONV tasks
into one subsystem while DEMUX, VLD/IQ/ZZ and LINE BUILDERto another subsys-
tem. TG and RAMDAC tasks are separately realized as hardwadeiles. In this example,
we try to find which solution is the best choice for IDCT accatem.

In Figl7.7, we extend the instruction set of a single prooesgouble processors and
triple processors solutions to find which one provides theeki space cost to satisfy the
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Figure 7.8: Final MPSoC Architecture After Refinement

real-time decoding requirement. The performance numbgisifigure indicates how many
images of QQVGA (160X120) video stream can be decoded dumiregsecond, while the
space cost number is defined by the total gates number usedd®sgors in this solution. As
we find in Fig.7.7, when the performance requirement is lost ¢xtending the instruction
set of single processor is a good choice. With more stringgqiirements, multi-processor
solutions can provide enough performance while the singlegssor one cannot continue to
improve. In this example, to meet the 24 frames per secordine@a requirement, we have
two extended processor XtensaA as the best solution. Teahigher exploration speed,
all the performance data given in this example is measurdd &vel with the annotation
data from configured Xtensa processors.

Parameters Refinement

Each parameter at TA level is a statistic data which shoulsupported by several detailed
parameters at CA level. Now we would like to show several exasijo confirm the interest
of this method.

T = Ticache + Tpcache + TEzecution (7.1)

Execution time for one basic block,; is given by equation 7.1. Th&cuene aNdTpcache

is the time spent on caches and determined by cache missmagg®ry access counts and
average memory access time. THe....:ion IS the instruction execution time and depends
on the instruction extension set a@gcles Per InstructiofCPI). For a specific application,
the total time budget at TA level can be decomposed into ldetaines. In the Motion-
JPEG example, the cache miss rate can be refineddathe Size , Line Size and
Associativity . If we want the instruction cache miss rate to be lower than &¥oer-
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imental results show that instruction cache should have&Cakhe Size , 16 bytesline
Size and 2 waysAssociativity . After all the design space exploration process, the
final MPSoC architecture is shown in Fig.7.8.

7.3.4 Simulation Speed at Different Abstraction Levels

The speed is the key advantage of multiple abstractiondesiglulation models. We build
the simulation model at system level, VA level, TA level and @gel. Table.7.4 gives out
the simulation speed at these four different levels withtidemM processor at 1.86GHz.

Table 7.4: Simulation Time for one frame at Different Abstian Levels

Sim Time(s)| Speed Improvement
System Level 0.096 4848.05x
Virtual Architecture Level 0.800 582.21x
Transaction Accurate Level 2.607 178.82x
Cycle Approximate Level| 466.158 1

From this table, we clearly find that the higher abstractemel requires less simulation
time. Compared with the most detailed CA level, the systeml leweulation model can
finish one frames MJPEG decoding with 3 orders of magnitustefaThe simulation speed
at the VA level is also much higher than that of the CA level,lse tevel can provide the
possibility to test many different mapping solutions to m&éthose constraints. Because
the TA level provides more information than the VA level, gimulation speed is not as high
as that of the VA level. From Table.7.4, the simulation spaethe TA level is also much
higher than that of the CA level. For sure, abstraction hassaaoaccuracy. However, we
think that the proposed approach allows to rank solution aor@ect way. When systems
become complex and subsystem number increases, the speféeligs a must for design
space exploration.

7.4 Hardware/Software Interface for Configurable Proces-
sors

7.4.1 SDG case study

To verify the efficiency of the service based method, we cadbs motion-JPEG video
decoder as our example. In our platform, we provide thred<iof FIFOs for the task
communication: pure software FIFOs, SW/HW FIFOs and purdware FIFOs. We show
the architecture in Fig.7.9. The light color (yellow) bleckelong to the HW/SW interface
and the 8 function blocks work based on them.

All the light color (yellow) blocks shown in Fig.7.9 are mdde in this SDG. Because
there are many functions and APIs used in the HW/SW interfaeecannot show all the
detailed service in one diagram. The services in Fig.5.gameped into several large groups
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Figure 7.9: HW/SW Interface for SDG Case Study.

Table 7.5: Number of Services Used in Case Study

Service Group | Total number of services Number of service used Usage percentage
PThreads OS+HAL 174 110 63%
COMM 44 15 34%
SMP CPUs 2 2 100%
Interconn +Mem 3 3 100%
Total 223 130 58%

and each group includes some detailed services. For exathpl®OSIX thread operating
system group includes 98 different detailed services (shawrig.5.2).

As we mentioned, all services and implementation compaenkave to be built into
service libraries for the future automatic generation pssc This process is realized by
selecting both the suitable service components and impigtien components from the
library. Table 7.5 shows the number of service componertsanibrary and the number of
used ones in the detailed level simulation SDG of our casiystu

Similarly to Fig.5.2, Table 7.5 is organized into 4 serviceups: PThread OS+HAL,
communication, SMP CPUs and Interconnection+Memory. Flemekperiment results, we
can clearly find that more than half of the services are chtsd&e used for our example.
The other services may be useful for other application regueénts and other architectures.

Multiple abstraction levels with SDG

With the growth of design complexity, architects often eese the abstraction levels to avoid
processing all the detailed information together. One @lwiproblem with a project that
uses different abstraction levels is that the differentsgation platforms corresponding to the
abstraction levels are mainly developed by hand. Besiddstieespent on the development,
the platform coherency is also a huge challenge for this ateti©ur solution is using the
SDG-based design method to instantiate the codes at athabsh levels from the service
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Table 7.6: Different Code lines at Each Abstraction Levels

Group Code lines number in RTL/Binary Code lines number in TLM
SW modules 1,142 974
HW modules 218 93
PThreads+HAL 4,632 0
Communication 1,939 281
SMP CPUs 5,575 0
Interconn+Mem 2,890 0
Total 16,396 1,348

libraries and constraint files. Through this generation fltve work requested by these
abstraction levels could be minimized.

The SDG has the important advantage of representing thetwteuof the embedded
system independently of its abstraction levels. This gtiibmes from the underlining inter-
face/implementation structure. For every interface comgpds in SDG, the implementation
components can be realized in different ways and at sevbstiagtion levels. So with-
out changing the exported APIs, the implementation codebearefined from Transaction
Level to RTL/Binary Level easily. Because the APIs used duBig development and the
ports used during HW development can generally be keptestti®re is no gap between the
TLM and RTL/Binary for application developers. As for thearface and implementation
components that are internal to the SDG, they can be chareggesén different abstraction
levels to support different simulation requirements arohabrchitecture exploration. The
modification of internal components should be transparetitd application developers.

Because the different abstraction levels models are verfyluse system simulation, it
Is important to emphasize the simulation ability of an SDGr. the software and hardware
developers, the two most interesting points of the simaifadire to validate the design code
and optimize the system performance. The SDG in differestrattion levels can generate
different simulation models. The generated transactivel Ismulation model can be used
for HW/SW co-validation with high simulation speed, whilethgenerated RTL/Binary sim-
ulation model can be used for HW/SW performance evaluatidh agcurate performance
data. Because the generation process may be automatedyéhepede can use both of these
models at different stages of the design process.

With the idea of comparing abstraction levels, we manualijdithe simulation model
of our case study at the TLM and RTL/Binary levels separatety@mpare them together.
Table 7.6 calculates the pure code lines by using kloc toBlem the table, we observe
an important difference in code lines between transactwalland RTL/Binary level. The
results show that the HW/SW interface at transaction lewatiig concise and abstract com-
pared to RTL/Binary level design. By using almost the same Adtlsoftware modules and
ports for HW modules, the realization code of these 10 madligieelatively similar. The
difference in the POSIX APIs could be removed by the work oPldsadas et al. [88]. The
last line of the table shows that total code size of TLM is aen@&R% of that of RTL/Binary
level.
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HW/SW Attributes of SDG and parameters exploration

The separate structure of interface and implementatioerofin easier control over the
HW/SW labeling. Normally, in every SDG, there are three typisplementation compo-
nents:pure software componentgure hardware componengdhybrid componentsThe
idea of pure software components and pure hardware comfzisatear. The idea of hybrid
components is slightly less intuitive. Some functions sasfa FIFO function and a Mutex
function can be implemented in pure software, pure hardwane part in software, the
other part in hardware.

As illustrated in Fig.5.2, the pure software part includes POSIX thread OS services
and the local FIFOs. The hybrid part contains two servides GPU service, which provides
software execution using a hardware realization, and tbleaglFIFO, which transfers data
from the software module to the hardware module. The purdwere part includes the
memory service and the interconnection service.

The HW/SW property of Fig.5.2 is relatively clear except foattof the global FIFO. We
should assign the HW/SW property for all hybrid services bethbe final stage of the design
process. From the research works of [60] and [54], we use tkireds of implementation
components for global FIFO in our library. All of these FIF@plementations realize the
same read and write FIFO interfaces. This translates, iSB1®, into three different imple-
mentation components for one interface. Because the finsti@oluses the hardware FIFO
buffer, the performance will be higher when the FIFO deptlaige enough. The obvious
drawback is that the hardware FIFO needs more chip area. €utlier hand, the other two
solutions, which use the memory as the FIFO data buffer, mayoe a memory bottleneck
for high speed data communication between a SW module and artddile. With the
SDG, this kind of architecture exploration work could be e@asily.

The architecture exploration is not limited to HW/SW paatiting only, the parameters
configuration is also important to specify an applicationouir case, we explore the parame-
ters of the FIFO communication. As we know, two main paransadéfect the performance:
theDepth of the FIFCQand thewidth of the FIFO The different parameters are only related to
the implementation details, and the interfaces providetiedd\W/SW programmers should
be the same.

In the Motion-JPEG experiment, we focus on the relationfi@pveen the FIFO depth
and the cycles of the system execution. From this experimentan understand how FIFO
communication impacts the performance of the whole systentig.7.10, we set up the
FIFO depth from 2 slots to 64 slots, and the simulation clogies for 5 frames MJPEG
decoder are shown in the graph with different CPU numbers.

With this figure, we clearly find that the system performarseeiated with the FIFO
depth. The context switch and scheduling happen when theaef FIFOs and the SW/HW
FIFOs are full or empty. So with the larger FIFO depth, theeyscan normally achieve
higher performance. The relationship between the systefarpgance and the CPU number
is interesting. We find that the highest performance systethat with 2 CPUs. When
the CPU number is more than the number of active threads, tharm memory are partly
occupied by traffic due to scheduler activity and inefficiexgk migration. So the system
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Figure 7.10: Cycles of simulation with the different FIFO ttepnd different CPU numbers

performance decreases when the CPU number increases.
At the end, we should notice that these different configarationly depend on the im-
plementation of the service. So the SDG method can well abxearchitecture and reduce

design loops.

7.4.2 Heterogeneous migration

In this section, we use the Motion-JPEG example to show padace and cost advantages
of our task migration framework based on heterogeneous /@Rftforms.

Heterogeneous MPSoC architecture

| Local Sched | | Local Task Scheduling | Local Sched |

XtensaC
5 35
C

Simple Xtensa Bus

<5

[ 76 | [Memory| | TTYs | | RAMDAC |

Figure 7.11: Heterogeneous Architecture for the MotioBEGRCase Study.
This system includes three heterogeneous processorslaridredm based on the same
Xtensa LX2 core instruction set. Processor A is just thedyasicessor which does not
include any extended instructions. Processor B and C ieatxtended instructions for
IDCT and CONV separately.

With extended Xtensa processors, our heterogeneous MP&b@eature used in the
following experiments is shown in Fig.7.11.
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In the following experiments, we use tiherbo Ximsimulation mode to profit from the
higher simulation speed. The task migration framework hasassumption that all proces-
sors should have the coherent data caches to avoid inagamiststses of communication and
task migration. As the Turbo Xim mode does not have the caffeetgeit can avoid this
problem naturally.

Based on this architecture, we have two different task assgmn methods. This tra-
ditional one is to porting OS separately for each processdrtiere are no task migration
between different processors. The fixed mapping soluti@hasvn in Fig.7.11. Our migra-
tion framework is to let all processors share the same OSamaag make task migration
possible among different extended processors. Followipgrmental results are presented
to show advantages of our heterogeneous MPSoC task migfedimework.

Performance and cost advantage

Task migration can take advantage of the CPU idle time. Wehes&ibtion-JPEG to show,
with the same heterogeneous MPSoC architecture, the éxe@fficiency difference be-
tween fixed task mapping and dynamic task migration.

Table 7.7: Comparison of Idle Time for Different Schedulingafieworks Based on the
Same Heterogeneous Architecture

Fixed Task| FMFS | Most Comp| SMP Task
Assignment| Algorithm | Algorithm | Scheduling
Frame/100s 144 288 270 288
Gates 341,773 341,773 341,773 611,295
Perf/Cost 0.50 1.00 0.94 0.56

The results of Table.7.7 compare the performance of foferdifit scheduling solutions.
Three of them use the same architecture presented in Figoutiwith different scheduling
algorithms. Because of flexibility, performance of both hegeneous scheduling algorithms
overcomes that of the traditional fixed task assignmentésaonk. From this table, we can
easily find the performance advantage of the two task scmedahd migration algorithms
that we propose (almost 100% higher performance).

We also show that different scheduling algorithms haveedifit performance results.
The FMFS algorithm has better performance than the most atbi@ algorithm because
the FMFS one has the simple and efficient realization.

In contrast to these heterogeneous architectures, in sheddumn, we show the SMP
architecture in which each processor includes all extemugductions and registers. Com-
pared with the heterogeneous architecture, the SMP actiniteis flexible and high perfor-
mance. But we should also notice that the hardware cost oS8 architecture is much
higher than the heterogeneous one. For the performanteatios(we normalize the data in
Table.7.7), the heterogeneous architecture with our tagkation framework is much better
than the SMP one.
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7.5 Conclusion

The first example presents a hybrid simulation platform ggatly designed for config-
urable processors and MPSoC design. With the comparisgreeidsand accuracy with our
hybrid simulation platform, we confirm that this platformefonot sacrifice much accuracy.
We show the 1/0 device modeling flexibility and the HAL APIsrpog advantages by using
the DMA transfer example. Both flexibility and porting advagps are important properties
for system validation at early design stages specificaltyctinfigurable processors. Our
hybrid simulation platform shows its value for the whole M@EDSE flow.

The next example demonstrates the design space exploffmioibased on proposed 4
abstraction levels. From the System level to the Cycle Apprate level, all parameters of
the multiple configurable processors SoC architecture xed fitep by step. The simulation
speed shows the advantage of using multiple abstractietsléy save both the computation
resource and the engineer resource.

SDG is a technology which is created for the modeling of HW/S\térfaces. With
the example, we use SDG to model a Mutek based HW/SW interfadtd@lp explore the
communication architecture. With the complexity growthtlké HW/SW interfaces, the
SDG may become too large to handle. This limitation make$SM& modeling technology
still far from real usage.

The last experiment presents a task migration framewor&das the configurable het-
erogeneous MPSoC architecture. We show the performarsteddeantage of our frame-
work over existing SMP architectures and fixed task mappiagméwork. Meanwhile we
should also notice that though the heterogeneousnessriy@aa help accelerate overall
system performance, a large percentage of applicatios tadl rely on the core instruction
set and can be migrated among all execution units. To impsggtgem performance, we
should well balance the heterogeneity and homogeneity efsystem to well profit from
acceleration of extended instruction sets and migratioibiléy of the core instruction set.
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Chapter 8
Conclusion and Future Works

mpared to off-the-shelf standard processors, the coafidgiprocessors provide more

lexibilities for optimization of the dedicated applicai® Because this configuration
property leads to a larger design space, this thesis pseaatgsign methodology and sim-
ulation platform specifically designed for this kind of pessors. In Chapter 2, we have 6
guestions and we give our answers here:

e Question: How many abstraction levels should we have and how to integraft-
ware programming interfaces, software simulation teabgiels and internal modeling
together for one abstraction level?

Answer: In this thesis, we propose 4 different abstraction level&chviare System
Leve] Virtual Architecture LevelTransaction Accurate LevaindCycle Approximate
Level At System level, we have no architecture information andaaks are con-
nected with FIFO channels. The subsystems and inter-si@msysommunication is
modeled at Virtual Architecture level. The internal comgots of each subsystem are
modeled at Transaction Accurate level. At Cycle Approxintetel, all parameters of
one MPSoC architecture are fixed. For the software modediofjyware are executed
directly at both System level and Virtual Architecture lev&t Transaction Accurate
level, we can execute the software directly with annotedgnmformation or use the
dynamic binary translation technology. Traditional instion set simulators are used
for software simulation at Cycle Approximate level to aclei¢hie highest simulation
accuracy. The experiment demonstrates the modelingiabilind simulation speed
difference of these 4 abstraction levels.

e Question: How to build high level simulation models with high level gramming
APIs to avoid HdS porting works?

Answer: In this thesis, we believe that the HdS porting work is thelboeck of the
multiple configurable processors SoC design process. Ahgiriction set simulator
based virtual platforms, we can realize most HAL APIs andaiedrivers with Sys-
temC modules which are implemented on host machines to avoath assembly code
implementaton. With the semi-hosting functional call pdad by many instruction
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set simulators, these SystemC modules are invoked whemrhiet®sting function is
trigged by cross-compiled target binaries. The experirsbotvs that our method can
achieve higher flexibility and avoid much porting works fbetmodifications of both
MPSoC architectures and processor configuration.

e Questions:How to define constraints of each abstraction level and refirfregh level
constraints into lower ones? How to integrate all theseratisbn levels together into
a single design space exploration flow?

Answer: In our design space exploration flow, we defined constrairdgfarent gra-
nurities. By using the proposed 4 abstraction levels, we efne the communication
between tasks at System level. At Virtual Architecture lewee define the subsys-
tems and map the tasks onto them. The subsystem internaratiph is handled at
Transaction Accurate level and all detailed parameterfixaé at Cycle Approximate
level. As different abstraction levels rely on differensilation technologies, the de-
sign space exploration flow can have different result acyussmd simulation speeds
at each step to save the simulation time and the enginearrceso

e Question: How to model the HW/SW interface to facilitate the automagaeration
and support complex architectures such as the configurattegsor based heteroge-
neous MPSoC platform?

Answer: In this thesis, we propose to use the Service Dependent GoaphVv/SW
interface modeling. By representing the inputs and output®ti software functions
and hardware modules with service providing and servicairement, we can build
the relationship of the HW/SW interface components. Thisetind method can facil-
itate the HW/SW interface automatic generation by allowhmdystem automatically
choosing the suitable components from the service depégdaph.

e Question: How to make heterogeneous MPSoC more flexible by enablingatie
migration function?

Answer: We find the performance drawback of the fixed task mappingisalfor the
heterogeneous MPSoC platforms. To improve performancedigdiag the idle time,
we choose a special kind of heterogeneous MPSoC platformhiolweach proces-
sor is based on the same core instruction set but with diffexetended instructions.
Following the instruction set compatibility rules, a tasihde migrated from one pro-
cessor to another one with different extended instructein $he experiments show
that our migration framework can efficiently shorten theitine on the heterogeneous
MPSoC platform with only OS modifications.

In the near future, we would like to port more complex appiaas such as an H.264
encoder and test benches to verify and improve the propassgrdmethodology. With the
advance of simulation technologies, we may also modify bsraction level definition and
the design space exploration flow to profit from the undegyiechnology evolution. One
such direction can be the use of dynamic techniques to bdrafitmigration between the
heterogeneous processors with a more restricted ingirusét.
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CHAPTER 9. RESUME EN FRANCAIS

9.1 Introduction

Avec l'avanceée de la micro-électronique, en particuliet’ éiectronique destinée a la con-
sommation de masse, les concepteurs de systemes embamui&nas de fournir des solu-
tions répondant aux quatre exigences suivantes:

Performance un bon produit doit répondre a des critéres de performaogetputes les
applications qui s’y exécutent. Avec I'évolution des déras technologies de compression
/ décompression vidéo, tels que les normes MPEG 4 et H.264rttocoles sans fil haute-
vitesse ou encore les jeux videos 3D, les exigences en tatenpsrformance de certains
systemes embarqués peuvent méme dépasser les capacagdmalt des ordinateurs de
bureau. Afin de répondre a cette exigence de performancerajtiiavec la loi de Moore,
I'écart entre les besoins et la performance peuvent étadugen augmentant le nombre de
processeurs et le nombre d’Elements de Calcul spécifiquespplitation (PEs pour Pro-
cessing Elements).

Consommation d’énergie les systemes intégrés doivent remplir leur fonction ersoen
mant le moins de courant d’alimentation possible. Jusquéagnt, presque tous les appareils
portables tels que les téléphones portables a puce, lesutedIP3 ou les caméras vidéo
utilisent des batteries d’alimentation. Parceque la teldgie des batteries croit beaucoup
plus lentement que la loi de Moore dans le domaine de la néilrcironique, la consom-
mation d’énergie est I'un des principaux obstacles au dgyement des appareils portables
du futur. Méme pour les autres systemes embarqués tels gUibdr" pour télévision et
les consoles de jeu vidéo 3D qui sont alimentés par du coatemhatif, la réduction de la
consommation d’énergie peut aider a diminuer les nuisasmesres émises par les venti-
lateurs et améliorer la fiabilité. Les rapports de I'l'TRS faesent plusieurs solutions pour
les SoCs destinés aux appareils portables a usage perstsrnetluent des optimisations
d’architecture a des phases de conception de haut nives@edbaur des analyses de con-
sommation de puissance, ainsi que des réalisations de MRfveCsles PEs spécifiques.

Codt: les concepteurs doivent fournir des produits compégtifentables pour le marché
des systémes embarqués. D’apres les prévisions de I''TR80tedlu masque sera multiplié
par a peu pres 20 en dix ans (2018). Dans le méme temps, lesdmdéveloppement de
logiciels croissent encore plus rapidement que ceux durieltie développement. Pour
continuer a faire des profits malgré cette tendance et patitisér les mémes masques pour
différentes applications, la méthodologie de conceptas€l sur des applications de circuits
intégrés spécifiques (ASIC), est progressivement remplpageelle des System-on-Chip
(SoC). En utilisant la méthodologie de conception des SoGsadzhitectures basées sur
plusieurs unités de traitement spécifiques peuvent fodasrsolutions plus souples pour un
groupe d’applications similaires, permettant ainsi lailiéation des architectures existantes.

Temps de mise sur le marchgéles concepteurs doivent réduire autant que possible le
temps de développement pour assurer le succes de la mise swarthé du produit. |l
existe d’énormes écarts entre la loi de Moore pour les ¢gdoiégrés et le développe-
ment du matériel/logiciel. Ces écarts de développementjioate produit final ne peut pas
suivre la loi de Moore et les contraintes dictées par le mgrch méme en augmentant les
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ressources pour le développement. Les plateformes demomtecutilisables, les architec-
tures matérielles souples et la méthodologie de conceptianiveau systéme peuvent étre
des solutions pour diminuer & la fois le temps de conceptitetemps de vérification pour
respecter le temps de mise sur le marché.

Ces 4 criteres sont apparus il y a plus de 10 ans et ont contibuéveloppement des
méthodologies de conception sur SoC. Les SoC intégrent desats de technologie et de
conception issus d’autres classes de systemes parmi geegamme de produits a base de
semi-conducteurs de haute complexité et d’'une grandessehd®ans la conception de SoC,
le but est de maximiser le taux de réutilisation des blocstarts, matures et déja validés,
afin de diminuer la phase de conception et de garantir lat§udgdis nouveaux produits. Les
Systémes sur Puce Multi-Processeurs (MPSoCs), en tant die, Stendent cette idée et
plusieurs processeurs génériques (GPPs pour Generaldeuppocessors) et des unités de
calcul spéciales comme les DSP (Digital Signal Procesgang) accroitre la performance
de calcul de maniére générique et flexible. Pour répondrecantraintes de performance,
de consommation, de co(t et de temps de mise sur le march@lateformes a base de
MPSoCs pourraient étre la meilleure solution et sont déja Bezeptés par les marchés du
calcul embarqué et de calcul au sens plus géneral.

L'idée de processeur configurable est de modifier le jeu tiliaion d’'un processeur
pour accélérer des parties spécifiques a un ensemble adatipiis. Etant donné que les sys-
temes embarqués n’ont besoin de supporter qu’'un nombreéttag d’applications, ils peu-
vent tirer profit d’'un jeu d’instructions spécifique poureattidre de meilleurs performances
sans trop de pertes en termes de codlt et de performance. 8tmthése, nous aborderons
différents niveaux d’abstraction et un flot d’exploratioongu spécialement pour les MP-
SoCs hétérogenes basés sur des processeurs configurables.

9.2 Problematique

Nous avons introduit dans le chapitre 1 les tendances &esds systéemes embarqués, nous
aimerions introduire ici 'une des solutions évoquées pleseformes MPSoC hétérogenes
basées sur des processeurs configurables. Cette thésecéttalies problemes liés aux pro-
cesseurs configurables et a I'interface logiciel/matéieéates plateformes MPSoC hétérogenes.

9.2.1 Processeurs configurables et Systemes sur Puce Multi-Processeurs
(MPSo0Cs) hétérogenes

Pour évaluer une unité de calcul, il y a deux paramétres itapts qui sont leapport per-
formance/portes logiquest la flexibilité. Le rapport performance/portes logiques exprime
I'efficacité de chaque porte logique pour un systeme matéardis que la flexibilité ex-
prime la capacité d’'un systeme matériel a s’adapter a diftés applications.

Pour des raisons de généricité, les Processeurs Géres@B$§tP) ont normalement le
rapport performance/portes logiques le plus faible etla grande flexibilité. Au contraire,
les systéemes a base d’ASICs (cirrcuits intégrés spécifiqgues application) peuvent utiliser
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pleinement les ressources matérielles mais deviennesmtchgapter a d’autres applications.
Les processeurs configurables font partie du groupe desgsears a jeu d’instruction spé-
cifique a une application et présentent un bon compromis éntapport performance/portes
logiques et flexibilité.

Utiliser de multiples processeurs configurables peut aegystéme embarqué a obtenir
alafois du TLP (parallélisme de taches) et ILP (paralléishinstructions). Nous aimerions
nous focaliser maintenant sur l'utilisation de I'hétéroéigé de ces systémes pour améliorer
leur performance globale et réduire leur codts de fabooati

9.2.2 Motivation

Les processeurs configurables et I'hétérogénéité du sgqtedsentant de bonnes propriétés
de performance, de consommation d’énergie, de colt et dbifi ils sont de bons can-
didats pour la prochaine génération de systemes embardiegsendant, les processeurs
configurables sont un concept encore relativement nouveaula conception de circuits
intégrés en industrie. Une architecture générique de MHR&b€rogeénes a partir de laque-
lle on pourrait dériver tous types de MPSoCs hétérogénesi @irun flot de conception
associé sont encore I'objet de recherches. Comparée a urechpasée sur un systeme
sSur puce monocoeur avec un processeur issu du marché, ppteche présente une plus
grande flexibilité pour le concepteur en termes de configurat’hétérogénéité et sur des
aspects multi-coeurs. Jusqu’a maintenant, il n’ y a pas dedflaconception accepté uni-
versellement pour bien maitriser la flexibilité offerte pargenre de systemes. Ce travail
tente de construire un flot de conception pour des platefoieSoC hétérogenes basées
sur des processeurs configurables.

En raison du grand nombre de solutions d’implémentatiogrbffar les processeurs con-
figurables et les MPSoCs hétérogénes, une méthode de mtdélisaune plateforme de
simulation correspondantes sont nécessaires. Dans lceie fia méthode de modélisation
ainsi que les plateformes de simulation sont basées surngepbde niveau d’abstraction.
Avec les niveaux d’abstraction, un systeme complexe peatr@odélisé plus facilement a
des niveaux d’abstractions plus élevés et les détails pe@ie représentés a des niveaux
d’abstraction plus bas. A un niveau d’abstraction plus hiuplateforme de simulation
est beaucoup plus rapide qu’une plateforme a un niveau @lsisau prix d’une perte de
précision.

Basé sur ces modéles et plateformes de simulation, un flopldetion des solutions
d'implémentations peut étre proposé pour aider les coroepta trouver la configuration
du processeur et I'architecture MPSoC hétérogene optenBlans ce flot d’exploration des
solutions d’implémentations, une technologie de moditisaa base de différents niveaux
d’abstraction peut aider a régler des détails a plus ou nf@ns niveau, et les plateformes
de simulation peuvent aider a vérifier a la fois le fonctioneat et la performance a chaque
phase d’exploration. Ce flot a différents niveaux d’abstoacpeut aussi aider a combler
le fossé qui sépare aujourd’hui les besoins et les détaitéalesation en ajoutant plusieurs
modéles intermédiaires et en divisant de grandes bouclesrieption en de plus petites.
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Dans ce flot d’exploration des solutions d’implémentatjamsus montrons qu’il reste
deux problémes non résolus. Le problemd’idéerface Matériel/Logicieldevient extréme-
ment complexe en raison de la grande complexité et flexdbiis plateformes MPSoC
hétérogenes basées sur des processeurs configurablesvelepgément d’'une interface
Matériel/Logiciel devient une partie du flot de concepti@t@ssitant beaucoup de temps et
source d’erreurs. Bien que lié au flot d’exploration propasdessus, le portage de cette
interface Matériel/Logiciel est plus liée a des aspectilety et a un grand impact sur les
performances et la flexibilité du systéeme embarqué complet.

Un autre probleme consiste a avoir un systéeme de gestiortles@ui peut tirer pleine-
ment avantage de ce genre de plateforme MPSoC hétérogenesystéme de gestion de
taches bien pensé doit pouvoir équilibrer la charge deitremtre les différents processeurs
et augmenter le rapport performance/co0t pour les systembearqués. Ces trois sections
sont nécessaires pour faire des MPSoC hétérogenes a baseesspurs configurables une
solution mature et viable pour les applications embarqdaas le futur.

9.2.3 Flot d’exploration des solutions d’implémentation a base de niveaux
d’'abstractions multiples

L’ Abstraction est le processus ou résultat d’'une généralisation en agduighformation
contenue dans un concept ou un phénomeéne observable, egpégitl pour retenir unique-
ment I'information qui est utile pour un but spécifique. Damsflot d’exploration des so-
lutions d’implémentation, I'abstraction est utilisé paider a trouver un compromis entre
vitesse de simulation et précision du résultat en termesdermmance ou méme de fonc-
tionnalité.

Cette propriété a besoin d’étre particulierement creuség |@s processeurs config-
urables basés sur des processeurs configurables. En nansdiades niveaux d’abstraction,
nous aimerions batir un flot d’exploration des solutionswgiiémentations qui puisse profiter
pleinement du concept d’abstraction.

Différents cas d’utilisation

Il'y a déja eu plusieurs définitions de niveaux d'abstractmparavant. Pour tous ces
travaux, les différents niveaux d’abstraction ciblent déksateurs différents. Par exemple,
les développeurs de I'application logicielle peuvent eNi@Esoin de savoir si les interrup-

tions sont déclenchables et quels traitants d’'interrapsiont disponibles. En revanche, les
développeurs dilogiciel dépendant du matériéHdS) ont besoin d'implémenter ces trai-

tants en fonction des fonctionnalités offertes par les gonditions du matériel. Enfin, les

développeurs du matériel implémentent ces fonctionrsaété groupant et combinant des
circuits logiques. Dans cette these, trois groupes dsatiéiurs sont visés:

e Les développeurs de I'application logicielle Ce groupe de développeurs utilise les
modéles de simulation pour aider a concevoir I'applicaligicielle. lls ne nécessitent
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pas d’informations précises, ils ont juste besoin d’'une gnossiére de I'architecture
matérielle et utilisent des systéemes d’exploitation, tesioet bibliothéques existants.

e Développeurs du logiciel dépendant du matérielCe groupe de développeurs utilise
des modéles de simulation pour accélérer et vérifier le itrdeaportage du logiciel
dépendant du matériel. Pour ces développeurs, I'archieectetaillée du processeur
et le comportement des composants d’E/S sont trés impsntantr leur travail. Mis
a part le travail de portage des interfaces utilisateuddpat du travail de portage du
logiciel dépendant du matériel n’a pas besoin d’'une tresdgaitesse de simulation.

e Développeurs de matériel Ce groupe de développeurs utilise des modeles de simu-
lation pour le développement du matériel et sa vérificati@es développeurs utilisent
des modéles de simulation pour développer des vecteursidet fgrennent les plate-
formes de simulation comme référence pour la comparaisemédeltats de test et la
vérification du systéme matériel. Compte tenu de ces exigsafemodeéle de simu-
lation devrait étre tres proche de la vraie plateforme neltéret avec une précision
au niveau cycle/bit. La vitesse de simulation n’est pas iti@mde pour I'exécution et
la comparaison des vecteurs de test.

Pour ces trois groupes de développeurs, il est clair qu'ningue plateforme de simula-
tion ne peut pas satisfaire ces différents cas d'utilisatices niveaux d’abstraction sont la
solution pour modéliser la méme plateforme matérielle alecinterfaces de programma-
tion et des vitesses et résultats de simulation totalemtétehts.

Différentes interfaces

Pour ces trois groupes d'utilisateurs, différentes A&plication Programmation Interface
devraient étre prises en compte. Par exemple, les développ&pplication logicielle ont
besoin d’'une interface a un niveau beaucoup plus haut quiEletoppeurs de matériel.

Cette these aimerait répondre a la question suiva@eelles interfaces doivent étre
fournies aux différentes catégories d'utilisateurs parpdateformes de simulation a chaque
niveau d’abstraction?

Technologies de simulation différentes

Les différents groupes d'utilisateurs ayant des besoingtease et en précision différents,
pour satisfaire le besoin de chacun d’eux, chaque platefalensimulation doit avoir des
technologies de simulation de logiciel différentes pouistare les besoins définis par les
utilisateurs

Cette thése vise a répondre a cette questirelles technologies de simulations doivent
étre fournies aux différentes catégories d’utilisateuas pne plateforme a un niveau
d’abstraction donné?
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Modélisations internes différentes

La partie simulant le logiciel mise a part, la modélisatianndatériel est également impor-
tante pour une plateforme de simulation. Etant donnés kaifiedifférents des utilisateurs,
différents niveaux de détail devraient étre proposés ploagquee niveau d’'abstraction.

Cette these vise a répondre a cette questirels détails de modélisation interne doivent
étre fournis aux différentes catégories d’utilisateurs pkateforme de simulation & chaque
niveau d'abstraction?

Flot avec les niveaux d'abstraction

En utilisant plusieurs flots d’exploration des solutiongrgilémentation. Jusqu’a main-
tenant, les méthodes les plus répandues sont celles basédssssimulations éprouvées
et flexibles. La vitesse et le niveau de détail sont les deaprpgtés les plus importantes
d’'une plateforme de simulation, les niveaux d’abstracgont utilisés pour équilibrer ces
deux propriétés. Le flot d’exploration des solutions d’iérpkentation devrait utiliser cor-
rectement tous ces niveaux d’abstraction et diminuer l¢ ded boucles de conception,
elevé dans les flots traditionnels.

Cette thése se concentre sur I'hétérogénéité et la configuiidds processeurs Ces deux
propriétés exigent de définir comment bien intégrer cesrjitEs dans les différents niveaux
d’abstraction. Comme ces propriétés augmentent énorméeneimamp de solutions
d’'implémentations par rapport a des architectures MPSafittonnelles, nous voulons égale-
ment savoir comment contrdler ces propriétés a des niveabstdaction bas pour maitriser
la taille du champ d’'implémentations, et comment utilises deux propriétés pour éviter
des boucles de conception durant ce processus.

Cette thése vise a répondre a la question suivabtenment intégrer tous ces niveaux
d’abstraction dans un flot d’exploration des solutions gglémentation?

9.2.4 Modélisation d’interface Matériel/Logiciel et plateforme de sim
ulation de MPSoC hybrides

(L'interface Matériel/Logiciel)est utilisée pour décrire la connection entre les modules de
I'application logicielle et les modules fonctionnels dutéréel dans les systemes sur puce
embarqués.

Comme cette thése se concentre sur le flot d’exploration desmsts d'implémentation
basé sur des processeurs configurables et des architddiaB8ssC hétérogenes, la difficulté
de définir une interface Matériel/Logiciel en raison de lafaguration et de I'hétérogénéité
devrait étre résolue pour simplifier le flot d’exploratiomualet.

Modélisation de I'interface Matériel/Logiciel

Vu la complexité des processeurs configurables et des ectinies MPSoC hétérogénes,
I'interface Matériel/Logicieldevient critique dans le processurs complet de développeme
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du systeme. Durant le processus de flot d’exploration degisos d'implémentation, les
processeurs de 'interface Matériel/Logiciel ont besd&tré configurés pour répondre aux
exigences du logiciel applicatif. Ceci est encore plus difiorsque les architectures et pro-
cesseurs configurables sont modifiés durant le processus, gartie du HdS sous-jacente
doit étre modifiée frequemment et mene a des problemes déamante et de portabilité.

Une solution possible pour ce probleme complexe est de gétiéaterface Matériel/-
Logiciel pour une plateforme spécifique a une applicaticlmmatiquement. Dans le do-
maine des systemes embarqués, la génération automatiéleckScet de la plateforme matérielle
est appelée processus 8gnthése au Niveau Systervalheureusement, ce probleme n’est
pas bien formalisé est n’est pas facile a formaliser du Bigtn que la plupart des idées de
synthése sont des extensions d&yathése au Niveau registre (RT3 synthese au niveau
systeme ne bénificie pas des théories d’algébre booléerdeelegique binaire. Sans con-
texte ou relations mathématiques forts, la synthése aamisgsteme demeure une tache de
conception.

Cette thése voudrait répondre a cette question:

Comment modéliser l'interface Matériel/Logiciel pour figer la génération automa-
tique et le support d’architectures complexes comme ddsfplanes MPSoC hétérogenes
basées sur des processeurs configurables

Interface de programmations (APIs) de haut niveau

La génération automatique des interfaces Matériel/Lebicest pas I'unique solution, nous
pouvons envisager d’autres méthodes pour faciliter Kjraéon du matériel et du logiciel.
Durant les premiéres phases du processus d’exploratisnmoeifications nécessitent de
nombreuses mises a jour de I'implémentation du HdS pouderla la fois les applica-
tions et la plateforme MPSoC hétérogéne. Par exemple, lisatan du code assembleur
demande beaucoup d’efforts et est source d’erreurs lorprdesiéres phases de concep-
tion. Dans le méme temps, nous observons également que levHd&ipe normalement
gu’une petite partie des ressources de calcul. Rendre laattah du HdS compatible pour
I'exploration des solutions d'implémentation dans leswigzes phases devient une question
ouverte pour les concepteurs de plateforme a un haut nivadstchction. En marge de
ces questions, comment intégrer correctement les inesflagicielles de haut niveau avec
différentes technologies de simulations est aussi undiqueslaquelle cette thése essaie de
répondre.

9.2.5 Le flot de migration des taches pour les architectures MPSoC
hétérogenes

En plus de la modélisation complexe du HdS et du probléme xérgton, il est également
difficile de concevoir un HdS qui permette une migration dehés flexible avec une haute
performance pour des MPSoC hétérogénes.
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Plateforme de MPSoC hétérogene rigide

Malgré que les MPSoC hétérogénes aient beaucoup de désgemntie nous avons précedem-
ment expliqués, ils ne sont pas aussi flexibles que les platels MPSoC basées sur une
architecture SMP (Symmetric Multi-Processing). Habiwmlent, sur des plateformes MP-
SoC hétérogénes, chaque tache est mise en mémoire sur wsgeocC specifiqgue au lieu

d’'un groupe de processeurs comme c’est le cas sur les plaefdESMP. Cette nécessité de
mise en mémoire rigide fait que le partitionnement de lad&dt tres complexe ou alors que
les processus sont mal répartis sur les processeurs.

Représentation de la répartition des élements logiciels sles élements matériels

Il'y a plusieurs modéles de calculs pour des systemes emésmultiprocesseurs tels que
le modéle dé-lot de données synchrof®DF)[72] et le modéle deéseaux de Kah(KPN)
[62]. Comme ces modeles ne sont pas dépendant de la sousquatéforme MPSoC, la
mise en mémoire de ces taches/processus et de chaque puagsst pas définie. Pour
une plateforme MPSoC hétérogene basée sur des processafigai@bles, parceque les
processeurs sont différents entre eux, les solutions de emsnémoire existantes varient
peu pour tous les modeéles de calculs.

Dans cette thése, nous posons six questions sur les flotplafation des solutions
d’'implémentation basés sur des processeurs configuralieguels nous devons répondre.

e Combien de niveaux d’abstraction devrions nous avoir et cemrimtégrer les in-
terfaces de programmation logicielle, les technologiesidwrilation logicielle et la
modélisation interne ensemble pour un niveau d’abstna@tio

e Comment définir les contraintes de chaque niveau d’absiraeti raffiner toutes les
contraintes de haut niveau vers un niveau plus bas.

e Comment intégrer tous ces niveaux d’abstraction en un seutl'#xploration des
solutions d’'implémentation?

e Comment modéliser I'interface matérielle/logicielle pdaciliter la génération au-
tomatique et permettre des architectures complexes telseguplateformes MPSoC
hétérogeénes constituées de processeurs configurables?

e Comment construire des modeéles de simulation de haut niwesdes API de haut
niveau de programmation afin d’éviter le travail de porigbidu HdS?

e Comment rendre les MPSoC hétérogenes plus flexible en pamh&ttmigration des
taches?
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9.3 Flot d’exploration des solutions d'implémentation avec
de multiples niveaux d’abstraction

Beaucoup de chercheurs se sont penchés sur les niveauxraldiost et proposent dif-
férentes définitions a partir de différents points de vuepé&miculier, les architectures MP-
SoC hétérogenes configurables sont plus complexes quechdgeatures classiques. Pour
rendre la définition des niveaux d’abstraction plus faciéfinir, dans cette section, nous
définissons trois axes qui nous permettent de classifieriveaux d’'abstraction des MP-
SoC. Avec ces trois axes, cette section va présenter quéfitteedis modeles de niveaux
d’abstraction pour les MPSoC. Ces quatre niveaux d’abstrastnt ciblés pour différents
groupes d'utilisateurs avec différentes interfaces dgnammation logicielle. En plus de
ces interfaces, des plateformes de simulation utilisdférdintes technologies pour chaque
niveaux qui peut proposer un bon compromis entre la vitesda simulation et la précision
des résultats. Les méthodes de modélisation matérielledsoplus détaillées dans cette
section pour différents niveaux d’abstraction.

Dans cette section, nous voulons également fournir quelgolkeitions pour choisir une
architecture de MPSoC hétérogéne configurable pour détermane architecture logiciel/-
matériel qui respecte les contraintes de conception demsyst Avec la flexibilité des pro-
cesseurs configurables et la propriété d’hétérogénéiteailune infinité de moyens pour
affiner une architecture de MPSoC. Toutes ces possibilitéenté& une exploration de beau-
coup de solutions d'implémentations. Pour étre capableadsér une solution a portée de
main & un probleme de conception de systéemes, nous présamenpolitique basée sur
I'idée de budget, qui transforme des contraintes spécHigieafinent tous les budgets au
travers de quatre niveaux d’abstraction.

9.3.1 Quatre niveaux d’abstraction pour les MPSoC hétéerogees config-
urables

Niveau Systeme

Dans cette thése, Miveau SystemSL) est le niveau d’abstraction le plus élevé utilisé dans
I'étape de conception. Parceque la clé dans la concept®MES0C est le parallélisme de
I'application, ce niveau d’abstraction est congu pour fiuan environnement d’exécution
parallele. Cette application est décrite dans un ensembpeadessus qui s'échangent des
données exclusivement en utilisant les canaux de Byt In First Out (FIFO), qui sont
bloquants et directs. Ces processus combinés aux canauxtddagon sont connus en
tant queKPN. En plus de ce modeéle de calculs, il existe un flot de donnédis|se. Ces
deux modeles ainsi que d’autres peuvent étre adaptés a ealN8ysteme pour valider le
parallélisme au niveau logiciel.

Au Niveau Systeme, il n’y a pas de différence entre les pmacekogiciels et les modules
matériels. Tous ceux-ci sont généralement des fils d’ei@cabdés a haut niveau qui com-
muniquent entre eux avec des APIs de communication. Phssigels de communications
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les plus couramment utilisées saftannellnit  , channelRead et channelWrite

L'API est appelée par le processus principal pour créer malode communication inter-
processusChannelRead etchannelWrite  sont utilisés par les processus pour lire et
écrire des données.

Niveau d’Architecture Virtuel

Le Niveau d’Architecture Virtuel est un niveau d’abstraatiqui est plus détaillé que le
Niveau Systeme. La principale différence est que le Nivéauctitecture Virtuel inclue
des informations sur I'architecture. A ce niveau, I'arebture est représentée a un niveau
de granularité grossier et abstrait le systeme ré8ars-systemet Communications Inter-
sous-systemese systéme est composé de plusieurs sous-systemes geipétre divisés
en sous-systemes avec procesg@iRUSS)et sous-systemes materi¢gldWSS). Tous ces
sous-systemes sont connectés entre eux en utilisant lelendelcommunication inter-sous-
systemes.

L'objectif de ce Niveau Systeme est de fournir un modéle ébexion qui peut donner
des informations plus précises sur les communications-gaas-systemes avec une haute
rapidité de simulation.

Les sous-systemes sont des modeles qui ne prennent pas ptederemps et qui sont
compilés sur et pour des machines hétes afin d’augmenteficigivement le temps des
simulations sytéemes. Mais la communication inter-solstesyies peut étre précise au cycle
ou au temps donné par le moddieM (Transaction Level Modelingafin de fournir des
informations détaillées sur le temps pour I'exploratiodaleommunication.

Niveau "Transaction Accurate"

Ce niveau est créé pour la modélisation interne de sousnsgstavec des informations rel-
atives au temps. Un sous-systeme logiciel inclue génémdenme application disposant
de plusieurs fils d’exécution, d’'un systéme d’exploitatida processeurs, mémoires, com-
munications inter-systémes, ... etc. Le niveau a pour buhal@éliser tous ces composants
internes avec le TLM afin d’accélérer la simulation, au prexld précision. La perte de
précision doit étre quantifiée par des expériences.

Le Niveau "Transaction Accurate" doit gérer plusieurs ifiaiegs: une du cété logi-
ciel qui utilise des API au niveau de la couche d’abstracti@térielle (HAL) ou des fils
d’exécution POSIX et I'autre du c6té matériel qui utilises geotocoles matériels. Au-dessus
de la couche d’abstraction matérielle, le systéme d’etqtion, les librairies de communi-
cations entrantes et sortantes (E/S) et les applicatigisiélies disposant de plusieurs fils
d’exécution sont ajoutées. Avec les mémes APIs au niveauAly Feffort pour réécrire
les programmes au bas niveau d’assemblage en explorarduesljinstructions des dif-
férents processeurs est réduit. Parceque le systeme aitexioln et I'application logicielle
sont annotées temporellement et exécutées directementeaeveau "Transaction Accu-
rate”, la vitesse de simulation du MPSoC est plus élevée gu’bes plateformes virtuelles
traditionnelles basées sur les simulateurs disposantdedjastructions.
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Au Niveau "Transaction Accurate”, les composants logicielsatériels d'un MPSoC
sont faciles a intégrer pour une plateforme exécutable awvecapidité de simulation élevée
et une précision estimée relativement bonne [45]. Touteguoapriétés rendent le Niveau
Précis de Transaction adapté pour I'exploration des MPSx€rbgeénes configurables.

Niveau de Cycle Approxime (CA)

Le niveau deCycle ApproximéCA est le niveau d’abstraction le plus détaillé dans notre
flot d’exploration des solutions d'implémentation. Le bt ¢k niveau est de fournir des
résultats trés précis de la simulation au prix d’'une vitgdse faible. Cela signifie que toutes
les informations détaillées concernant I'architecturerdient apparaitre dans ce modéle de
simulation.

Du c6té matériel, nous avons une approximation des cyclegede d’instructions du
simulateur pour I'exécution logicielle. Avec ces jeux diruction, nous avons le modele
cache avec sa taille ainsi que celle de sa ligne, et les paesriBassociativité. Etant donné
gue l'interface de programmation logicielle du Niveau "Cyglgproximate” est dans un
format binaire, tout le HAS et les applications devraierg @mpilées directement en binaire
cible. Pour connecter chaque processeur, nous proposomsniiethodes de connexion.
L'une est un modeles de connexions en SystemC, précises@édiet I'autre un modeéle du
niveau de transaction. Les composants matériels doivenir@plémentés avec des modules
en SystemC pour fournir des informations précises quandarkse d’exécution et ce pendant
le déroulement de la simulation.

Comparaison des niveaux d’abstraction

Le Tableau.9.1 résume ce chapitre et compare les quatrauxicéabstraction. Ce tableau
est également utile pour le flot d’exploration des solutidisplémentation des multiples
niveaux d’abstraction présentés dans le chapitre suivant.

9.3.2 Flot d’exploration basé sur le budget

En regle générale, Ibudgetse référe a une liste de tous les revenus et dépenses. Dans le
domaine de la synthése logique, le budget de la durée d'8gacest utilisé pour choisir
les composants logiques adaptés pour des exigences au téveporel [46]. Dans le flot
d’exploration des solutions d'implémentation, le budgésigne les ressources que chaque
module ou sous-systéme peut utiliser pour construire l&sysglobal. Par exemple la con-
sommation de courant est un parametre important pour lapldgs architectures MPSoC.
Dans le flot d’exploration des solutions d’'implémentatitanpudget "courant" pour toute
la puce peut étre divisée en plusieurs budgets plus petitsghacun des sous-systemes et
modules. Avec ce procedé de raffinage, les détails de cemdepeut étre fixé a la fin de
ce flot. Bien que la notion de budget soit supposée fonctioawvesr un ajout de contraintes,
cette propriété ne peut malheureusement pas toujours réiiee \Par exemple, ajouter une
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Table 9.1: Comparison of Different Abstraction Levels

Niveau Systéeme

Niveau d'architecture virtuelle

2 Niveau "Transaction accurate

A

Niveau "Cycle accurate"

Taches logicielles Code C/C++ Code C/C++ Code C/C++ Code C/C++
Interface _ APIs de APIs de APIs de fils d’exécution Format
de programmation S - POSIX ou APIs .
- communication communication binaire
logicielle HAL

Technologie de
simulation logic.

Exécution native

Exécution native

Traduction des
binaires dynamique

Interprétation des instructio
pendant I'exécution

m n Fils d’exécution

Co p,o_sa ts sde _ecut ° SC_Thread Modules SystemC Modules SystemC

matériels natifs

Interface

de communication APIS .de . APIs .de . TLM ou VCI TLM ou VCI
L communication communication

matérielle

Architecture Pas encore Inter-subsystem . Jeux d’instructions
e . Subsystem details -

MPSoC défini communication fixés
Précision de Pas d'information Communication Inter- Cycle Approximate Cycle Approximate
la simulation sur le temps d’exécution sous-systemes
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Figure 9.1: Flot d’exploration des solutions d’implémeiuta pour les différents niveaux
d’abstraction

exigence de bande passante conduira vers une croissameeakiplle avec des retards pour
certains types d’architecture de communication.

Notre flot d’exploration des solutions d'implémentatioruptes différents niveaux
d’abstraction suit I'approche de partionnement des probtbasés sur le budget. La fig-
ure[9.1 présente tout le flot depuis le niveau d’abstractopllis élevé (SL) au niveau le
plus détaillé (CA). Au niveau systeme, les programmeursyapént les modeles de calculs
tels que ceux de KPN ou SDF pour les propriétés liées a la conaation. En utilisant
les environnements exécutables fournis par les modéelesvdaunSL, les programmeurs
peuvent minimiser la taille de la communication inter-&let optimiser les propriétés de
communication afin d’améliorer les performances du systeékneniveau VA, les program-
meurs créent une architecture multi sous-systémes basigakent tous les processus de ce
niveau a chaque sous-systeme. Apres avoir exploré la comatiom inter-sous-systemes
avec une vitesse de simulation tres rapide, les progranspawvent obtenir la taille de la
communication et transférer un motif de cette communicatien utilisant ces statistiques,
les programmeurs peuvent donner un type de communicatiensous-systemes a choisir
entre un bus, une maille ou un réseau sur une puce et obtetaiuxed'utilisation de ce
module de communication.

Apres que l'optimisation de la communication entre les ssystemes soit bien opti-
misée au niveau VA, nous continuons d’explorer chaque sgst&me au niveau TA. Parce
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gue chaque sous-systeme logiciel général inclue des CPUspings, bus et autres mod-
ules, son architecture est plus complexe que celle dessyatsmes matériels. Au niveau
TA, tous les modules complexes dans un sous-systeme lbgm@ie modélisés et constru-
its ensembles. Les données de performance du logiciel s@éel sur les annotations du
niveau CA avec quelques statistiques. Les résultats de lalagion fournis a ce niveau
aident les programmeurs a concevoir le générateur et moliieériphérigues matériels
d’'un sous-systéeme. Apres que les composants aient été fixéschaque sous-systéeme,
nous pouvons automatiquement générer les processeurguwabfes et modifier la taille
du cache pour respecter les contraintes du niveau TA. Etamé&lque le niveau CA est le
niveau d’abstraction le plus détaillé, tous les parameétrateriels de cette solution pour les
MPSoC hétérogénes configurables sont fixés et les APIs HALssigneusement réalisés en
accord avec les jeux d’instruction des processeurs ohtdious le flot d’exploration des so-
lutions d'implémentation est fini quand un modele CA obterspeete toutes les contraintes
budgétaires.

Pour résumer, notre flot d’exploration des solutions d’iénpéntation basé sur la notion
de budget peut convenir au procédé de raffinage avec quag@uxi d’abstraction MPSoC.

¢ Raffinage de la communication aiveau system¢sL).
¢ Raffinage des sous-systemesnareau d’Architecture Virtuell§VA).
¢ Raffinage des sous-systémes internesiaeiau "Transaction AccuratgTA).

e Extension des instructions du CPU et raffinage du cacheveau de "Cycle Approx-
imate” (CA).

9.3.3 Conclusion

En intégrant les interfaces de programmation logicielfsiague les technologies de mod-
élisation matérielle et logicielle, nous pouvons consgruin flot d’exploration des solutions

d’'implémentation a plusieurs niveaux d’abstraction effecat rapide. Avec la méthodologie

de raffinage basée sur la notion de budget, beaucoup de grandeles deviennent plus

petites en reliant le niveau d’abstraction actuel a celuplde haut niveau le plus proche.

Bien que I'implémentation détaillée de cette méthodologiet@ujours dépendente des ap-
plications réelles, I'utilisation de ces multiples nivaaliabstraction et un moyen d’aider les
programmeurs a atteindre leur objectifs plus facilement.

9.4 Modélisation de I'interface logiciel/matériel et plateforme
de simulation MPSoC hybride

Pour simplifier le flot d’exploration des solutions d’'implémntation, en particulier pour sé-
parer le processus d’adaptation du systeme d’exploitsteur I'architecture et I'optimisation
de 'application, nous créons une nouvelle plateforme aikition hybride qui peut fournir

9.4. MODELISATION DE LINTERFACE LOGICIEL/MATERIEL ET PLATEFORME DE 109
SIMULATION MPSOC HYBRIDE



CHAPTER 9. RESUME EN FRANCAIS
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Figure 9.2: Plateforme hybride de simulation de MPSoC
A gauche: la plateforme de simulation classique a base duuaieur de jeu d’instruction.
A droite: la simulation hybride avec I'exécution native dAH

une vitesse de simulation beaucoup plus rapide et desatsdki simulations assez précis
sans avoir a rentrer dans trop de détails d'implémentationsnécessaires.

Dans la figure 9.2, nous avons les plateformes de simulatilitionnelles a gauche. A
droite de la figure 9.2, nous montrons la plateforme de sitimmndybride avec 'interface de
programmation du HAL. Dans cette plateforme, nous utikderméme systéme d’exploitation,
la méme bibliotheque de communications et applicationsians les simulateurs classiques.
Dans cette figure, la différence la plus importante est gp&at@forme de simulation hybride
remplace I'implémentation en code assembleur du HAL sumelateur de jeu d’instruction
par des modules SystemC sur la machine héte.

D’un point de vue technique, nous avons besoin d'une méthodelaisser les interfaces
outrepasser le simulateur de jeu d’instruction et atteitels modules SystemC sous-jacents.
Dans notre plateforme de simulation hybride, nous propososage d’'undnterface "Semi
Hosting" [3] pour les simulateurs de jeux d’instructions. Lintexasemi-hosting peut étre
réalisée avec une instruction spécifique qui peut étresééluniquement pendant la simu-
lation. Quand le simulateur de jeux d’instruction récupegtie instruction, au lieu de la
décoder et de I'exécuter directement, il appelle une fonctie "hooking" de I'héte pour
I'exécuter. Le "hooking" est une technique qui utilise ce bpreappellera des "hooks" pour
effectuer une série de procédures pour traiter un évenem@nés que I'évenement traité
se produit, le flot de contréle suit la série dans un ordreiBgée. En général, la plupart
des simulateurs utilisent ce moyen pour implémenter cextappels de fonctions qui ne
sont pas réalisés dans les environnements embarquésanbiese dans le simulateur MIPS
SPIM [21] et autres. Dans notre plateforme, cette fonctioakhinvoque le module héte
correspondant qui peut modifier le statut du processeurstidenées mémoire. Apres le
retour du module héte, I'application embarquée peut ptésémméme flot d’exécution que
la réalisation classique.
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Cette these présente une plateforme de simulation hybriggflspuement congue pour
résoudre le probleme d’adaptation du HAS dans la concegédinterface Matériel/Logi-
ciel. Cette plateforme hybride montre la flexibilité de maskition des périphériques d’E/S
et les avantages en termes du portages de l'interface du BAmme la flexibilité et la
facilité de portage sont deux propriétés importantes pawalidation du systeme lors des
premiéres phases de conception, notre plateforme de siarukg/bride montre ses qualités
pour le flot d’exploration des solutions d’'implémentatiantier.

9.5 Flot de migration des taches pour les architectures MP-
SoC hétérogenes

Migrer une tache d’'un processeur a un autre est considérneame fonctionalité clé d’'un
SE supportant un systeme basé surMeaki-processeurs Symétriqué€SMP). Cette capacité
peut équilibrer la charge de travail parmis différents es@aur réduire le temps d’inactivité
et atteindre une performance globale plus élevée.

Comme les formats des jeux d’instructions et les fichiers destres sont totalement
différents dans les plateformes MPSoC hétérogénes dessidl est impossible d’avoir
de la migration de tache dans celles-ci. Par exemple, le tada Fig. | 6.1 représente
une plateforme MPSoC hétérogéne générale qui inclue eiftés sortes de MCUs (micro-
contrbleurs), des DSPs et d’autres types de processearg.deinné que les jeux d’instruction
des MCUs et DSPs ne sont pas compatibles, les taches conmgiléesignées a des MCUs
ne peuvent pas étre migrées sur les DSPs méme si les DSPsattifsiet en attente de
nouvelles taches. Ce genre d’architectures basées sur uesysiemes est généralement
utilisé pour la plupart des plateformes hétérogeneesaanes.

Les propriétés d’hétérogénéité et I'équilibrage de la ghate travail étant essentielles
pour les plateformes MPSoC modernes, nous proposons uadadhavail qui peut fournir a
la fois des unités de calcul hétérogenes et une capacitégtation de taches. La contrainte
clé de la migration de taches réside dans le fait que le lelgsgisteme comme le SE et
les pilotes devraient étre capables de s’exécuter sur ésusrbcesseurs due l'architecture,
nous faisons en sorte que tous les processeurs partage ua coénr d’instructions et de
registres pour le logiciel systeme. En plus de cela, lesuosbns de calcul et les registres
(pour l'usage de I'application) peuvent étre totalemefffédents entre chaque processeur
pour fournir une accélération spécifique pour différentggslieations. Avec ce cadre de
travail, 'avantage que présentent 'hétérogénéité etdeation de taches peuvent étre tous
les deux exploités par notre plateforme.

Du point de vue de la réalisation, nous utilisons une archite MPSoC hétérogéne
basée sur des processeurs configurables. Comme tous lesgenaseétendus partagent
le méme coeur d’instructions qui peuvent étre utilisées ffouplémentation du systéme
d’exploitation satisfaisant toutes les contraintes ind@ssau SE et aux communications.

Le bas de la Fig.9.3 décrit une telle plateforme ou tous lesgmseurs configurables
exécutent le méme systeme d’exploitation et les tachesgme@tre migrées entre différents
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Figure 9.3: Architectures Matériel/Logiciel des MPSoCénégenes.
En haut: architecture basée sur de multiples sous-systémieas: architecture basée sur
plusieurs processeurs étendus différents

types de processeurs. Cette these aimerait donner uneidafiotmelle et plus de détails
sur la solution de migration de taches adoptée. Nous y d#wgiun flot de migration de
taches qui se concentre sur les architectures qui sontajénént utilisées pour les systemes
MPSoC a base de processeurs configurables. Les avantagpeegasetent I'hétérogénéité
et la flexibilité de type SMP peut étre atteinte avec ce flot dgation de taches.

9.6 Conclusion et travaux futurs

Comparés aux processeurs standards du marché, les prosessefigurables procurent
une plus grande flexibilité pour I'optimisation des appiicas dédiées. Etant donné que
cette propriété de configuration méne a un plus grand espagaémentations, cette these
présente une méthodologie de conception et de plateformesrulation spécifiquement
congues pour ce type de processeurs. Dans le chapitre 2pasoss 6 questions dont nous
donnons la réponse ici:

e Question: Combien de niveaux d’abstraction devrions nous avoir et cemtintégrer
ensemble les interfaces de programmation, les technslagiesimulation logicielles
et la modélisation interne pour un niveau d’abstractiom@én

Réponse: Dans cette thése, nous proposons 4 différents niveauxtddatisn qui
sont leNiveau Systeméliveau architecture virtuelleNiveau "Transaction accurate”
et Niveau "Cycle approximateAu niveau systeme, nous n’avons aucune informa-
tion d’architecture et toutes les taches sont connectéedgsacanaux FIFOs. Les
sous-systemes et communications inter-sous-systemensat@lisés au niveau Archi-
tecture Virtuelle. Les composants internes de chaque systéme sont modélisés au
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niveau "Transaction Accurate”. Au niveau "Cycle Approximatelistles parametres
sont fixés pour une architecture MPSoC. Pour la modélisatginiklle, le logiciel est
exécuté directement au niveau Systéme et Architectureelliet Au niveau "Trans-
action accurate”, nous pouvons exécuter le logiciel direete avec des informations
de temps ou utiliser des méthodes de traduction du binamardigues. Les simu-
lateurs de jeux d’instruction classiques sont utilisésrpawsimulation logicielle au
niveau "Cycle approximate”, pour atteindre la plus grandeigigdt de simulation.
L'expérience montre les capacités de modélisation et fardifice de vitesse de simu-
lation de ces quatre niveaux d’abstraction.

e Question: Comment construire des modéles de simulation de haut nivesudes
interfaces de programmation de haut niveau pour évitealairde portage du HdS?

Réponse: Dans cette these, nous soutenons que le travail de portablelgwest le
goulot d’étranglement du processus de conception de Sofdagle multiples pro-
cesseurs configurables. Pour les plateformes virtuelleddsasur des simulateurs de
jeu d’instruction, nous pouvons implémenter la plupart idésrfaces du HAL et les
pilotes de périphérique avec des modules SystemC qui spiginentées sur des ma-
chines hotes pour éviter trop d’'implémentations en langasgembleur. Avec les ap-
pels de fonction a exécution partielle sur la machine haienie par de nombreux sim-
ulateurs de jeux d’instructions, ces modules SystemC gap#lés quand I'exécution
partielle d’'une fonction sur la machine héte est déclenplagéée binaire cross-compilé
cible. L'expérience montre que notre méthode peut atteinde plus grande flexibil-
ité et éviter beaucoup de travail de portage pour modifier faitales architectures
MPSoC et la configuration du processeur.

e Questions: Comment définir les contraintes de chaque niveau d’absiraetiraffiner
toutes les contraintes de haut niveau en contraintes debplsimiveau? Comment
intégrer tous ces niveaux d’abstraction dans un unique 'Baptbration des solutions
d’'implémentation?

Réponse:Dans notre flot d’exploration des solutions d'implémemtatinous définis-
sons des contraintes a différents niveaux de granularité utfisant les 4 niveaux
d’abstraction proposés, nous pouvons raffiner la commtiaicater-taches au niveau
systeme. Au niveau architecture virtuelle, nous définisses sous-systemes et répar-
tissons les taches dessus. L'exploration des sous-sysiateenes est traité au niveau
"Transaction accurate" et tous les parameétres détaillésfis@s au niveau "Cycle
approximate". Etant donné que les différents niveaux dfabsbn reposent sur dif-
férentes technologies de simulation, le flot d’exploraties solutions d’implémentation
peut fournir différents résultats et vitesses de simufagiohaque étape pour économiser
du temps de simulation et des heures ingénieur.

e Question: Comment modéliser I'interface matériel/logiciel pour faer sa généra-
tion automatique et supporter les architectures complesasne les platformes MP-
SoC hétérogénes basées sur des processeurs configurables?
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Réponse: Dans cette these, nous proposons d’utiliser un graphe dendépce de
services (GDS) pour la modélisation matériel/logiciel. rEprésentant les entrées et
sorties des fonctions logicielles et des modules matérgsisc une offre de service
d’'une part et un besoin de service d’autre part. Cette métedaodélisation peut
faciliter la génération automatique de linterface matifiogiciel en permettant au
systeme de choisir automatiquement les bons composantsradpeSDG.

e Question: Comment rendre les MPSoCs hétérogénes plus flexibles enrdatine
fonctionnalité de migration de taches?

Réponse:La solution d’une répartition statique des taches n’esppéisnale pour les
plateformes MPSoC hétérogenes. Pour améliorer la perfarenen évitant I'inactivité

des processeurs, nous choisissons un type spécial deoptagsf hétérogenes dans
lequel chaque processeur est basé sur un méme coeur de jewtion mais avec
différentes instructions étendues. En respectant legseadg compatibilité des jeux
d’instruction, une tache peut étre migrée d’'un processeufautre avec différentes
extensions du jeu d’'instruction. L'expérience montre qagenflot de migration des
taches peut réduire efficacement le temps d’inactivitésspldteforme MPSoC hétérogene
avec uniguements des modifications dans le systéme d’éxipdboi.

Dans un futur proche, nous aimerions porter des appliceplus complexes comme I'encodeur
H264 et des applications de test pour vérifier et améliorendthodologie de conception
proposée. Avec les avancées des technologies de simylatols pouvons aussi modi-
fier la définition des niveaux d’abstraction et du flot d’explion du champ de solution
d’'implémentations pour bénéficier de I'évolution des tesbies sous-jacentes. Une direc-
tion d’investigation possible peut étre I'utilisation dechniques d’exécution dynamiques
pour bénéficier de la migration entre les processeurs lg&aes avec un jeu d’instruction
plus réduit.
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Glossaire

A

API Application Programming Interface.
An application programming interface is a set of declaratiof the functions that an
operating system, library or service provides to suppa@tests made by computer
programs.

ASIC Application-Specific Integrated Circuit.
An application-specific integrated circuit is an integoatércuit customized for a
particular use, rather than intended for general-purpsse u

C

CA Cycle Approximate.
CA level is the most detailed abstraction level in our mudtipbstraction levels design
space exploration flow.

CPU Central Processing Unit.
A central processing unit is a description of a class of logachines that can execute
computer programs.

D

DSP Digital Signal Processor.
A digital signal processor is a specialized microprocedssigned specifically for digital
signal processing, generally in real-time computing.

F

FIFO First In, First Out.
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Firstin first out is an abstraction in ways of organizing arahipulation of data relative
to time and prioritization.

G

GPP General Purpose Processor.
A general purpose processor is a processor that is not tied tategrated with, a
particular language or piece of software.

H

HAL Hardware abstraction layer.
A hardware abstraction layer is an abstraction layer, implgted in software, between
the physical hardware of a computer and the software thateorthat computer. Its
function is to hide differences in hardware from most of tperating system kernel, so
that most of the kernel-mode code does not need to be changed bn systems with
different hardware.

HdS Hardware-dependent Software.
Hardware-dependent software is the part of an operatirtgsyahich varies across
microprocessor boards and is comprised notably of devigerdrand boot code which
performs hardware initialization.

IDCT Inverse Discrete Cosine Transform.
A inverse discrete cosine transform expresses the oppwsitess of transforming a
sequence of finitely many data points in terms of a sum of edginctions oscillating at
different frequencies.

ILP Instruction-Level Parallelism.
Instruction-level parallelism is a measure of how many efaperations in a computer
program can be performed simultaneously.

ISR Interrupt Service Routine.
An interrupt service routine is a callback subroutine in perating system or device
driver whose execution is triggered by the reception of &riapt.

ISS Instruction Set Simulator.
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An Instruction Set Simulator is a simulation model which rnusthe behavior of a
mainframe or microprocessor by "reading” instructions amathtaining internal
variables which represent the processor’s registers.

ITRS International Technology Roadmap for Semiconductors.
The International Technology Roadmap for Semiconducterswk throughout the
world as the ITRS, is the fifteen-year assessment of the senhictor industry’s future
technology requirements. These future needs drive presgnstrategies for world-wide
research and development among manufacturers’ reseaibtiefs, universities, and
national labs.

J

JPEG Joint Photographic Experts Group.
JPEG is a commonly used method and standard of compressiphdtographic images
and is created by the joint photographic experts group.

M

MIMD Multiple Instruction stream, Multiple Data stream.

Multiple instruction stream multiple data stream is a tegha employed to achieve
thread level parallelism.

MJPEG Motion JPEG.
In multimedia, motion JPEG is an informal name for multingefiirmats where each

video frame or interlaced field of a digital video sequenceeigarately compressed as a
JPEG image.

MPSoC Multiprocessor System-on-chip.

The multiprocessor system-on-chip is a system-on-chiglvbhses multiple processors,
usually targeted for embedded aplications.

O

OS Operating System.
An operating system is the software component of a compygtes that is responsible

for the management and coordination of activities and tlagiisf of the resources of the
computer.
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R

RISC Reduced Instruction Set Computer.
Reduced instruction set computer represents a CPU desigegstemphasizing the
insight that simplified instructions which can be executed/\quickly to provide higher
performance.

RTL Register Transfer Level.
In integrated circuit design, register transfer level digsion is a way of describing the
operation of a synchronous digital circuit. In RTL desigmjrauit's behavior is defined
in terms of the flow of signals (or transfer of data) betweemlWare registers, and the
logical operations performed on those signals.

S

SIMD Single Instruction, Multiple Data.
Single instruction multiple data is a technique employeddaieve data level parallelism,
as in a vector processor.

SMP Symmetric Multiprocessing.
Symmetric multiprocessing involves a multiprocessor cotaeparchitecture where two
or more identical processors can connect to a single shaagdmemory.

SoC System-on-Chip.
System-on-chip refers to integrating all components ofrafmater or other electronic
system into a single integrated circuit (chip).

T

TA Transaction Accurate.
TA level is created for subsystem internal modeling withitigninformation.

TLM Transaction-Level Modeling.
Transaction-level modeling is a high-level approach to eliog digital systems where
details of communication among modules are separated fierddtails of the
implementation of functional units or of the communicatamchitecture.

TLP Thread-Level Parallelism.
Thread-level parallelism is a form of parallelization ohgouter code across multiple
processors in parallel computing environments. It focsisgsedistributing execution
processes (threads) across different parallel compubdgs
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V

VA Virtual Architecture.
The VA level is a more detailed abstraction level comparet e system level. The
most important difference is that the VA level includes sarzhitecture information.
VCI Virtual Component Interface.

Virtual component interface is a standard defined by thauslirSocket Interface Alliance
(VSIA). The overall objective is to obtain a general intedasuch that Intellectual

Property (IP), in the shape of Virtual Components (VCs) of angin, can be connected
to Systems-on-Chips of any chip integrator.
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Abstract: In the consumer electronics domain, we propose to use the multiprocgssamson-chip
solution with configurable processors and heterogeneous architetiusatisfy all the requirements
of performance, power consumption, cost and time-to-market. In this tllesiseterogeneous archi-
tectures are defined as a group of processors which are based gantbecore instruction set with
different extensions. Because of the configurability and the heteeogisness, the design space be-
comes extremely large and includes both software and hardware optimizatwos@ve this problem,
we build a design space exploration flow using 4 abstraction levels with efiffeletails and simu-
lation speed. As we find that thdardware-dependent SoftwafeldS) is the bottleneck in this flow,
a hybrid simulation method is introduced to avoid these HdS adaptation effarigivd realization
high performance and flexibility, we propose one task migration framewaoskioh one task can be
executed on several compatible processors with different extendedciisns. A Motion-JPEG case
study is used to validate all these works.

Key words: System-on-Chip, multiple processors, configurable processorspbeteousness,
abstraction levels, budget, design space exploration flow, hybrid simubaightask migration.

Résumé Dans le domaine de I'électronique pour la consommation de masse, les wnmsep
sont tenus de fournir des systemes embarqués qui doivent satigfaiegigences de performance, de
consommation, de co(t et de temps de mise sur le marché. Pour satisfairetsutagences, nous
nous concentrons sur les systémes sur puce multi-processeurs (B)RSodse de processeurs con-
figurables. Dans cette thése, les architectures hétérogénes saesd#fimme des architectures mul-
tiprocesseur a base de processeurs qui sont basées sur le méniesjeuctions avec des extensions
différentes. Cette thése tente de résoudre certaines des difficult&esaes |'utilisation de pro-
cesseurs configurables et les architectures hétérogénes. Daliedarthitectures, le champ des so-
lutions d’implémentation devient extrémement large et inclut aussi bien des atonislogicielles
gue des optimisations matérielles. C’est pourquoi nous présentonsadixigd@bstraction différents
avec des niveaux de détail et des vitesses de simulation différentegapditer I'exploration des
différentes solutions d’implémentation. Une méthode de simulation hybride asnégnt intégrée a
ces niveaux d’abstraction pour éviter les efforts d’adaptation du ldgiéfendant du matériel durant
I'exploration. Pour que I'implémentation choisie soit hautement performarftexdle, nous pro-
posons un schéma de migration de taches dans lequel une tache pexd@itéesur plusieurs pro-
cesseurs compatibles avec différentes extensions d'instructions. gphieation décodeur Motion-
JPEG a été utilisée pour valider ces travaux.

Mots clés Systéeme sur Puce, multi-processeurs, processeurs configuheisgénéité, niveaux
d’abstraction, budget, flot d’exploration des solutions d'implémentatiomsjlation hybride et mi-
gration de taches.
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