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Abstract

Increasingystem complexityand stringent timé¢o-market pressure bring dha
lenges to the design productivity of réshe embeddedystemsVariousSystem
Level Design(SLD), SystemLevel Design Languges (SLDL)and Transaction
Level Modelling (TLM) approaches have been proposedenabling tools for
reattime embedded system specification, simulation, implementation and- verif
cation SLDL-basedRealTime Operating SystenRTOS modelling and simal-
tion arekey methodso understandlynamic scheduling and timing issues in teal
time softwarebehaviourakimulationduring SLD. However, arrent SLDL-based
RTOS simulationapproacheslo not supporteattime softwaresimulation ae-
quately in terms of botfunctionality and accuragye.g., simplistic RTOS fun
tionality or annotatiordependent software time advance.

This thesis is concerned wiBystemGbasedbehaviouraimodelling and sim-
lation of realtime embedded software, fodtng uponRTOSs. The RTOScentric
simulationapproactcansupport flexiblefastand accurateeattime softwaretim-
ing and functionasimulation Theycanhelpsoftware desigersto undertakeeal
time software prototypingt earlydesignphases

The contributions in this thesiseafourfold.

Firstly, we propose a mixed timing retime software modelling and sinasl
tion approactwith various timing related techniquyeghich are suitablefor early
softwaremodelling andsimulation We show that thisppproachnot only avoids
the accuracy drawback in some existingthodsbut also maintains a high sim
lation performance.

Secondly, we proposelave CPU Modelto assist softwarbehaviouratiming
modelling and simulationit supports interruptibleand accuratesoftwaretiming
simulationin SydgemC andextends modelling capability of the mixed timing-a

proach for HW/SW interactions.



Thirdly, we propose &TOScentricreattime embeddedsoftware simulation
model It provides a systematic approach for buildmgdularsoftware (including
both application tasks and RTOS) simulation models in Systénfiéxibly sup-
ports mixed timing application task modelEhe functions and timing overheads
of the RTOS model are carefully designed amhsideredWe show thatthe
RTOScentic modelis both convenient and accurate for raale software sin-
lation.

Fourthly, we integrateTLM communication interfaces in thseftwaremodels
which extend the proposed RT@®ntric software simulation model for SW/HW
inter-module TLMcommunication modelling.

As a whole this thesis focusean RTOS and realime software modelling and
simulation in the context of Systentfased SLDand provides guidance to sof
ware developerabouthow toutilise this approach in their retine softwarede-
velopment Thevarious aspects oksearch workn this thesis constitute an @t
grated software Processing Element (PE) madtdroperable with existing TLM

hardware and communication made.
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Chapter 1

Introduction

1.1 General Background

No matter whether or noby are aware of the networked printer in your office,
the electronic stability program in your car or the portable media player in the
palm of your hand, over the past decades embedded systems havedresinape
everyday work, life angblay. Embedded systems are spegiaipose computer
based information processing systepesformng some predefined tasksand of-
ten built into enclosing product$16]. They arewidely integrated into various
product categoriessuch as transportation vehicles, telecommunication devices,
industrial equipment, home appliances, etc. It is estimated that embedded systems
consume more than 99% of the manufactured processors in the [vojldBe-
sides these invisible embedded systems, consumer electronics (e.g., handheld
computers, mobile internet devices, and smarinphpcan be also seen as -self
contained embedded $gms in terms of their similarandware(HW) components.
Embedded systems amsually designed with resourcenstrained hardware and
low-extensible softwar¢SW), and are optimised to work with specifiequire-
ments for dedicated applications. These characteristics make embedded systems
distinct from generapurpose computer systenfier instancepersonal computers
work stations and servers

A special category of embedded systems is classified agahttnme embe-
ded system, which can be distinguished by its requirement to respond to external
environment in real time. Bt er m-tirmeal | eads oulmeattent.i
Systems (RTSs), which usually occur in company with embedded systems. There

are \arious interpretations of whatarg¢ali me system i s, rhowever



actions wi

world environment. These events are then processed inside the RTS andi-appropr
ate actions finally rgpond. Timing requirementsieanthat the coresponding
output must be generated frothe input within a finite and specified timing
bound, giving the deterministic timing behaviour. The correctness of a BTS d

pends not only on the computation result, dab @n the time whethe result is

t h

two essential characteristi€s7]. A RTS receives physical events from the teal

t he

produce-tli méiRedbes

ti meo. Nei

of embedded systems have reale requirements, and masiattime systems are
embedded in product#t their intersectiorare RealTime EmbeddedSystens
(RTES) The Operating System (OS) used IRBESis usually a Realime Op-
erating System (RTOS), which supports the constructioRT#s[16]. RTESs

t her a

real worl do

not me an ias

too | ate output

and RTOSs arthe general context for this thesis

From theperspectiveof systemdesign, an embedded system is constructed
from various hardware and softwacemponents. As illustrated iRigure 1-1,
they can beclassifiedinto four reference layergl8]. The architecturef an en-
bedded system represents an abstraanodel including all embedded cooip
nents. It introduces relationskifpetweenabstract hardware and software-el

ments without implementation details.

All embedded systems have a hardware layer, which contains electromics co

ponents and circuits locatea a Printed Circuit Board (PCB) or on an Integrated

task, task, tasks
Distributed comp.|| ~ Servers |
| RTOS |
| Device Drivers || Frmware |

| /O || GPP || ASC || Qock |
L L L L

| Merlnory I Controllers |

Application software layer

Middleware layer

} System software layer

Hardware layer

Figurel-1. Typical layers of an embedded system
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Circuit (IC). Although some timeritical or powerhungry portions of a system

can be implemented with customised applicaspacifc hardware (e.g., Appl&
tion-Specific Integrated Circuits (ASICs), idfd-Programmable Gate Arrays
(FPGAS)), most embedded systems mainly function through software running on
embedded Generaurpose Programmable Processors (GPPs) (e.g., Centcal Pro
essing Units (CPU9)r Digital Signal Processors (DSPs)). With the develepim

of the microelectronics industry, SystemsChips (SoCs) have emerged as the
stateof-the-art implementation of embedded systems. A SoC is an integrated ci
cuit combining multiple GPPs, customised cores, memories, peripheral interfaces,
as well as comunication fabric, albn a single silicon chip, which providesisu
stantial computation capability for handling complex concurrentweald events.
Comparingthe different embedded hardware solutions as indicated alappé;
cationspecific hardware offies high computing performance and low powen<o
sumption at the expense of limited programming flexibility, whii®Psoffer
higher design flexibilityand lower Non-Recurring Engineering (NRE) castbut

with a relatively low computing capabilif{6].

In general, embedded software cargbeupednto threelayers: the application
software layerthe middleware layegnd the system software lay@&he applia-
tion functions of an embedded systeonsistof atask or asetof tasks.

Middleware is an optional layemder applicatiorsoftwarebut on top of sg-
tem software. Middleware provides general services for applications, such as
flexible schedulind19], distribued computinge.g., RealTime Common Object
Request Broker Architecture (RTORBA) [20]), andJava application envime
ment (e.g., Reallime Specification for Java (RTSJ21]). Using middleware
technologies hastrengths to reduce complexity of applications, simptifigra-
tion of applicatiors, and ensure correct implemetida of reusabldunctions.

The system software layer is sandwiched between tlppel software and
bottomlayer hardware. It usually contains device drivemmot firmware and
RTOS which closely interact with the hardware platfoithis kind of softwae is
also called Hardwardependent Software (Hd322]. Device drivers,e.g., a
Board Support Package (BSP) for a given platform, are tegance between any

software and underlying hardware. They are the software libraries that take charge



of initialising hardware and managing direct access to hardware for higher layers
of software[18]. Boot firmware, e.g., the &ic I/O System (BIOS) carries out

the initial selftest process foan embedded system and initiates REOS It is
usually stored in the Red&dnly Memory (ROM).

Regarding the RTOS} iis unnecessary and cesefficient to introduce a
RTOS in some small embedded devices, where an infinite loop program with the
polling policy for Input/Output (I/O) events may work wgi3]. However, in o
der to satisfithe complex functional requirements and timing constraintsdior
currentreaktime software executionthe RTOS has become an essential @@mp
nent in mostembedded systemslere, concurrenteattime software execution
refers to situations thatunder thecontrol of a RTOSmultiple tasks either share a
uniprocessor in interleaving steps or execute on multiple processors in parallel. A
RTOS is needed tgorovide convenient interfaseand comprehensive control
mechanisms to let applicatientilise and shardardware and software resources
effectively and reliably. Thé&ernelis the core element of a RTOS and contains
the most essential functions. most kernelsthereis the notion of task priority,
dynamicpre-emptivescheduling services, synchronisatiomptives, timing se-
vices, and interrupt handling servicisl] [25] [26]. Other OS featuresuch as
memory management, file systems, device 1/O etc. are often optional in a RTOS
in order to maintain its compactness and scalability. As a central part of the real
time embedded software stack, a RDOS  tming behaviouralso needs to be
predictdble and computabldesigneranust know some important RTOS timing
properties,for example,the context switch timeyWorstCase Execution Times
(WCETSs) of system callghe interrupt handling latencgndthe maximum inte-
rupts disabled timeetc. Hence,they cananalyse and evaluate the rtiate pe-
formance of the whole system.

The research in this thesis will investigate how to model RkK&8el func-
tional and timing behavioursn order to support higkevel realtime software

simulationin a uniprocess system.



1.2 Challenges inEmbeddedSystemDesign

In recent years, the complexity of embeddsoftware has increased rapidly.
According to the International Technology Roadmap for Semiconductors (ITRS)
2007 Edition(ITRS 2007) embedded softwar ethedsgsi gn ha
critical challenge of SoC productiviyf4]. For many products of consumer@le
tronics, the amount of software per product is thoughteaouble every two
years[27]. The GeneralMotor Information Systems CTO predicts that therave
age ar, with one million lines of software codes in 1990, will run on one hundred
million lines by 2010[28]. Figure 1-2 shows growing trends &dmbeddedsoft-
ware complexity in motor and mobile phone indigstr

Program Size Software Sizes of Cellular Phones
* + Content

A Internat, TV, Gaming,

= Mulimedia Online, Distribution

Audio @ Application
¢ @ Modem

«+Video
Data Services

"+ MMS, Imaging

Veics, SMS i H
T T
2000

1996 2004 2008
Year
Automobile software size increase Mobile phone software size increase
(Toyota) (Infineon)

Figure1-2. Embedded software size increaseindustry (reprin{5] [10])

In addition to the overwhelming system complexitye timeto-marketpres-
sure is another overriding priority in contemporary embedded systems mlevelo
ment[10] [29]. If the projected delivery date is missed, it results not only in an
increase of design costs but also a decreas®dfet share. This pressure is even

tougher for embedded software desig§mcein atraditional hardwardirst design

Software
development

revising

- wait for
< conceptuatiesign - Watlor

System
integration

‘ System Architecture
testing

specification design

Hardware development

Figure1-3. The hardwardirst design process



log # | Additional SW required for HW

s 2610 months
LoC SW/Chip

Technology capabilities
2x¢/36 months

HW design productivity
Filling with IP and memory

HW desigh productivity

————— SW productivity
25 years

time

1981
1985
1989
1993
1997
2001
2005
2009
2013
2017

Figurel-4. Gaps between the design complexity and product{wéyrint[4])

flow (see Figure 1-3), the software developmemtannot go through until the
hardware prototype is availabl€his meanghat software designers often face
imminent product delivery deadling30].

There is also a big gap between egeswing semiconductor fabrication ap
bility and the design productivity of embedded systemdugieg bothHW and
SW aspecis[31]. The ITRS 2007 presents a summary about hardware and sof
ware design gapandFigure1-4 is the pictorial illustration[4]. In Figure 1-4, re-
garding theHW design aspecthée cuttingedge embeddedW advancements and
design methodologies, e.g., mudtire/processor components afhutellectual
Property (P) reuse, have somewhat narrowed the distance betderesign
productivity and HW technologycapdilities. Unfortunately, although enormous
SW complexity has already been exacerbated, thi@¥eadvances further increase
demand foHdS developmeh As what is shown in the figure, SWoductivity is
further behind thesteeplyincreasingSW complexity An industrial reporieven
indicates that rapidly increasing software design efforts may exceed the cost of
hardware development when IC technologieslve from deep submicrestale

to nanescale[29].



1.3 SystemL evel Design Methodologies

Motivated by the challenges outlined above, since the 1990s, Sksterh
Design (SLD), or saalled Electronic Systethevel design (ESL), and ca+
sponding Systerhevel Design Languages (SLDLs) have been developedaas en
bling tools for embedded system sjfieation, simulation, implementation and
verification[32].
In the view of Electronic Design Automation (EDA) industBy,D is indicated
atha new | evel of abstradtriamrs f ad4f.dhise vieh & f
definition reflects a hardwaeentric viewpoint. A more complete definitiome
phasisegithe concurrent haware and software design interactivas a guiding
concept in &LD procesq17], tha is, the HW/SW codesign[33] philosghy is

inherent inSLD methodologies.

1.3.1 Raising Abstraction Levels

Raising system abstraction to higher levels is a traditionally intuitive solution
to cope with design compleyitin the area of digital electronic design, alistra
tion levelswent from the tansistor modein the 1970s to the gatelevel modelin
the 1980s, to the Regist&€ransfer Level (RTL) models in the 1990s, and latterly
to the higher systerevel modeld17]. Higherlevel abstractions focus on critical
systemwide behaviour and ignore unnecessary-level implementation details
at early design tine System behavioarare represented by executable models.
These models are continuously refined and evaluated through simulatioe-and d
tails are gradually added in tllesignprocess, whictenablesarly and fast val
dation of the systenfid4]. The current RTL Hardware Description Languages
(HDLs) (e.g., Verilog[35] and VHDL [36]) are believed too low and time
consumingto descrilte hardwareat early development stag¢37]. Furthermore,
despite expressive features of RTL HDLs for hardware development, they fail to
support description and validation of an entire system, including both hardware
and embedded software, which is a kegessityin systemlevel design.Conse-
quently SLDLs (e.g., System(38] and Spec(39]) have been developed topsu
port unified highlevel HW/SW specification, modelling, simulation, verification



and synthesis in recent yeals.this thesis, SystemC is the reseatl for soft-

ware modelling and simulation.

1.3.2 Orthogonal Concegs in System-Level Design

SLD aims to separate orthogonal design concerns in order to allow independent
and swift exploration of alternative solutiof#)]. At a specific design stagefdi
ferent design aspects may not require the same level of abstraction. Consequently,
separating design issues and building independent abstract models neavanly
design timebut also achieve better simulation performance when various models
are simulated together. The following two classical separation ideas arefmost o
ten referred to ir5LD:

Functionality versusarchitecture[41] (also calledApplication and Platform
Implementatior{17]): According to the definitions put forward [A0] [42], the
functionality aspect refers to what basic tasks a system is suppos#a i.e.,
specification;whereasthe architectureaspect refers to how to these tasks by
configuring resources, i.e., implementation.ShD, there are often a series of
mapping and refinement steps betweefunctional specification modaind the
final implementatiorarchitecture The motivation of this orthogonal separatien
for design reuse and flexibility. Supposing foactionality is defined in a sep
rate specificationomodel, designers can explore many possible architectureimpl
mentations with different performance and astibutes As well, if several basic
HW or SW architecture implementations can construct some generic clusters, i.e.,
components and platforms, then they could be reused for a variety of applications
[40].

Computatiorversuscommunicatiorf7]: The central idea i® develop comp-
tation and communication independently by hiding their detail® each other.
Computation components, either hardware or software, are modelled as modules
(i.e., Processing Elements (PEs)) that contain a set of concurrent processes.
Communication components such as buses echgm networks are modelled
based on kmc abstract elements, e.gorts, channels, and interfac€mpus-
tion modules communicate by transferring data transactions through thase co

munication infrastructures. This separation introduces an important and widely



acceptedSLD approachTransactio-Level Modelling TLM) [3]. TLM methods
often define a number of intermediate computation and commatioricmodels

for simulation in a design flow. At each level, models include necessacy fun
tional and timing details for a specific design stage. An important TLM research
topic is the tradeff between simulation performance and the accuracy ofrdiffe
ent nodels. Theesearchn this thesis is also concerned with this tradfe

1.3.3 SystemL evel DesignFlows

Systemlevel design flow is a process containing multiple design steps, during
which an embedded system is gradually transformed from a conceptual specific
tion to a final product. At each design step, desigeecsessivelpuild, simulate
and refine various abstract models in order to validate system propertiesesarly b
fore detailed implementatidd3]. Ther e i s not a generally
template The startig and endinglesignpointsalsovary in differentSLD theo-
ries and practices. This is becaasspecific design processlargely dependent
on its applying domains and contaxte.g., reusing an existing platform may
shorten the design flow. There ar®lpably as many systefavel design flows as
there are researchers and projects. Nevertheless, we can observe thaé-many r
searchworks [43] [44] [45] [46] [47] generally group dggn activities into three
top-down phases with corresponding models: the system specification phase
(specification models), the architecture exploration phase (architecture models),
and the architecture implementation phase (implementation moBasye 1-5
outlines a typical systetievel design flowincluding above three phasekhe e-
search in[48] [49] presents a different view of systdavel design flow which
excludes the implementation phase. TWiswpointin fact reflects the status of
currentsystemlevel design communityhat existing SLD methodologies arstill
not mature enough to effectively cover all phases from system specification to
implementation.

At the system specification phase, the embeddgds t plandedfunctions
and requirements are clarified and written in documents or models. Natwal la
guages are used in documents, whilst some computer specification languages (e.g.,
Unified Modelling Language (UML]50], MATLAB [51], SpecC[39], Rosetta
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[52]) can bealsoused toproduce formal or executable models. These models can
describe behaviour of a system and may become a vehicle festepxsystem
refinement.

The architecture exploration phase;cadled hardware/software partitioning
and mapping phase, is concerned with how to Histei system functions between
hardware and software, i.®©gsignSpaceExploration (DSE). This phasecan be
further divided into the prgpartitioning step, the partitioning step, and the post
partitioning stepaccordingto a detailed design flow explanation[82]. Usually,
this designphasestarts from a uniéd abstract TLM model, which comprises a set
of PEs for computation and channels for communications@R& modelsare
explored to implement in either HW (i.@pplicationspecifichardware logis) or

1C



SW (i.e., programs running onGPB, and channel mads are tried with various
abstract communication topologies and protocols. These TLM models ars-succe
sively refined, with timing information and implementation details added. Various
alternatives are simulated in order to evaluatd analyseliverse syeem chara-
teristics e.g., functional correctnesscheduling decisions, retine performance,
power consumption, chip areand communication bandwidth, etc. Once &=y

t emdés fhave been partitisned and mapped onto some hardware and sof
wareelementsa golden architecture modgl6] comes into being anithe imple-
mentationstep is ready tbegin.This thesis studies RTOS and r&ale software
behavioural modelling and simulation, which can be seenbeirg after
paritionedTLM software PE computation research in #nehitecture exploration
phase Our researcthas somerelevance to current SLD and TLM research, in
terms of comparable abstract modelling styles, fast simulation performaace, re
sonable accuracy, and semnteroperability with other systelavel abstract
hardware and communication models.

In the architecture implementation phapeeviousarchitectural models are
transformed into lowelevel models in automated synthesis for final prodoct i
plementation dsign and manufacturing. For the hardware aspect, the developing
high-level synthesis (sometimes also referred to as Electronic Systeeh syn-
thesis, system synthesis, behavioural synthesis) technologies aim to synthesise
HW models in the form of higlevel languagege.g.,C, C++, SpecCG SystemQ@
into synthesisable RTL descript®nRTL descriptios areinput of the existing
ARTLt o L adesigun flow[32]. This automadd high-level synthesigprocess
connecs systemlevel design with the current design flow in order to produce a
tual integrated circuits. Although there is a substantial body of researchirwork
this domain automatic higHevel synthesis is still thought to be not mat[58]
and iheges gaified industrial relevangg¢54]. In SLDL-based systetevel
design, communication synthegalso known as interface synthesis) aims to map
TLM channels or similar highevel interfaces to a set of synthesisable cycle
accuratesoftware protocols and RTLdescriptionsof target communicationot
pologies[55]. There are several approachiegardingbusbased communication
synthesis[56] [57] and onchip communication networks syntheg&8] [59].

11



More complete surveys on this topic can be founfb#4j and[17]. In high-level
software synthesignamely target software generatioembeddedsoftwae (in-
cluding the applications, RTOS and othétdS) implementation models (i.e.,
C/C++ codeghat areready tobe compiled into binaries foratarget instruction set)
can be generated from TLM software PE modeittenin SLDLs[60] [61]. Sev-
eral approachebaveinvestigatedembedded softwartarget code generatipm
which SLDL functions orgeneric RTOS services in TLM models are mapged
translatedo the Application Program Interfad@PI) of aspecfic RTOS[43] [62]
[63] [64] [65].

1.4 SystemL evel Design Languages

The need for efficient and effectigpecification, modelling, simulation, verif
cation and synthesis BLD hasled to manySLDLs. In general, SLDLs provide a
collection of libraries of data types, modular components, and disaretd ke-
nels to model an entire HW/SW system and simulateaayc system behaviour
at a higher level of abstractionsing SLDLs enhances system design producti
ity by represenihg a whole systenin expressive programming models goe-
sentingdiverse traceable rduiime information through simulation.

Inspired by he need to describe boHW and SW parts with a general pf
gramming language, C/C++ based design and specification langigagesSg-
temC and SpecQ)ave been developed and used by the design community. It is
attractive to extend C/C++ for hardware adnenunication design exploration in
SLD, since they are already familiar to software designers. These C/C++ based
SLDLs are equipped with builb hardware descriptiooonstructs such as signals,
ports, clocks, explicit parallisins and the structural hiechy for system mode

ling.

14.1 SystemC

SystemCis the most commonly used C-based SLDLIt has been in dele
opment by the association Open SystemC Initiative (OSCI) 4i9@8[38]. In its
early days, the initial System@rsions 0.9 and 1.0 concentrated on describing
hardwarecentric RTL featuresvith the goalto replace Verilogand VHDL as a
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new HDL, so as to realise higkvel synthesisFromthe version 2.0, its focus
changed to higtevel computation and communicationodelling and becamena
effective SLDL. It was approved asndEEE standard in 208 [66] and is cu
rently thede facto ndustry standard fdESL specification, modelling, simulatn,
verification and synthesis.

The syntax of SystemC msed a thestandard C++anguage.tlis not a brand
new language but a set of C++ libraries together with a disevetet simulation
kernel that is also built with C++. A mixture ebftware programsvritten with
SystemC and C++ can be compiled by a standard €ompiler (e.g., GC@r
Visual C++) and linked with SystemC libraries in order to genexatexecutable
simulation program

A module(SC_MODULE namely a class, is thmsic SystemCahguage oo
struct to describe amdependenfunctional componentlit contains a variety of
elements to define behaviour and structure of a medgl,data variablesgcom-
putation processescommunicationports and interfaces, etc. SystemGsupports
the hierarchicaimodelstructure, which means a parent module can ircinstan-
tiations of other modules as member data. This characteristic is helpful to break
down a large systeminto manageable suimodels. The main SystemC meeh
nisms for inte-module communicationgrechannelssc_channel ), which can
be either ssimplesignal (sc_signal ) or a complex hierarchical structusach
asthe Advanced Microcontroller Bus ArchitectufAMBA) bus[67]. The can-
munication methods implemented lbhannelsare namednterfaces which are
abstract classes declaring pure virtual methodsna@dlule accessea channel
through aport by calling interface methods. In this wasgmputation and c¢o-
municationcan be explicitly separated and modelle&ystemC

SystemC uses a discretevent simulation kernel which relies on a co
operative so-called co-routine, executn model[68]. It does not suppos prior-
ity assignment or premption. Only one SystemC process can execute at a time.
The executing process cannot bejgrapted or interrupted by either the kernel or
another proces processonly yields contol to the kernel bycalling wait-for-
time andwait-for-eventfunctionsat its own will. When two processes are ready at

the same timén simulation it is nondeterministicwhich process will be chosen
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to run by the simulation kernel. This particular @weristic is suitable fgpard-

lel hardwareoperations and outperforms a feptivesimulation kerneln terms

of fast smulation speedbecause of less context switch overls{éd]. However,

it is not applicable foconcurrentreattime software simulationwhich requires
preemptive and deterministischeduling servicesThis deficieng/ can be prb-
lematic when importing legacy retiine software into SystemCome research
pessimistically abandoned rdahe software simulation in System70].
Whereas, many researchdérave presented various remedies on this problem to
some extent, e.g., extending the SystemC language with process control constructs
[71], revisingthe SystemC simulation kern@9] [68], implementing RTOS fus:
tions on top ofthe SystemC library[72] [73]. This thesis presents a morento

pletesolution in thdastdirection.

1.4.2 SpecC

SpecC is a system specification and description language that operates as an
extension of standard C langud86]. The SpecC language and associated design
methodologies were originally developed at the University of California Irvine
beginnng in the mid1990s and continuing up to the present day. In contrast to
SystemC, SpecC introduces new keywords to C language, so it needs a special
SpecC Reference Compilgf4]. Many design corepts (e.g., separation ofre
munication and computation) and language constructs (e.g., modular str#cture d
scriptions) of SpecC are either possessed or adoptin idevelopment of Sy
temC As well, both SpecC and SystemC can fulfil multiple level $pation,
verification and synthesis tasks SLD and TLM Their similarities and diffe-

encesareintroducel and compaed in[44].

1.4.3 SystenVerilog

Arising from the semiconductor and electronic design industry, SystemVerilog
is a hardware description and verification language based on extensions of Ve
ilog [75]. In addition to features available in the class\éatilog, SystemVerilog
provides new verification and objeatiented programming facilities, such as a

sertions, coverage, constrained random generation, -inuikkl/nchronisation
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primitives and classes. Although SystemVerilog offers both internal ebject
oriented software features and a direct programming interface to call external C
functions, its scope is mostly constrained to hardware design, simulation and ver
fication[76] [32].

1.5 Software Simulation in SystemLevel Design

In SLD, simulation approaches lie at the heart of many methodologies.a&imul
tion techniques are traditional and useful tools for debugging, validation, and ver
fication [32] [44] [77]. They are successively applied at eachsgin the design
flow. A set of simulation models is built to represeehavioursof various co-
ponents or the whole system. By executing these simulation models, output values
for given input patterns amgeneratedand observed. The correctness and igual
of output values are evaluatedorderto ensure that specified requirements have
been fulfilled in the models. These results can also help designers to explore and
trade off differentlesignalternatives throughimulationexperiments.

Today, most sibware simulation approaches 8LD can be classified into two
categories Instruction Set Simulain (ISS) and behavioural simulatiom this
thesis, theeattime softwaremodelling andsimulation research falls into the-la

ter category.

15.1 Instruction Set Software Simulation

In ISS, a clock cyckaccurate processor model runs on a host machine, which
mimics the behaviour ofa targetprocessoby fexecuti ngdhei t s
internal architecturef the target processor (g.general registers, statregisters)
alongside memory space (i.e., storing execution binaries for a target and local
variables) are both modelled at the Instruction Set Architecture (ISA) levek-Som
times, peripheral models such as timers, interrupts, and /O ports are also int
grated into an ISSo that it canprovide more completeeatures for software
simulation.

Most commercial ISSs are based on the interpretation techpi@ueAn ISS
reads target instructions from its memapaceand executes in an interpretive

i F e-DexddeDispatchE x e ¢ u t e on opderto cimwdasebehaviour of m-
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Figure1-6. Interpretive instruction set software simulation

structionsbeing executedn a target machine, as shownFigure 1-6. The main
advantages of ISS simulation are fgined functional and timing accurasy
various ISS simulators are traditionally used by software programmers to debug
crosscompiled targeprograms instead of using real hardwaked in systern
level design ISS simulators can be seas reference to evaluate othecorre-
spondingcycle-approximate simulators. However, simulation performaisca
drawbackof the ISS approachbecausdts interpretive simulation process incurs a
large overhead. Typically, they run on the order of 100K cycles per s¢td@hd
which is not a satisfactory speed for simulating large amounts of sofinvays-
temlevel design79]. BesidesanISS simulator needs a detailed el pra-
essorsimulationmodel, which may not bavailable at thelesired highevel of
abstraction in early design stages

The host compilatiorbased ISS is an improved approdshaddressing the
performance disadvantage wéditional interpretivelSS methods[80]. The ca-
tral idea of thistechniquei s t o transl ate target machi ned
ma ¢ h i nseftvarecampiletime. This binanto-binary translation avoids big
runtime overheads ahe interpretive process in simulationenceresulting in a
faster simulation speed. Thest compilationSS research irj80] repors a three
ordersof magnitude speedupompared tanterpretivelSS. Unfortunately, there

are also some deficiencies to this approach. This technique assunsextthate
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does not changat run time, as a result it is not sed to seHmodifying cod€80].

Poor portability is another problem, because a compiled ISS is not applicable for
processors with different instruction s¢tg] [81]. ThelnstructionSet Compiled
Simulation (ISCS)[81] technique combines theegormance of a compilatien
based approach with the flexibility of an interpretive ISS, by movegdecode

step to compiletime and carrying duvarious compiletime optimisations. It
claims a 70% simulation performance improvement compared with the best
known results in its domain. However, it still faces challenges in terms of both a
long compilation time and a large memory usggg. In general, the simulation
peformance of ISSapproachess perceived as a bottleneck for a rapid design

space exploration at the system lg\vél] [82].

1.5.2 Behavioural Software Simulation

In systemlevel design, there is always a need for fast fexble software
validation, whichcan beprovided by behavioural software simulation. Its siaaul
tion performance is usually several orders of magnitude faster than th@4SS a
proach, for example, one order spegdin [83], three orders speag in [84],
and three to five orders speed in [85]. Its modelling accuracy and spee@ ar
flexible in various approaches, which indeed depend on the specific modelling
abstraction levels and technigues. In behavioural software simulationlekiglh
embedded software source code (e.g., in C/C++ or SLDL) is compiled for and
natively executs on a host workstation or a PC. In many cases, behavioutal sof
ware simulation is based on the support of a SLDL simulation framevibek
targetCPU hardware architectunmodel is notdirectly usefd for native software
execution,henceis oftennot modelle in a software PE modeThis methodis
unlike the detailed processor modappearedn ISS simulationFigure1-7 shows
the simulationmechanism of a typical discretéeentSLDL simulator,which in-
cludes three main steps, i.e., evahmtand scheda of a process, execot in
zerotarget time, and taggsimulationtime advance

From the perspective of abstract embedded procassidii.M communication
modelling, Schirnersummariseshree major issues related to a fast sysievsl

software simulation i.e., timed native softwareexecution, dynamicsoftware
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Figurel-7. The SLDL-basedbehaviourakoftwaresimulation

scheduling, and externdLM communicatior79]. We will adapt them to reflect

our software/RTOSentricresearch perspective the followingsection

1.6 Research Objective and Contribution

This thesisfocuseson modelling and simulatindunctional and timing belva
iours of reattime embedded softwarecluding the RTOSWe concludehe most
important isuesas

1 Timed software simulatiorthis refers totimed modeling and simulang
reaktime software in the SLDL environment;

1 RTOS modellingthis enlarged topic should not only provide rgale
scheduling servicelsut also support other typical RTOS services necessary
for reattime softwaresimulation

1 Interrupt handling from a software simulation perspectivée tinterrupt
Reques({IRQ) based HW/SW synchronisati¢86] is the most essentiake

ternal communication protocol
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1.6.1 Timed Software Simulation

As show in Figure1-7, in SLDL-based timed software simulation, embedded
software (both applications and the RTOS) is organ{sgdpped)into several
concurrent processes in a SLDL simulation framework. These processes natively
execute on the host undée supervision of a eoperative SLDL simulation ke
nel. Since the desired timing behaviaitargetsoftware executiocannot be d
rectly represented in native software execution, estimated software execution
costs (time delays) on the target are mdyual automatically annotated torre-
spondingcodesegment®f simulation processes. These time delays are executed
by SLDL wait(delay) statement#n orderto suspend the calling process, pass co
trol to the kernel, and advance the simulator cl@kthis way, timingbehaviour
of realsoftwareexecutionon the targetnachines simulated

According to the above descriptiom this coeoperative SLDL execution
model,a number ofvait(delay) statementare annotatethto softwareprocesses
when buildingthe model Theyin effect predefinesynchronisation pointsetween
softwareprocesses and the SLIMernel Softwareprocessesan only yield the
running statusit these pointat simulation rutime and the simulatdime is pro-
gressed according to trenrotated delays without an interrupt possibilifyhis
annotatiordependensoftwaretime advance method makes it hard to model a
pre-emptive reatime system. The intuitive but halfway solutions tackle thi®pro
lem by using morevait() statements with fingraineddelaysto advance SW time
[87], or by inserting some imperative synchronisation pdjgis However, the
timing accuracy is limitedly enhanced at the cost of large modelling (moreaannot
tion and synchronisation) and simulation (frequent simulation kernel context

switch) overheads.

1.6.2 RTOS Modelling

A RTOS simulation model is a keyoint for dynamc scheduling and timing
issues inbehaviourakeattime software simulatiorf72] [77]. This is kecause the
RTOS6s cruci al r-tioné softwiardayegsimbteznts dfdagk nrae a |
agementpre-emptiveschedulingjnter-task communicatiomnd synchronisation,

etc. Whereas, grrent SLDLsimulation frameworksnd related RTOS simulation
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modek do not, in general, suppoRTOS smulation adequately. There exist some
problems in this area, which affect the functional and timing accuracy of models,
as well as their simulation performance.

For example, from the perspective of maximising flexibilitysystemlevel
design, designsrmay want to simulate multiple types application modelsot
gether.Current RTOS modelling researdoes not address this issue sufficiently
andis incapable of integrating abstract task models {iad or simple task fury
tions with coarsegrained execution time estima}emnd nativecodetask models
(i.e., fully functional taskswith fine-graineddelay annotations) in one simulator.

Besides, from the perspectiveficticalRTOSsimulation some RTOS nub
els provide simplistic task management and limited synchronisation services,
which are inadequate to imitate behaviour of a real multitasking RTOS.

Furthermore, the low timing accuracy is a common, yet critical, prololem
someRTOS modelling approachdy lack of RTOS servicesod6 timing o0\

modellingand proper time advance

1.6.3 Interrupt H andling

As we mentioned before, the target processor, which executes software in the
final implementation, isot usually modelledn SLDL-based behavioural gef
ware sinulation. Because of the high abstraction level andSbBL software
simulation mechanism, multiple concurreaskstogether with a RTOS model
canconstitute asoftware PEmodelwithout the necessityof modeling low-level
processor architecture. Howeveegardingtimed HW/SW co-simulation,a sof-
ware PE modelshould be abléo handlehardware interrupts for HW/SW sy
chronisationlIn terms ofa real processor or a lel@vel processor model, the-i
terrupt handling process is natural to implement becausleeof cycleaccurate
time resolutions. However, the situation i ¢
model is hidden in a higlevel software behaviouraimulation. From the segne
tial reattime software perspective, neither applicattasksnor the RTC can
monitor asynchronous interrupt events (we are not talking about synchronous
mechanisms such as polling) in a timely and real manner. What is more critical, it

is not straightforward to interrupt a SLDL process by current SLDL kernels, since
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they do mt support rurtime process premption or interruption. Consequently, it

Is essential tamplementa HW/SW synchronigeon methodfor SLDL-based
softwaresimulation, which behaves liken interrupt controller in a real CPn
orderto monitor external eves and interrupt the executing SLDL process: B
sides, this mechanism should minimise the synchronisation frequency sceas to r
duce simulation time overhead, which is not yet achieved well in curgent a

proaches.

1.64 Research H/pothesisand Objectives

This thesis is motivatedy current insufficient research regardiaigovethree
key issues in the domain of reiine software behavioural modelling and siarul
tion. The research work in #hthesispresents solutions tihe threetopics. Spe-
cifically, we am to support SLDtbased interruptible software timing simulation
with high simulation performance; we will propaséexible andpracticalRTOS
modelling and simulatiompproach that also has reasonable timing accuracy; we
will support fully functional imerrupt handling in higtevel RTOS simulation as
well.

The main goal of the research in this thesis is to support the central proposition
that:

A SystemC mixed timing modelling and simulaapproachcan enable fast,
flexible and accurate RTOSased rektime embedded software behavioural
modelling andsimulationin systerevel design.

To examinethis hypothesis, this thesis focuses upon the investigation of timing
issues in behavioural software modelling and simulation, and builds a generic
RTOS modelto support reatime embeddedsoftware simulation. Specifically,
this thesis aimgo:

1) Investigate timing issues in modelling and simulating-tiea¢ software
(both applications and the RTOS) in a SystemC environment, which are
closely relevant to a fast simulation performarecéexible modellingand
simulatingcapability and reasonaltiening accuacy.

a. Fast performance is a necessitytlod proposedhigh-level behavioural

software simulation. Simulation speed should be at the scale of several
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orders of magnitude faster than traditioia6 simulations and is also
better than some redbehavioural software simulationethods.

b. Flexibility is adesired benefit ofoftwarebehavioural moelling and
simulationfor the sake of tradeff. The proposed approadan utilise
varying modelling levelsand degrees different softwaremodelsin
terms of the functional accuradyming accuracyobservability ofexe-
cution tracesandperformance of snulation.

c. Regarding timing accuraayf software time advancéhe proposedpa
proachshoulda voi d t he ¢ onv ednetpieonndael rt fda nunnoi tnattei
ruptible time advancerather it shouldsupport interruptible timed-
vance

d. Although the timing accuracy of behavioural software simulatioe-is r
stricted by its high modelling level, it still should be sufficient ta-ge
erate a timed software execution traceichhs the same as core-
sponding ISS simulation.

2) Build an abstrac€CPU modelwhich can simulate HW/SW interactions and
supporthightlevel interruptiblesoftware timing simulation

a. The HW/SW timing synchronisatiofn.e., interrupt handlingproblem
must be solvedsince it is related to interruptible software time advance

b. There isalimited abstracthardware modéhg that suppors hardware
dependent softwargervice modelse.g.,context switch, interrupts se
vice, and reatime clock serice.

c. The organisation of software models and hardware models should
mimic the typical structure of an embedded system, and be extensible
for future development.

3) Captureessentiand commorRTOS featuresand build agenericRTOS
mode| in order to flexiblysupport earlyand practicakimulationof realt

time software in System@ased systertevel design.

a. The RTOS model should provide generic and standardiseldi-
tasking,scheduling and synchronisation services as well as otleer ne

essary OS functions
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b. In order to enhance modelling flexibilitpn application tasksthe
RTOS simulation model should support both coapsen timed &-
stract task models and figeained timed native applications in &-h
brid simulation.

c. The RTOS model should achieve accurate &tran in terms of both
timing accuracy and functional results.

4) Incorporate imited TLM communication into software moddts transa-
tion-based intemodule communication modelling) order tomake saf
ware modelsnteroperablewith existing TLM modelling and simulation

concepts and techniques

1.6.5 Research Contributionsand Methods

Corresponding t@aboveobjectivesthe research work undertaken in this thesis
is fourfold, with objectives1-3 beingthe main focusof this thesisi.e., software
modelling and simulation

The first partof research worlcontributes results related to tlibjective 1,
representingguidance ofbuilding specific simulation model#A mixed timing
softwarebehaviouraimodelling and simulation approaghproposed. Iseparates
conventionally inteidependent softwaréming modelling and simulation intwvo
partially separate phases. It supports mixed software timing information
granularities and annotation methods for performance and accuracyotfrade
the modellig phase. The mixed timing models can use both capeseed task
timing estimates and firgrained delay annotations in one simulation. Good
software preemption modelling capability isachievedby the SLDL wait-for-
eventmethod,with a goodsimulation performance during the simulation phase.
The proposedariablestepandfixed-steptime advance methods supply vagyin
observability of system simulatiamaces and hence enable a traoié with the
simulation speed.

Regardinghe Objective2, a Live CPU Model is proposed. tlepresentsin es-
sentialabstract hardware base a high-level software PE modednd is a proper
container to include hardware related components and funclibasmost crucial

function of the Live CPU Modask to supporinterruptible time advance mixed
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timing softwarebehaviouralsimulation Also, the Live CPU Model includes an
interrupt controller and some virtual registers, which acavely involved in
HW/SW synchronisatiormodelling andhardwaredependent softwarmodelling

By this means, theoretical interrupt modelling latency and software time advance
stopping latency can reach zanme in simulation, which means an ideal resol

tion.

In terms ofthe Objective 3, lhe third partof researctfocuses on the devele
ment of a generic and accurate SystelaSed RTOSentricreattime software
simulation frameworklt integratesmixed timingapplicationmodels the RTOS,
andtheLive CPUModel in a software PEodel The softwarecore isthe generic
RTOS simulation mael. It supples a set of fundamentand practicakervices
including multi-tasking management, scheduling services, synchronisation and
inter-task communication mechanisms, clock services, context switclsaiad
ware interrupt handling services, etthes functionsare summarised andb-
stracted from a survey on some popular RTOS standards and prdaubtsid a
predictable RTOS timing model, the timing overheads of various RTOS services
are considered in models, which is an advantage sm@eother sinlar works.

The dynamic execution scenarioSreattime embedded softwaan be exposed

by tracing diverse system events and values in simulation, e.g., RTOS kernel calls,
RTOS runtime overheads, task execution times, dynamic scheduling decisions,
task gnchronisation and communication activities, interrupt handling latencies,
context switch times, and other usencerned properties. With this RTOS
centric simiation frameworkyealtime embedded software designers cackly

and accuratelsimulate andevaluate the behaviour dioth abstract and native
reattime applications and the RTGd#uring the early design phases.

Objective 4 is fulfilled bycombiningthe de facto OSCI TLM2.0[88] comnu-
nication interfaces into the retme software PE simulation model generated in
the abovesecond and third parts of research. This work also defines a SoC TLM
model, which not only integrat¢he software PE model but also includes other
typical TLM initiator, target, and interconnection models. This part of wark e
tends the software simulation models to the TLM modelling community.
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1.7 Organisation of the Thesis

The remainder of ik thesis is oganised as follows:

Chapter 2 Literature Review: Transaction-Level Modelling and System
Level RTOS Simulation

This chaptewill introducecurrent TLM researchdescribe the System&LDL,
and surveyRTOS modellingand simulation research in the context gfstem
level design.

This chapterwill start with an overview aimportantconcepts and techniques
in TLM design including various topics such asabstraction levels, aage
racy/performance tradeff, and typical simulation frameworks. After that, some
important SystemC language constructs and the OSCI reference simuldtbe
introduced along with their relevance to réale software simulatiothat is ca-
cerned by usFinally, thischapterwill survey related systerievel RTOS mode
ling and simulatiorresearch The existing approachewill be classified and d+
cussed based on their modelling granularities, functional featmdsapplication
areadn systemlevel design flow.

Chapter 3 Mixed Timing RealTime Embedded Software Modelling and
Simulation

This chaptemwill propose aSLDL-basedmixed timing software behavioural
modelling and simulation approaemd an associated Live CPU Modet fast,
flexible and accurate retime software behavioural modelling and simulation.

At first, this chaptemill introduce thgroblematicannotatiordependent time
advance methooh SLDL-based software simulati@and survey some remedpg-a
proacheslt will thendescribe the mixed timing approaddy defining two types
of software models for TLM software computatiomodelling and discugsy
various issues in timing modelling and timing simulation. Afterwatts¢comppo-
nents and operations of theve CPU Modelwill be introduced in detail. Finally,
evaluation metcs and experimentsill alsobe presentédin order toevaluate the
research in this chapter

Chapter 4 A Generic and Accurate RTOScentric Software Simulation
Model



This chapterwill introduce a SystemCGbasedgeneric and accurate RTOS
centric reaitime software simulation moddk can support flexible angdractical
reakttime software simulation in early design phases.

Firstly, this chapter will present the research context and assumptiong- An a
stract embedded software stack will be defined as the research target. It will then
survey common RTOS conceptsdarequirementss guidanceof following re-
search.Afterwards, details of thdRTOScentric realfime software simulation
modelwill be described. This research will include three main parts, i.e., thie ove
all structure of all simulation modelapplicationsoftwaremodelling andRTOS
modelling RTOS modelling is the core part and will be introduced from both the
functional modelling aspect and the timing modelling aspgéwt. chaptewill af-
terwardsexplan evaluation metricsegardingsimulation performare; functional
accuracy and timing accuracy the poposedRTOScentric simuléor. Accord-
ingly, experimentwill be carried outn order to demostratethese aspects

Chapter 5: Extending the Software PE model with TLM Communication
Interfaces

This chaptewill extendsoftwaresimulationmodels withTLM communication
interfaces by utilisinghe OSCI TLM-2.0 library. This aimsto populariseour
software modellingand simulationresearch into th@romising TLM modelling
domain

It will firstly introduce related concepts of the OSTIM-2.0 library in brief.
Then it will describe how to integrate TLM communication constructs timo
Live CPU Model.Afterwards, asimple SoC TLM modeWill be presentedn or-
derto integrate the Lie CPU Model andeveal how various typical systemnie
ponents are defined faro-simulation with behavioural RTO&entric software
models.Finally, an experiment will study the simulation performance of the SoC
simulation model, whilst anothé&MA /O experment will demonstrate then+
teroperable simulation capability of the combined software and TLM models.

Chapter 6: Conclusions and Future Work

The last chaptewill summarse contributionsgoncludechaptersand suggest

future research directisn
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Chapter 2
Literature Review: Transaction-Level Modéd-

ling and System-Level RTOS Simulation

In order to help developers deal with the increasing design cost and shert time
tomar ket of t oday dndustsy,rhereid a massing nyeedtfos mew
design methodologies to ameliorate these problems. Syst@indesign tde-
niques have been proposdtat use higHevel abstraction methods to design
hardware and software concurrently in a unified environmi@nthis research
domain, systentevel modelling and simulation are key techniques to describe,
validate, analyse and verify complex systems. In various sylstezh modelling
and simulation approacheshe Systemébased Transactiebhevel Modelling
(SystemCTLM) has become a de facto standard. Based on the essential TLM
principle Aseparating computation from c
system modelling and simulation into two main aspects, i.ecdhmputationas-
pect and theommunicatioraspect.

In the general context of embedded systems modellingaim@utationcan be
further divided into thesoftwareaspect (i.e., software running on a CPU) and the
hardwareaspecti(e., applicationspecific hardware logics). In this thesis, we-sp
cifically concentrate on modelling and simulating réale software at a high
level, namely thesoftwarePE model The HW/SW timing synchronisation in the
unified evertdriven SystemC simulation environment is addressed, whicluis cr
cial for modelling interrupts angreatly affects both simulation timing accuracy
and performanceBecause obenefitsof dynamic scheduling and muttasking
execution of concurrereaktime applications, RTOS behavioural modelling has
increasing relevance fdyoth fast simulation and Viaation of different software
implementation alternatives itne early stage®f design Various RTOS design
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space exploration activitie@.g., assigning task priorities, deciding scheduling
strategies and designing applicatigpecific OS servicgsalso require an early
and efficient test benh order to becaried out. Consequently, the RTOS model is
regarded as the heart of behavioural-teaé software modelling and simulation
research in this thesis.

This chapter starts with some basics of currdri¥l Tesearchand work exan-
ples in ®&ction2.1 As the programming language and research environment of
this thesis, SystemC language constructs and the OSCI refeespatdriven
simulator kernel are introduced 8ection2.2, alongwith their relevance andh
adequatability for modelling and simulation of reéime softwareIn Section2.3,
an overview is presented on related RTOS modelling and simulation research in
the context of systerievel and TLM design. These works motivate study in
this thesis. The HW/SW timing synchronisation approaches and problems-in Sy
temC simulation aralso introducedin several paragraphsithin this chapter.

Section2.4 will summarise this chapter.

2.1 Transaction-L evel Modelling and Simulation

Transactiolevel modelling has generallgeen consideredas the emerging
systemlevel modelling stylefor improving productivity in the design of highly
integrated embedd systems which may integrate heterogeneous processors, IP
cores, peripherals, memory components, andghop communication infrastod
tures. TLM models are expected to serve as interoperable references across diffe
ent design teams for fast embedded systarchitecture exploration, earlyne
bedded software development and functional verificd8¢n

Fromt he hardware developerods poi st of
tems at a range of abstraction levels highan the traditional RTI89]. Can-
pared to conventional RTL modelling and simulation, TLM not only reduces the
model building cost, but also speeds up the simulation performance by orders of
magnitude Theliterature[3] provides an example project in which the modelling
effort and simulation efficiency of three diffetefiLM, cycle-accurate and RTL
models are comparediable2-1 shows the distinct speeg of the TLM approach.

Another benefit of the TLM approach, more inteirggto software developers, is
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Table2-1. Modelling and simlation speed compigons[3]

that it can support early development and validation of hardware dependent sof
ware. Developers can esimulae software withhardware models in a single
source SLDEbased simulation framework, almost as soon as the initial archite
ture specification is determing@0]. I n t hi s t hesi s, from
perspective, TLM refers thigh-level interaction between different setire and
hardware moduledt includes behavioural software modellisgnulation high-

level hardware modellingimulation and transacticbhased communicationeb
tween them.

However, the higher abstraction levels of TLM models also indicaterleds
elling detail andsomeloss of accuracy. The accuracy of TLM simulation, in terms
of both data accuracy and timing accuracy, is necessarily sacrificed to some extent
due to coarsgrained data transfers and larger tiagvancing steps. Of course,
with the goalof rapidly describinghe system architecture and validatiagplica-
tions, requirements are relaxed in terms of accuracy dével data or cycle
accurate timing. Usualjycoarsegrained and reasonably accurassumptions are
made, e.g., packdevel transmission and cyebpproximate timing. Tradingca
curacy issues against simulation spf¥q, or preserving accuracy whilst gaining
in simulation performancf®2], are popular TLM research topics in terms oi-eff
ciency and flexibility. We are also concerned with therthis thesis and will g
sent some studies the next chapter. At this point, thermi c y-appreximate
tim n@@od the si mil art itneffghbdidateptpat @ procetae e
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(either a computation action or a communication transaction) in a modsi is a
signed with timing information that spans multiple clock cycles, #rad the
simulation clock can be progressed with multiple clock cycles in stgh -
spitethe factthat this term is broadly used as a temporal resolution in the TLM
taxonomy, its exact timing granularity is vague. A variety of interpretations from
diverse researchers often reveal their own intearestodelling and intention of
optimisation, which may make it difficult to compare the performance and acc
racy of different TLM works quantitatively and horizontally.

In order to present a general idea of the existing research on TLM, three main

topics will be hereby introduced:

1 Abdraction levels of TLM:A fundamental essence of transactievel
modelling is to raise the level of abstraction by hiding-lewel implema-
tation detail. Some important concepts and popular definitions on T-M a
straction levels will be addressed.

1 Commuitation exploration:A variety of transactiobased communication
modelling approaches have been developed in both academia and industry
to define how system components communicate. The research on cemmun
cation modelling and simulatiois a contribubr factor to most of current
TLM achievementsHere,a brief introduction on related woik presented
in order to reveal this essentidlM aspect.

1 Embedded software development in TUMTLM comprehendswo pa-
tions Acommuni cati ono delimy softwacemp ut ati ono.

surely a paramount topic of the TLM computation portion.

2.1.1 Abstraction Levels and Models in TLM

A centralissuein various systentevel design methodologies concermred with
appropriateabstraction levels and coding styles for modelvagious compa-
tion and communication activities in TLM. By a general consensus, TLM does not
specificallyor explicitly indicate a single abstraction level. In fact, a seriedbeof a
straction levels are classified in the general category of TLM in diffeFrem
taxonomies. It is not practical to precisely enumerate all abstraction levels for

TLM, because there are many differemierpretationsHowever, it is still poss
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ble to indicate the range of TLM levels. Without much dispute, most researchers
agreehat TLM abstraction | evel sLuseden rel at.i
traditional designAlso, TLM abstraction levels areonsidered o b e fil ower o0 t
functional(algorithmic) models.Functional models are not defined as TLMdno
els, although the abstiion level of them isufficiently high[88]. This is because
a functional model usually includessingle software threamhly, e.g., in the form
of a C function or a SLDL process. It does not bear two essential features of a
TLM model: concurrent multitasking computati@nd inter-process commuréc
tion [88].
Conventionally,TLM abstract modelare organisewith respect to some ce#
ria, including
1 Timing accuracy:This is a firstclass characteristic regarding the accuracy
of a model. It refers to how a model is assigned with timing information,
e.g., a line of code, a code block, or a task, and cares about theioesofu
timing information, e.g.untimed, cycleapproximate, or cycley-cycle.

1 Functional accuracyThis refers to how a model captures the function of a

Communication
timing degree

Cycle-

accurate

Cycle-
approxim
ate

Programmers
Loosely- View Models

timed

o
ecification M4
model

Untimed

Computation
\ I I \ timing degree

Loosely- Cycle- Cycle-
timed approximate accurate

Figure2-1. Various TLM abstraction levelgartially based ofi7] )
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target system. For instana@mme higHevel simulators only abstract timing
properties (e.g., execution time, period, and deadline) of a software model in
order to enhance simulation speed, but without modelling its functienal b
haviour. The functional accuracy can be evaluatedobyparing the outputs

of the model with a reliable reference by giving them the same inputs.

1 Communication data granularityfhis criterionregardsvhat data structures
are transmittedhroughcommunication channel$pr example,an appli@a-
tion packet, a sipacket, or a word.

Therearean number of literaturel8] [88] [7] [93] that featuredefinitions of
TLM abstraction levelsin the following, Section®2.1.1.1to 2.1.1.4will present
some exampleg:igure 2-1 provides a conjunctional view of these TLM abstra
tion taxonomies by comparintpe timing accuracy of the computationaspects

and communicatioaspects

2111 OSCI TLM Abstraction Levels

The most acknowledged TLM abstraction level taxonevay proposed by the
OSCI TLM working group[3] [88]. The OSCI TLM specification defines two
general levels for TLM modelling: thBrogrammers ViewPV) level and the
Programmers VieWwimed(PVT) level (seeFigure2-1). The PV models are cha
acterised by theooselyTimed(LT) coding styleand the blocking transpaiiter-
face, in which each transactiondassociated with two timing points, corresgen
ing to the start and the end of a blocking transport. It is appropolasoftware
programmers who require a functional virtual hardware platform with sufficient
timing information in order to run an operaisystem and application software.
A PVT model is identical to the PV level model in terms of functionality, but each
PVT transaction is annotated with multiple timing points and uses the non
blocking transport interface, namely tA@proximatelytimed (AT) coding style.

It enables architecture exploration asldo performance analysis of the apphc

tion system. This OSCI TLM abstraction level view reflects a communication
centrichardwaredesign perspective, although some software designers, with the
aim d promoting interoperable TLM modelling, are seeking its application for
computation modellingg].
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21.1.2 Donlinés Extended TLM Abstraction Le

In [93], Donlin introduces three TLM | evels
above,i.e., theCommuircating Proces§CP) level, theCommunicating Process
with Time(CP+T) level, and theCycleAccurate(CA) TLM level. Referring to
Figure2-1, CP and CP+T abstraction levels are even higher than-OSZllev-
els wherefiTo meanscoarse timing information. CP and CP+T models are more
architecturendependent and implementatiodependent than PV and PVT
models. System models at the two levels consist of parallel processeg-that e
change higHevel data structures by poitd-point connections, rather than arb
trated buses. In contrast, thgdlaAccurate(CA) abstraction level is lowehan
OSCI levels. It captures micarchitectural details and is tinsecurate to the
level of each clock cycle. In some TLM literatuf8% [94], CA models are soea
times not referred to as a part of the TLM space because of their limitedigpeed
compared ta RTL model (Table2-1 hints at thi3. However, in[93], Donlind s
focus is tainvestigate the use of CA TLM models for detailed performance/anal
sis and verification of hard retime software inthe final design stagesons-
quently the drawbackegardingperformance is consaded to be worthpf tolera-

tion.

2113 Cai and Gajskidés Orthogonal TLM Mode

Another early and classical TLM taxonomy is introduced by Cai and Gajski in
[7], which concludeghat communicatiorand computationare equally important
yet orthogonal aspects of TLM research. Referringrigure 2-1, these two s
pects are illustrated as two axes according to degrees of timing accuracysin a sy
tem modelling graphThey identify three timing degrees, i.e., untimed, approx
matetimed (secdled cycleapproximate), and cyclétmed (secalled cycle
accurate)Moreover, the authors define six abstraction models in the graph and
explore their usage in embedded system design flowsngtédm the specifia-
tion stage and emay at the implemenéation stage. Among the six models, four
(the shaded circles in the figure) are classified as TLM modelsthe comp-
nentassembly model, the basbitration model, the bufsinctional model, and the

cycle-accurate computation model. The solid arrowghanfigure represent a tiyp
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cal TLM system design flow, whilshe other dotted arrows stand for some poss
ble design routes depending on different design intentions, e.g., communication

focused or computatiefocused.

2.1.1.4 Mixed-Level and Multiple-Level TLM Modelling Research

Various TLM models at different degrees of accuracy bring a potential fler mu
tiple-level or mixedlevel modelling in which designers can trade off modelling
accuracy and simulation performance according to different strategies.

In Chapter2 of [3], the researchers propose a general idea for TLM mixed
level modelling by combining untimed TL¥hodels and standalone timed TLM
models.This allows for concurrently developing pure functional models (by a
chitecture teams) and timing models (by miarchitecture teams) with dissimilar
modelling purposes. Multiple timing scenarios with differenbhetsons can o-
exist in a unified simulation model, and simulation speed can be optimiseg by d
namically switching untimed and timed models at runtime.

For bus communication modelling, Schirner and Dédner quantitatively analyse
simulation speed and timingccuracy of three abstract communication models,
e.g., the conventional TLM model, the arbitrated TLM model, and the -cycle
accurate and ptaccurate bus functional modgl2]. They configurehem with
varying data granularities and arbitration handling methods in order to trade off
simulation accuracy and performance. Focusing on software computatioir mode
ling, they define five abstraction levels for processor modelling (e.g., the applic
tion level, the task scheduling level, the firmware level, the processor TLM level,
the processor functional model) and quantify accuracy loss and simulation speed
up of each moddl79].

For processor and communication desigregploration, an integrated design
methodology $ presented if95]. It combines multievel processor hardwar
models (e.g., instructieaccurate and cyclaccurate) and communication models
(TLM buses and RTL buses), by which the processor design team -cgrei@ie

with the communication team early in the design flow.

34



2115 Summary

The dfferent views of TLM abstra®n levels and related modéisive com-
mon notiors of hardware and commication modelling EachTLM abstraction
level can be seen as a limited design space for exploring and validating some
functional and timing issuesith corresponding models. Multiple TLM abstra
tion levels thus constitutewside design space, namely a design fléov,succs-
sive model refinemerihrough the additioof designdetail.

The OSCI TLM standard is gaininghégh level of popularity and sustadile
development in both industry and academia. It provides two distinguishing levels
(i.e.,LT or AT) for communication models depending on their timing degrees and
synchronisatiormethods The relevance of th modelling ideawill be examined
to the propsedsoftware modelling approadn Section3.2.2 The mixed mode
ling idea is widely advocated for accuracy and speed-wéde both the OSCI
TLM standard andheresearctsurveyed in Sectio.1.1.4 Specifically, it is also
a guiding concepbf the mixed timing software modelling approach that is to be
presented irSecton 3.2 The recent OSCI TLM standard Version 2.0 provides
standard interfaces for creating bus communication moGekspter Swill inves-
tigate combining these API interfaces with the proposed software models in order
to advance interoperability between TLM communication and our natige

software simulation models.

2.1.2 Communication Modelling in TLM

I f we interpret t habsttact commufidatioa operai@nt i on o
[47] or a s highleftel form of a communication protoodbB6], then the name
Atrandgd @avteilomodel | i ng o cammunicatiddedmainrée-o 1 mpl y
search topicFrom a narrow viewpoint, TLM is understood as a communication
centric embedded systems modelling paradi@f. Early in 2002, Grdker et al.
introducel the basic TLM interfacd®ased communication séylwith a high sima-
lation performancg98]. This work forwardsSystemCasthe most establisheded
sign language vehicle for TLM approacheday.In this section, we will make a
brief introduction mainly, but not limited to, SystemC based TLM communication

and architecture exploration studies.
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Figure2-2. An AMBA TLM model example

In TLM, in order to build a virtual prototype that represents abstract models of
an embedded system, a system is broken down to a set of computatiam comp
nents comprising concurrent processes to implement application functians. Co
putation components commuate with each other through ports and channels by
sending and receiving transaction requesigure 2-2 shows a block diagram of
an example SoC TLM mode#,g.,the AMBA bus In this model, the architecture
is composed of two main computation compongirgs an ARM microprocessor
and an applicatiospecific processor (e.g., DSP or custom logics) as initiator
components in the system. Some other components inclddstigand slow
memories, peripherals, and devices are connected to processors by dirast port
port connections and buses, e.g., the Advanced-pkgformance Bus (AHB) and
the Advanced Peripheral Bus (APB). From the TLM perspective, the buses are
complexchannels accessed by multiple modules through respective ports.

Figure 2-3 depicts the basic method of TLM communication modelling. In this
example, two modules commigate through a channel. TReocess Aln Mod-
ule A can write a value to the channel by calling the metinaie () through
its parent pAwhlst theRvosesspBdretrieves a value from the
channel by the methogkad() via portpB. This Interfge Method Call (IMC)
scheme achieves high modularity in iateodule communication modelling, and

essentially separates communication and computation details.
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As the key element of the TLM IMC communication, a channel can haye var
ing complexityacrosdifferent designs. la SystemCTLM specification, a cha
nel anbe implemented in twetyles, i.e.,the primitive channel and the hierarch
cal channel. A primitive channel contaiprocesses and ports and aims to provide
simple and fast communication. ThesE&mC language reference man{G8]
defines several buiin primitive channels (all derived from a base class
sc_prim_channel ), e.g.,sc_signal (to model a simple wire carrying a
digital electronic signal),sc_fifo (to model a firstin-first-out buffer),
sc_mutex (to model a mutual exclusion lock) asd semaphore (to model a
software semaphore), etc. Hierarchical channels are indeed hybrid modules and
can contain other instances of modules, processes, ports aed channels.

They are used to model complex customised communications, such as buses or
networks.

In order to advocate model interoperability betwefferent communication
modelling and architecture design communities, some standards are proposed to
promote the SystemC TLM communication paradigm. The following are teto pr
dominant standards.

The OSCI TLM Working Group, whicivasfounded in 2003, has published a
series of OSCI TLM standards. The-tgpdate OSCITLM library version 2.088]

[99] introduces a set of wetlefined core APIs, data structures, initiators, targets,
the generic payload, and the base protocol for transasésed communications.
The core interfaces supportd types of transport, i.e., th#ockingtransport (a
transaction can suspend its parent process) anddhdlocking transport (a
transaction is atomic and does not suspend its parent process). The generic pa

load is primarily intended for modelling gpical memorymapped bus, which is
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abstracted away from the details of any specific bus protocols. An extension
mechanism is also offered to model specific bus protocols ebusmprotocols by
users. The Open Core Protocol International Partnership {©L&onsortium is
another active TLM standardisation organisation. It has proposed and maintained
a SystemC TLM modelling kit since 20Q200] [101], defininga stack of cm-
munication layers including four abstraction levels, i.e., Message Lay8), (L
Cycle-approximate Transaction Layer-g), Cycleaccurate Transfer Layek 1),

and the RTL Layer (10). Its latest version, which is built on top of OSIZIM

v2.0, provides an interoperable standard for SystemC component models with
OCP protocol features.

A number of TLM modelling and simulation approaches have been proposed
for the design of complex communication systems. The following are songe repr
sentative works.

Gaj ski 6s g meaupesofpTiLM soenmuingation research mainly
based on the SpecC language. The literdtl02] describes a general TLM o6
munication modelling style for SoC design. For NetworkChip synthesis, they
define some successive system communication abstraction layers and carespon
ing design models to refine abstract mesgaagsing down to a cyckeccurate,
busfunctional implenentation[58]. For AMBA AHB bus modelling, they pr
pose a Result OrienteModelling (ROM) technique that improves accuracy
drawback of conventional TLM models and gains high speed by omitting internal
states andhakingend result correctiofi103].

In 2002,Pasricha pointed out the directitor usng the SystemC TLM mode
ling approachin early architecture exploration and developed communication
channels for fast simulation for embeddedtwaredevelopmen{90]. In order to
bridge the gap between higével TLM models and bus cyckccurate models,
Pasrichaetalpr esent an intermediate TLM- abstract.i
rate at Transaction Boundarieso (CCATB) f ot
improves simulation spedaly keeping cycldevel timing accuracy only at tran
action boundarie$104].

Kogel et al. propose a series of npli-level System€TLM co-simulation

and virtual architecture mapping methodologies for architectural exploration of
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NoC, SoC, and MPSo{105] [106] [95]. Klingauf et al. describe the TRAMsa
tion INterchange (TRAIN) architectureor mapping abstract transacticlevel
communication channels onto a syntkaisie MPSoC implementation by virtual
transaction layerfs5]. They also propose a genericierconnect fabric for TLM
communication modelling that aims to support flexible buses, multiple ThM a
straction levels, and various TLM standard ARRB7].

2.1.3 Embedded Software Development with TLM

Embedded software development with TLM models is not a new topic and
many studies have beeonductedn this area. In this sectiome introduce them
depending on relationstgjpetween software modelling and TLM techniques:

1 ConventionalSS softwaresimulatorsutilise TLM communication for na-

elling SW/HW interfacesnly (Sectiorn2.1.3.2);

1 Systemlevel ftware modellingand simulatiorcomply with general TLM

concepts and techniquéSection2.1.3.2and2.1.3.3.

2.13.1 ISS SW Simulationwith TLM SW/HW Interfaces

In an early TLM literaturd90], Pasricha indicated the concejtdevelopng
embedded software with SystemC TLM mod@&isis ismainly motivated by two
encouraging TLM modellingesults: the edy availability of TLM architectural
models in the SoC design lifecycle and the much higher simulation speed co
pared to detailed RTL models. The goal is to design and simulate embedded sof
ware on top of a virtual prototype of the target architectureaasof using traed
tional RTL models or the final implementation. Thigsearch uses a
HW/communicatiorcentric TLM and conventionaoftwaresimulationapproach

Several efforts have been made to combine conventional-agcieate saf
ware simulation (g., an ISS) with System@ased abstract TLM hardware and
communication model§108] [109] [95]. As shown inFigure 2-4, TLM tech-
niques are used to model SW/HW communication interface and hardware-comp
nents, which are outside the scope of software modelling. The SPACE methodo
ogy [108] encapsulates an ISS in a SystemC wrapper and connects it with rest

modules of the modelling platform through TLM channels. Two types of TLM
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Figure2-4. TLM technique for modelling SW/HW interfaces

communication channels (untimed and timed) are igeal/to support two TLM
abstraction levels: untimed channel for a faster verification of applications
before partitioning, while timed channels are used for egctairate modelling.
Crosscompiled binary code afoftwareapplication, the OS, and devs executes

in the ISS. For MPSoC design space exploration, the MPARM approaeh int
grates multiple SystemBased ARM processor models (ISS simulators is-Sy
temC wrappers), the AMBA bus model, and memory mofl€9]. The TLM

channels implement the bus communication architecture in a rsdeterstyle.

2.1.3.2 Embedded Software Generation Using TLM Models

Recalling the fundaental TLM principle of separatintpe concerns of comp
tation and communication, these two design aspects should be paid equal attention
in TLM contexts Some researchers are also concerned about applying TiM co
cepts and techniques to design aatidation of the computation portioff] [6].
Software is the integral and main part of many embedded systems anchhence
become a major area of interest in transadgwoel computation modelling.

Motivated by the goal to edesign an entire electronic system from the ispec
fication phase down tthe implementation phase by using a single SLDL, some
systemlevel design flows have been proposed to support embedded software ge
eration and synthesis. In these studies, a series of BlaBéd specification and
TLM models are simulatedefined and trasformed, in order to automatically
generate target embedded software C/C++ ¢02l[63] [110], or to further ge-
erate final binary files, i.e., systelevel software synthes[89] [61].

Figure 2-5 shows a typical embedded software generation flow. Firstly, u

timed and beforgartitioned system functions are described by a set of hierarch
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Figure2-5. Software generation using TLikodels

cal SLDL elements such as modules,gasses, interfaces, channels, and ports.
These processes run in parallel and communicate with each other by means of
transaction style channels. Through iterative simulation and partition, untimed
specification models are transformed into PV or PVT TLM eiledAt the TLM
architecture exploration stage, a simple scheduler or a RTOS model mag-be int
grated to assist sequential software simulation. In order to generate software i
plementation code towards a specific operating system, a Bpé&sfic library

(e.g., RTEMS[59], QNX [63]) is introduced to replace the RTOS model wigi b
haviourally equivalent RTOS furiohs, and SLDL processes are mapped to real
RTOS tasks. Finally, SLDbased software code is cressmpiledinto execua-

ble binarycodefor a target processor.

These approaches reveal a systewel design point of view and make aw-al
able contribution to calesign and ceynthesis flows. However, such a design
flow is still not straightforward. The first obstacle resides in transforming specif
cation malels described in a SLDL into RTOS based TLM software execution
models. The hardwargtyle channel communication mechanism used in spaeific
tions is not suitable for redgime software design, which may sacrifice the-co
ventional software implementation guiuctivity and legacy. Besides, it is known
that the SystemC library bedaise weakness of not supporting priority assignment
and preemptive scheduling, so the buiilt SystemCkernel scheduér and sy-
chronisation primitive channels are not applicableréattime software mode
ling. Consequently, the idea [62] that simply replaces SystemC library elements
with target RTOS functions may nbe appropriateA usual solution is to iet
grate a RTOS model on top of the SLIN_order to supply necessary dynamic
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reaktime software services, which is also thethodusedin the thesis. Another
problem is the increasing size of binary code, because the generated software code
includes overhead from some SLDL language constf6&{s[59]. For resource

limited embedded systems, some efficient optimisation techniques mag- be r

quired to reduce the interference from the SLDL library in target code.

2.1.3.3 TLM Modelling of Software Processing Eement

While some research activities have been devised for software development in
the overall systeAevel design flow, recently some methodologies and techniques
have emerged thapecifically focus on the need of abstract modelérspftware
PE (i.e., software running on a CPU) in the context of T[] [111]. This topic
can be seen as a mixture of two aspects: abstract processor modellingdthe har
ware aspect) and behavioural softwareation (the software aspectyigure
2-6 depicts features of a TLM software PE model and some possible modelling
options.

From the hardware designersé angl e,
processor features into functional elements in order to simulateldvghsof-
ware models in the execution environment and cors@tivaremodels withthe
rest of the systemnl[111], Bouchhima et al. present an abstract CPU mode! ali
ing for timed MPSoC HW/SW ceimulation. It provides a set of Hardward®-A
straction Layer (HAL) APIs for yperlayer software models anah anterface for
connecting other system components. This CPU model captures an ardlitectur

view of a processor, which includes subsystems like an execution unit for HW

; Software aspect
Software Processing \17
””””””””””” Bement (GPU) /task 7 task Timing granularity ?
——————————————————— model ' \_model / Functions ?
Sftware abstraction || L—L—— — i _
—— - model Y A Generic or specific ?
| | RTOSmodel Timing granularity ?

[ At S ) : ; N Functions ?
yY _ _ v

Interrupt /O port h
) plicit or explicit ?
\\ Hardware abstraction Interrupt ?

Hardware aspect / =

Figure2-6. Software processing element modelling in TLM
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multiprocessing, a data unit wrapping any devices and memory elements, an a
cess unittontaining address space, and a synchronisation unit behavingras an i

terrupt controller. In a subsequent w8k, they introduce a SW TLM commiin

cation refinement approach namegdicai SW bus

resources of HW TLM models. [79], Schirner et al. develop a higgvel prac-
essor model to support software simulation. The abstract processor moddtis mo
elled in a layered approach including five increasing feature levels, i.e., tlie appl
cation layer, the OS layethe HAL layer, the TLM hardware layer, and the bus
functional hardware layer. This model enables incremental and flexible escri
tion of the software subsystem at different design stages.

I f we turn to a software dessimgelene®r s o6
modelshould consist of various software models at appropriate levels of@abstra
tion for behavioural software simulation. Timed software simulation, RTOS
scheduling, and interrupt handling are three key aspects to evaluate research in
this area. In a large number of embedded systems, a RTOS provides a liseful a
straction interface between raahe applications and processor hardware abstra
tion. Consequently, most software processing element modelling approaeles int
grate a RTOS model in cgdto supervise native execution of application, which
is known as RTOS modelling 2, 43, 73, 87, 112, 113, 114, 115h respecof
theresearch in tis thesis concenttang onthe RTOS modelling, a more complete
survey will be giva in Section2.3. In Figure 2-6, timing granularity and furt
tional accuracy are used as dimensions to guide and compare software models,
which offer choices on abstraction levels of tasbdels and RTOS model. Still in
the figure, the hardware abstraction model is illustrated by a dotted frames-this r
flects the current situatiowherebysome software modelling approaches do not
include interrupt handling, nor consider the interoperabaiti hardware models,

i.e., hardware abstraction is implicit in the higlrel PE model.

2.2 The SystemC Language

SystemC is an opesource C++ based systdavel design language that i o
ten used for higtevel system modelling and simulation. Unlike tleneentional

heterogeneous HDISS HW/SW cesimulation, the SystemC modelling fram
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work can provide a homogeneous prograngrandco-simulation environment,

by which users can write boffoftwareandhardwaremodels ina unified common
language and nativelyompile them as a single process on the host computer. The
SystemC execution model uses a diseestent simulation kernel to schedule
model processes (a set of Cracro3 so as to mimic functional behaviour and
time progress of a target system.

In this section, we will start with a brief introduction to SystemC language fe
tures with regard to concerned support for software modelling. We will then take
a look at the SystemC @aiperative execution model which closely affects-real
time software simulatiarFinally, an example of a simple SW/HW system model

is presented in order to illustrate the structure of a SystemC model.

2.2.1 SystemC Language Features

The SystemC class library is implemented by a set of C++ library routines,
macros, type definitions, tempéss, and overloaded operatoFsgure 2-7 shows
the simplified layered structure of a SystemC application. Users can develop
simulation models based on SystemC and C++ languages, and thagdaim-
ally use some SystemcC libraries depending on specific design necessity, e.g., the
OSCI TLM library[88].

Referring toFigure 2-7, the components of the SystemC library are briefly
classified and introduced as followslore comprehensive description can be

found in the language reference mari6al.

User application

Libraries:
TLM library, verification library, mixed-signal library, other IPlibraries

T : Core language ! :
> I i Predefined channels: | | Utilities:
8 | Modules: SC MODULE | signal, clock, HFO, | Report handling,
2 || 9mulation | Imutex, semaphore, etc. | tracing
Q kernel |, o _—__—__ —_—_—_—_—_—]
= g | I~
g Wa’tt(t'm‘?' || Processes: Interface-comm: Bvent-sync: | Datatypes:
& | (event).\|| oo METHOD, || ports, exports, || notify(event), | logic,

1| SC_THREAD, interfaces, cancel(event). | integers,
i 1| SC_CTHREAD. channels. | L fixed-point

C++language

Figure2-7. SystemC language structure
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The Simulation Kernel
It schedules SystemC processes in response to an event or a time delay. The
exact execution mechanism will be describethennext &ction2.2.2
Language Utilities
These utility classes provide some assisted services in terms of tracing value
changes, reporting exceptions, and mathematical functions.
Data Types
In addition to suppontg native C++ types, SystemC defines some data types
for hardware modelling, for instance, integer types within and beyoHroit 64
width (e.g.,sc_int <WIDTH>, sc_bigint <WIDTH), fixed point data types
(e.g., sc_fixed , sc_ufixed , etc.) and fouwalued logic types (e.g.,
sc_logic , sc_Iv<WIDTH> , etc.). Because SystemC data types are defined in
classes with inevitable overhesad is recommended to use C++ native types or
simple SystemC integer types for best performance if pog&ib&g.
The Core Language
This category of classes provides main modelling functions regarding model
hierarchy, execution units, concurrency, synchronisation and communication, etc.
1 A module(SC_MODULEIs the basic SystemC building blgakamely an
object of a C++ classThe model of a computing system is composed of
several interconnected hierarchical modules. A module is the container of a
variety of modelling elements such as processes, events, ports, channels,
member module instancasd data members
1 A processis the basic SystemC execution unit (a macro) that is eacaps
lated in aSC_MODULEnNstance in order to perform computation of a-sy
tem. There are three types of process to wrap a function: the method process
(SC_METHOD the thread processSC_THREADand the clocked thread
process $C_CTHREAP The main difference between them is that the
method process atomically runs from beginning to end once triggered, but
the thread and clocked thread processes can be suspended and t®sumed
directly or indirectly callingvait()  functions that can be used to simulate

time cost of a real activity. Th6C_CTHREADprocess, a variation of
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SC_THREADiIs only statically sensitive to a single clock and mainly used
in high-level synthesi$116].

1 Ports (classsc_port ), exports(classsc_export ), interfaces(abstract
base classsc interface ) and channels (a type definition of
SC_MODULENd implementing one or more interfaces) are main language
constructs to model inteanodule communication of a system by means of
the aforementioned interface method call approach.

1 An event(classsc_event ) is used to synchronise processes. The innmed
ate or pending notification of an evengvent.notify() ) can trigger
(resumeg the process that is waiting onimhmediately or at a future time
point. An event can also be cancelleént.cancel() ) whenit is at a
pendingnotification status Compared to thenterface method call method,
using an event is a lightweight synchronisation and communication method
to ease modellingosts.By flexibly changing the opportunity to notifgr
cancelan event during simul at isuspendingiser s can
time at runtime.

Predefined channels

SystemC contains a number of predefined channels with affiliated methods and

ports, which implement some straightforward communication sché€mge-
ducedin Section2.1.2. Note that although the mutual exclusion and the aem
phore synchronisation methods are provided as predefined channels in SystemC,
their characteristics differ from what they usually ardhia realtime software

context. We will address this issue lateSection2.2.2.2

2.2.2 SystemC Discrete Event Simulation Kernel

Apart froma few attempts that develop their own proprietary simulation ke
nels such as the synchronous data flow execution modéBjrand the POSIX
thread implementation model in [69], most current SystemC simulations are
driven by the buikin OSQ discrete event kernel. Weow summarise some sh
tinctive characteristics of the simulation kernel and discuss its advantages-and di

advantages regarding rdahe software simulation in particular.
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2.2.2.1  The Co-operative Simulation Engine

The current System€xecution model (afteversion 2.1) can be implemented
(compiled) using three thread libraries on different host OS platforms, i.e., the
QuickThread package for UNH{ke OSs, the Fiber thread package for Windows
OS and the more portable POSIX pthreadalifp [117]. But no matter what #h
implementation is, the eoperative multitasking policy remains the same. Simply
speaking, only one process will be dispatched by the scheduler to run at a time
point. The running process cannot be-pnepted by another. In case the running
process is ahread type, it transfers the control to the scheduler by calling
wait()  functions or exits; a method process only yields control when its fun
tion body finishes.

Figure 2-8 illustrates the operatingycle of the kernel. Notably, due to ireel
vance to the simulatiocycle the initialelaborationphase (i.e., before the start of
simulation) at which SystemC modies are constructeds not included in the dr
ure

Initialisation : This is the first phase after a SystemC simulation starts, fre., a
ter calling the functiorsc_start() in the main model program. All modelling

processes without a special declaratiodaft_init i alize() are put into a

_ Initialisation _
| Make all eligible |
| processesready | (mmmm————————

|

No ready process, |

S simulation ends. |
# [
|-

. Execute aready
P Evaluation —P process
delta cydle Ready
4 Ye Process?
ﬁNO
Update
Ready
Ye rocess?
ﬁN
Time advance
]

Figure2-8. SystemC kernelorking procedure
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ready pool.

Evaluation: At the evaluation stage, ready processes execute sequentlally, ot
erwise the simulation ends if there aerunnable processes. The execution order
of them is unspecified in the SystemC specificatlarthe ceoperative execution,

a process quits the running state either by initiatively caingit()  statement
or simply finishng its function body. There are two kindswéit()  statements:
1 Thewait(time) function makes a process blocked for aAnterruptible
time duration and will resume the process aftat $pecified time This will
be also referred to as thait-for-delaymethod hereafter.

1 The wait(event) function makes a process blocked until the specified
event occursThis will be alsoreferred to as thevait-for-eventmethod
hereafter.

Because processes may also notify some events immediately in execution and
thuscauseother processe® beready to run at once, the evaluation stage will i
erate until no process is runnable. Besi@ggcuting a process may access prim
tive channels and change the signal value, which asitisequentlyesult in the
updaing of data at the next update phase.

Update: In order to model the phenomenon that combinational electragic si
nals change values i@taneously in parallelithin the sequential SystemC
simulation, SystemC uses awaluationrupdatemethod to guarantee all signals
are synchronised. At the update phase,ujpdate() = method of each channel
thatpreviouslyhadrequested an update befosecalled by the kernel to renew the
signal with a new value. If this action notifies an event to wake up a process, or
the kernel findghatsome events an® notify blocked process then the kernel
will enter the evaluation phase againorderfor repetition to occur This proe-
dure, from evaluation to update and iteration, is known dslta cycle which
does not advance the simulation clock because everything happens at the same
time point in actual life.

Time advance When there is no runnable pess, the kernel will progress the
simulation clock to the earliest time point specified by a time delay or the nearest
pending eventit is scheduled to notify. Some processes may thus become ru

nable and it ishusnecessary to begin a new evaluate phase.
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2.2.2.2 Advantages and Disadvantages for Redaime Software Modelling

Regardingfast TLM HW simulation and behaviowoftware simulation, the
SystemC SLDL can supply a homogeneous environment to model SW/HW by the
same C++ language description and drive theisinomlation by the same engine.
The global SystemC clock can be used for both the HW part asdftinearepart,
which avoids the overhead of exchanging local clock information in a heterog
neous cesimulation environmenil18] [86]. However, the HW/SW timing sy
chronisation problem still existsithin the SystemC simulation. The uninterrupt
ble SystemGwait(time) clock advancenethod leads to a problewherebya
process usingvait(time) is not preemptible during its delay duration. The
timeliness to respontb an asynchronous event depends on the length of the cu
rent time delay slice.

In the SystemC discrete event simulation, if events occur at different time
points and make corresponding processes ready, the scheduler is deteramdistic
schedule process execution sequentially. However, if multiple processes get
ready at the same time poifie., during the same evaluation phase or in a-delta
cycle), the SystemC standard does not specify their running [@®@lerThis pa-
tial ordering concurrency has disadvantages for-treed software modelling
which requires predictability andeterminism. For examplenultiple processs
are blocked waiting to execute &ystemC mutex.lock() operation, then
which process will ge& charce torun is nondeterministic, depending on the-o
der of process execution during the evaluation phase. Thévioeir also happens
on the SystemC semaphore synchronisation mechanism.

The SystemC coperative execution model has a native tfect of keeping
the integrity of shared data in atomic process execution. Because a process cannot
be preempted involuntaly, it can access shared variables exclusively in zero
time. However, this feature cannot replace common software synchronisation
methods for protecting shared resogy@@nceit is necessaryo guarantee thexe
clusive access in a period of time by gsawait()  function in a timed software
simulation. It is possible that another process/rewrite shared data in the same
delta cycle before theait() delayof the last accessing operatibas been -

gressed, which is nakesiredsimulation behaviour.
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Consequentlyjn order to model and simulateattime software in the Sy
temC environment, people should try to avoid or otherwise carefullythese

aforementioned erregprone features.

2.2.2.3 Discussions on Simulation Time

SystemC uses an integemlued absol@ time model. A time object (class
sc_time ) is represented by two parts: a numeric value and a time unit. The time
value is a 64it unsigned integemhilst the time unit can have six granularities
from the most fineggrained femtosecon®&C_F9 level to he most coarsgrained
second $C_SEQ level. The time resolution is the smallest time that can e pr
sented in a simulation and is defined beforeisggimulation.

When people talk about time in SystemC modelling and simulation, there are
often two temsinvolved

1 Target Time (also called simulated time, target simulation time People

build models in SystemC and simulate them on the host computer in order
to mimic the behaviour of a target system. If models are timed, then people
need to assign time delays for various operations in models, which represent
the corresponding exetion time on a target systerhis kind of "exea-

tion time"can be calledhe "ta r g e t, which melatés to theirtual clock

(also known awirtual time, target cloch. In SystemCsimulation its elapse

can be observed by insertitige SystemCsc_time_ stamp() function in
modelcode

1 Host time(also called simulation time): As a native simulation approach,

SystemC models are compiled for and mma host computer. Running a

SystemC program necessarily consumes some host CPU time, just like all

othersof war e pr ogr ams. People call this "hos
or the fAsimulation time", and regard it
that indicates how fast a simulation is in the real world.

It is worth noting that there is not a simple linealation between the sum
lated time and the simulation time regarding different SystemC simulatiers. B

cause of the discretvent nature of the simulation engine, in general, the aimul
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tion speed mainly depends on how many events are involved in sonulie¢.,

the more events, the lowttte speed.

2.2.3 A SystemC SW/HW System Example

This section gives a simple SystemC example consisting of a softvemes-
ing element and a hardware componé&igure 2-9 depicts the architecture of this
example. The hardware model transmits integer data to a software process via a

signal channel, and another software process is in charge of outputting- the r

ceived data.
SV PEModule HW Module
: - out_port
signal<int> 5
read) ) wite( (e DS

Figure2-9. Block diagram ofa System@xample

This example covers several basic SystemC modelling issues, e.g.renhcu
processessoftware sequential execution, amperative scheduling, evehased
synchronisation method, interface method call communication, static sensitivity,
and dynamic sensitivity, etc. The SystemC code of this example includes three
parts: the hrdware modulén Table 2-2, the software modula Table 2-3, and

the main functionn Table2-4.

#001 | SC_MCODULE( HW [/ Har dwar e conponent nodul e
#002 | {

#003 int TXD;

#004 sc_out<int> out_port; //Data transm ssion port
#005 SC_CTOR( HW

#006 {

#007 SC_METHOD( hw_gen) ; /1 Process declaration
#008 }

#009 voi d hw_gen()

#010

#011 TXD = rand() %0;

#012 out _port->wite(TXD);

#013 cout <<sc_ti me_stanp()<<" HW " <<TXD<<endl ;

#014 next _trigger(1l+rand()%, SC_US); /1 Next run

#015 }

#016 | };

Table2-2. SystemC code of a HW module
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Referring toTable 2-2, the function of the hardware module is simply enhibo
ied in aSC_METHOIIhw_gen) , which executes repeatedly after a randomised
interval (see line 14). In each execution, it writes a random infEg§Er to the
output port by calling the method on the port.

Referring toTable 2-3, there are twd&SC_THREADype processes in the sof
ware processing element modufd.line 12, thesw_isr process is sensitive to

the value change of the_port and then receives data frotn ©ncesw_isr

#001 | SC_MODULE( SW// Sof t ware PE nodul e

#002 | {

#003 Sc_i n<i nt> in_port; // Data receiving port
#004 sc_event evt _sw,

#005 i nt RXD;

#006 bool ean cpu_busy; //CPU is occupied
#007 SC_HAS_PROCESS( SW ;

#008 SW sc_nodul e_nanme nane):sc_nodul e(nane), cpu_busy(fal se)
#009 {

#010 SC_THREAD(sw_i sr);

#011 dont _initialize();

#012 sensitive<<in_port; //Static sensitivity
#013 SC_THREAD( sw_out put ) ;

#014 dont_initialize();

#015 sensi tive<<evt_sw;

#016 }

#017 void sw_isr()

#018 {

#019 for (;;)

#020 {

#021 if (!cpu_busy)

#022 {

#023 cpu_busy = true;

#024 cout <<sc_tinme_stanp()<<" sw_.isr runs"<<endl;
#025 RXD = in_port->read();

#026 wait(1, SC_US); //wait for delay
#027 cpu_busy = fal se;

#028 evt_sw. notify(); /1 Trigger sw func()
#029 }

#030 wai t(); I/ Revive static sensitivity
#031 }

#032 }

#033 voi d sw_out put ()

#034 {

#035 for (;;)

#036 {

#037 if (!cpu_busy)

#038 {

#039 cpu_busy = true;

#040 cout <<sc_time_stanp()<<" sw_ output data:"<<RXD<<endl;
#041 wai t (2, SC_US);

#042 cpu_busy = fal se;

#043 }

#044 wait();

#045 }

#046 }

#047 | };

Table2-3. SystemC code of a SW PE module
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#001 |int sc_main(int argc, char **argv) //Miin function
#002 | {

#003 sc_si gnal <i nt > sig;

#004 HW hw_i (" HW noduel ") ;

#005 SWsw_ i (" SW. nodul e");

#006 hw_i . out _port(sig);

#007 Sw_i.in_port(sig);

#008 sc_start (100, SC US);

#009 return(0);

#010 |}

Table2-4. SystemC code of the main function

finishes execution, it notifies the eventt_sw in order to make the other o
esssw_output ready (see line 28). The two processes wsd(time)
statements to simulate their execution time costglg&eand 41). Sincé is as-
sumed thathere is only one concepl SW PE the two processes need to execute
sequentially. A flag variable is used to guarantee that only one software process
can be at the running state (i.e., during a delay interval) at a time.

Referring to thanain functionin Table 2-4, modules and channels aneated
and instantiated (line 3-6). Correspondingports on bottHW and SWmodules
are connected by the channel objsigt (lines 6, 7) in the elaboration phase. A
call to the functiorsc_start() begins the simulation, which will continue for
100 microseconds target time in our sintigla (line 8).

It should benotedthat, in this example, two software processes executedaccor
ing to the SystemC native @perative scheduling policand use ta uninterry-
tible wait(time) function to advance the target clocKhat is, one software
process executes up to completion and one process canvevhptihe other. As

a result, if ahardwaresignal arrives when aoftwareprocess is executing, the

Missed Missed
—~ -~
/ \ 7 \
value!| ,/ \|value: ,/ uel \ alue
hw_gen 1 | L8 /I 7 | L /I 9
/ \ 4, \VY g
- N_ .~ N_ .~ g
sw_isr - ] - ]
Sn_output
\ \ | \ | | | | \ \ \ »
0 1 2 3 4 5 6 7 8 9 10

Ll
11 time (us)

Figure2-10. Non-pre-emptible execution
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softwae Interrupt Service Routine (ISR) cannot serve théardware interrupt.
Figure2-10 shows thigphenomenonin whichinterrupts are missed at time points

3 s and 6. In Chapter 3we will present the solution to this problem.

2.3 RTOS Modelling and Simulation in Systernlevel
Design

In recent years, RTOS modelling and simulation have been proposed &s impo
tant embedded software validation techniques in the context of embedded systems
systemlevel design. This section surveys related Sthdised RTOS modelling
and simulatiorresearch There are several criteria by which to classify ant-co
pare different appaxhes, for instance:

1 By application scopeVarious RTOS models have been developed for-high
level abstract software simulatigdl2] [72] [113], nativecode software
simulation[119] [87], HW/SW cesimulation[120] [121] and systerievel
design flow refinement researf4s].

1 By software simulation methad&s already introduced i8ectionl.5, there
are two main softwaremsiulation approaches being used in systevel de-
sign: Instruction Set Siolation and behaviouraimulation. Accordingly,
researchergdevelop ISSbhased RTOS modefer complete and accurate
validation of final software implementatigh08] [109], whilst behavioural
RTOS simulation modetse more widely used for fast and flexible software
early exploration.

1 By functional accuracyAccording to the functional accuracy of the RTOS
model, RTOS simulation modelre summarisednto three categoriem
[77]: abstract OS modekhat rely on communication pnitives and sche
uling service by the underlying SLDL kernglrtual OS modelshat mimic
the functionalities of the final OS but with independent implementation
code, andinal implementation OS modelghich can be used in ISS simaul
tion. It should be nied that the definition odbstract OS modelseems to
overlook the fact that SLDLs fail to supply enough RTOS capability

natively.

54



Untimed Approximate-timed Cycle-accurate

/—/H
| System analysis phase [ System exploration phase Implementation phase Design How
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abstract RTOSModelling  application RTOSModelling RTOSsimulation

Figure2-11. Three types oRTOS simulation models

We categorise and analyse RTOS modelling and simulation research based on
their timing and functional accuracy kg, as wk as their applicabilitystage in
an embedded system design flow. Referringrigure 2-11, most existing mét
odsfall into three maircategoriescoarsegrained timed abstract RTOS modelling,
fine-grained timed nativeodeRTOS modelling and ISS based RTOS simulation.
The fAgoai sedograaidndido neriteria refer to
of software models (including both the RTOS aspect and SW applications), and
they both belong to the domain of behavioural software simulation.

2.3.1 CoarseGrained Timed Abstract RTOS Modelling

Abstract RTOS modelling and simulation focus on early design phases, such as
system specification, system analysis and SW/HWpgarétioning stges. Atthis
time, the target platform is undetermined aodtwarecode has not been ingl
mented Also, it is not possible tpresume specific RTOAPI servicesn the sg-
temlevel simulation framework before enough decisibagse beemade regard
the sysem architecturedowever, general structures and execution mechanisms of
the RTOS model should still be not far from real RTOSs, in order to make sure
that the RTOS model has a practical usability for-tieaé software desigmb-
stract RTOS modelling isupposed tprovideextensiblereattime systenmodé-
ling capabilities and be fast to be changedwolvingsimulationloops.

In this approachsoftwareapplications are normally organised as a collection

of abstract tasks associated with coaysened émporal properties, e.g., period,
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deadline, offset, and execution tin{@42] [72]. Periodic, aperiodic, and sporadic
tasks are typically explicitly defined by different timing characteristics, wimeh
clude the main information obtained by the RTO® orderto hardle a task. A
qualified abstract RTOS model needs to at least provide prloaggd pre
emptive scheduling services and basic primitives to cotitedi st ar t 0i-and ft er m
nationo of a task. This feature i s essenti :
order to overcomethe previouslymentionedlimitations of underlying SLDL
bases. A taskods execut i watfocdelaystatement. usual | y n
The delay interval of every task instance (i.e., a job) is either statically annotated
by estimatio or dynamically randomised by some statistical theories, eig. un
form distribution [8]. T h e -measwedmany and bagkn not ati ono ti min
method is also proposed [ihl13] [43], but it is applied at a coarggained timing
granularity (i.e., taskevel). Intertask synchronisation for resource sharing,
communication services and interrupt handling are usually not adequatelg-consi
ered in this kind of modeThe advantage of this method is the fast simulation
speed, since applications and RTOS are highly abstract models. The main dra
backs of this method are low timing accuracy (coarse time annotations for appl
cations and inadequate modelling of RTOS tiginverhead) and incomplete
modelling capability bRTOS functionalities. Besides, in most existing research,
there isa lack of SW/HW interaction modelling, arfthrdware parts of a CPU
subsystem are not explicitly modelled eitiEnis means thasoftwareapplication
tasks andheabstract RTOS modé&brm the softwarePE modeby themselves
Gerstlauer et al. present early SpecCGbased abstract RTOS modielorderto
integratesoftware scheduling support in the TLM model refinement fl¢48]
[122]. This RTOS model providels basic primitives to support task management
and scheduling. RTOS timing overheade not mentioned sufficientlyBesides,
it uses the imperfeatvait-for-delay time advance method, so interrupt handling
cannot be accurately modelled and the timing accuracy is limited by the minimal
resolution of time annotations. A subsequent wfR3] resolves this initial
HW/SW synchronisation problem by using an improwvedit-for-delay method
naned AResul t Or ilrerecéneZdbel dtaldl24l] use the gystemC

SLDL to implement an absta®TOS model whre most parts are based on the
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work of [43]. They solve the HW/SW timing synchronisation problem by using
the SystemQvait-for-eventmethod, which is also utilised wur researchn this
thesis.

Early work by Madsen et al. presents a Systdma€ed abstt RTOS model
[112], which is further extended for MPSoC simulati@& and NoCsimulation
[125]. The basic idea is to decompose an embedded system model into three co
pact submodels: the task graph model, the scheduler model, and the limkicom
nication model. Ta schedulemodel provides both fixegriority scheduling (e.qg.,
ratemonotonic priority assignment) and dynarpigority scheduling (e.g., EDF)
services by using three primitives (i.e., run,-prept, and resume) to manage
tasks.Thetask model is characterised by coagsained temporal information or
estimates, e.g., WCET, BCET, period, deadline and offset, but without acyy fun
tionality code. This RTOS model &sgood basis for higlhevel system exploration,
but it also has some litations. Firstly, RTOS serviceverhead arenot included
in the model Furthermore, its task state machine model is different fhathus-
ally foundin a typical reatime kernel, and the task modelasotoo simple to
mimic a realsystem Finally, its link communication model heavily relies on the
SystemC MasteBlave messageased communication library fdroth software
internal and inte-module communicatios, whose behaviourare different from
common RTOS synchronisatiamd communicatiomechanims.

Hessel et al. describe an abstract RTOS model in SystemC SLDL for use in the
embedded systems refinement flfiil 3]. Both the structure and implementation
of this RTOS model is similanot Madsends model ; ddedonc e,
simplistic task modelling and incomplete RTOS service modelling.

Moigne et al. propose a generic RTOS model for-tiead systems simulation
[114]. This work hasthe advantage of considering timing overheau three
RTOS services.e. contexdoad time, contexsave time and scheduling algorithm
duration. Nevertheless, this work does not address task functionality modelling,
interrupt handling and synchronisation modelling.

Hastono et al. use an abstract RTOS model fortimal scheduling asses
ments[126] and embedded software simulatigi2]. The RTOS model provides

basic task management services similathe models ofserstlauer andladsen.
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Various static and dynamic scheduling policies, e.g., edenen, timetriggered,
fixed-priority RMS, dynamiepriority EDF, etc. are integrated in order to evaluate
and compare different task scheduling decisions. The functionality of a tdek is
composed into nepreemptive atomic actions and peenption is assumed to
happen only at boundaries of atomic actions. Consequently, thisnppeon
model cannot simulate interruptsaistically.

Hartmann et al. present an abstract RTOS simulatiorehasla part of their
SystemCbased system synthesis design fli7]. They modelsoftwareon a
generc runtime system rather than directly molded existing RTOS services,
l.e., all conventional software synainisation and intetask communication
mechanisms are modelled by the shared objects method. The intention is to inherit
their previous hardware modelling work and thus allow a seamlessédvigh

SW/HW specification environment.

2.3.2 Fine-Grained Timed Native-Code RTOS Simulation

Nativecode RTOS models are used to support simulation of ‘egkl soft-
ware functional code at the system exploration phase, when the target platform
and the RTOS are in the process of being selected, and application scftware
der development.

Its timing accuracyhas beerimproved compared to abstract RTOS models.
Softwareexecution delays are measured and annotated in models at some finer
granularities (e.g., function level, block level, and source code line levelmso ti
ing accuracy becomes a major focus in this approadbk.kifid of RTOS simu-
tion model often suppscomprehensive and specific services, and costime
timing overhead information. In some research, a real RTOS is modiist
[87] [129] [130], whilst some other works attempt to build a generic RTOS model
[131] [12] [130]. Because of its much faster simulation speed (twbreetorders
of magnitude faster than ISS simulatidr28]) and acceptable loss of modelling
accuracy, finggrained imed nativecode RTOSand softwaresimulationis pro-
posed as the counterpart of TLM HW and communication modelling.

Jerrayads group pesadfiressingsativeoftveaeesimula-s o f

tion in SoC HW/SW ceimulation, and presents two differenpisal software
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simulation methods ifiL21] [128] [130], respectively.n [121] [128], they build a
softwaresimulation model (including OS, applicatisoftwae, and a bus fum
tional model) annotated with timing delays and run it as a host Unix process,
whilst, thehardwarepart is modelled in SystemC SLDL. The communicatien b
tween softwareand hardwareis implemented with Unix IPC methods, such as
shared menmy and signal. In order to solve the HW/SW synchronisation problem,
they propose a fdvariable timing granul a
trading off the simulation performance with the timing accuracy[180], they
usea different way to model the softwargart whereapplication tasks are sahe
uled by an OS model by using the multreading functionality of the host OS,
and then the wholeoftware part is integrated into a SystemC HW/SW- co
simulation framework. Both a prmptive FIFO based scheduler and a real eCOS
RTOS are implemented in the OS model library. With the same RTL model on
the HW side, compared to the cyeecurate 1ISSoftwaresimulation, the co
simulation performance with native RTOS simulation is reportedrag thrders
of magnitude faster, and the simulation accuracy achieves 86% of the IS8- In ge
eral, from the RTOS modelling aspeittis research has tteelvantage of congi
ering various detailed RTOS service overlsad accurately modelling HW/SW
interactons (e.g., interrupt handling and memory access). However, their models
sometimes utilise the underlying host OS services, which may deteriorate the
portability and negate SLDLO6s intent as .

A SystemGCGbased native simulatiomodel for a commercial Texas Instrument
RTOS is presented by He et al[87]. It models common RTOS services such as
task management, priorityase scheduling, task synchronisation, /O, and-inte
process communication with timing overhsadtimate from the target procs-
sor 06s benchmark sheet. T h-stamp prediction at or L
method for interrupt modelling, which is based on an assumption that application
tasks can repottappening time of their future synchrosation everd to the ke-
nel. This tight requirement requires pegjuisite analysis of the whole system and
may hence restrict its usability.

A HW/SW cosimulator that includes a spee@alur pose €I TRON 4.0

model is introduced if129]. Itnai vel y si mul ates a compl et
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model with applicatiorsoftwareon the host computer. For the HW aspect, C/C++
or HDL HW models can be included in the simulator aadcommunicate with
the softwaresimulator by using Windows IPC metheodrhis workhas a dra-
backin that its simulatedlock relies on the host OS clock, i.e., it is untimed from
the perspective of targebftwaresimulation. Furthermore, host IPC methods may
bringanextra and unexpected simulation overhead.

Chung et al. describe a generic SystebaSed RTOS model which is oriented
for MPSoC simulation irf131]. Its generic RTOS and POSIX like APl models
support native application code to execute with RTIMTHW models. However,
its RTOS task machine model lscking in modelling realtime synchronisation
mechanismsAnd it alsouses a polling method to check interrupt events in every
clock-cycle, which may result in undesired consequsrbat interrupt 