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Abstract of the Dissertation

Analysis and Optimization of Transaction Level Models for

Multi-Processor System-on-Chip Design

by
Hans Gunar Schirner
Doctor of Philosophy in Electrical and Computer Engineering
University of California, Irvine, 2008
Professor Rainer @mer, Chair

The increasing complexity of modern embedded systems astérag-on-chip poses
great challenges to the design process. An exploding nubalternatives has to be
considered during the design process. Additionally, thewrh of software with tight
coupling to underlying hardware increases in current aesigdding another complexity
dimension.

System-Level Design addresses these challenges by usmifieadapproach for hard-
ware and software design. Raising the level of abstractimtem-level design uses fewer,
abstract models of hardware and software for system asalgploration, simulation, and
implementation. Well-defined and efficient models are @iuair reliable design space ex-
ploration. In particular, fast yet accurate models are addd reduce the design time and
improve the end product. In this dissertation, we addressrthdeling of Multi-Processor
System-on-Chip (MPSoC) with Transaction Level Models (TL)tivo essential system
elements, communication busses and software processors.

XXi



We contribute in three aspects. First, we systematicalyae communication mod-
els and quantify the speed/accuracy trade-off in TLM. Wevigl® a classification of ab-
straction levels based on model granularity. In traditionadels, each abstraction level
improves the simulation speed by several orders of magaithdwever at a significant
loss of accuracy. Second, we propose a novel modeling iggnResult Oriented Mod-
eling (ROM), which removes the inaccuracy drawback of TLMt yields nearly the same
speed. Third, we propose a fast alternative to traditiamgtuction set simulation, using a
versatile processor model that shows speed gains of thdeesoof magnitude with only a
few percent of error in accuracy.

Overall, our work guides the system developer in choosiegptioper model features
and provides efficient techniques to model them. It also suppghe designer in model
selection, analysis and implementation. As a result, ostesy modeling research will

influence the design of digital embedded systems, resuitifgetter and less expensive
end products while reducing the time-to-market.

XXii



Chapter 1
Introduction

Embedded systems play an important role in our everyday Tifeey are omnipresent
in our environment, in virtually all application domain ifame a few, they process media
data in consumer electronics, increase the safety andistatbiautomotive systems, con-
trol medical devices, and automate industrial processeth e technological advances,
an increasing number of products is based on embedded systéch become pervasive
and ubiquitous. Embedded systems by far outhumber clasgickstation type computer
systems. According to Netrino [8], only 2% of all manufaetiprocessors in the year
2005 were used in workstations. The remaining 8.8 billiaacpssors have been integrated
into embedded systems. In the future, we can expect evenpnaressors to be integrated
into our everyday devices.

Embedded systems are integrated into a larger physicamyst product in order to
provide a few specific applications. They are constrainee@tigrnal input and output.
Following the definition in [63], the main reason for buyingpeduct based on an em-
bedded system is not the computational functionality bglfitdut the overall product’s
external functionality. With the integration, many protdwubtallenges extend to the de-
sign of embedded systems. Many systems are mobile, thuenpatperated, and require
a power efficient implementation. At the same time, striafgrenance constraints de-
mand high computational power, as for example in a portaleldiaplayer decoding high-
definition video. Additionally, embedded systems are oftery complex, with tightly
coupled Hardware (HW) and Software (SW), which for exampldrotma dynamic phys-
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ical environment. In a modern car, for example, many Eledtr&ontrol Units (ECUSs)
control different aspects of a vehicle, such as fuel ingatGtielectronic stability program
and exhaust management. Already in the year 2004 [97] regp&@® to 80 ECUs for an
upper class vehicle. These control systems are deeplyratézhinto the overall product
and tightly coupled with the physical environment. With ealiance on products using
embedded systems, many non-functional product requiresmextend to the embedded
system itself, such as dependability and real-time comstraMeeting these requirements
poses significant challenges on the design process.

In contrast to general purpose computing, the applicatimhthe operational environ-
ment of an embedded system are already known at design timereBults in a significant
advantage, allowing to design a customized and optimizatigoin for a given product.
The customization in turn may increase performance, allmvektra functionality, and/or
meeting a tighter power budget. High volume applicationy fo@ implemented with a
custom designed Application Specific Integrated Circuit &S Applications in a lower
production volume, or systems demanding reconfigurabléweme can be realized using
Field Programmable Gate Array (FPGA) technology. Modermumi@cturing capabilities
offer a high integration density, which enables combiningjtiple processors, together
with customized hardware accelerators, communicatioratgly, 1/0O devices and drivers

onto a single chip — a Multi-Processor System-on-Chip (MPSo&MPSoC basically
contains a complete embedded system. This thesis addiesasodeling of complex
MPSoCs in order to aid the design process.

The design complexity of modern MPSoC is exploding due tontlagket demand for
more, increasingly complex features, the implementatmxbility and the high integration
densities that allow to implement those complex featured,the pressure for shortening
the time-to-market. To address the customer needs, andmeompetitive, the market
demands an increasing number of increasingly more compkexifes. As one metric, the
International Technology Roadmap for Semiconductors (ITRS])quantifies the number
of features for portable or consumer electronics doublieretwo years. Technological
improvements enable implementing more complex systemslloyiag to integrate an
increasing number of transistors onto a single chip. In @872report, the ITRS [99]
predicts 1.5 billion transistors to be integrated by 200Bhdugh the designs dramatically
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Figure 1.1: Productivity gap (courtesy [41]).

increase in complexity, the market still demands reduchreg ttime-to-market to timely
yield competitive products.

These conflicting demands lead to a significant productiyay in the semiconductor
industry, as reemphasized by ITRS [98] (2004). Figure luktithtes the productivity gap.
It shows that over the years more transistors can be iney@ito a single chip than
designed within the shortening time-to-market. Therefor@v approaches are needed
to dramatically increase design productivity and to cldsegroductivity gap. One such
approach is utilizing hierarchy and designing at a highegllef abstraction, which enables

constructing larger and more complex systems.

1.1 System-Level Design

The competitive market and the technological advancesnequsignificant improve-
ment in productivity when designing increasingly more cerpembedded systems in a
shorter amount of time. System-Level Design addresses ttiesdlenges by using a holis-
tic approach. Instead of designing individual componeapagately, a complete embedded
system is designed at once. Such a system under designliymicatains one or more
processors, custom or standardized hardware compondmits) accelerate computation
or perform specialized functions (such as I/0), and a comaation hierarchy connecting
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the individual components. A system often also contains@anand actuators to interact
with the outside physical environment. Those actuatorssemdors are mostly standard-
ized components. The main focus of the system-level desigis on the digital portion.
An essential aspect of system-level design is the hardveaiéware co-design, where both
aspects of the system are jointly designed — concurrenthyeatame time.

Using a system-level approach offers many advantages. d\8irstem-level view, the
embedded system design starts early with a specific algudtBystem description inde-
pendent of a particular hardware-software split. Jointgigning both aspects has the
potential for more efficient designs, allowing for earlyplghl optimizations across mul-
tiple layers. Furthermore, system-level design aims fouidep automatic generation of
the target implementation and thereby dramatically irgiregproductivity. In particular,
generating the communication interface between hardwadesaftware has the potential
to bridge the gap traditionally present between differegtnizations that are separately
responsible for either HW or SW.

System-level design distinguishes three orthogonalizpees: behavior description,
structural mapping, and implementation. HW/SW co-desiglizes a system descrip-
tion in an implementation and platform agnostic format. Ewgample, the behavior is
described in algorithmic form and and explicitly capturependencies, instead of using
implementation-detail, such as a Register Transfer LevEL]Representation. Again, with
the implementation independent format, a free mapping babers to a platform struc-
ture becomes possible. In a subsequent more detailed praheslatform structures can
be implemented, for example by using a set of standardizeckpsors and custom accel-
eration hardware. The implementation optimization theninsilar to traditional design
processes.

An implementation-independent format naturally leads listiaction, since specific
low-level details have to be omitted. In system-level desasystem is hence captured as
an abstract model that expresses the main properties, BolWwies implementation-level
details. Using abstract models is the key to an efficient doglerocess. Already in 2004,
the ITRS [98] listed higher-level abstraction and speciitzaas the first promising solution
for tackling the system complexity. The same focus was meecently also highlighted by
[81].
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Figure 1.2: Abstraction levels in SoC design (source [32]).

With a higher level of abstraction a system can be composedfdewer, yet more
complex components using the concept of hierarchy. Figueillustrates the relation
between abstraction level and number of components. An éddoksystem that is initially
composed out of tens of millions of transistors may only negtens of thousands of RTL
components. These in turn may be represented by multiptedalgorithms. Reducing
the number of components to deal with at the same time, easi@saiming a system-level
overview. However, with each abstraction level an incregsimount of implementation
detail is hidden, which reduces the accuracy of the modegallg system-level design
allows describing a complete system solely as a compositiadgorithms, so that the
designer can focus on a purely functional system overview.

1.1.1 Methodology

Computer Aided Design (CAD) tools are utilized to establisteffitient design pro-
cess. Such tools typically require adhering to a fixed proeeffom specification to im-
plementation, called a desigmethodology

In a top-downmethodology, a system is initially described at the higladstraction
level. The specification is then step-wise refined down tocineh implementation. With
each refinement step, more implementation detail is addie t®ystem description. Poten-
tially after each refinement step, an analysis step inva@sthe effects of the implemented
decisions.
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In a bottom-upmethodology, on the other hand, the design starts with sirbpkic
blocks, called components. Then, more complex componeatsi@rarchically composed
out of these simple components. The process is iterativetraenpreviously defined com-
plex components become the basic block for the new cycle.pfbeess repeats until the
complete system is composed. A bottom-up methodology esraferred to as component-
based design.

A combination of both methodologiespzeet-in-the-middlenethodology, may achieve
the highest productivity. Then, a system design starts avitigh level description, and is
refined until predefined components (Intellectual Prop@Ry components) can be instan-
tiated out of a catalog.

The following paragraphs outline the process of a top-doesigh flow [29] to illus-
trate the decisions for refining an abstract specificatiomdim an implementation.

In a top-down methodology, the SoC design starts with theifipation model, which
is a purely functional model — free of any implementatioradst The functionality is algo-
rithmically captured and encapsulated in behaviors. Bensxiommunicate through ab-
stract typed communication channels. The model is untimneldeatablishes only a causal
ordering. The specification model allows a functional vatiion of the description. Once
finished, it becomes a golden model, serving as a referemaggdhe design cycle.

In the first refinement step, architecture information iseatid For that Processing
Elements/(PEs) are inserted into the system and the bebasdonposing the specifica-
tion are mapped to them. PEs are programmable componentsasugeneric processor
cores or Digital Signal Processors (DSPs), or non-prograbienelements, such as cus-
tomized hardware accelerators. PE parameters, such dsfodgmency, are selected to
adjust to the application demands. Based on embedded timiogriation of the PEs, an
early runtime performance estimation gives initial feezkabout the design decisions.

A next step in the refinement chain deals with defining schedudlecisions for PEs that
host multiple behaviors. This refinement allows the desigmeselect suitable scheduling
mechanisms, ranging from off-line static scheduling tepty based dynamic scheduling.
In case of dynamic scheduling, behaviors are mapped to tasksanagement by an op-
erating system. This refinement step is essential espetialprogrammable PEs, which
typically host many behaviors.
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Communication decisions are captured in the following stdpey define the commu-
nication hierarchy, the selection of busses and protodsy, the abstract communication
channels, which have been introduced in the specificatiotleinare mapped to physical
busses and protocols. Detailed information about eaczedilprotocol is added, defining
timing and structure. The resulting model includes speaiitructions for the particular
bus implementation, like the access logic for a bus mastbusslave.

The synthesis step concludes the design flow, addressihgHWtand SW. Hardware
synthesis generates RTL code for each custom hardware BEhgifprerequisite of RTL
component allocation, their functional mapping and schedu The hardware synthesis
produces a cycle accurate description of each hardwareiREsyhthesis step also includes
software generation to implement the desired behaviorgugsmogrammable processors.
Here, specific implementation code is generated that pagfanternal communication,
external communication with hardware components and piatgnexecutes on top of a
standard operating system. The output of the software gaoeiis a cycle accurate model
of each software-processing element, i.e. atarget biffdgtarget binary can be simulated
using an Instruction Set Simulator (ISS), or alternativetgcuted on the target processor.
Combining the outputs of both synthesis parts yields an implgation model, containing
a cycle-accurate description of the whole system.

1.1.2 System-Level Design Languages

In order to allow automated processing, abstract models tabe captured in a for-
mal, machine analyzable language. Specific languages,lledl &ystem-Level Design
Languages (SLDLs), have been developed or adapted forubeiin system-level design.
Common to all SLDLs is their ability to abstractly describeyatem specification, cover-
ing hardware and software aspects. Ideally, a SLDL spany ialastraction levels so that
it can be used throughout the design process, from an eastyaabspecification down to
some implementation-level detail. The following parad¢rsputline some SLDLs and their
origins.

The Unified Modeling Language (UML) [71], which originated software engineer-
ing, is a standardized visual specification language faeabpnodeling that allows captur-
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ing abstract system specifications. It offers a graphigalirand representation of a large
set of Models of Computation (MoCs) to flexibly express theeystharacteristics. Well
defined subsets of UML are synthesizeable into an implertientgs2]. In addition, UML
has been customized by the System Modeling Language (SyEML}o meet the needs
of systems engineering. SysML is a UML profile and additibniatroduces new concepts
to support system-level design.

Matlab is a mathematical environment, which is used for i@lgm development, and
provides flexible simulation capabilities and a wide ranfeools for visualizing results.
Simulink extends Matlab to a multi-domain simulation eoniment with a graphical in-
terface for model-based design. It offers both continues tind discrete time models, as
well as a wide range of predefined component blocks. Matlalulék [64] is often used
in control theory and digital signal processing.

Other approaches extend a Hardware Description Languabe)(HOne example is
SystemVerilog [103], which extends the widely used HDL agito cater to system-level
design. It embodies additional support for software cotsgseguch as an object-oriented
programming model, and allows calling to and from C/C++ viadit®ct programming
interface. Especially the latter significantly eases iraggn with software modules.

Finally, another set of languages emerged from standarngeséigl programming lan-
guages, such as C/C++. SystemC [42, 72] uses the object aritegtures of the C++
language and is implemented as a library extension. Thexe®&ystemC can be compiled
with a standard C++ compiler. It provides C++ libraries to e@gsrand capture system-level
aspects, such as concurrency and synchronization, as svefirdware aspects. SystemC
is widely used and accepted in the industry and academia.

SpecC [29, 32] is based on a language extension approachtamdiices new keywords
to ANSI-C. Subsequently, it relies on a specialized comgled simulation engine [68,
26, 114]. With SpecC being a language extension, the raguBLDL is more concise
and easier to learn than library extension based appro§tb&s The experimental work
of this thesis has been performed using the SpecC langudge cdncepts however, are
equally applicable to other SLDLs, such as SystemC, as wielase see [29] for a detailed
description of the SpecC and a comparison with other langgiag
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1.2 Abstract Models

By using a SLDL, a complete system, again with hardware artvacé, can be cap-
tured as an abstract model. An abstract model serves as @rinluegnd reference for the
implementation. Typically, an abstract model is execi@abhd simulates the system in a
discrete event simulation [7]. In a discrete event simalathe system operation is rep-
resented as a chronological sequence of events. Each es@nsat an instant in time,
updates the system state, and potentially increases tloaldigne by a discrete quantum.

Abstract models simulate multiple orders of magnitudesiatan an implementation-
level model (i.e.. RTL). Increasing simulation performaiga key for simulating more
complex systems and enables the designer to explore aditochitectural alternatives
in a given time period. An abstract model serves as a vezgalaitform for simulation-
based validation, performance analysis, debugging anelal@went. At the same time, the
higher abstraction level allows the designer to focus oerdgd aspects of system design,
without the burden of capturing all implementation detail&is significantly reduces the
modeling effort, since the number of components expongniiecreases with each step
toward implementation (see Figure 1.2). Therefore, usbwiract models leads to a more
efficient design process. However, abstracting implentiemtaletails, generally results in
a reduced accuracy of the model, for example with respeatrtolated timing. Therefore,
it is important to find a suitable abstraction level, thaigsefast simulation results while
still providing sufficiently accurate results.

In general, a system is composed out of computation blocksdre connected by
communication elements. The next two sections separatelyeas abstraction of commu-
nication and computation.

1.2.1 Abstraction of Communication

Traditionally, communication has been abstractly degctibsing distributed models
of computation, such as Petri Nets [75], Kahn Process Né&sv@{PN) [51], and Syn-
chronous Data Flow (SDF) [58]. Each of these models has ansawiof well defined
communication semantics, allowing for a detailed analgésystem communication (e.g.
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for testing the scheduleability, or for determining bufé&zing). However, these models
only provide very restrictive communication mechanisms.

For abstract communication modeling in the context of sysievel design, transaction
level modeling has been proposed [42]. Transaction levelating abstracts communica-
tion in a system to whole transactions. It abstracts awayléwe! details about pins, wires
and waveforms [17], and instead uses function call abstrascthat provide the commu-
nication functionality. Although transaction level mokbgl has been widely accepted to
abstract communication, the actual abstraction levelsaireomder debate.

1.2.1.1 OSl-based Abstraction

A generic view on possible abstraction levels can be defnaed a traditional commu-
nication stack. For general network based communicati@n|riternational Organization
for Standardization (ISO) provides a conceptual model mimyag communication tasks
and features. 1SO defines in [50] the Open Systems InterctiongOSI), a layer-based
reference model. Each layer in this model has a well definedfsesponsibilities, and
provides services to the layer on top, hiding some impleatent detail. By that principle,
a layer higher in the stack can be seen as being more abdteacttlower layer. Thus,
the OSI layering scheme can provide insight about possilséaction levels. Table 1.1
enumerates the OSI layers with their main responsibilities

Table 1.1 shows an overview of the layer separation, it aldiwates where a particular
layer is implemented and shows a representative code egdmpan invocation of each
layer. The following list describes each layer in more det&imore detailed description
can be found in [31, chapter 5].

Application Layer. The application layer is the top most layer and implemergscthm-
putational behavior of the system. The designer definesagglrontent during the
specification and the layer is gradually implemented thhoug the development
process. This application layer defines the system behavidrdescribes how the
user data is processed in the system.

Presentation Layer. The presentation layer provides named channels, for thefeaof
user typed data. User typed data (e.g. a data structurenieted (marshalled)
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| Layer | Interface semantics | Functionality | Impl. | OSI |
| Application| N/A | eComputation [ Application | 7 |
Presentatiynfitizli’dt{gte?’ur:jzm?rf/I;nais:;l ges e Data formatting | Application | 6
Session PE-to-PE, untyped, nameq messages oSync':hror.nzanon 0S kernel 5
ev1. send(voi d*, unsigned |en) | eMultiplexing
PE-to-PE streams of untyped messages | e Packeting
Transport | estrml. send(voi d*, e Flow control OS kernel 4
unsi gned | en) e Error correction
PE-to-PE streams of packets .
Network estrmi. send(str upct Packet ) e Routing OS kernel 3
Station-to-station logical links « Station typing
Link e | i nkl. send(voi d*, o Driver 2b
. e Synchronization
unsi gned | en)
Station-to-station control and data streams
ectrl 1. receive() e Multiplexing .
Stream edatal. wite(voidx*, e Addressing Driver 2b
unsi gned | en)
Media Shared mgdium byte streams . « Data slicing
AcCess obus._wr| te(int addr, voidx*, o Arbitration HAL 2a
unsi gned | en)
Unregulated word/frame media transmission
Protocol ebus. witewrd(bit[] addr, e Protocol timing Hardware 2a
bit[] data)
Pins, wires
Physical oA . drive(0) e Driving, sampling| Interconnect 1
eD. sanpl e()

Table 1.1: Communication layers (source [31]).

by the presentation layer into a sequence of bytes provigisygstem-wide common
representation, which e.g. is independent of a PE’s enggarfetransmission using
the presentation layer is reliable, and can be synchronoasymchronous.

Session Layer. The session layer typically is the interface between thewsoé applica-
tion and the Operating System (OS). It provides synchroramgs asynchronous
transport of untyped blocks of bytes. This layer providewises for end-to-end
synchronization. In case the lower layer does not proviselssonous access itself,
end-to-end synchronization is implemented here. Sessigar Ichannels are used
for identification of individual software entities. Multg message blocks may be
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multiplexed into an untyped message stream within the mnétting stack. In such a
case, the receiving stack will demultiplex the untyped ragesstream into message

blocks.

Transport Layer. The transport layer provides reliable transmission of patl/streams
between PEs in the system. A channel between two PEs acts ips #éhpt car-
ries the streams of the layers above. Generally, the trassoni characteristics are
asynchronous. The transport layer implements end-to-emddontrol, as well as
segmentation and reassembly, to split up the streams irdtlesrpackets.

Network Layer. The network layer provides services to establish end-tbpaiths, which
connect two PEs, by routing packets through a set of poipistat links, which con-
nect adjacent stations along the route. The end-to-end pattty packet streams
from the layers above. The network layer completes the tipgraystem kernel
implementation for high-level end-to-end communicatiéior the routing of pack-
ets, the network layer provides separation of packets friffierent end-to-end paths

going through the same station.

Link Layer. The link layer controls the link establishment between twveatly connected
(adjacent) stations and provides data exchange of unnetexp packets of bytes.
The link layer is the highest layer for a peripheral drivesidte the operating system
kernel. It defines the type of station (e.g. master / slavesapports synchronization
primitives by splitting each logical link into a separateéadand control stream.

Stream Layer. The stream layer provides services for transporting cbatrd data mes-
sages between stations. It implements addressing of strelmmerge multiple sep-
arate data/control streams over a single shared mediuna. a¢sages are uninter-
preted blocks of bytes. The control message format, on tier band, is heavily im-
plementation dependent (e.g. interrupt handling, polliriche transfer services are
generally asynchronous and unreliable. However, the aféeceliability depends on
synchronization on higher levels (e.g. through implemigwrteof flow control).
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Media Access Layer. The media access layer provides services to transfer atraaybi
length, contiguous block of bytes over the selected metradés the specific imple-
mentation details of the transmission medium. The mediasxlayer is the lowest
layer providing a medium independent access. In additiomntedia access layer
implements data slicing: an incoming data transfer requadied the user transac-
tion, is split into individual bus transactions dependimgtioe underlying medium.

Protocol Layer. The protocol layer provides transmission capabilitiesifiaiividual bus
transactions - words, shorts, bytes and defined lengthsook&l This layer also

performs arbitration for each bus transaction.

Physical Layer. The physical layer implements a bus cycle access to the qaiysires.
It performs sampling and driving of individual bus wires. p8eate interfaces are
provided for accessing the data, address and control pastithe bus. The physical
layer also provides all implementation necessary for tteedmnnection scheme, i.e.
in case of the Advanced High-performance Bus (AHB) the intenection network
consisting of multiplexers. Furthermore the physical iempéntation of arbitration is

included.

In summary, the OSI layers offer a possible approach foratsbn from the phys-
ical implementation. With each layer, an increasing amainmplementation detail is
hidden. While the physical layer deals with wire accessescéouk cycles, the protocol
layer already provides services for transport of bus tretimas independent of the clock
cycle detail. The implementation-specific charactergsttthe bus are hidden above by
the media access layer, since it provides a point-to-paimtrounication of arbitrary sized
messages. Further up in the stack, above the network laygartke hierarchy of the com-
munication infrastructure is hidden by the provided enaitd links, which connect two

PEs regardless of the number of stations in between.

1.2.2 Abstraction of Computation

Traditionally, computation modeling was approached wjibdsfically tailored MoCs,
with the main focus on a static analysis of the system beha&icommon basis for many
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MoCs is a Finite State Machine (FSM) representation, whighresses an algorithm as
a set of states and rules for transitioning from one statentiher. | FSMs are typically

used for control applications. A Data Flow Graph (DFG), om dither hand, focuses more
on computation than control. /A DFG is formally an acyclicedited graph, where each
node in the graph represents an operation, and an each aredvehodes represents a

dependency (i.e. operands for the operation). Combining=8 and DFG concepts
yields the Finite State Machine with Datapath (FSMD). A FSkH) express both control
and computation; it captures states (nodes) and transitietween states, while each state
contains a DFG describing the computation executed in tdicplar state. The FSMD is
a model typically used in behavioral synthesis. It traesdb a controller and a datapath.

A further extension of the state machine concept, the Hiareal Concurrent Fi-
nite State Machine (HCFSM), adds concurrency and hierarciiglibg. Each state in a
HCFSM may consist of sub-states. Additionally, multipletestsamay execute in parallel.
One representation of HCFSM is State Charts [43].

Common for all of the above MACs is their focus on describing matation with a
focus on analysis. For this purpose, each MoC provides vedithed, yet restrictive execu-
tion semantics. As a result, capturing a larger, more coxrgpjetem with a state machine
approach leads to an explosion in the state space, whichatelling these models
difficult. To allow more complex states, the Program Stateshitze (PSM) [105] allows
programming language constructs being used as a statéadiescrA PSM is a hierarchical
concurrent FSMD, where the leaf states contain progrararstits. It is a very powerful
computational model, which allows for a concise system migtsen. On the other hand,
the powerful computational model significantly complicaamalysis, which has shifted the
focus from a static analysis toward a simulation-basedyaigal The PSM is used in the
SpecC SLDL and is present in other SLDLs as well.

Software simulation has traditionally been performed gigistruction Set Simulators
(ISSs). An ISS simulates the Instruction Set Architectil®&\] of a processor, interpreting
the instructions of a binary stream. It provides functieaeturate simulation and simulates
the processor’s micro architecture to provide timing-aataisimulation on a host platform
at a very fine granularity. 1ISS-based approaches are widslg in academia [9, 109] and
in industry [3, 107, 24].
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Figure 1.3: Software execution stack.

However, interpreting 1ISSs simulate very slowly, espégiahen multiple instances
are integrated intola MPSoC system simulation. Furtherpibesfinal software binary is
needed for an ISS-based simulation. Hence, it requiresaletimplementation of all
software components, as outlined in Figure 1.3.

In particular, an ISS-based simulation requires the fingl@mentation of the Hard-
ware Abstraction Layer (HAL), interrupts, Real-Time OpéargtSystem (RTOS), and
drivers to execute a software application. THAL abstracts most of the hardware spe-
cific details of the processor. To name a few, it implements\alevel bus access, provides
an API to access the processor registers and offers basiext@witching capabilities.
TheRTOSmplementation on top of the HAL provides real-time muttsking capabilities
as well as communication and synchronization primitivasci@mmunication within the
processorinterruptsandDrivers provide services for synchronization and communication
with external devices, such as hardware accelerators.

The effort for creating a detailed implementation of all Hisove described software
components limits design space exploration. Thereforiwace execution has to be ab-
stracted above the ISA-level, hiding some of the implent@rialetail to achieve an effi-
cient abstract system modeling.

One possible abstraction above the target ISA utilizes &dwmapiled RTOS, such as
the commercial RTOS simulator VxWorks Simulator [49] (poasly known as VxSim).
Both, the application and the RTOS are compiled to executepoftthe simulation host.
The host-compiled RTOS provides the full RTOS API to the $ated application. Com-
munication with external components, however, has to beualgnemulated (e.g. through
a socket based communication). Similar academic appreacbleide [47].
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An even higher abstraction employs an abstract model ofytsies, including an ab-
stract RTOS implemented on top of a SLDL. By abstracting th©&® higher simulation
speed can be achieved, however the resulting model is lessade (e.g. in terms of ob-
servable features). It is clear, that similar to the absttacof communication, different
abstractions are feasible for modeling computation. Tkellef abstraction then deter-
mines the observable features, the accuracy of the modelifeterms of timing accuracy,
or accuracy in terms of power estimation) and also influettoesimulation performance.

1.2.3 Basic Models in System-level Design

By combining an abstract description of communication andmatation, a complete
system can be abstractly captured. Many models with finegasaim abstraction are pos-
sible (e.g. when using the ISO OSI communication layerirfftes®e as a guidance). For
a practical application however, it is useful to restrictféaver models for a more con-
cise system design. We propose three basic models for aaptsystems: a high-level
Specification Modela performance-expressinigansaction Level Modednd a detailed
Pin-Accurate, Cycle-Accurate ModeThese three models are visualized in Figure 1.4. It
shows two applications mapped to individual PEs, which camicate with each other
through a communication stack.

Specification Model. The specification model is the most abstract model. At thssrab-
tion level, the applications directly communicate throadistract channels and none
of the other OSI layers is implemented. The specificationehmdhe starting point
in a top-down design flow. It describes the algorithms of th&tesm and their de-
pendencies in an untimed and platform-agnostic form usi@®gRL. Important for a
flexible and analyzable input specification is the sepamaifacomputation and com-
munication, which allows automatically refining the comnuation and mapping of
computation to separate PEs.

In the application layer, the system functionality is déssd as algorithms that have
been split into multiple parallel / sequential processesn@anication between ap-
plications is performed using typed channels on the apphicéayer. These channels
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Figure 1.4: Abstraction layers of communication.

provide high-level communication semantics for synclzation and storage. Exam-
ples of channels include synchronous blocking channelsliéchandshake), asyn-
chronous buffered channels (e.g. FIFO, queue) and synidat@mn only channels

(e.g. mutex, semaphore, barrier channel). The high-ldvahiels are very similar
to communication primitives offered by a classical RTOSadldition however, they

provide typed communication (e.g. transfer of complex datactures).

Transaction Level Model. The Transaction Level Model (TLM) implements part of the
communication stack to reveal performance implicationsh& implementation
choices. It is used by the platform designer (and the appicalesigner) to vali-
date system functionality and for analyzing the systemagoarénce.

The TLM refines communication between PEs over multiplerspé the reference
model. In the visualized example, each virtual PE implemémn¢ communication
stack down to the Media Access Control (MAC) layer and the stack connected
by an abstract transaction level model of the communicatiedium.

To reveal implication of communication architectural ates, the TLM resolves
communication down to the level of point-to-point commuation as introduced by
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the Link layer. The remaining layers are abstracted withe TLM channel that
connects the two stacks. Sincelthe TLM in this example iseémginted at the MAC
level, the TLM transports contiguous blocks of bytes whéd#ecting the character-
istics of abstracted communication medium (e.g. with respetiming). The level
at which the TLM abstracts communication is flexible. Depegan the desired de-
tail level, observable features, and simulation speed tinetxer of abstracted layers
within the TLM can be varied.

The TLM serves as an analysis platform for the design spguemion, to estimate
the system performance. It also is an platform to furtheneséind develop software
and hardware.

Pin- and Cycle-Accurate Model. The most detailed model of the system is the Pin-
accurate and Cycle-Accurate Model (PCAM) (also referred t@as Functional
Model (BFM)). The PCAM implements all layers of the communicatstack. The
two communication stacks are connected by abstract wireigfvaccurately reflect
the connectivity of the implemented communication platto€ommunication part-
ners exchange data and synchronization using the explcdbeled wires in a cycle-
accurate manner. With the high detail level, the PCAM serges @etailed analysis
platform, for example for observing detailed communicatgtatistics. Also, the
PCAM offers waveform-level detail, which allows integragiaxisting RTL Intellec-
tual Property (IP) and furthermore eases comparison wiahhadware. The detall
level of a PCAM serves as a final validation before handovdrgsystem synthesis.

1.2.4 TLM Trade-off

As indicated before, the level at which to implement a TLM idesign choice. With
a high abstraction, the simulation speed increases, haoweigetypically leads also to a
loss of accuracy. In general, TLMs pose a trade-off betwa@amarovement in simulation
speed and a loss in accuracy. This trade-off is present thrddustracting communication
as well as computation. The trade-off is visualized in inuFegl.5.
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Figure 1.5: Transaction Level Modeling Trade-Off.

The TLM trade-off deals with weighing the detail level of a ded, hence its accuracy,
against the achievable simulation speed. To illustratefemes, an abstract model that
is very close to the implementation, would reveal most im@atation detail. Hence, such
a model would yield a high accuracy. However, with the largtadl level, such a model
would reach a low simulation performance (low simulatiorexh). A very abstract model
on the other hand, would achieve the opposite. Most of thdementation details are
abstracted away, which typically leads to a fast simulatfwwever produces inaccurate
results.

The trade-off essentially allows models at different degref accuracy and speed that
range between these two extremes. However, having bothdpigbd and high accuracy
at the same time is typically not possible. The gray areaefdihgram indicates models
that follow the TLM trade-off. In contrast, models in the Karea, which are slow and
inaccurate, are existent, however are practically novagle On the other hand, models
that are both fast and accurate, which would be placed in thiewarea in top right of the
diagram, are highly desirable but typically not achievable

Although abstract modeling in form of TLM has been generaltgepted as one so-
lution to tackle the complexity in SoC design, this TLM traolé however, has not been
examined in detail. The TLM trade-off is a main aspect of tfissertation. Hence, the
TLM trade-off will be addressed from several perspectivesdparate chapters.
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1.3 Dissertation Goals

With the dramatic increase of complexity of modern MPSodgtes abstract models
become crucial for an efficient system-level design. Fastikiting system models, which
are still sufficiently accurate, are needed for system aiglgdevelopment and validation.

Well defined abstraction levels are crucial for the successaxceptance of system-
level design. For an efficient design process, concise rmaalel necessary that are ex-
pressive enough to exhibit important features, yet offeei&nt simulation speed to allow
an extensive design space exploration and a fast turn aromed Additionally, clearly
defined abstraction levels and modeling styles are cruaiahie interoperability between
models of different vendors.

This dissertation aims at addressing abstract modelingssis the following aspects:

¢ |dentify proper abstraction levels for communication anchputation.

¢ |dentify test setups and measurement metrics for quamétatanalyzing abstract

models.

¢ Quantitatively analyze the TLM trade-off for represeneabiodel examples for the

gain in performance and loss in (timing) accuracy.
¢ Guide the model designer in efficiently abstracting commaton and computation.

e Guide the user of abstract system models in selection ddlseiimnodels for a given

simulation purpose.

e Explore alternative abstract modeling techniques to emxeeboth performance and

accuracy at the same time.

¢ Define modeling techniques for abstracting computatiorvaltbe ISA for a timed
simulation of software execution.
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1.4 Dissertation Overview

The remainder of this dissertation is organized as follgwiRirst, the relevant related
work is introduced and categorized in Section 1.5. Then, @&h&wsystematically analyzes
and quantifies the speed/accuracy trade-off in TLM. To thi @ provides a classification
of TLM abstraction levels based on model granularity and@sfiappropriate metrics and
test setups to quantitatively measure and compare therpefece and accuracy of such
models. Chapter 3 proposes a novel modeling techniqueddaéisult Oriented Modeling
(ROM), which removes the inaccuracy drawback of TLM in maages. Using ROM,
simulation models yield nearly the same speed as theirtivadi TLM counterparts, yet
are still 100% accurate in timing. Chapter 4 focuses on attstigacomputation on a soft-
ware processing element. It introduces our approach ofadigbrocessor modeling in
the context of multi-processor architectures. The chapaerbines modeling of compu-
tation on processors with an abstract RTOS model and aecimarrupt handling into a
versatile, multi-faceted processor model with severalewof features. Finally, Chapter 5

summarizes and concludes this dissertation.

1.5 Related Work

This section briefly describes relevant related work.

1.5.1 Languages for System-Level Design

System-level modeling has become an important researatitaaeaims to improve the
SoC design process and its productivity. Languages foudagt SOC models have been
developed, which have emerged from very different backguisu

From the mathematical modeling background, Matlab/Sinkuli64] has emerged
which is often used in modeling control systems and digiigha processing solutions.
It combines discrete timed and continuous time models geleange of predefined blocks,
together with a wide range of visualization tools of the bpsmduct, Matlab. From the soft-
ware engineering background, UML [71] and its customizaggsML [70] have emerged.
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They provide a graphical input and a graphical represemtati different models of compu-

tation. SystemVerilog [103] is an example of a SLDL that isddhon a hardware descrip-
tion language, which has been extended for system use afttiefdescription of software

aspects. Finally, many system languages are based on g@negramming languages,
such as C, C++, and Java. Examples of SLDLs based on prograniamiggages are

SpecC[29], SystemC [42] and Opend [113]. These languagegprmeans to abstractly
capture systems, but by themselves do not define modelinglastchction approaches.

1.5.2 Abstraction and Analysis of Communication

We group abstraction and analysis of communication intedlmategories: (a) analyti-
cal approach, (b) trace-based approach, and (c) functsomallation approach.

1.5.2.1 Analytical Communication Performance Analysis

For an analytical approach, the system is described in adeéhed distributed model
of computation, such as Petri Nets [75], Kahn Process Né&sv@{PN) [51], and Syn-
chronous Data Flow (SDF) [58]. Using well defined, yet resire, semantics allows to
analytically reason about the system performance, andatgtdetermine scheduling and
configuration (e.g. queue sizes of a KPN implementation).

1.5.2.2 Trace-based Communication Performance Analysis

A trace-based approach separates a functional simulatond simulation of the com-
munication architecture. Communication activity (trace®) extracted during a functional
simulation either with an abstract model or using referemelware, and converted into
architecture level communication primitives [60]. Theszces are then later replayed on
the communication architecture under design to optimizkcamfigure the communication
system. Hybrid approaches integrate trace generationnaatfunctional simulation with
the analysis and application of traces [55].

1.5.2.3 Analysis Based on Functional Simulation

Capturing and designing communication architectures usidg [42] has received
much attention. Cai and Gajski [17] provide an initial taxoryoof TLM. [80] define a
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standard for transaction level modeling in SystemC. The rbanty of related work fo-
cuses on describing individual approaches to abstracspgas of communication. Al-
though they provide valuable guidance, none formally g@atite benefits and drawbacks
of abstract communication modeling.

Sgroi et al. [100] address the SoC communication with a Ne&wn-Chip approach.
Here, communication is partitioned into layers followiig tOSI structure. Software reuse
is promoted with an increase of abstraction from the undeglgommunication. While this
paper guides on the organization of communication, it doéslinectly address transaction
level modeling.

Siegmund and Miler [101] describe with Systen®® an extension to SystemC and
propose SoC modeling at three different levels of abstiacphysical description at RTL,
a more abstract model for individual messages, and a mosaabmodel utilizing trans-
actions. The abstraction levels used in this dissertatiersinilar to what Siegmund and
Muller describe. The paper focuses on the interface degsriplowing a multi-level sim-
ulation. However, it does not address abstract modelinguifiimaster busses.

Brem and Miller [14] describes how the CAN bus is modeled using the almoga-
tioned extension Systent®. The work also shows the three abstraction levels, but does
not give any experimental results on performance or acgurac

In [20] Caldari et al. describe the results of capturing the Bdrev. 2.0 bus stan-
dard in SystemC. The bus system has been modeled at two ldvalbstaction, first a
bus-functional model at RTL, and second a model at trarmadtivel simulating individ-
ual bus transactions. The described state machine basedrdashes a speedup of 100
over the RTL model. Our abstraction approach described €h@pthowever, reaches a
higher speedup (three orders of magnitude over the BFM fohlMBA AHB) by avoiding
explicit internal states.

Coppola et al. [23] also propose abstract communication fimagdeThey present the
IPSIM framework and show its efficient simulation. While thappr delivers a general
overview of the SoC refinement and introduces their intralnt® interface, it does not
supply details of the bus modeling itself as we will presenthapter 2.

Gerstlauer et al. describe in [36] a layered approach arbgemodels that implement
an increasing number of ISO OSI layers [50]. [36] presents taoarrange communication
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and the granularity levels of simulation. However, it does provide insight on the bus
specific modeling.

Haverinen et al. [45] describe in a white paper three TLM$witreasing abstraction
for the OCP-IP protocol. Only their most detailed TL-1 is &eccurate. They do not
show an accuracy analysis for the more abstract models.

Abstract communication is also used in Ptolemy as presentfgdb] and [46] with an
extension of dynamic switching between abstraction leve®lsommon point is the loss in
accuracy with abstraction, which the work in this thesimelates.

Ghenassia describes in [39] transaction level modelingn fam industry perspective,
stating what is current and practical for industry applmag. This work also supports the
general trade-off between abstraction and accuracy.

Pasricha et al. [73] describe an approach using transalotiead abstraction. The pa-
per introduces the concept of a model that is cycle countrateat transaction boundaries
(CCATB). It takes advantage of the limited observability ofangaction to increase simu-
lation performance. However, only a very limited speedup5$fo over the bus functional
model is achieved. Their approach models individual busseations and uses an active
thread for the bus simulation. Our optimized abstract maddiechnique, ROM, which
we describe in Chapter 3, also utilizes limiting the obseilitglwithin a transaction to
gain simulation performance. Our ROM approach, howevemikeptually different. We
raise the abstraction to user transactions (potentiaiysimg multiple bus transactions)
and avoid a dedicated thread. Consequently, ROM achievagharhspeedup of up to 4
orders of magnitude. In other words, while Pasricha et at. arsextra thread, in our ap-
proach master and slave communicate directly through adrdrannel without the need
of a separate thread.

Timed abstract simulation has also been incorporated iomongercial products. For
example, the discrete event simulation engine in the VCCrenment [57], supports sev-
eral delay models (e.g. explicitly distributed by the desig or by an automatic back
annotation approach). VCC models preemption for softwaslkestand bus accesses by use
of suspend(andresume()messages to the simulation task, which are taken into atcoun
when a task executesdelay()function. With that, VCC uses explicit test points (i.e. the
delay()call) to account for preemptions as a traditional TLM. Wh8&] mostly focuses on
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the simulation framework, our work introduces a modelirghteéque (that actually can be
implemented using the VCC framework). Our modeling techai®M (see Chapter 3)
minimizes the interactions with the simulation engine todia preemptive bus modelihg

Real-time communication has been analyzed in previous wfi@4], for example,
analyzes different CAN controllers. System level modelimgeal-time communication
is not explored as much. [106] describes abstract real-tiomemunication for a class of
LAN protocols by modeling LAN characteristics.

Real-time analysis, e.g. Audsley et al. [6], often capturéssii’s execution time as
the task’s computation delay (could be referred to as base)tand the sum of all ex-
ternal influences, such as preemptions, shared resouressa&s; or communication. We
use a similar terminology to describe the ROM approach. Hewenvhile the real-time
analysis relies on an off-line static calculation, our agmh computes the effects of any
disturbances dynamically at run-time.

1.5.3 Abstraction and Analysis of Computation

For the purpose of organization, computation abstractéonbe grouped into (a) ana-
lytical approaches, (b) simulation at the ISA-level, andsjmulation above the ISA-level.

1.5.3.1 Analytical Computation Performance Analysis

Traditionally, computation abstraction and analysis hésnobeen approached by us-
ing well defined MoCs. A MoC provides well defined execution aatits, however is
restrictive to allow an analytical reasoning about theeysbehavior without requiring a
functional simulation. Example MdCs are, Finite State MaehjFSM), which sets the
foundation for many other MoCs capturing states and tramsitiFSMD, which combines
FSM and DFG, and HCFSM, which extends further by adding caopogy and hierar-
chy. The main application of these MoC is a static analysisdasoning about the system

performance. The work in this thesis, however, focuses effuhctional timed simulation.

1 Note that our approach doest require any change to existing discrete even simulatioinesgsuch
as SystemC [42] and SpecC [29]. ROM only uses the standaitefor-timeinterface.
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1.5.3.2 Simulation at the Instruction Set Architecture Levé

Instruction set simulators (ISS) traditionally are immrt for simulating software ex-
ecution. ISS examples are Shade [22], the SimpleScalarseto[16, 61], or SImIT
ARM [78]. Significant research effort has been invested torowe ISS performance
[59, 79, 115, 112, 13, 19], mainly by using compiled instimictset simulation. For a
host-compiled ISS the target binary is translated off-litie a host executable form, elimi-
nating the costly interpretation of the binary stream atime. Disadvantages of compiled
ISS typically include the large memory requirement, andittability to handle runtime
alterations of the binary. Nohl et al. [69] present justime cache compiled simulation, a
hybrid between compiled ISS and interpretive ISS, whichmaans the performance of a
compiled solution while reducing the memory constraints.

A system simulation of both software and the surroundinglvare is traditionally
obtained by an ISS based co-simulation, integrating one aneniSSs into an abstract
system model. Commercial solutions are provided by manyaangduch as ARM’s SoC
Designer with MaxSim Technology [3], VaST Systems’ virtsgstem prototyping tools
[107] and CoWare’s [24] Virtual Platform Designer. In addlitj ISS based co-simulation
is used in many academic projects, such as the MPARM platf®}or[the 1ISS-based NoC
simulator [109].

1.5.3.3 Simulation above the Instruction Set Architecturd_evel

Abstracting computation beyond the level of the ISA, as aertal element of the
system level exploration, on the other hand, has been textionly recently.

One approach for abstraction, which is still relativelysddo the implementation, is
a host-compiled RTOS approach. In such a system, a procissabstractly represented
by the RTOS that executes on top of the processor. For siiomjahe target RTOS is
ported to execute natively on the simulation host. It isethhost-compiled, since it uses
the compiler of the simulation host. One commercial exangptae VxWorks Simulator
(previously called VxSim) by WindRiver [102]. It uses a hasimpiled version of the
VxWorks RTOS that executes as a process on the simulatidr(éngs Solaris, Linux). A
system simulation of multiple processors is achieved byingpmultiple instances of the
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VxWorks Simulator, each in an own process. Customized sackatnunication connects
instances of the VxWorks Simulator on the simulation hoshisThost-compiled RTOS
approach has the advantage that the full RTOS API is avaitatihe application. However,
the execution timing provided by the VxWorks simulator isipked to the simulation host
(i.e. no targeted progress of time is provided), therefowll not offer any feedback of
the expected target performance.

Honda et al. [47] describe a RTOS centric cosimulator, whgchainly oriented toward
the software designer. Here as well, a host compiled RTOSad.uExternal communi-
cation is modeled through the RTOS and external hardwarinislated. However, this
solution does not include targeted execution time simuati

A host-compiled RTOS approach requires the software to hsdRTOS API, which
already ties the model to a RTOS-specific implementation. I&\this approach provides
detailed information, higher-level models are desirabled utilized in earlier stages of the
design process.

Bouchhima et al. [12] describe an abstract CPU subsystemltzatsaexecution of tar-
get code on top of a hardware abstraction layer that sinmsithi processor capabilities.
Their approach includes multiple processors on a highel lefvabstraction. In contrast,
our processor modeling described in Chapter 4 provides adnaémed model with the re-
sulting feature observability advantages at similar satiah performance levels. Kempf et
al. [52] introduce their Virtual Processing Unit for anasysf task mapping and scheduling
effects using a quantitative model. They do not, howeveluthe any processor specific
features, such as interrupts.

At the very high abstraction level of application modelifgplemy [15] uses a mod-
eling environment that integrates different models of catapon (such as Petri Nets and
boolean dataflow) in a hierarchically connected graph.



Chapter 2

Transaction Level Modeling

2.1 Introduction

Designing embedded systems and System-On-Chip (SoC) bedooneasingly chal-
lenging. The design space to be explored grows with inangasbmplexity, while at the
same time shorter product life cycles require a shorter-toamarket. Addressing this
gap has been the aim of system-level research. As one mainagby abstract models
have been introduced to tackle the design complexity. Fer, abstract models exhibit
tremendous gains in simulation speed, allowing fast vabdaand extensive design space
exploration.

For communication in particular, Transaction Level Modgl(TLM) has been pro-
posed [42]. TLM abstracts the communication in a system toleitransactions, abstract-
ing away low level details about pins, wires and wavefornt.[This results in models that
execute dramatically faster than synthesizable, bit+ateumodels. This benefit, however,
usually comes at the price of low accuracy [91].

2.1.1 TLM Trade-off

In general, TLMs pose a trade-off between an improvemeninmlation speed and
a loss in accuracy, as illustrated in Figure 2.1. The traftlessentially allows models
at different degrees of accuracy and speed. However, hdotig high speed and high

28
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Figure 2.1: Transaction Level Modeling Trade-Off (repedfegure 1.5).

accuracy at the same time is typically not possible. Highusation speed is traded in for
low accuracy, and a high degree of accuracy comes at thegdrioes speed. Models with
this trade-off fall into the gray area of the diagram. Modal¢he dark area are obviously
existent, but practically unusable, whereas models in thitgevarea are highly desirable
but typically not achievable. Although TLM has been gergratcepted as one solution
to tackle SoC design complexity, the TLM trade-off howeveas not been examined in
detail.

2.1.2 Problem Statement

For this chapter, we define the problem as follows: a qudiviitanalysis of the trade-
off between simulation performance and accuracy is neddefihitions of generic metrics
and a test framework, applicable to a range of communicairotocols, are required to
perform the analysis. The immediate analysis goal is to orthie existence of the TLM
trade-off. As a broader goal, we also expect conclusiongpaléssification of abstraction
levels, (b) guidelines for model designers in efficientlgtadcting communication, and (c)
guidance of communication model users in the selection afitalde model for a given
design task.
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2.1.3 Overview

In this chapter, we systematically study and analyze the Titade-off quantitatively.
More specifically, we quantify the performance gains of TLRdameasure the loss in
accuracy for a wide range of bus systems. For our analysidgfiee in Section 2.3 proper
metrics and test setups for measuring the performance raprent and the accuracy loss.
For each bus system, we use models at different abstraetietslas defined in Section 2.2.
In particular, we use two classes of TLMs (ATLM and TLM), arahtpare them against a
fully accurate BFM as a reference.

Our measurements are based on examples from three diffarsmategories. In Sec-
tion(2.4, we analyze the AHB of AMBA [4], as a representatifeparallel on-chip bus
systems with centralized arbitration and multiplexedrcd@nection scheme. AMBA is a
widely used and industry-accepted standard for on-chigshstems. For the second cate-
gory of off-chip serial busses with distributed arbitratiave investigate the Controller Area
Network (CAN) [11] in Section 2.5. This bus system dominategtitomotive applications.
Third, we analyze in Section 2.6 the category of custom memespecific busses that are
typically much simpler than the general purpose standasddsi Here, we have chosen
the Motorola ColdFire Master Bus [66] that is used by the papGlaldFire MCF5206
processor. Based on the results of this range of examplesjlitbem generalize our TLM
analysis in Section 2.7 and derive general conclusionscti@e2.8.

2.2 Transaction Level Modeling

TLM allows a wide variety of modeling styles and abstracsioh is not clearly defined
in the literature, as also stated by [17] in their approacstifcturing the models.

For our modeling, we focus on tlgganularity of data and arbitration handling. We de-
fine three classes of granularity applicable to any bus pobtand match these granularity
classes to three model types. Figure 2.2 shows the gratydlrels with respect to time
and indicates the correlation to models and layers.

A user transactions the most coarse grain element of transferring a contigibock
of bytes with arbitrary length. It is split intbus transactionswhich are bus transfer
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Figure 2.2: Model classes and their granularity.

primitives, such as a word transfer. Each bus transactiosuslly processed in several
bus cycleswhich represent the finest granularity in our modeling.

Our classes of granularity follow the layers defined in th® ISSI reference model
[50]: the media access control (MAC), the protocol sublagad the physical layer. Each
considered layer handles data and arbitration at its owmudgaity.

Themedia access laygrovides a transmission service for a user transactiorgiwibi
a contiguous block of bytes. This layer divides the arhityagized user transaction into
smaller bus transactions observing the bus addressing and transfers these byte blocks
using the protocol layer. Thegrotocol layertransfers data as bus transactions, which are
bus primitives (e.g. bytes, words, or 4 word burst). It imtuses th@hysical layer which
provides services to sample and drive individual bus witd®ia cycle granularity.

For dealing with the description complexity, we chose a faglearchitecture for our
bus models similar to [36]. Using a system level modelingrapph, each layer can be
implemented as a separate channel using a system levehdasguage (SLDL). Then,
different models can be easily created by composing thengisuhierarchically.

According to our classes of granularity, we consider modetfiree different abstrac-
tion levels; theTransaction Level Modg[TLM) that models user transactions, tAebi-
trated Transaction Level Mod€ARTLM) at bus transaction granularity, and the bus cycle
accurateBus Functional Mode(BFM).

1 We have used SpecC [29] as the SLDL of choice, we could hawk$gstemC just as well.
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2.2.1 Transaction Level Model/(TLM)

The TLI\/H is the most abstract model; it only implements the mediasctagyer. The
user data, handled at the user transaction granularitgnsferred regardless of its size in
one chunk using a singlaemcpy Timing is simulated by a singhait-for-timestatement,
covering the whole user transaction. Arbitration is not eled. Instead, concurrent access
is resolved using a semaphore once per user transactiorsefhggphore-based contention
resolution depends on the simulation environment and ispaddent of the arbitration of
the actual bus protocol.

2.2.2 Arbitrated Transaction Level Model (ATLM)

The ATLM simulates the bus access with bus transaction d¢mabu(e.g. AHB bus
primitives). It uses the MAC layer to split user transacsianto bus transactions and imple-
ments an own abstracted protocol layer. The ATLM accuratedgels the bus arbitration
for each bus transaction. We implement the arbitration aedous without an own flow
of execution to maximize simulation performance. Althoulgis model correctly models
arbitration, it is not pin-accurate and not cycle-accunatal cases.

2.2.3 Bus Functional Model (BFM)

The BFM is a synthesizable, bus cycle-accurate and pin-atebus model. It imple-
ments all layers down to the physical layer and covers alhgnand functional properties
of the bus definition. It handles arbitration per bus tratisacand has the capability to
take arbitration decisions on a bus cycle granularity. Thiglel may include additional
hardware, such as an arbiter, to correctly implement thestauslard.

2 In the general sense we consider TLM to be a class of model®antus models are a part of this
class. To be consistent with our previous publications veweve have kept TLM also as a name of our
most abstract model.
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2.2.4 Comparison with other TLM Abstractions

In order to relate our TLM abstraction levels to other aldiom schemes, we will
briefly compare our models to the OCP-IP and and SystemC TLMlatas.

In comparison to the OCP-IP TLM definitions [45], our modelsga between TLO and
TL3. Our BFM correlates most closely to TLO, since it modeldak wires, implements
active bus components if applicable (e.g. multiplexers BB} and is based on an explicit
clock. Our ATLM compares to TL2, since it uses bus transastand is cycle-approximate
in the general cage Our TLM bus model lies between TL2 and TL3. It is more abgtrac
than TL2, since it is based on user transactions (messaghs @CP-IP). On the other
hand, it provides cycle-approximate timing, hence it is enbetailed than TL3.

A comparison with the SystemC TLM standard [80] is more diticbecause the ver-
sion 1.0 does not define the SystemC abstraction levels aild€ur BFM matches the
Cycle Callable (CC) model, since it is cycle-accurate and lutieate (CABA). In addi-
tion to the CC properties, our BFM is pin-accurate (PA) as w&lbth our ATLM and
the TLM could be called a Programmers View + Time (PVT) modeice both provide
cycle-approximate (CX) timing.

2.3 Metrics and Measurement Setup

Given the model classification, we will now describe our mestand setup for analyz-
ing our models. We focus on two aspects. First, we look at itihelation performance
since a performance gain is the main premise of TLM. Secordevaluate théiming
accuracy

2.3.1 Performance

Our metric for the performance is the simulation bandwidte simulation bandwidth
(MBytes/s) quantifies the amount of data transferred in satiart when running for a sec-
ond of real-time on a given simulation host. This metric carcbmpared to quantifying

3 The ATLM can be cycle-accurate for protocols without pretiom as we will show later.
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Figure 2.3: Single master setup for performance measursmen

the simulation speed of an ISS, which is typically express@dCycles/s. To contrast, the
simulation bandwidth is independent of the simulated badthwwhich would refer to the
performance of the simulated communication system (foritafisimulated time).

We have measured the simulation performance of each modemmimal scenario
with one master and one slave (Figure 2.3). A transactiomraitdom content is performed
repeatedly, without any delay in between. We have meastedimulation time (also
referred to as real time or wall clock time) over a set of répederations (e.g. 5000) and
computed the simulation bandwidth. In order to estimatestaability, we repeat this test
for an increasing size of the user transaction.

Besides the data transfer and the controlling loop, the testens and slaves do not
execute any other code. This minimizes their impact on theallvsimulation time and
allows us to examine solely the performance of the bus moddisests have been executed
using the SpecC V 2.2.0 discrete event simulator using QLickads on a Pentium 4 (2.8
GHz) PC running Red Hat Enterprise WS 3.

2.3.2 Accuracy

Accuracy can be segregated into many aspects. For the gugbdhis dissertation,
we will distinguish three aspects of accuracy: functiagatepresented feature detail, and
timing™. For our analysis, we will fix the first, vary the second, ancasuge the third
aspect.

The first aspect of functional accuracy requires that tha ttahsmitted by the sender
reaches correctly the receiver. Since this is a necessamyreenent for a functional simu-

4 We omit one dimension of model accuracy, the "coding quilithue to the difficulty of a realistic
measurement. In order to keep this factor as constant abfesdl models have been implemented with the
same optimization effort by the author.
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lation, all our models are functionally accurate. The sécaspect is the represented detail
level, which states how many features of the bus are actpadigent in the model. We
vary this aspect in our model under test. The captured featange from accurately mod-
eled pins and waveforms in the BFM up to a singiemcpyandwait-for-timestatement in
the TLI\/E. The third aspect is the accuracy in timing which we measum@ur tests. To
compare the models, we use the timing of user transactions.

2.3.2.1 Timing Accuracy Metrics

The relevant measurements for expressing the accuracy ofialrdepend on the pre-
diction goal of the simulation. We have identified two godisst, the prediction of the
applicationlatencydue to an individual bus access, and second, the predidtibie appli-
cationfinish time For these goals, we use two metrics. First, by analyzingnitheidual
duration of a user transaction, the application latencytduebus access can be inferred.
Second, theumulativeduration, which is the sum of all user transactions, showsrhach
the application finish time is delayed by the performed comication. For our tests, we
prefer the cumulative transfer time over the actual finisketisince the latter includes the
constant computation time between transactions (sinilagea delay), which is indepen-
dent of the utilized bus model.

—| Comp. | Comm. |Computation | Comm. | Comp. | Comm. |—>
time

individual  k—"— —2 —2—

cumulative K t1 % t2 % t3 ¥

Figure 2.4: Cumulative and individual transfer time.

Figure 2.4 shows an example of a bus node’s activity over titmieh progresses along
the x-axis. Any process alternatively performs computatio communicates externally,
the latter of which we are interested in. For the individuadadion, we analyze the transfers
t1, to andts separately. Our cumulative analysis is based on the sunesétthree transfers.

5 A detailed table of represented features is given later ati&@e2.5 for the CAN bus.
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For the purpose of analyzing the accuracy based on the thdiVand cumulative dura-
tion, we define for this dissertation tleiration error as the percentage error over the bus
standat%:

Ostg : duration as per standard
Crest duration in model under test
—d
error; = 100+ [ %est™ et (2.1)
Clstd

Given this error definition, a timing accurate model exlslii#6 error. Note also that
a particular model may have an error of more than 100% (ientbdel under test shows
more than twice the simulated time).

2.3.2.2 Bus Contention Metrics

Our models differ in the granularity of data and arbitrati@ndling. We therefore ex-
pect a significant correlation between bus contention aodracy. Thus, we use contention
as an input to our measurements.

For our tests, we examine the status of a user transactiortésndine the bus con-
tention. This makes the contention definition independétiteactual bus implementation
and can be applied to different bus systems. For our analysislefine the bus contention
as the percentage overlap between user transactions:

bus cycles with two or more active user transactions

contention= 100x - - )
bus cycles with at least one active user transaction

(2.2)

Figure 2.5 depicts example contentions of 0%, 25% and 50%.|dW priority trans-
action starts delayed due to an ongoing high priority tratisa, which is considered bus
contention in our definition.

Note that the actual bus contention is also dependent ahtireg accuracy of the model
under test. A simulation of an abstract model, which is noirtg accurate, may yield a
different bus contention, than an accurate model. To cosaierfor this interdependency,
we first measure actual bus contention for particular traiitern using an accurate model

SFor practical purposes, we use a two step approach. We fipi¢ment and validate the BFM according
to the bus standard. Then, we use the BFM to obtain the refergming.



CHAPTER 2. TRANSACTION LEVEL MODELING 37

0% | User Transaction H1

Contention: User Transaction L1 |
[ (] »
g T Time

25% | User Transaction H1

Contention: wait User Transaction L1 |
_ »
o T T Time

50% User Transaction H1

Contention: wait User Transaction L1
[ »
T T T T T Time

Figure 2.5: Bus contention.

(i.e. the BFM). Later, we use the identical traffic patterndoalyzing the abstract model
and correlate the results to the earlier measured (ac¢watéention.

2.3.2.3 Accuracy Measurement Setup

The actual timing accuracy highly depends on the test satdpttee communication
patterns of the involved applications. Therefore, we dedigeneric test setup and a pro-
cedure that covers a range of applications, so that the mis@an derive the expected

accuracy for her/his particular setup.

High Low
Priority 8:21\’ © Priority S::;/ ©
Master Master

< g @BUSModeI@ 3 >

Figure 2.6: Dual master setup for accuracy measurements.

We use a generic test setup with two masters and two slaveectad to the same bus,
as shown in Figure 2.6. Each master transfers a predefined 5800 user transactions to
a slave target. Each transaction varies linear randomllgarbise address, size (1 to 100
bytes), conteﬁt and the delay to the next transaction. This delay simuthteapplication’s
computation. It ranges from a zero delay to a maximum del&yevthat depends on the

 Please note that for some protocols, e.g. the CAN protdeelcontent of the transaction can influence
the transaction duration.
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desired contention (see discussion below). The list ofatigactions is created before the
actual test by using a random number generator with a fixetssad.

During the simulation, the start time and the duration i©rded for each individual
user transaction and each master. The test is repeateddoimplemented bus model.
Since each model transfers the same set of user transadtiensesults are comparable
and can be analyzed together.

We have repeated the described test for different levelsusfdontention. Since the
bus contention cannot be controlled directly, we have dainstead the maximum delay
between user transactions for each test run. This resulisvarying bus utilization per
master. Since the two masters share the same bus in our $etuyilization correlates to
the amount of bus contention. We have measured the resaliognt of bus contention ac-
cording to our previous definition using the BFM, by checkiogdach clock cycle whether
one or two user transactions are active. After we have datedhthe maximum delay that
produces a desired contention, we use the created tramsaetifor measuring the abstract
models.

2.4 AMBA

The first bus system is an example for an on-chip bus systelmangéentralized arbitra-
tion scheme [88]. We use the Advanced Microprocessor Busit&athre (AMBA) for our

analysis.

2.4.1 Introduction

AMBA defined by ARM [4] is a widely used and industry accepteanstard for an
on-chip bus system. The AMBA standard contains a group o$dsjswhich are used
hierarchically, as shown in Figure 2.4.1. We focus on theakabed High-performance
Bus (AHB), a system bus designed for connecting high-speeganents including ARM
processors.

The AHB is a multi-master bus that operates on a single claigeeand employs a
centralized arbitration scheme. High performance is aelidy a pipelined operation that
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master

Figure 2.7: AMBA bus architecture (source [4]).

overlaps address and data phases, as well as by the usagstdfdmsfers. Split and retry
transfers allow the slave to free the bus if the requesteddida&mporarily unavailable. The
AHB uses a multiplexed interconnection scheme to avoidttie drivers.

2.4.1.1 Locked versus Unlocked Transfers

Thel AHB allows two operation modekckedandunlockedtransfers. These differ in
whether preemption of a burst transfer is allowed. An exagpshown in Figure 2.8.

High Prio. [ Waitforgrant | BurstH |  High Prio.
Low Prio. Burst L | Low Prio. [ BurstL | Waitforgrant |  BurstL
} } } - } } } -
t, t ts Time t t ts Timé
(a) Locked transfer (b) Unlocked transfer

Figure 2.8: AMBA AHB operation modes.

In the locked mode in Figure 2.8(a), an ongoing burst canegrbempted by a higher
priority bus transaction. The high priority transactioteesed at; is delayed until the
current low priority bus transaction finished-atin the unlocked mode in Figure 2.8(b), the
high priority transaction preempts the ongoing low priphus transaction and gains bus
access already &t. Since the operation mode influences the granularity of thigration
decision, we will analyze these two operation modes seglgrat

2.4.2 Models

For modeling the AMBA AHB, we have applied the granularitysed approach de-
scribed in Section 2/2.
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Transaction Level Model (TLM) The TLM is the most abstract model that operates on
the granularity of user transactions. It resolves conteritidependent of the priority
arbitration using a semaphore once per user transactidesasbed in Section 2.2.1.

It provides basic support for bursts.

Arbitrated Transaction Level Model (ATLM) The ATLM operates on the bus transac-
tion granularity, such as a StoreWord, StoreByte, LoadBuitsadds support for
priority-based arbitration and reflects the effects of |o@el operation. We have
implemented two variants of the ATLM that differ in the timmme to collect arbi-
tration requests. On an idle bus, the ATLM (a) collects retgiéor one clock cycle
before making a decision, as required by the standard. Thé/XDb), on the other
hand, makes the decision immediately after receiving teergguest. Both variants
behave identical when the bus is busy: requests are calledtde a bus transaction
is active, and the highest priority master continues alftat. t

Bus Functional Model (BFM) The BFM is the bus-cycle accurate and pin-accurate bus
model. In order to correctly model the bus architecture, aechmplemented sev-
eral active components, such as multiplexers, an arbigtaaraddress decoder. On
top of the features offered by the ATLM, the BFM supports uk&mt(preemptable)
transfers. At this point, our model does not support split @try operations.

We have functionally validated all described models. Weehalgo validated the cycle
count timing of the BFM against the standard for all bus piive#, and have compared the
waveforms with examples in [4, 5]. Finally, we have ensute all abstract models show
the correct timing in the single master setup.

2.4.3 Performance Analysis

Our performance measurements (Figure 2.9) confirm the TLpéetations: the sim-
ulation speed increases significantly with abstractione parformance raises with each
TLM abstraction by two orders of magnitude. However, no sigant performance dif-
ference exists between the variants within the ATLMs. Théitazhal abstraction of the
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Figure 2.9: Performance for the AMBA AHB models.

(b) variant does not yield a significant speed improvemealblél2.1 compares the perfor-
mance in detail for transferring 512 bytes.

The TLM executes the fastest among the analyzed modelsinitdagion bandwidth
increases linearly with the transaction size, since a esmstumber of operations is exe-
cuted for each transfer (omeemcpyand onewait-for-timg. The ATLMs are two orders
of magnitude slower due to the finer granularity of modelingdividual bus transactions.
Starting with the ATLMs, the graphs exhibit a saw tooth shdpe to the non-linear split
of user transactions into bus transactions. To give an ebarrpnsferring 3 bytes utilizes
2 bus transactions, a byte transfer and a short transfereatd bytes are transferred in a
single bus transaction, a word. Since each bus transastiexplicitly modeled, the sim-
ulation performance, and hence the simulation bandwiditretates with the number of
bus transactions, and thus produces the saw tooth shapdFIWiés again two orders of
magnitude slower than the ATLMs due to the fine grain modefihgpdividual wires and
additional active components (e.g. multiplexers).

| [ BFM [ATLM (@) [ATLM (b) | TLM |

Simulation Time [ms] 16.75| 0.2137 0.206 | 0.00246
Sim. Bandwidth [MByte/s] | 0.03 2.29 2.37 198
Rel. Speedup over BFM 1 78 81 6802

Table 2.1: Performance comparison for transferring 512$9ysing AMBA AHB models.
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2.4.4 Accuracy Analysis

The performance analysis for the AHB has shown the impresspeed benefits of
TLM. Now we will evaluate the accuracy reduction, that theigeer has to accept for
achieving the higher simulation speed. As described befweesanalyzdockedandun-
locked transferseparately.

2.4.4.1 Analysis for Locked Transfers

With locked transfers, a burst cannot be preempted by a higterity master. Fig-
ure 2.10 shows the average timing error over a range of buscion for the high priority
master. The x-axis denotes the amount of bus contentionrcepg each measurement
point for a model reflects the average error over the anal$@6@ user transactions.

The BFM and the ATLM (a) perform accurately over the whole mafjbus contention
(their graphs lie on top of the x-axis). Since the test seagswnly locked transfers, a burst
is not preemptable and therefore no arbitration test iseeedthin a bus transaction. The
features abstracted away in the ATLM (a) are not exercisbée. ATLM (b), which makes
an immediate decision and does not collect further requsistsvs an inaccuracy of up to

18%. It may mispredict bus access when the two masters dtetnys access within the
same clock cycle.

50 T T T T T
—+— BFM
—8— ATLM (a)
a0 kL ATLM (b) _
TLM
g
S 30r 7
L
o
)
g 20} -
o
>
<
10 | n
0 — — — L L
0 10 20 30 40 50

Bus Contention [%]

Figure 2.10: Individual timing accuracy of locked transfésr the AMBA AHB models.
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On the other hand, the ATLM (b) is accurate, when the addilitis request arrives
during an active bus transaction. Therefore, the error pltgeaus for bus contentions
higher than 35%.

The TLM, which handles contention resolution on user tratisa level with a
semaphore, performs the least accurate due to the coalsedydecision independent
of the master’s priority. Its inaccuracy amounts up to 35%.

The measurements show very similar results for the low gyionaster. Hence, its
graph is omitted for brevity, but can be found in [84].

To predict the delay of an application due to bus commurooative have also analyzed
the same experimental data in terms of cumulative transfes.t Figure 2.11 shows the
error in the cumulative duration for the high priority masieing locked transfet?s

50 T T T T
—+— BFM
—8— ATLM (a)
40 L —¥— ATLM(b) |
TLM
S
S 30r —
L
[}
[=)]
g 20 - 4
$
<
10 - —

Bus Contention [%]

Figure 2.11: Cumulative timing accuracy of locked transfershe AMBA AHB.

As in the previous graph, the lines for both BFM and ATLM (a)dietop of the x-axis.
The graph reveals that the mispredictions made by the lessate ATLM (b) do average
out. Both ATLM variants are good predictions for the appiw@atfinish time. Only the
mispredictions of the TLM do not average out, its error iases linearly to 15% for 50%

bus contention.

8 The graph for the low priority master is omitted, due to itsitarity.
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2.4.4.2 Analysis for Unlocked Transfers

We have repeated the same experiment for unlocked transfelmirst may be pre-
empted in this operation mode by a higher priority bus mastebe resumed later. As
before, we have analyzed the accuracy for both: the indalithansfer duration and the
cumulative transfer time. Both analysis aspects yield sim#sults, therefore only one -
the accuracy based on cumulative transfer time - is showiguwr& 2.12. Since the results
differ by priority, the graphs for both the high priority ntasand the low priority master
are shown.

50 T T T T T
—+— BFM
—5— ATLM (a)
w0k ATLM (b)
TLM

30 1

Average Error [%]
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0 10 20 30 40 50
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(a) High priority master

50 T T T T T
—+— BFM
—5— ATLM (a)
w0k ATLM (b)
TLM

30

20

Average Error [%]

0 1 iO 1 120 | 30 1 40 56
Bus Contention [%]
(b) Low priority master
Figure 2.12: Cumulative timing accuracy for unlocked transfor the AMBA AHB.
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Figure 2.12 shows that only the BFM yields accurate resuligh Whlocked transfers,
an arbitration decision is also necessary within a bus aetren. Therefore the ATLM (a)
does now show an error of up to 35% for the low priority mastehandles arbitration
only at the bus transaction granularity. The differencevieen the variants of the ATLM
becomes insignificant. The ATLMs perform similar for thelnand the low priority master.

The TLM can only give a very rough timing estimate. It exrshdt linear increasing
error of up to 45% for the high priority master; the test regsiarbitration handling for
each bus cycle. The error is less for the lower priority nraste

2.4.4.3 Error Distribution

Up to now our analysis has focused on the average of erroishwsapplicable when
predicting the overall system performance. Additionalhe error distribution may be of
interest, to judge the range of errors to be expected duninglation. Figure 2.13 shows a
histogram of the transaction durations normalized to thratiten in the BFM. A value of 1
indicates an accurate prediction, with a value of 2 the abstnodel simulates a transaction
with twice the time of the BFM.

a,
TLM
0.2 - -
g 0.15 -
a
g |
s
£ 0.1 ‘ -
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/\"/\\.~/‘
0 S '|/\/\'M: 1 1 1 1
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Figure 2.13: Histogram of normalized transaction duration

For simplicity, we only compare the ATLM (a) and the TLM. Botlediming accurate
for about 20% of the user transactions. The normalized wuraff the ATLM range from
0.25 to 2, the results of the TLM are more wide spread, ranfyorg 0.25 up to 4. Thus,
the ATLM has a tighter error bound.
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2.4.5 Summary for the AMBA AHB

Figure 2.14 summarizes our analysis for the AMBA AHB and degpihe actual TLM
trade-off. It shows the detailed relation between perforoeaand accuracy. The x-axis
denotes the performance in simulation bandwidth for temisfg a 100 byte user transac-
tion. The y-axis denotes the accuracy as the average ermdliindual timing at 40% bus

contention for the low priority master.
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0 7_43FM ’ATLM (a) 0 m
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(a) Locked transfers (b) Unlocked transfers

Figure 2.14: AMBA AHB TLM trade-off.

Comparing to Figure 2.1, the Figures 2.14 show the expecaele-toff curve, with the
exception of the ATLM (a) in Figure 2.14(a), which shows medibandwidth at 0% error
due to the locked transfer mode. Note that in Figure 2.14@ATLM (a) does not exhibit
this exception, lying directly over the ATLM (b).

In summary, our measurements of the AMBA AHB confirm the exgigan of a sig-
nificant speedup with abstraction. The ATLMs are two ordérmagnitude faster than the
BFM and simulate with more than 1 MByte/s. Decreasing the daaity further to user
transactions, as done by the TLM, increases the speed ftrertwo orders of magnitude.

Both variants of the ATLM show the same performance. Thisdaidis that staying
within the same granularity level, in this case bus transast usually leads to similar
performance.

The increasing abstraction, however, also leads to a desulgaming accuracy. The
BFM is the slowest model, but always delivers accurate restiie medium speed ATLM
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model, is accurate for the locked transfers, but is inacedoa the unlocked transfers (30%
error). The fastest model, the TLM, also is most inaccura®4 error for locked and 37%
for unlocked transfers).

The ATLM (b) variant, which performs a reduced arbitrati@mot efficient. Although
it is not faster than the ATLM(a) it does produce inaccurasutts even for the locked
transfers (17% error).

Based on our performance and accuracy analysis, Table & 2Hesfastest model that
yields acceptable results for a given situation and siraridbcus.

Environment Condition Model | Speedup
e single master b_us TLM 108

e no bus contention

¢ only locked transfers | ATLM 102

¢ unlocked transfers, low contention

¢ unlocked transfers, high contentionBFM 10°

Table 2.2: AMBA AHB model selection.

All our AHB models are accurate in case of zero bus contenfidrerefore, the TLM
should be chosen in an architecture with a single master,h@nwo bus contention is
expected. Then, it delivers accurate results the fastestyséem that only uses locked
transfers can be accurately simulated by the ATLM. Its tssarle also acceptable for un-
locked transfers in systems with a low bus contention. Hanevhen simulating unlocked
transfers under high bus contention only the BFM yields ateuresults.

We have modeled the AMBA AHB as a representative for the cayegf on-chip par-
allel busses with centralized arbitration. We expect thatresults are a good indicator
for the behavior of models of other busses in this categagy, ¢he IBM CoreConnect
Processor Local Bus [48].

2.5 CAN

Our second bus example [83] falls into the category of archip serial bus with de-
centralized arbitration. The Controller Area Network (CAN)a serial communication
protocol introduced by the Robert Bosch GmbH [11], that wasgdesl for automotive
applications.
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2.5.1 Introduction

CAN is a serial multi-master broadcast bus. Frames, with Upligtes user data, are
received by all bus nodes and distinguished by the framdifad@nEach bus node decides
using local rules whether or not to process a frame. The frdewifier also serves as a
priority. If multiple senders simultaneously attempt angsmission, the collision free CS-
MA/CA arbitration will guarantee that the highest prioritaie will succeed undisturbed.

After transmitting the start of frame bit (see Figure 2.16g frame identifier is trans-
mitted with the most significant bit first as a sequence ofssige (1) and dominant (0)
bus states. During transmission, each sender comparesrthargd received signal. If a
sender has sent a recessive bit but detects a dominanwit,nack off from transmission
because another sender must have started a higher priauitye f

INTER-FRAME INTER-FRAME SPACE
SPACE T DATA FRAME ! or OVERLOAD FRAME

|
| |
I!IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII!II
| |
! recessive level

|
1 I
\I |/ | /] | |
! } dominant level
START - OF—AJ |
FRAME f— ACKNOWLEDGE —»f
FIELD:
ARBITRATION — ACK Slot o
FIELD: ACK Delimiter E'\éDRA n?u; voazss

Identifier CONTROL FIELD: f-—
RTR bit Reserved bits
Data Length Code — l—

DATA FIELD:
0 to 8 bytes

j«——— CRCFIELD: ———
eeeeeeeeee
CRC Delimiter

Figure 2.15: CAN data frame (source [76]).

In order to allow detection of corrupted data, each CAN franatudes a 15-bit Cyclic
Redundancy Check (CRC). In case of a CRC mismatch, a retransmiddiom foame is
triggered. The protocol also defines elaborate error deteend error confinement rules
for protection against faulty bus nodes.

The CAN serial protocol operates without a centralized cld&ch bus node synchro-
nizes on the bit stream of the sender. A bit stuffing rule guaes sufficient edges for this
synchronization. After transmitting 5 bits of equal paigria bit of opposite polarity is

introduced.
For modeling a CAN bus, the following features are candiditeabstraction:

e Serial protocol
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Bit synchronization

Error detection and confinement

Bit error detection using a 15 Bit CRC

Bit stuffing

Arbitration, bus access controlled by CSMA/CA

2.5.2 Models

We have applied our granularity-based abstraction to mih@eCAN. For each model,
we have selected a subset of the above listed features.

Transaction Level Model The most abstract model is identical to the TLM of the AHB.
Contention resolution is implemented on the user transagtianularity by using a
semaphore (which ignores the frame identifier).

Arbitrated Transaction Level Model The ATLM simulates arbitration accurately for
each bus transaction (CAN frame) based on the frame identlifieollects all re-
guests during the start of frame, and proceeds with the bigiterity frame.

Again, we have defined two variants for the ATLM model. The AT(a) performs
a bitwise inspection of the frame in order to calculate the CR€reandle stuff bits:
a stuff bit is inserted/removed each time 5 bits of equalniglare found. Note that
due to the bit stuffing, the physical frame length dependsierirame content.

The ATLM (b) does neither calculate the CRC nor does it handif Isits. It avoids
the costly bit inspection and is expected to execute fasserthe ATLM (a), however
at the cost of accuracy.

Bus Functional Model The BFM implements all features of the specification. It pctge
the data by the CRC, handles stuff bits and performs arbitratidme frame data
is sent and received serially and the nodes clock is syncdedrio the bit stream
according to [11] and [44].

Table 2.3 summarizes the features included in each mode${'indicates a modeled

feature, "no” indicates a feature abstracted away).
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] Feature H BFM \ ATLM (a) \ ATLM (b) \ TLM \
Serial transmission, bit syn¢ yes no no no
Error detection, confinement yes no no no
CRC calculation, bit stuffing yes yes no no
CSMA/CA arbitration yes yes yes no

Table 2.3: Summary of features captured in the CAN models.

2.5.3 Performance Analysis

As with the AMBA AHB, we analyze the CAN models in terms of perfance and
accuracy. The results of our performance measurementsms t&f simulation bandwidth
over an increasing user transaction size are shown in F@yd& In addition, Table 2.4
compares the performance of the models in detail for a uges#ction of 16 bytes.

100 ¢ —
. TLM

L ——— ATLM (b) ]

10 | ATLM (a) .
r ——— BFM :

0.1:—//-V/“MMW#—:

001 | ]

0.001 | ]

Simulated Bandwidth [MByte/sec]

le-04

1 10 100
Transaction Size [bytes]

Figure 2.16: Performance of the CAN models.

Our performance measurements of the CAN show a similar dramnatease in sim-
ulation speed as seen for the AHB. The TLM shows the higheatlatron bandwidth,
which increases linearly due to the constant number of dipesa It achieves 12 MBytes/s
when using 16 byte user transactions.

The ATLM (b) is the next slower model (12x). It does not modiekkuffing and CRC.
Since the ATLM models individual bus transactions, a stepoigceable in the graph for
each 8 bytes - an additional CAN message is needed for traingfé¢he user data. The
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execution time increases linearly with the amount of bussaations, reaching a bandwidth
of 1 MByte/s.

The ATLM (a) performs 8 times slower than the ATLM (b), sinténspects every bit
of the message for the bit stuffing and the CRC calculation.

The BFM is another two orders of magnitude slower than the AT{ay) due to the
additional computational effort for the fine grained sefiahsmission and the bit synchro-
nization. In addition, the structure of the implementatreduces the performance. For
each bus node two extra threads of execution are requiredpothe bit stream processor
and one for the bit timing logic.

| [ BFM [ATLM () [ ATLM (b) | TLM |

Simulation Time [ms] 27.4 0.12 0.015 0.0012
Sim. Bandwidth [MByte/sec] | 0.0006| 0.127 1.05 12.3
Speedup over BFM 1 228 1879 22124
Rel. Speedup over previous - 228 8 12

Table 2.4: Performance comparison for transferring 16ygeng CAN models.

2.5.4 Accuracy Analysis

We use our generic dual master setup (Figure 2.6) for mewgsthie CAN model ac-
curacy. However, CAN does not have a master/slave distmcsio we have modified our
setup to two nodes acting as senders and two nodes actingeagers. We let the user
transactions vary in message id, length and content of #msaction (1 - 16 bytes), and
in the delay between two transactions. Each sender usescarsige range of message
identifiers. One will send messages with high priority idgs (0-511), the other emits
messages with low priority (identifiers 512-1023).

2.5.4.1 Analysis Based on Individual Transfer Duration

The first set of resulting graphs in Figure 2.17 show the ayeeinadividual timing error
over an increasing bus contention separately for high angtwority messages.

Figure 2.17(a) shows that the ATLM (a), which includes hifffstg and CRC calcula-
tion, performs as accurate as the BFM (both graphs lie on ttipeot-axis). This result has
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Figure 2.17: Individual timing accuracy for the CAN models.

to be interpreted with perspective to the restrictions eftést, which are: no propagation
delay between sending and receiving on the CAN bus, all dbletygeen user transactions
are multiple of the CAN bit time and the test starts alignedht bit clock of the first
sender. With this setting (reasonable for a simulationrerwnent only) all bus accesses
are performed aligned to the CAN bit clock, and no sub-cydiermation is needed. In this
situation, the additional capabilities of the BFM, i.e. lyihshronization, are not exercised
and both the BFM and the ATLM (a) are accurate.
The ATLM (b), due to the missing bit stuffing and CRC, performsmaately. For
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messages in the high priority range, the inaccuracy staitts 10% for low contention
situations and, after linearly rising to 20% inaccuracgi@aus at 30% contention. Without
the bit stuff modeling, an individual message transfer ispehding on its content - shorter
than in the bus functional model. Therefore, the arbitratieraction between the two
senders differs. With an increasing contention the userséetions of the low priority
band increasingly influence the high priority transactiodswever an earlier started low
priority transaction, which may consist of multiple CAN fram) can delay a later started
high priority user transaction only for up to one frame. At started CAN frame of
the low priority transaction will lose arbitration, whicédds to the plateau in inaccuracy at
30%. Looking at the same scenario with reversed priorithas,limitation does not apply.
A low priority user transaction may be delayed for a full hgyfority transaction consisting
of many CAN frames. Hence, the timing error of the ATLM (b) ieases without a plateau
for the low priority user transactions (Figure 2.17(b))witcreasing contention.

The TLM yields uniform results for both the high and low pitgrsender. For both
cases, the inaccuracy increases with the bus contentioaxpgected, the TLM suffers the
most in loss of accuracy (40% inaccuracy at 45% contention).

2.5.4.2 Analysis Based on Cumulative Transfer Duration

Figure 2.18(a) and Figure 2.18(b) show the accuracy relsated on cumulative trans-
fer time.

The analysis reveals that mispredictions of the ATLM (b) ifadividual CAN frames
average out during the test, since the model correctly captarbitration. Regardless of
priority, a constant error of about 4% is measured. This @atlyibuted to not modeling
the bit stuffing which in average adds 4% bits. The TLM, withadbarse grain priority-
independent contention resolution, shows for both pgigeinges a linear increasing error.

2.5.5 Summary for the CAN

Based on our analysis, Table 2.5 lists the fastest model tiblaisyacceptable results for
a given situation and simulation focus.
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Figure 2.18: Cumulative timing accuracy for the CAN models.

The TLM can only be used in very early stages of the desigmcitsracy, for individual
and cumulative transfer time, degrades drastically wittraasing bus contention. The
ATLM (b) is still fast. Itis applicable in scenarios wheretimain focus is on the application
finish time. However, this model is not suitable for predigtan individual transfer delay,
since the duration-based analysis has not shown accepéasiiks.

The ATLM (a), which includes bit stuffing and CRC calculatiogshshown 100%
accuracy given the test restrictions (e.g. no propagataendl. It is the fastest model that
accurately predicts the delay of an individual transfedlio@tention situations. The BFM
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] Environment Condition

| Applicable Model |

¢ No overlap between masters bus access

e Using propagation delay

: ) TLM
e Early stage in design
e Main focus on application finish time ATLM (b)
e Main focus on individual transfer delay =~ ATLM (a)
e Synthesizable BEM

Table 2.5: CAN model selection.
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IS necessary as a synthesizable model, or in case the somulatludes propagation delay

on the simulated CAN bus.

Figure 2.19 depicts the TLM trade-off for the CAN using therage individual timing

error of the lower priority node. The accurate models BFM aiitM|(a) are slow with
a bandwidth of less than 1 MByte/s. The faster models yieldaneate results, the ATLM
(b) with 40% error. The fastest model, the TLM with close t@ MByte/s, is also the most

inaccurate with 43% error.

We classify the CAN as an example for an off-chip serial bu$ \@ecentralized arbi-

tration. Its results can be used as an indicator for modelthgr serial bus systems, such

as PC [77] and Ethernet.

0 &

BFM ATLM (a)
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Error [%]

ATLM (b
A
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A TLM

Figure 2.19: CAN TLM trade-off.
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2.6 ColdFire Master Bus

Our third bus example, the ColdFire Master Bus (Version 2.6),[f&lls into the cat-
egory of custom CPU busses. Typically, those busses areesirttan general standard
busses, since they have been designed for the specificeatrits of one embedded pro-

Cessor.

2.6.1 Introduction

Motorola (now Freescale Semiconductor Inc.) has introdulce ColdFire Master Bus
for its popular microprocessor ColdFire MCF5206. It is a 32istate bus that uses basic
transfers (byte, short, word), as well as a 4 beat burst torfdtore a cache line. It has to be
noted that the line access (like a 4-beat burst) cannot mmpted. Therefore, there is no
distinction between locked and unlocked transfers, as we seen for the AMBA AHB.

The ColdFire Master Bus allows the usage of two arbitratioresws. One, the three
wire mode, involves an external arbiter and allows a truetirudster operation. The
second option, the two wire mode, connects two masters thedtly hand over the bus
without the need of an external arbiter, as shown in Figuéel2.We have selected the
operation mode with two masters to complement the cengi@dlabitration scheme used
for the AMBA AHB.

HOLDREQ

B
BD HOLDACK
BR

A7) A274)
DI310] D[31:0]
™ TS

RW RW
SiZ[1:0] SIZ[1:0]

TA TR
ATA ATR

TER T TER
EXTERNAL BUS MASTER
S
TOFROM EXTERNAL MEMORY
AND CONTROL

MCF5206

Figure 2.20: ColdFire Master Bus with two masters (source)[66]
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2.6.2 Models

Our modeling of the ColdFire Master bus follows our schemebstracting data and
arbitration, as described in Section 2.2. Again, we havdeampnted three major models:
the BFM that implements a bus cycle access, the ATLM with aweaity of bus primi-
tives, and the user transaction based TLM. We have not ingriésd any variants of these
models.

2.6.3 Performance Analysis

We have measured the performance of the ColdFire Master kihe isetup with one
master and one slave as described in Section'2.3.1. FigdtesBows the simulation band-
width.

1000 ¢ S
[ TLM
L ATLM 1
100 F BFM ]

10 | =

Simulated Bandwidth [MByte/sec]

001 b——t
1 10 100 1000

Transaction Size [bytes]

Figure 2.21: Performance of the ColdFire Master bus models.

Again, the measurements confirm the performance increabeabstraction. Also, the
characteristic saw tooth shape, as seen already for the A¢f{igats. Due to the split of
user transactions into bus transactions, the number ofrhaséctions does not increase
linearly with an increase in size.

The BFM shows the lowest simulation bandwidth, since it me@elch individual bus
cycle. The ATLM is one order of magnitude faster, due to thstrastion to bus transac-
tions. The TLM is the fastest model. By simulating whole usansactions, it surpasses
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the ATLM by two orders of magnitude. Table 2.6 lists detaifesinerical results for trans-
ferring 512 bytes.

| [ BFM [ ATLM [ TLM |

Simulation Time [ms] 3.93 | 0.423 | 0.0026
Sim. Bandwidth [MByte/s] || 0.124| 1.15 | 189.7
Speedup over BFM 1.0 9.3 1525.0
Rel. Speedup over previous| - 9.3 164.3

Table 2.6: Performance comparison for transferring 512¢wusing ColdFire Master bus
models.

2.6.4 Accuracy Analysis

We have analyzed the timing accuracy in the setup with twaceoent masters as
described in Section 2.3.2. As for the AHB, each master sedd8 predefined user trans-
actions that vary linear randomly in address, size (1 .. 1A6d), and delay to the next

transfer. Figure 2.22 depicts the accuracy of both mastensam increasing amount of bus
contention.

50 T T T T T 50 T T T T T
—— BFM —— BFM
—=— ATLM —=— ATLM
T 407 TLM 1 5 47T TLM 1
g 30t {41 € 30+ i
wi L
S S
g 20 1 8 20 .
2 2
< 10 4 < 10} .
0 el a4 51z 0 el 451z
0 10 20 30 40 50 0 10 20 30 40 50
Bus Contention [%0] Bus Contention [%]
(a) High priority master. (b) Low priority master.

Figure 2.22: Individual timing accuracy for the ColdFire Nexsbus models.

As intended, the BFM complies with the standard and exhitftsédror (its graph
lies on top of the x-axis). The ATLM also reaches 100% acaura&ince the ColdFire
Master bus does not support preemption, the arbitrationlllrenat the boundary of the
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bus transaction is sufficient. In case the high priority mastquests the bus during an
ongoing burst of the low priority master, the high priorityaster has to wait until the burst
completes and the low priority master releases the bus. Tik@Wwnership changes only
at the boundary of a bus transaction. Thus, the ATLM, whicldet®this granularity, is
accurate and its graph lies on top of the x-axis.

The[ TLM exhibits a linear increase in error with increasings lzontention, since it
models the transfers at the coarser granularity of usesacions. At 45% bus contention,
the TLM shows 54% error for the low priority master.

Analyzing the cumulative transfer times yields very similasults, so we omit these
graphs. The TLM is the only model that exhibits an error, \aieaches 35% at 45% bus
contention.

2.6.5 Summary for the ColdFire Master Bus

With the Motorola ColdFire Master bus being simpler than thigep protocols, its
speedup with abstraction is not as dramatic. The most ab§ttaM|is 1525 times faster
than the BFM. At the same time, the TLM is the only model thatpies inaccurate re-
sults, with up to 54% error. The ATLM already simulates aately, since the bus does not
support burst preemption. However, the ATLM is only 9.3 tinfiester than the BFM.

Figure 2.23 shows the trade-off for the ColdFire Master binre dccurate models BFM
and ATLM are slow with a bandwidth below 1 MByte/s. The fast TLd&h the other hand,
only yields inaccurate results with an average 47% error.
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Figure 2.23: ColdFire Master bus TLM trade-off.
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2.7 Generalization

Combining the performance and accuracy results of the thoekelad bus systems, we
will now generalize this data to give a broader perspectivéhe benefits and drawbacks
of TLM. While, for an existing multitude of embedded bus atebiures, an extrapolation
based on three individual models is difficult in general, data is a strong indication of
generality.

As basis for our generalization, we have carefully seletbtede standard examples
found in a majority of real-world embedded systems thatl@kkiery diverse communica-
tion properties. The AMBA AHB is a general-purpose on-chipetined parallel bus with
central arbitration and a multiplexed interconnectionesoh. In contrast, the CAN is a
dedicated off-chip serial bus with distributed arbitratend a dominant-recessive intercon-
nection. Yet a different candidate is the Motorola ColdFiradtér Bus, a special-purpose
embedded processor bus with custom arbitration and te-steerconnection. Thus, these
three chosen busses cover a wide variety of bus categoesaartherefore serve as basis
for a generalization with strong confidence.

Moreover, our granularity-based modeling approach is ggraad applicable to any
layer-based bus model. Finally, we have observed the vemg g&rformance and accuracy
patterns in our analysis for all three cases.

2.7.1 Performance

All our measurements confirm that TLM abstraction dram#§icacreases simulation
performance (see Table 2.7). Decreasing granularity aof desia handling and arbitration
is a very efficient method of abstraction. For all models, wedmeasured a speedup of or-
ders of magnitude with each step of coarser granularity.cyoke-accurate BFM performs
slowly for all busses. The ATLM, that simulates on a bus taatisn granularity, is at least
one order of magnitude faster. Further decreasing the fatyuto user transactions, as
done by the TLM, increases the speed by another two orderaghitude.

On the other hand, variants at the same granularity leveladyield any significant
speedup. We see this clearly in the ATLM variants for'the AMBHABI! In other words,
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| Bus | ATLM (@) [ ATLM (b) | TLM |
AMBA AHB 78 81 6802
CAN 228 1879 | 22124
ColdFire 9.3 - 1525

Table 2.7: Speedup over bus functional model.

models within the same granularity category simulate as#tme speed. It should be noted
that we have observed the same fact also for variants at the dlistraction in previous
work [88].

Only, if a feature requires a significant computation efftren abstracting even at the
same granularity level can improve performance. As an el@ntipe ATLM (b) of the
Controller Area Network (CAN) does not model bit inspectiond aimulates 8 times faster
than its counterpart at the same level.

Our analysis also shows that the potential performance fgaia model depends on
the complexity of the actual protocol. We have achieved ilgadst speedup of 22124x
over the BFM for the complex CAN protocol. On the other hand, ther relative simple
protocol of the custom CPU bus, the Motorola ColdFire Master the TLM is only 1525

times faster.

2.7.2 Accuracy

Table 2.8 summarizes the results of our accuracy analysis.a€curacy achieved by
a model depends on the modeling granularity and the actaalugarity of the bus. By
definition, each BFM is accurate, since it is the most finergsdimodel. The ATLMs
based on bus transactions are accurate if (and only if) theefimy granularity matches
the actual granularity of the bus. The ATLM (a) for the AHB wacurate in the locked
transfer mode as well as the ATLMs for the CAN and the ColdFirestéiabus. Here, the
actual bus protocol arbitrates once per bus transaction.

Inaccuracy has to be accepted when the model is more coaisedyr The ATLM (a)
is inaccurate in the unlocked mode of the AMBA AHB, since bsicstn be preempted and
an arbitration decision within a bus transaction would beessary. Furthermore, all our
TLMs are inaccurate, due to the high abstraction.
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] Bus H BFM \ ATLM (a) \ ATLM (b) \ TLM \
AMBA AHB (locked) 0% 0% 18% 32%
AMBA AHB (unlocked) || 0% 31% 31% 37%
CAN 0% 0% 39% 42%
ColdFire 0% 0% - 47%

Table 2.8: Average individual timing error for the low pritgr master at 40% bus con-

tention.

Abstracting away timing relevant features also leads tanandurate model, as shown
for thel CAN/ ATLM ! (b) that omits CRC calculation and bit stuffinglsa, the abbreviated
arbitration of the ATLM (b) of the AMBA AHB yields an inaccutamodel.

Finally, the actual measured inaccuracy of a model highlyedes on the bus con-
tention. The error of coarse grain arbitration modelingyaakes effect if two masters
access the bus simultaneously. In other words, all our rsaalel accurate if there is no
bus contention. Therefore, the most abstract model is teedimice if the architecture
at hand only uses a single master, or if a very low bus comterdgan be expected. On
the same note, modeling point-to-point dedicated linksititeerently do not have any bus
contention, can also be accurately modeled at the highddtdatstraction.

2.7.3 TLM Trade-Off

Figurel 2.24 summarizes our measurements and depicts thetiiddd-off for all our
bus models. On the x-axis, Figure 2.24 denotes the simalpgoformance in terms of the
simulation time for a 100 byte user transaction. The y-agisades the average error of the
model for the low priority master at 40% bus contention.

Abstract modeling poses a trade-off, with either fast ouaaie results. The accurate
BFMs are slow with less than 0.2 MByte/s bandwidth. On the oltizerd, the fast TLMs
with a bandwidth of up to 100 MByte/s produce an average eroon 32% to 47%.

The ATLMs are found in the middle, simulating at about 1 MBgteAndwidth. Some
are accurate, since the modeled granularity matches tinelgréy of the actual protocol.
If the granularity does not match, or in case of additionatdee abstraction, the ATLMs

generate an average error from 18% to 39%.
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Figure 2.24: TLM trade-off summary.

2.8 Summary Transaction Level Modeling

Our contributions in this chapter (and in journal [91]) acaiffold. First, we have
classified TLM according to the granularity of data and aatibn handling. Second, we
have defined appropriate metrics and setups for a systequaittitative analysis of TLM
with respect to simulation performance and timing accurabyrd, we have quantified the
TLM trade-off for three diverse communication protocolsuRh, we have generalized our
observations from the analysis to guide communication hndelsigners and model users.

In particular, we have applied our granularity-based alostsn to three common bus
systems covering diverse communication protocols: firstAMBA AHB, as an on-chip
parallel bus with centralized arbitration, second the CAg\gaoff-chip decentralized serial
bus system, and third the ColdFire Master bus, as a customdetegrocessor bus. We
have modeled, validated, and systematically analyzed leashsing our performance and
accuracy metrics.

Based on the analysis results of the individual examples,ave then derived general
conclusions. Abstraction based on a decreasing (coagpegranularity yields at least
an order of magnitude improvement per granularity level. t@nother hand, abstracting
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features at the same granularity level only yields margieaformance improvements. In
other words, proper model granularity is the key to efficitloM abstraction.

However, TLM abstraction results in a serious loss in acguifthe modeled granular-
ity is more coarse grain than the granularity present in ttesh bus protocol. This defines
the TLM trade-off. In general, a model is either fast or aatewr Our fast TLM models
with up to 100 MBytes/s bandwidth show an error of up to 47%. ukate models, on the
other hand, are slow. Our BFMs simulate with less than 0.2 MByiandwidth.

The actual measured timing error highly depends on the lutgrtion. All our models
are accurate in the absence of bus contention. Therefotegigpecial case of a single
master architecture, the most abstract TLM can be used wtithss of accuracy.

In summary, this chapter contributes a systematic quéigtanalysis of performance
and accuracy in TLM, using a diverse set of major bus architestandards, that confirms
the TLM promise of high simulation speed. Our detailed asiglalso identifies condi-
tions for abstract and accurate models. As a result, we grecyuidelines to the designer
of communication models for efficiently abstracting commeation protocols. The same
guidelines also allow the system designer as a user of comsation models to make an
informed decision about the appropriate model for her/esggh at hand.



Chapter 3

Result Oriented Modeling (ROM)

3.1 Introduction

Transaction Level Modeling (TLM) abstracts communicatayove the implementa-
tion detail level and uses timing annotations for simulgtime time progress. TLMs exe-
cute dramatically faster (multiple orders of magnitude)tbit-accurate models. However,
this benefit usually comes at the price of low accuracy. Iregan TLMs pose a trade-off
between an improvement in simulation speed and a loss imaocuAs we have analyzed
in Chapter 2, accurate models achieved less than 0.2MBytesitasion bandwidth, while
the TLMs exhibited up to 100MBytes/s, however at up to 47%rdsee Figure 2.24).

The trade-off (we repeat its illustration in Figure [3.1)argsally allows models at dif-
ferent degrees of accuracy and speed. However, having ghtspeed and high accuracy
at the same time is typically not possible. High simulatipeed is traded in for low ac-
curacy and a high degree of accuracy comes at the price ofgeads Models with this
trade-off fall into the gray area of the diagram. Models ia thark area are obviously ex-
istent, but practically unusable, whereas models in theéendmea are highly desirable but

typically not achievable.

65
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Figure 3.1: Transaction Level Modeling Trade-Off (repedfggure 1.5).

3.1.1 Scope of Work

In this chapter, we introduce a novel modeling techniqueliawl, called Result Ori-
ented Modeling (ROM), which eliminates this TLM trade-aff fa wide range of platforms
[89]. For this work, we consider designs for which the resgotime of a node is statically
known or computable. Examples of such platforms includeptednes, multimedia SoCs
and automotive control systems [96]. Platforms for whictodeis response time within a
bus transaction cannot be predicted (e.g. random slaveotiedtwait cycles), are outside
the scope of this dissertation.

ROM delivers simulation speeds similar to a TLM. At the sameet ROM retains
100% accuracy in timing for the considered range of platfsgrml\s a result, the system
designer is relieved from the traditional speed/accuresyet-off and can focus on the de-
sign space exploration instead of model selection. Monedwaing a 100% accurate bus
model at such a high simulation performance opens new apialics of abstract communi-
cation modeling. For example, it allows for the first timegtth real-time system simulation
can profit from the speed advantage of abstract communicatadeling.

We will apply the ROM concept to the modeling of two bussesfapposite ends of the
spectrum with different characteristics. We have choserAtivanced High-performance
Bus (AHB) of AMBA ([4]), a parallel on-chip bus system with a ¢ealized arbitration
scheme, and the Controller Area Network (CAN) [11], a off-cédpial bus with distributed
arbitration.

1 ROM cannot guarantee timing accurate results for platfasotside of our scope, in which the node
response time can not be calculated.
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3.1.2 Overview

We first describe in Section 3.2 the general concepts of otglfiROM approach. Then,
in Section 3.3, we explain in detail the application of ROMctimmunication modeling
based on the two examples AMBA AHB and CAN. We validate our apph and show
experimental results in Section 3.5. We then generalizedhelts in Section 3.6, and
conclude the chapter in Section 3.7.

3.2 Result Oriented Modeling

Result Oriented Modeling (ROM) is a general concept for aostand yet accurate
modeling of a process. As such, ROM is similar to the "black’mmncept.

3.2.1 Black Box Concept

The underlying assumption of ROM is the limited observ&pdf internal state changes
of the modeled process. As in a "black box” approach, it ismetessary to propagate
intermediate results of the process to the user. The agegagsal of ROM is to produce
only theend resuliof the process, not any intermediate states.

Hiding of intermediate states gives ROM the opportunitydptimization. Often, inter-
mediate states can be entirely eliminated. Instead, ROMittkre anoptimisticapproach
that predicts the outcome (e.g. termination time and firete$tof the process already at
the time the process is started. We characterize the pi@d&s optimistic, as it estimates

the earliest possible termination time.

3.2.2 Corrective Measures

Throughout the runtime of the procesgliaturbing influencenay change the system
state, so that the initially predicted results are no lorageurate. Therefore, ROM checks
at the end of the predicted time whether sudtisturbing influencénas occurred. If so,
ROM retroactively adjusts to the new conditions and takesective measures. In other
words, a mistake of an overly optimistic initial predictimfixed at the end.
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Optimistic prediction of thend resultreduces the amount of computation and thus in-
creases the execution performance, if internal states eakipped and the cost for any
corrective measures is low. This approach is in contrastaaraditional abstract modeling
approach of reaching thend resultthrough a set of incremental state changes. The tradi-
tional approach takes traisturbing influencencrementally into account and adjusts the
intermediate states accordingly. ROM, on the other hamyrds anydisturbing influence

over the predicted running time and makes any necessargtagjat at the end.

Corrective
Measure

ROM Optimistic Prediction

}_ ......... /7(/71/7{ .......................

Start Disturbing Influence Finish

time

Figure 3.2: Generic ROM concept.
Generally speaking, the ROM approach can be characterizgidaavn in Figure 3.2 by
the following items:

1. The process user does not need to observe internal states.

2. ROM does not model internal state changes. Instead, imigbically predicts the
end resulusing available system information at the beginning.

3. During the predicted runtime of the procesglisturbing influencenay change the

system state.

4. At the end, ROM checks if the optimistic assumptions ktilld true, and takes cor-

rective measures otherwise.

Repeating the "black box” comparison, ROM is a "black box” aggzh that addition-
ally takes into account interaction with the environmestdiaturbing influenceand takes

corrective measures in case the interaction is not as peedic

3.2.3 Example

Figure 3.3 illustrates the ROM approach using an examplesafipting the arrival time
of an airplane. The real process (a) exhibits continuousgés to the ground speed de-
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pendent on the disturbing influence wind. The traditionatazt modeling approach TLM
(b) approximates the result by incrementally calculathmgdround speed in dependence of
the wind in (coarse-grain) discrete time steps. The ROM g (c), on the other hand,
does not model the intermediate speed. Instead, it makemibia¢ optimistic prediction
about the arrival time, and finally corrects its predictietroactively for the average wind

condition.
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Figure 3.3: ROM predicting an airplane arrival time.

3.2.4 Analogy

As an analogy, our ROM approach can also be compared in adrrgadse to op-
timistic timed co-simulation [110], a synchronization hetque between two concurrent
discrete event simulators. It allows each simulator to "alvead” using internal events,
before synchronizing with the other simulator. This mirdaes the synchronization effort,
in contrast to a lock-step synchronization approach. Hewatrequires a "roll-back” in
case of early external events, which our ROM does not reqif@M uses an optimistic
prediction approach, that estimates the earliest time ighfitHence, a disturbing influence
may only delay the time to finish, but cannot shorten it. Tfaeeee ROM does not require a
"roll-back” mechanism and can be implemented on an unmatifiscrete event simulator.
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3.3 Communication Modeling using ROM

We will now describe how the general ROM concept can be agpbemodeling of
communication systems. We will use two different bus systeifhe first is an example
for an on-chip multiplexed bus system with a centralizedteation scheme, the Advanced
Microprocessor Bus Architecture (AMBA). Secondly, we maaielff-chip serial bus with
decentralized arbitration, the Controller Area Network (QAN

After introducing each bus system, we will outline the ttexhal TLM style, and then
in contrast apply the ROM concept.

3.3.1 AMBA AHB - Traditional Modeling

The AMBA defined by ARM [4] is a widely used and industry accelgtandard for an
on-chip bus system. We focus on the Advanced High-perfocea&us |(AHB), a system
bus designed for connecting high-speed components imgusiRM processors.

Following the ISO OSI reference model [50], we model the AHiing a layered ar-
chitecture as described in Section 2.2. Important for tiésubsion is the granularity of
data handling in each of the layers. Tinedia access layqrovides a transmission service
for a contiguous block of bytes, calleduaer transactionThis layer divides the arbitrarily
sized user transaction into smaller bus transactions vibgethe bus addressing rules, and
transfers these byte blocks using the protocol layer. dioéocol layertransfers data as
bus transactionswhich are bus primitives (e.g. bytes, words, or 4 word ®)rstt uses
the services of thehysical layerwhich provides aus cycleaccess to sample and drive
individual bus wires.

Figure 3.4 (similar to Figure 2.2) shows the data granylatteach layer with respect
to time. A user transaction is successively split into saeralhits: bus transactions and bus
cycles.

Following this layering, we define three models which we véfier to as TLM, ATLM,
and BFM.

Transaction Level Model (TLM). The TLM is the most abstract model, implementing
only the media access layer. Data is handled at the useat®ms granularity and
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Model Layer Data Granularity
TLM MAC User Transaction
ATLM Protocol Bus Transaction
BFM Physical R Bus Cycle
= ————————
time

Figure 3.4: Layer-based Bus Modeling.

is transferred regardless of its size in one chunk using glesmemcpy Timing is
simulated as a singlevait-for-time statement, covering the entire user transaction.
Arbitration is abstracted to a semaphore used once pernasesaction.

ATLM.| The ATLM models a bus access with AHB bus primitives at theiqrol level. It
uses the MAC layer implementation of the bus functional mtasplit user transac-
tions into bus transactions. The ATLM accurately modelsnttsi-based arbitration,
however only once for each bus transaction. This model ipmeaiccurate and not
in all cases cycle-accurate.

BFM!/ The BFM is a cycle- and pin-accurate bus model. It implemelhtayers down to
the physical layer and covers all timing and functional mbies of the bus definition.
The BFM handles arbitration per bus transaction and verifiedts grant on each
cycle of a burst. Additional active components, such asiplakers, an arbiter and
an address generator are needed to accurately model thechitscture.

3.3.1.1 Limitations of layer-based models

To illustrate the limitations of the layer-based approdehus consider an unlocked
burst transfer. In a burst transfer, multiple data wordstamesferred over the bus as one
block of data. An unlocked burst transfer may be preempted bigher priority master.
Hence, the active master has to check arbitration for evasydycle (beat). In case of
a preemption, the preempted master has to arbitrate agathddous and subsequently
resume the preempted transfer.

Figure 3.5 shows the arbitration check points as check nfarkihe models. A user
transaction of 16 words is transferred in two 8-beat buiktg BFM performs full arbitra-
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tion at the beginning of each bus transaction and also \etliie arbitration at each cycle.
ThelATLM checks arbitration only at the bus transaction waries. The TLM performs
the least amount of checking. It arbitrates only at the b@gmof a user transaction.

Intuitively, we expect that the number of arbitration cheskongly correlates with the
performance of the model. In order to reach an arbitratiecklpoint, the model executes
a wait-for-time statement (increasing the simulated time), which may tesuh costly
context switch in the simulator. Thus, implementing alluiegd arbitration checks is the
slowest, but delivers accurate time modeling. The othaeext, the TLM, implements
the fewest arbitration checks yielding the highest perforoe, but results in the worst
accuracy.

3.3.1.2 Static vs. Dynamic Delay Model

One aspect common to all our traditional layer-based modelhe static choice of
the delay model. During the implementation, the model desigelects the granularity (or
resolution) at which data and arbitration is handled. Tkiednines the accuracy and speed
achievable by the model. Our choices shown above range frodelng individual bus
cycles in the cycle-accurate BFM to the TLM that operates aea transaction granularity.
Each model executes a fixed numbewaiit-for-timestatements for a particular transaction.

ROM on the other hand, as we will describe in the following®es, models the timing
with a dynamic delay model. Instead of distributing indivadwait-for-timestatements to
different phases of the transaction (e.g. arbitrationreskland data phase), it dynamically
calculates the total transaction time, and then performsgeswvait-for-timestatement to
advance the simulation time.

The dynamic delay model becomes apparent for a preemptithe dfansfer, as shown

JJJJJJJJJJJJJJJJ

BFM iHHH:}HHH:i
v Ve

ATLM | | |
<

LM | '

|
Figure 3.5: Arbitration check points when transferring ®vbeat bursts.
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in Figure 3.6. Despite the fact that the model initially regented a transaction using a
single wait-for-time statement, it can accommodate preéemmn a cycle-by-cycle basis.
For that, it records any disturbing influence during the y¢lme, recalculates later the
transaction time using the updated system knowledge, arlites an additionabait-for-
time statement. The process repeats in case a another preeroptiors in the updated
time period, until no further preemptions are detected. Asrsequence, the number of
wait-for-timestatements may vary when re-executing the same transattitime optimal
case without preemption, ROM will execute a singlait-for-time statement, same as the
TLM.

<
ROM | =

Figure 3.6: Arbitration check points in ROM.

3.3.2 AMBA AHB - Result Oriented Modeling

We will now apply the ROM approach to the AMBA AHB [87]. Unlikihe tradi-
tional models, ROM does not exhibit the correlation betwgremularity and abstraction.
It avoids unnecessary arbitration check points. As a reisudtaches the BFM accuracy of
100% and near TLM performance.

3.3.2.1 Assumptions as with TLM

As discussed earlier, ROM is based on hiding of communinatiternals from the user.
It avoids using signals and individual wires and implemeiatis transfers by use of a single
memcpyperation. As such, ROM uses the same principles as TLM.

In ROM, the application is only aware of the timing at the bdares of a user trans-
action. All activities of the bus model within the user tracson are hidden from the
communicating parties. Those are not aware that the traosas split into multiple bus
transactions and cycles, neither that there is arbitratesived.
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Only the timing at the boundaries of the user transactiompirtant for the application.
For accurate timing, the start and the end times of eachacéiog must match the times
reported by a bus functional model.

Between the start and end times, ROM can freely rearrangeamahit internal events
and state changes in order to eliminate costly context ket the simulator.

As in TLM, the main idea for speeding up the simulation is tolaee the sequence of
wait operations and arbitration checks with one singiat-for-time statement. Reducing
the number of wait operations is the biggest contributornireéased execution perfor-
mance. This avoids running the scheduling algorithm in theukation engine and thus
also reduces the number of possible context switches.

3.3.2.2 Optimistic modeling

The ROM implements an optimistic approach. When a masterestga user trans-
action, the earliest finish time for this transfer is caltedband the master waits until that
time. The time prediction takes the current state of the btgsaccount. In case a higher-
priority transaction is already active, the wait time isrgesed for its duration. After the
calculated time has passed, the master verifies whetheredecfed time is still accurate.
If so, the transaction is complete. Note that in this besé caenario, ROM uses only a
single wait statement (same as|the TLM).

With adisturbing influencef a higher priority master accessing the bus during a trans-
action, the predicted time will be too short. Then, ROM reukdtes the predicted time and
waits for it. This process is repeated until the predictewmerified to be correct.

Note that an optimistic (short) prediction is highly dedir® allow for corrections.
With a pessimistic (too long) prediction, a correction wboked to go back in time. This
in turn would require a simulation check-point and roll-katechanism, which introduces
an undesired performance penalty.

3.3.2.3 Preemption

To compare ROM against the layered models, we will analyeectise of a bus pre-
emption in more detail, as shown in Figure 3.7.
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Figure 3.7: Preemption in BFM, TLM, ROM.
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Figurel 3.7 shows the bus activity of a system with two praogsslements that are
connected as masters to the AMBA AHB; one with high priorigférred to as high priority
master), and one with low priority (referred to as low prignmnaster). Each processing
element has an own flow of execution, and communicates vimt#ser interface through
an abstract bus model; (a) BFM, (b) TLM, and |((c) ROM. Dependinghe functional
simulation inside the processing element, transactiomssaued to the bus.

In Figure 3.7, (a) BFM shows the reference bus activity. A btrensaction issued
by the low priority master, which starts &t is preempted by the high priority master at
t1. The transfer of the high priority master completeszatAt that time, the preempted
low priority transfer resumes and terminates finallysatin the simulation, both masters
perform arbitration checks for every bus cycle. In totag thodel executes 32 arbitration
checks for both masters in this example.

In (b) TLME, the transaction of the low priority master is modeled witsiragle wait-
for-time statement, starting & and finishing at,. Therefore, the preemption triggered
att; can not be taken into account at that point, and is delaygdadsuntilt,. As a
result, the low priority transaction is not properly preaetpand still ends ap (not atts).

2 For brevity, we will omit the similar ATLM case here.
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Instead, the high priority transaction is delayed unténd ends i, (not att3). Clearly, the
abstract TLM is highly inaccurate in the finish times of batimntsfers, but executes fast. On
the other hand, only three arbitration checks are performpeamising a high simulation
performance.

In () ROM, the inaccuracies of the TLM are corrected by 2 addal arbitration
checks. ROM requires in total only 5 arbitration checks améh8-for-time statements.

At tg, the low priority transfer is initially predicted to finist &, and hence the low
priority master executes a wait-for-time delaying untéih Att; however, the high priority
master preempts the ongoing transfer, predicts for its eamster a finish time of, and
records the disturbing influence for the low priority mastdote, the low priority master
is not woken at this timet{) for participation in the arbitration, instead it remaitseping
on the initial wait-for-time statement.

At to, the low priority finishes the initial wait-for-time statemt, detects that it has been
preempted at; and subsequently recalculates its finish time. Taking tleemption into
account, the updated finish time is ntyvt; time units later aty. Hence, the low priority
master executes a wait-for-time statement umptil

The high priority master wakes uptat checks its own preemption records and finishes
its transaction, since it was not preemptedtAthe low priority master wakes up, verifies
that no other preemption has occurred, and thus complstaaitsfer.

Note that the final two arbitration checks performed by theVR&e inexpensive be-
cause no further waiting is necessary and no context swanloccur.

Tablel 3.1 compares the arbitration checks performed by thdeis. The number of
checks in ROM is close to the TLM case and an order of magnitomer than in the
BFM.

| [BFM [ TLM | ROM |

Arbitration Checks 32 3 5
(in percent) 100% | 10.7 % | 15.6%

Table 3.1: Preemption complexity comparison.
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3.3.2.4 Pipelining

So far, we have simplified our description of the ROM for AMBAJR. In the real im-
plementation, the pipelining effects, as defined by thedstech[4], are taken into account.
Therefore bus transactions of multiple masters may exexduiige same time in different
stages of the pipeline. Furthermore, if two masters trarsfeet of non-sequential bus
transactions, even an interleaved parallel transfer isiples

The concept described above is still valid. However, thelemgntation has to deal
with more details. For example, in an update of a preempgetéiction, it is not sufficient
to simply include the duration of the preemption. Instea®@MRconsiders a global bus
scheduling each time a transaction is requested. It caé=ufar each known transaction
the stage(s) it occupies for every bus cycle. Here, ROM useis &nowledge about the
slaves to determine the slaves response pattern (e.g. ceatbes). Based on this global
schedule, ROM determines the transaction duration (or pl@te) of a user transaction.

3.3.3 CAN - Traditional Modeling

The second bus example, CAN, is an off-chip serial bus witledalized arbitration
(see Section 2.5.1), very different from the earlier désetiAMBA AHB. In the following
sections, we will touch briefly on the layer based models agstdbe the ROM for the
CAN wherever it is different from the AMBA AHB implementatiohe main focus will
then rest on the analysis of the ROM benefits.

We have applied the same layer-based approach as in Se@idnf& modeling the
CAN, using the same three abstraction levels: the BFM, ATLM tinedTLM. The most
abstract model, the TLM, is identical to the AHB implemeitatand simulates on a user
transaction granularity. The ATLM, simulating individu@AN frames, already achieves
accurate arbitration based on the CAN frame identifier. & pkrforms a bitwise inspection
of each frame for CRC calculation and stuff bit handling. The BiSMur most detailed
model implementing all features of the specification. ItaBrsends and receives the data,
and synchronizes each node’s clock to the bit stream acwptdi[11] and [44].
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3.3.4 CAN - Result Oriented Modeling

The basic concepts of ROM for the CAN are identical to ROM of &MBA bus.
ROM abstracts to the level of a user transaction, combiniofjiple CAN frames using a
singlememcpyand minimizing the number of potentially costhait-for-time statements.
As described for the general case, the CAN ROM relies on thieeldhobservability for
rearranging internal events [86]. The application is urravedi splitting the user transaction
into individual CAN frames and CSMA/CA arbitration.

The ROM optimistically predicts the duration of the wholeugansaction, taking into
account the split into CAN frames and calculating when totstaransaction given the
current status of the bus with all pending CAN frames.

In comparison to the AMBA AHB ROM implementation, additiore@mputation ef-
fort is needed for accurately simulating CAN. CAN employs astitffing algorithm to
guarantee sufficient edges in the raw data stream for synizimg the local clocks from
the shared serial bus. Due to that bit stuffing rule, the nurabphysical bits needed for
transmitting a CAN frame not only depends on user data lertgthalso depends on the
actual content of the message. In addition, the bit stufiitgalso extends to the CRC field
of a/CAN frame. Therefore, ROM has to compute the CRC for each CANdr and has
to perform a bit inspection of each frame, calculating thembar of stuff bits that would
be inserted. As we will see later, the additional effort fog bit inspection prevents ROM
from outperforming TLM.

In order to guarantee accurate timing, ROM validates thgalroptimistic prediction
at the end of the predicted time. A higher priority messag®tiag during a multi-frame
low priority message, will delay the low priority messagansmission. Then, the initially
predicted time will be too short. ROM detects thisturbing influenceat the predicted
end time of the low priority message. It then recalculatespiedicted time and waits for
the remaining portion. This process repeats until no furth&urbing influence has been
detected, thus the prediction has deemed correct. To naaithe computation effort for
an update, ROM stores the physical length of each individell frame during the initial
prediction and thus avoids the costly bit inspection duangipdate.

To illustrate the ROM approach in contrast to the layeredeigmadve analyze an exam-
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ple with a disturbing influence as shown in Figure 3.8. A lovopty msg2with 4 frames
starts atg. During transmission of the its second frametiata high prioritymsglis re-
leased. This delays sending the third framensiy2 thus delays completion of the overall
msg2transmission. In the example, we depiait-for-timestatements as arcs, which gives
a visual indication for estimating a model’s performance.

% msg1 Ffr——
= F——— v o
» msg2
= msg2
¢ msg2 e —— |
to ty to ts t, time

Figure 3.8: Contention in ATLM, TLM and ROM

In ATLM , the transmission delay is correctly modeled. Since a CAMérdself is not
preemptable, modeling at the CAN frame granularity is sw#fiti{see also Section 2.5.4).
The transfer of the higher priority messagesgl released aty, is delayed until the end
of the currently running CAN frame. Then, Bt a new CAN frame starts and the first
frame of the higher prioritynsglwins the arbitration. The sender forsg2 on the other
hand, looses arbitration for its%3frame att,. It retries twice untils, whenmsg1finishes.
Then, the remaining two frames oisg2are transmitted untth. In total, the sending nodes
execute vait-for-timestatements.

In TLM , the example transfer is not accurately simulated due todhese granularity.
Since a TLM models a whole message as one wait-for-time, igeing trasnfer omsg2
cannot be interrupted and thus endgdhot atts). Only after that transfers ahsglstarts
and thus finishes too late @t Clearly, the abstract TLM is highly inaccurate in the finish
times of both transfers, however it will execute fast wittyd® wait-for-timestatements.

In ROM, the low priority msg2is initially predicted to finish at3. This prediction
assumes immediate availability of the bus, as no otheracios is scheduled at that time.
At t1, the high prioritymsglis released. Since the bus is currently occupied, it is ptedi

3For brevity, we omit the BFM case here as the ATLM is alreadyirig accurate. The BFM, with
modeling the serial transmission, executes 11,888 waitifte statements.
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to start after the currently transmitting frameno$g2 att,. Msg2is predicted to finish dg.
At that time €3), the node sending the high priorttysglwakes up and terminates since no
disturbing influence has occurred. At the same time, the sedding the low prioritynsg2
wakes up and detects the disturbing influencene§1 Thus, it then updates the predicted
finish time formsgz2to finish atts, which ist3 — to time units later, and subsequently waits
for the remaining time. When the sender of the low priority sag®e wakes up againtat
it detects no other disturbing influence and completesatssfier. Overall, ROM is able to
correctly simulate the example with onlywaait-for-timestatements.

Table 3.2 compares theait-for-timestatements performed by the CAN models. ROM
waits as often as the TLM. They both wait four orders of magtetless frequently than
the BFM, which simulates individual clock cycles on the ddbiss.

| [ BFM [ATLM [ TLM | ROM |

wait-for-time || 11,888 9 3 3
(in percent) || 100% | 0.075%| 0.025%| 0.025%

Table 3.2: Wait complexity with disturbance.

3.4 ROM Algorithm

To give an additional level of explanation about ROM, we presiow a generic algo-
rithm that implements the ROM technique for basic bus basethtunication. For ease of
understanding, we omit extra complexities, such as pipglinn this description. Algo-
rithm/1 outlines how ROM models transferring a user transact

Algorithm[1 shows the characteristic elements of ROM: th&aihprediction of the
transaction timewaitTime line 1), waiting for the predicted time (line 4) and updgtthe
prediction for any disturbing influence (line 5etDelayDueToPreemptionsékamines
past disturbing influence and returns the accumulated delgyeempting transactions.
The loop repeats the waiting until no further preemptiongehaccurred. After no further
preemptions have been detected, the transaction finishespyyng the user data (line 7).

A globalList, sorted by priority and transaction start time, keeps td¢ke scheduled
transactions. Each transaction is added to thsttat the beginning (line|2) and removed
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Algorithm 1 ExecuteTransaction(prio, address, length, mode)
1: waitTime = PredictWaitTime(List, prio, address, lengthgde);

. InsertTransaction(List, prio, address, length, mode);
. repeat
waitfortime(waitTime);

; until waitTime ==

2
3
4
5. waitTime = GetDelayDueToPreemptions(List);
6
7: TransferData(address, length);

8

: RemoveTransaction(List, prio);

upon completion (line 8). Using thisst, the schedule of bus for each clock cycle can be
reconstructed.

PredictWaitTime(xalculates the initial prediction, Algorithm 2 outlines implemen-
tation. PredictWaitTime(first determines the delay until the transaction can be adbdd
(timeToStar) for three cases. If the bus is unused (line 2), the requésiadaction starts
immediately, only aligned to the next bus clock cycle. Lintedts if the requested trans-
action is of higher priority than the currenthctivetransaction, whiclGetCurrentOngo-
ingTransaction()etrieves from the globadlist. In this case, the requested transaction is
delayed until the next preemption point of thetivetransaction. In the remaining clause
starting at line 7FindLeastHigherPrioTransaction§earches the globalst for the prede-
cessor transaction with the lowest priority higher thanrdrpiested priority. The requested
transaction will be scheduled after the found transacpiced finishes, as calculated by
TimeToFinish()

After determiningtimeToStartthe minimal transfer duration is calculated Byansac-
tionDuration() This takes into account the user transaction length, s laadress (for
alignment) and mode (e.g. burst enabled). It also reliesaiit knowledge about response
time of the selected slave. As a result of the schedulingsé®ts, line 11 finally returns the
sum of the the wait times for requested transaction, whigts isarliest finish time given
the current bus conditions.

GetDelayDueToPreemptions{yhich is called inAlgorithm 1, line 5, is similar in prin-
ciple toPredictWaitTime() GetDelayDueToPreemptionsgxamines, once a transaction is
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Algorithm 2 PredictWaitTime(List, prio, address, length, mode)
1: active = GetCurrentOngoingTransaction(List);

. If BuslsUnused(List)hen
timeToStart = TimeToBusClockCycle();

. else ifprio < Priority(active)then

2
3
4
5. timeToStart = TimeToNextPreemption(active);
6: else

7. pred = FindLeastHigherPrioTransaction(List, prio);

8: timeToStart = TimeToFinish(pred);

9: end if

10: duration = TransactionDuration(address, length, mode);
11: return timeToStart + duration;

marked as preempted, the list of preempting transactiothsesralculates the bus schedule,
taking into account all currently scheduled transactidngetermines start and duration of
the remaining portion of the preempted transfer. Based anirtformation, it then calcu-
lates the additional delay due to the occurred preemptions.

3.5 Experimental Results

To validate the benefits of our proposed ROM approach, we mapéemented for
both busses all four models using the SpecC [29] SLDL. Pleatethat we implemented
ROM without any modification to the simulation engine, usordy regularwait-for-time
statements and events.

We analyzed all models in detail and examined three asp@jthe accuracy, since
our main premise is to reach 100% accuracy, (b) the simulggerformance, to validate
that ROM actually reaches TLM speeds, and (c) the numbereafigiion updates that are
needed by ROM.
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3.5.1 Accuracy

For analyzing the accuracy of our models, we use the metnidssatup described in
Section 2.3.2. In a multi node setup such as depicted in €igi1®, each node sends a set of
5000 predefined user transactions that vary in user traosadt(each from its own range),
size, content and delay between two transfers. The samé saneactions is transferred
by each model. We repeat each test for different amounts ©tbatention. During the
test, we record the duration for each individual transfet eampare that later against the

cycle-accurate BFM.

Sender Receiver Sender Receiver
#1 #1 #2 #2

I I I I
e

Figure 3.9: Multi-node setup.

3.5.1.1 AMBA AHB

We have measured the accuracy of the AMBA AHB models in a twestenasetup.
Figure| 3.10 shows the average error in transaction durdtiothe high priority master
over a varying degree of bus contention.

As targeted, the ROM shows 0% error for all measurementsg Iyght on top of the x
axis (same as the BFM). In contrast, the TLM and ATLM show digant error rates, linear
increasing with growing bus contention. At 45% contentitwe TLM reaches 45% error,
making any system timing analysis based on TLM questiond®liease see Section 2.4.4

for a more detailed analysis and discussion about the tiemray of the layer-based AMBA
AHB models.
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Figure 3.10: Accuracy of the AMBA AHB models.

3.5.1.2 CAN

We use a test setup with 8 no‘dnnected to the CAN bus. Four nodes act as senders
and four nodes as receivers. Each sender uses an exclusigeabimessage identifiers (in
effect, a different priority). Figure 3.11 shows the averagror in transaction duration for
the node sending the lowest priority messages over a vadgggee of bus contention.
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Figure 3.11: Accuracy of the CAN models.

For the CAN as well, ROM shows 0% error for all measuremenssgiaph lies right
on top of the x axis (same as the BFM and the ATLM). Note that e @AN protocol

4 Other tests show similar results.
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a CAN frame cannot be preempted, therefore the ATLM is alremmtyrate in this case,
since arbitrating once per frame matches the protocol diefini In contrast, the TLM
shows significant error rates, linear increasing with gngalbus contention, passing 60%
error at 50% contention. This inaccuracy hinders using Thid context requiring accurate
simulation of communication, such as in a real-time systBifease see Section 2.5.4 for
a more detailed analysis and discussion about the timirgy efrthe layer-based CAN
models.

In summary, for both the AMBA AHB and the CAN, we have reachedgmal of 100%
accuracy in timing. Next, we analyze the simulation perfance of ROM in comparison
to the traditional models.

3.5.2 Performance

We have measured the simulation performance also in a mudke setup. One group
of nodes, with higher priority, accesses the bus in a regotarval. The higher priority
transactions produce a base utilization of the bus systenfieé@ve a defined bus bandwidth
unused. At the same time, the lowest priority node issuesa@tions of increasing size
without any delay in between. Hence, the low priority trastigens compete with high
priority transactions, and are preempted or interspergddgher priority transactions.

To measure the simulation performance, we have simulatgedhiole system. We have
measured the time for simulating the lowest priority traxisa while the whole system is
running. Hence, the measured time includes higher pritndtysactions, that are transmit-
ted in between.

Note that the actual traffic depends on the timing accuragh@fmodel under test,
as preemptions may or may not be accurately modeled. Thepnighty nodes access
the bus in constant time intervals. To illustrate the prohlassume that the low priority
transaction would be modeled with a too long time. Hencs, ltmger low priority trans-
action would potentially be preempted more often in that ehdldan in reality, yielding a
non-comparable test scenario.

To ensure a fair comparison between the models regardleb®ioftiming accuracy,
additional control is required to guarantee that each mwrdakfers the same amount of
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data. For that, we use an adaptive test setup. It first measoreach test scenario the
number of transactions with a known accurate model, the BAMinTwhile analyzing the
model under test, the setup ensures that the same numbansdttions is executed. With
this additional control, all models transfer the same dataunt regardless of the timing
accuracy, and a fair comparison can be established.

All tests are executed on a Linux system, using a Pentium 4tR@&Hz.

3.5.2.1 AMBA AHB

We use an architecture with two masters and two slaves fdyzng the AMBA AHB.
The high priority master generates an equally distributesedoad of 33% on the bus by
sending 8-beat burst transactions in a predefined timevaltefigure 3.12 shows the time
to simulate the low priority master’s transactions overrameasing message size while the
high priority master is running at the same time.
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Figure 3.12: Transfer time using AMBA models.

Figure 3.12 reveals the tremendous performance benefit bf.®B0th ROM and TLM
are equally fast, three orders of magnitude faster than thé& BRd one order of magnitude
faster than the ATLM. Both the BFM and the ATLM show a charasterisaw tooth
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shape, due to the non-linear split into bus transactionsyalgnt to what we reported in
Section 2.4.3.

It is interesting to note, that in this test setup also/the TaMl the ROM show a
saw tooth shape, although much less pronounced. Againistbeused by the non-linear
split of user transactions into bus transactions. Althonghadditional effort is needed
for simulating an additional bus transaction within the samser transaction, as both the
TLM and/ROM do not explicitly model bus transactions, the dimed time for a whole
user transaction increases with the additional bus traiesac The increased simulated
time results in a higher probability of preemption. With addeional preemption, more
higher priority transactions have to be simulated, whianeases the simulation effort and
therefore causes a longer simulation time.

3.5.2.2 CAN

We use a setup with 4 sending nodes. Three nodes send mesSaigéer priority with
a size of 16 bytes each. These messages are sent in consmtervals. The timing is
setup as such, that the bus load produced by all three higioeitypsenders, occupies 50%
of the bus bandwidth. As before, we measure the simulatioe tor lowest priority sender.
Figure 3.13 shows the simulation time for transmitting a |mwority transaction over an
increasing size, running concurrently with the high ptiosenders.
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Figure 3.13: Transfer time using CAN models.
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All models exhibit a characteristic increase in simulatione when exceeding a size
divisible by 8. Then, another CAN frame is needed, which iases simulation effort and
the probability of additional higher priority messages.

'ROM and TLM execute five orders of magnitude faster than_the BFftie TLM
reaches this speed (0.006ms for 16 bytes) with the coarse gparation on user trans-

actions. Although ROM optimizes theait-for-time statements, it does not outperform
the TLM. With the costly bit inspection, necessary for aetertiming, it is only two
times slower than the TLM: 0.012 ms for a 16 byte transactibine ATLM is about 24
times slower than the ROM, since it incrementally simulaash CAN frame. The cycle-
accurate BFM with its serial simulation executes the slow&sinsferring 16 bytes takes
155 ms. For the CAN, ROM is the fastest to accurately model dnencunication, 12 700x
faster than the BFM.

In addition, we analyze the system simulation bandwidthutigg the scalability of
a model and the overall performance. The system simulatmuwidth quantifies how
much data is transfered by all nodes in a system in a givengefisimulation time. The
simulation bandwidth is reported M%‘? If only one sending node and one receiving
node is used, the system simulation bandwidth would be ¢qtia simulation bandwidth,
as reported in Section 2.3.1.

Similar to before, we use an adaptive setup, which ensueesathmodels transfer the
same amount of user data, independent of the model accimg 3.3 lists the simulation

bandwidth in'vfg’tceS for an increasing number of nodes. Half of the nodes are sgndi
nodes, each issuing 16 byte transfers. In our traffic setwlp multiple senders, higher
priority senders leave spare bandwidth on the simulateddauthat messages of different
priority can be interspersed.

Table 3.3 shows that the accurate ATLM simulates, as in tHeeeeported scenarios,

| [ BFM [ATLM [ROM [ TLM |
2 Nodes|| 0.0005| 0.117 | 3.51 | 12.7
4 Nodes|| 0.0003| 0.113 | 2.97 6.6
8 Nodes| 0.0002| 0.110 | 2.57 5.2

Table 3.3: System simulation bandwid®A32%.
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multiple orders of magnitude slower than both ROM and TLMthW¥én increased number
of simulated nodes, the TLIKignificantly drops in simulation performance. A systenthwi
8 nodes yields only 41% of the simulation bandwidth than &esgsvith 2 nodes (as the
bandwidth drops from 12.7 MByte/s to 5.2 MByte/s). ROM on theenthand scales much
better with an increased number of nodes. By simulating tluitiadal nodes in the 8

node setup, the system simulation bandwidth of ROM remain8% of the bandwidth

compared to the 2 node setup. We extrapolate from thesaggethdt the ROM technique
will scale well with an increase in model size and complexity

3.5.3 Prediction Updates

As we have seen for both bus systems, our proposed ROM perfexoellent despite
the presence of frequent disturbing influences. Espeaidtltylong bus transactions, higher
priority bus activities frequently preempt the measuradkiopriority transaction. This ex-
cellent performance indicates, that only few predictiodatps are necessary, even in a high
contention situation. In the next paragraphs, we will fiesison about this phenomenon,
and then show empirical results.

Figure 3.14 shows an example where a long transaction isdrety preempted. Al-
though this transfer is preempted 15 times, only 4 predictipdates are needed by the
ROM. A closer looks shows 8 preemptions during the initi@ihedicted period, 4 in the
next, then 2, and finally only one. This exponential decreasaumber of preemptions
indicates, that even under high bus load, only very few ptexhi updates are expected for
most transfers.

=

bty | e ——E— R I
Priority

Master | I I T

Figure 3.14: Exponentially decreasing number of predictipdates.

In order to validate this expectation, we have measureddtuabnumber of prediction

updates when performing linear random transfers.
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3.5.3.1 AMBA AHB

In the setup with the AMBA AHB, two masters transfer transatsi of random size (1-
200 bytes) with a random delay in between. By controlling treximum delay between
transfers, we adjust the system to 50% bus contention.

Figure 3.15(a) shows the number of prediction updates peptwrity transaction in a
histogram over 100000 transfers. Most transactions requily a single prediction update,
despite the high amount of contention. As expected, the eumitiransactions with more
than one prediction update reduces exponentially. OnBoXdquire 4 prediction updates.
Note that 27.5% of the transactions complete without a singlddate. In other words, the
initial prediction is actually correct for about a third df eases. These are mainly small
transactions (58% of the transactions without updates@t®y/tes or smaller in size).

3.5.3.2 CAN

We have validated the same fact using the CAN with 8 nodes (dessn4 receivers).
The histogram in Figure 3.15(b) shows the results for thelitmm in which we expect the
most updates: the node with the lowest priority messagesighabus contention of 51%.

The percentage of transactions requiring prediction gsiaduces exponentially with
the number of updates. 66% require no prediction updatd,awigh the majority being
single frame messages. 23% require one prediction updaterdy 0.5% need 4 updates.

In both cases, the AMBA AHB and the CAN, the probability of uftadecreases
exponentially with the number of updates. From this fact,carclude that the excellent
performance of ROM can be more generally expected.
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Figure 3.15: Histogram of number of prediction updates.
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3.6 Generalization

Combining the results of the two bus systems with complenngmtaaracteristics, we
now derive more general conclusions. While, for the existmgtitude of embedded bus
architectures, an extrapolation based on two individuadl@®is difficult in general, our
data is a strong indication of generality. The modeled bissesys are on opposite ends
of the spectrum. While the AMBA AHB is an on-chip parallel bystem with a cen-
tralized arbitration scheme, the CAN is an off-chip seriad lth distributed arbitration.
We estimate that the results of the AHB modeling are a goodatolr for abstracting the
IBM CoreConnect Processor Local Bus [48]. Furthermore, we \aelise CAN modeling
experience can be used as an indicator for other serial miemsy such agC [77] and
Ethernet.

3.6.1 Escaping the TLM Trade-Off

Figure 3.16 shows the combined results for the AMBA AHB arel @AN in a graph
with actual measurements. Note that Figure 3.16 resentideganerally TLM trade-off as
outlined in the introduction. Again, the graph illustraties trade-off between accuracy and
speed. The x-axis denotes the bandwidth of the lowest prindde when using 100 byte
transactions in a multi-node setup with two ser%,e”me y-axis denotes the average error
in transfer duration for the lowest priority node when the bhows 40% contention.

Our experimental results show that the traditional modéldM, ATLM and BFM)
follow the TLM trade-off. They are either accurate (i.e. BeMs and the ATLM for the
CAN) but slow with less than 0.4 MBytes/s, or they are fast the. TLMs) but exhibit an
error of more than 35%.

Our ROM, on the other hand, escapes the TLM trade-off for bathsystems. At the
same time, it is fast and 100% accurate. It accurately siesithe AHB with a bandwidth
of 6.6 MBytes/s, and the CAN with 1.6 MBytes/s.

5 Note that the simulation bandwidth reported in Figure 3d6oier than shown previously in Fig-
ure2.24. While Figure 2.24 reflects a single node test sefigpyd=3.16 uses a multi-node setup. Concur-
rently simulating more communication nodes results in alogimulation bandwidth for an individual node.
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Figure 3.16: ROM beats the TLM Trade-Off.

3.6.2 Complexity Considerations

It should be noted that the advantages of ROM are achievédamitore complex model
implementation. The BFM and TLM implementations, on one haraementally advance
time and can therefore use step-by-step decisions. ROMyeother hand, implements all
bus scheduling decisions explicitly at the boundaries o$ex transaction. This requires
the model to keep track of outstanding transactions, anchhegte decisions if they were
overly optimistic, requiring a significant higher efforbfn the model developer. For our
implementation, we experienced about double the time toettbeé ROM designs.

3.6.3 Limitations

As with TLM, ROM shares a limitation that an application isguwhole user transac-
tions should only rely on the execution order of user trafisacand should not rely on the
execution order at thbus transactiorgranularity. Differences may arise, when two mas-
ters simultaneously write a user transaction, which castaiultiple bus transactions, to an
overlapping address range. Then, the result would depesdiwduling of individual bus
transactions that compose each user transaction. As bdthafld ROM may not model
individual bus transactions, an application shall not m@iythe bus transaction ordering.
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In more detail, ROM uses a singleemcpyto transfer data, regardless of the number
of bus transactions. Therefore, the functional result cefl@an atomic execution of the
user transaction (including all its bus transactions)huauit interleaving bus transaction
from another master. For calculation of the timing, on theeohand, interleaving is still
considered to produce accurately timed results.

Note that we consider this restriction acceptable. A spetifin, that uses plain un-
synchronized global memory for synchronization is unsa$et may incur race conditions.
Instead, higher level synchronization mechanism shouldtitieed, which automatically
translate to a safe implementation. On the other hand, ifnsgnchronized global access
is desired to explicitly capture race conditions, a usardaation that consists of single bus
transaction can be used, as user transactions are acgunateted.

As a second limitation, ROM does not support communicatiotgeols, which include
indeterministic aspects, as ROM (given a user transaatmster request) relies on a static
calculation of the communication schedule. For exampledeting Ethernet [65] using
'ROM would require an unpractical additional effort. Ethetrnses a Carrier Sense Multi-
ple Access with Collision Detection (CSMA/CD) scheme for asg&ga shared medium.
It employs a randomized back-off strategy, once a collisias been detected. Hence, the
transmission time over Ethernet depends on the random nuyeberator. A timing accu-
rate Ethernet model using the ROM technique would requirdatiiog the random number
generator of each participating bus node, which is not aict

3.7 Summary Result Oriented Modeling

In this chapter, we have introduced a novel modeling conc®asult Oriented
Modeling (ROM), and its application to the abstract modglai communication in SoC
design. ROM is a modeling approach similar to TLM that hidgsiinal states and mini-
mizes them in order to gain execution speed [89]. Moreov@ilMRs based on an optimistic
paradigm. It predicts the end result at the beginning. Uadgisturbing influence, correc-
tive measures are taken at the end, in order to adjust thécposdso that 100% accuracy
is achieved.
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We have applied the ROM concept to two complementary busisesndustry standard
on-chip parallel bus system AMBA AHB with a centralized arhiion scheme, and the
off-chip Controller Area Network (CAN) bus system with its @etralized arbitration. We
have compared the proposed ROM implementations agaid#idraal layer-based models.
Our detailed analysis shows that the cost of corrective areass low due to an exponential
decreasing number of necessary prediction updates. Asil, lROM reaches near TLM
performance.

Our experimental results demonstrate the benefits of ROMleMte traditional mod-
els suffer from a significant speed/accuracy trade-off, R€ikhinatesthis trade-off for a
wide range of platforms, delivering highest speed and 106étiracy at the same time.
This allows rapid design space exploration with high figedit the abstract system level.
ROM also opens the opportunity to utilize the TLM benefitsrieal-time sensitive appli-
cations, where 100% timing accuracy is required.



Chapter 4

Abstract Processor Modeling

4.1 Introduction

Recent state-of-the art MPSoC increasingly employ a largeleun of processors, and
the software content increases significantly. Validatind debugging of embedded soft-
ware for such systems is becoming a tremendous challendenare and more infeasible
with current methods.

Traditionally, embedded software is validated and debdggng Instruction Set Sim-
ulators (ISSs) which provide functional and timing accersimulation on a host platform
at a very fine granularity. However, interpreting ISSs samivery slowly, especially when
multiple instances are integrated into a MPSoC system sitioul. Therefore, ISS-based
validation and debugging is not sufficient to match the néedsapid design space explo-
ration at the system level. Thus, a higher level of abstwads needed. The simulation
performance will increase with the higher level of absiatgthowever, the gain in speed
is traded off with a decrease in timing accuracy, which hanlaescribed earlier as the
TLM trade-off in Section 1.2/4.

Figure 4.1 shows an adapted TLM trade-off for the modelingomhplete systems. I1SS-
based co-simulation will yield accurate timing resultshaatlow simulation performance.
On the other hand, executing pure C-code in a functional sitiwn will be very fast,
however as timing is not modeled, very inaccurate in termsnoihg. Only execution
on the real hardware will yield fast and accurate resultswéi@r, real hardware may

95
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Figure 4.1: Trade-off in system simulation.

not be available early in the design process. For rapid despgce exploration and early
validation, an abstract processor model (indicated as. Ailod) is needed, which bridges
the gap, in terms of simulation speed and accuracy, betv&®ibased simulation and pure
functional C-based simulation.

In this chapter, we present our approach of abstractingdfte@are execution environ-
ment while retaining a high accuracy of the models. In paldic we describe our abstract
processor modeling as an integral part of current SoCs. @aepsor models provide an a
high-level software execution environment with accusatehed execution, real-time op-
erating system (RTOS) services and external communica@om models exhibit highest
simulation performance while maintaining an acceptabdeigcy in simulated timing, and
exposing the structure of the software architecture (erigexd and interrupts). Using our
abstract processor models in conjunction with transadeeel models (TLMs) of commu-
nication [88] dramatically increases the execution speeal ¢o-simulation environment.
With high accuracy in timing, our models enable an early fiomal and fast simulation
of the desired target architecture, clearly exposing thglications of programming and
architectural decisions, and thus allowing rapid valatidebugging and design space
exploration.

4.1.1 Problem Definition

With the importance of embedded software within a MPSoCgtedast simulation of
embedded software is needed. The traditional ISS basetntdasion satisfies all func-
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tional requirements, however at a very low speed. Fastarlatian capabilities are needed
for efficient exploration, validation and debugging.

We address the need for fast software simulation by absigaitte software execution
environment providing timed execution, dynamic schedpéind external communication.
We develop a corresponding high-level, abstract processoel. We aim to significantly
increase simulation performance while maintaining an piat#e accuracy in simulated
timing, and properly reflecting the structure of the sofevarchitecture (e.g. drivers and

interrupts).
Processor N
MEM N; | [Ext. IP N4 Ext. IP Ny
Core [ IMem | 512 frimer] —
Processor1. 1 1 1 1
- —IVEM 1, Ext. IP 1, Processor Bus N .-
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Figure 4.2: Generic MPSoC target architecture.

We focus on a Multi-Processor System-on-Chip (MPSoC) targdtitecture as out-
lined in Figure 4.2. It consists of a set of processors, wkah processor is connected to
a processor specific main bus. We assume that each processgains an internal mem-
ory, which stores the execution binaries and local vargbkdditionally, we associate a
customizable Programmable Interrupt Controller (PIC) arichartwith each processor.

Each processor communicates with external memory (holdlobally shared vari-
ables) and with custom hardware IP blocks (through memonyp®é I/0 and interrupts)
over the processor main bus. Any number of IP blocks and mesaray be connected
to each bus. A processor can also communicate with otheegsocs and external IPs
or memories connected to other busses through one or more Goication Elements
(CEs@.

At the input, we assume that the user application is giveménform of C code for
each task, including information about task relations arulieit communication between

1 In extension to what is shown in Figure 4.2, we assume thabuikses may be arranged as a hierarchy
of busses.
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tasks. Furthermore, we assume that data about executiaysder each task is available.
We make this assumption to segregate the two main error e®@oc modeling software
execution: (a) target specific user code profiling and baclotation, (b) errors due to
processor feature abstraction (see Section 4.4.1.2) hEguurpose of this work, we focus
on the processor modeling and therefore are interestediorilye error due to feature
abstraction. The equally important target specific useegodfiling is outside of the scope
of this publication.

4.1.2 Overview

The chapter is organized as follows: we will first outline theeralll MPSoC devel-
opment approach in Section 4.2. Section 4.3 then descrlimtsaat processor modeling
approach in detail by incrementally describing its feaduita Section 4.4, we validate our
modeling approach using set of industrial-strength MPScalrples. We analyze the sim-
ulation performance and the achievable accuracy in détmially, we conclude the chapter
with a summary in Section 4.5.

4.2 Context: Our MPSoC Development Approach

Before we describe our abstract processor modeling, we wtiin@ in this section our
overall MPSoC development approach to show the context inhwdur processor models
are used. Note that the overall MPSoC development appreautt ia contribution of this
dissertation, and has been described in [27]. Instead Hapter discusses the processor
modeling itself, and the analysis thereof [92].

Figure' 4.3 shows the framework for programming, valida@o debugging of em-
bedded software for MPSoCs. At the input, it assumes the ysmaication as a set of
communicating processes with C code for each task, induigiformation about task re-
lations and inter-process communication (IPC).

The system compiler takes the application specification @dpiles it down to an
implementation on a target architecture, creating a bif@rgach processor inla MPSoC
architecture, describing the hardware components, anddbenectivity. The designer
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Figure 4.3: Software development framework (source [27]).
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specifies the architecture by selecting components frond#t@base. The designer also
selects a mapping of application tasks and IPC channel®se ttomponents.

The system compiler automatically generates the processdels that we describe in
this chapter. In a stepwise process, the system compilertgnsecessary implementations
of task scheduling, bus drivers, interrupt handlers, hardvabstraction layers and other
firmware. Furthermore, the system compiler performs bawietation of task execution
delays at the function level for timing feedback during diaion. At its output, the sys-
tem compiler generates transaction-level (TLM) and bustional (BFM) models of the
target platform running the application. In addition, tleenpiler can produce intermediate
system models at varying levels of detail.

The generated models are then used as an input to the sofjeaeeation back-end.
This automatically generates the embedded software fdr panressor down to the final
binary image. The software generation includes creatingde ¢or the application tasks,
bus drivers and firmware. It targets the code for a chosen RiffpE®mentation to perform
processor initialization, multi-tasking and interrupnldéing. The software generation fur-
thermore includes cross-compilation and generates aybioaeach processor.

The generated images can be directly loaded onto the talabdnqm for execution.
They are the final implementation for the software. The bew#t-also allows validation
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of the final target binaries independent of the availabiitythe hardware platform. For
that, the back-end generates additionally an 1SS-baseihaglation model. This model
is based on the system BFM. It describes all hardware anddeslone ISS instance per
processor.

Although all models are generated automatically by theesgstompiler, we do not
want to deviate into the synthesis aspect, discussing tstersycompiler, in this chapter.
Instead, we focus on the abstract processor modeling.itself

4.3 Abstract Processor Modeling

Our models are captured in a System Level Design Languadel(SMe chose SpecC
[29] for our experiments. The concepts however, are appkcto other SLDSs as well.
The SLDL tool set provides a timed, fast, discrete event Etan natively on a simulation
host. Our processor models abstract away the processoo @ichitecture and do not
simulate the instruction set architecture (ISA). Instahdy abstractly reflect the behavior
of the processor and the software execution environmesiyydimg all desired features like
RTOS task scheduling, external bus communication, andrugehandling with processor
suspension, interrupt nesting, and interrupt priorities.

Observing SW execution on a typical processor, we can ityesgveral layers of func-
tionality. We have organized our models in layers alonguiesst. We will uses these layers
to incrementally describe our model. In total, we will shdwete intermediate models until
reaching the actual proposed processor TLM. For our detaitalysis, we will consider
the intermediate models, then the TLM, and finally also itigase the accuracy of a pro-
cessor BFM. We will compare the models to an ISS-based refemerodel. This detailed
analysis, including the intermediate models, will allowtagvaluate each feature individ-
ually for its cost in simulation speed and contribution taitig accuracy.

The subsequent sections describe in general each stepmbitessor modeling, start-
ing with the uppermost layer.
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4.3.1 Application

In order to achieve maximum simulation speeds, we execatgaplicationnatively on
the simulation host. We use it as the innermost layer of ostrabt processor, as depicted
in in the boxCPU in Figure 4.4.

The user code is captured in the SLDL as a hierarchical composf behaviors sep-
arating computation and communication. Behaviors can b#éflegonstructed to execute
sequentially, in parallel, in a pipelined fashion, or statchine controlled.

Figure 4.4: Application model and external communication.

Communication is expressed using a set of standardizedaabstiannels for high-
level, typed message passing. These standardized chaffezlsynchronous and asyn-
chronous communication with the option of one way, two watadaaffic or synchro-
nization only. Additionally, behaviors may communicateotigh shared variables. The
connectivity between behaviors (either through channefgdabal variables) is expressed
through ports, where channel/variable instances conwectTherefore, our application
model captures the three aspects of computation, comntigriGnd connectivity.

For processor modeling, we distinguish between internadraanication (tasks on the
same processor) and external communication (to other psoweelements). The internal
communication, as shown with ti@l andC2 channels in Figure 4.4, largely remains the
same throughout the modeling. The external communicaéan @s initiated by behavior
B3 throughC3 andC4) on the other hand, will be refined throughout the modeliageas
to follow a generic protable communication stack (see [3Mte that for illustration
purposes, Figure 4.4 additionally shows external hardwareponentdHW1 and HW2,
which are not part of the processor model.

At the level of the application model, external communigatis identical in function-
ality as the internal communication (i.e. untimed, withbus connectivity). Global vari-
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ables, which are shared between processing elements,c®sad directly at this abstrac-
tion level without special synchronization or bus commatian.

The user application is executed natively on the simulatiost inside the discrete
event simulation environment to achieve highest simutasipeeds. In order to simulate
the target specific execution timing, the application C csdback-annotated with esti-
mated execution timing. The granularity of timing back aation significantly influences
the achievable accuracy and the simulation performanceeni fine granularity of back
annotating each individual C-operation would yield a higbuwaiacy, since it captures data
dependent executi%nHowever, this granularity will also result in a large numbéwait-
for-time statements, therefore slowing down the simufat®n the other hand, a too coarse
grain back annotation will capture data dependent exacgtidficiently.
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Figure 4.5: Timing back annotation.

The timing information can be automatically back annotégeg. see [18]). In our case,
the system compiler inserts wait-for-time statementsaftinction level (see Figure 4.5).
We chose to back annotate at the function level, since thiicaipns of our examples are
sufficiently separated into functions, which already esprine data dependent execution.

4.3.2 Task Scheduling (OS Kernel)

Concurrent execution of software on an inherently sequleptzcessor requires an
operating system on the target. In order to explore the wfigicdynamic scheduling de-
cisions, the system compiler inserts an abstract RTOS nj8fas shown in Figure 4.6.
The abstract RTOS model emulates the dynamic schedulirgpasf the SLDL framework.
Since it integrates with the simulation environment, itldea high execution performance,
thus allowing early exploration of scheduling policy dénis.

2Also the preemption simulation improves significantly, arive will discuss in Section 4.3.2.
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Figure 4.6: Task model.

In order to execute on top of the OS model, each parallel ¢xechehavior is refined
into a task (e.g.Task B2, Task B2 defining task execution control and scheduling policy
specific parameters (i.e. task priority). A sequentiallg@xing behavior becomes part of
its parent task. For example, behavigit becomes part of the processor main task, since it
is only executed on startup. It spawns the two takdsk B2, Task B2

To simulate the dynamic scheduling, each primitive thaeptilly triggers scheduling
is wrapped to interact with the abstract RTOS model. Suatipvies include task start,
channel communication, and wait-for-time statements.

As a result, the abstract RTOS model controls each taske atad decides the task
scheduling specific to the selected scheduling policy (erigrity based or first come first
serve (FCFS)). It switches between the tasks (Figure 4. Haat any point only a single
task is running on top of the underlying SLDL. Our OS modeahaH to observe the number
of context switches, the performance effects of the sedestbeduling policy, and the idle
time for each processor in the MPSoC system.

Application

[[ Task B2 ]i [Task B3 ]i """""" ]
 E— —
Task >

Scheduler \I

SLDL

Figure 4.7: Abstract scheduler switching between tasks¢s0[38]).
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4.3.3 Firmware (External Communication)

In addition to the OS kernel, the processor firmware has fadecthe necessary drivers
for all external communication. External communicatiorrefined to untyped streams
(captured in the half channels labelsi@f), see Figure 4.8. These data streams perform
data typing (e.g. adjusting for differences in endianesdata size) between processing
elements and therefore enable communication in a heteeogsersystem. Each abstract
channel in the model is refined to network-layer-link, whiolarshals the user data into
the untyped byte stream. The system compiler generatesdhghalling code depending
on the user data types. Similarly, external communicatiwaugh shared variables (e.g.
memory mapped I0) is wrapped into proper channel commuaitgberforming the data
marshalling.

In addition to the data typing, the system compiler gensrate level software drivers
that implement external bus communication and synchromiteexternal sources. An ex-
ample driver code is shown in Figure 4.9. Tdhéver, implemented as a half channel, adds
system absolute addressing and maps the external commionitathe processor bus. The
processor bus is modeled at the transaction level. The ggocbus TLM simulates the bus
at a granularity of user transactions, which are arbitramydsblocks of data.

The selection of synchronization is an important issue fobedded systems design.
The type (e.g. interrupt or polling) and the granularity ghshronization significantly
influence system performance. Thenwarelevel adds modeling of the external synchro-
nization to allow early exploration of the synchronizatmptions.

Depending on the designer’s decisions, the system conmgdeerates the low level

os |HAL

Net
Driver|

Task [CT] Task
EraE)

v v v
@ RTOSMODEL D

)

Net
Driver

Usrint1 Usrint2 Ssem

em

INTA INTB INTC

Figure 4.8: Firmware model.
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drivers to synchronize using polling or interrupts. In caéeolling, the generated driver
code checks the external status with a designer selectalilegoperiod. In the latter case
of interrupt synchronization, the system compiler gere=ran interrupt handler that is
registered to the external interrupt source.

’sample.send(vl); ‘
|
]

v

Volcdsend]X)E
intr.receive();
bus.masterWrite (0xA000,

&tmp,
len);

App.

Driver

}

Figure 4.9: Example of inserted driver code for synchraimza

To simulate interrupt handling, the firmware model capttinesnterrupt inputs of pro-
grammable interrupt controller (PIC) connected to the msoe(herdNTA- INTC). This
model abstracts away the actual processor interrupt faulaimon speed. Interrupt inputs
are implemented as channels and can be triggered directteynal sources (such as a
slave). The interrupt input channel, then triggers executif one or more user interrupt
handlers. The example shows the option of interrupt shamrege two user interrupts
share a the same interrupt input. Here, each user interamallér contains additional code
to test its interrupt source. Finally, the user interruptdiar uses a standard channel (i.e.
semaphore) to release its driver after successful synaion.

The firmware model is the first to contain the complete sofw@arcluding the driver
and interrupt code). The firmware layer marks the boundaiwyden software implemen-
tation and hardware features of the processor.

4.3.4 Processor Transaction Level Model

To complete our processor model a description of the procdsmdware is needed.
This includes hardware interrupt handling, interrupt sithieg, timer and PIC hardware,
and simulation of bus accesses at bus transaction gratyulari

Thus far (i.e. the firmware model), an interrupt triggering/Hirectly calls the inter-
rupt handler. Thus, interrupts are not scheduled and maguéxeoncurrently to the user
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application. An example of the unscheduled interrupt hagds shown in Figure 4.11(a).
The tasksB1 andB2 are scheduled by the abstract RTOS model. However an ingomin
interrupt att; executes in parallel tB1, which is not realistic for a processor. Hence, the
model finishes the sequence incorrectly already mistead ots.

AAL Core Timer

Control

Load
Value
ATLM

PIC  nTAl-

['mAC

INTB-@™ED
INTCH@™ZD
Syslint SyslInt1 ¢ II Nﬁj
HW Source
Int Status
n Mask

Figure 4.10: Processor Transaction Level Model.

Our processor TLM, shown in Figure 4/10, reflects the additilhardware needed for
a scheduled interrupt handling. It models the actual iofgrchain of the processor. It
represents external interrupt wires, which are monitosed BIC and multiplexed into the
processor interrupt signal(s). An interrupt behaW Intinside the processor monitors
its interrupt input(s) and triggers execution of the systetarrupt handler. The system in-
terrupt handler in turn, communicates with the PIC to deteethe actual interrupt source
and executes the according user interrupt handler.

The processor TLM offers interrupt scheduling to avoid tméerrupts are executed
in parallel with application tasks. The behavidW Int monitors the processor interrupt
line(s). Upon occurrence of an interruptWV Int suspends the processor simulation - all
SW behaviors inside the HAL shell (as indicated by the hatfleiaround the bottom right
corner of the HAL shell). Therefore all tasks of that processe now suspended.

The HW Int implements the HW interrupt scheduling and calls the systasrrupt
handlerSysintvia a channel call. To handle multiple occurring interrypte HW Int ob-
serves interrupt priorities and nesting for an accuratedualng. Additionally, it provides
interrupt related control registers to the driver softwarg. for enabling and disabling
interrupts.
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Figure 4.11: Hardware interrupt scheduling.

The system interrupt handler communicates through thertegace with the PIC de-
termining the incoming external interrupt. The systemrinipt handler releases through
the interrupt channel (e.dNTC) the actual user interrupt (e.tdserint?. The user inter-
rupt handlers are modeled as high priority tasks inside bistract RTOS model. At this
point, the hardware and low level interrupt handling is ctetgrd. The call chain, initiated
by theHW Int, terminates and the HAL shell is released from the suspestdéel Next, the
abstract RTOS model schedules the highest priority reagky the user interrupt handler
UserInt2in this case.

As a result, the complete interrupt chain is replicated foirderrupt execution of a
processor and is modeled closely to existing hardware.ldtvalus to accurately simu-
late the interrupt execution overhead and provides inp¢isaheduling. The effects of the
scheduled interrupts is shown in Figure 4.11(b). Opposithé¢ unscheduled version, the
interrupt handlerlitA) now preempts the execution of all tasks. The simulatiomerge
of this example now correctly endstat

External communication in the processor TLM is modeled lyaagaction level model
of the bus, providing a cycle approximate simulation witerusansaction granularity.

4.3.5 Processor Bus Functional Model (BFM)

To obtain a bus-functional variant of our processor modeé Bigure 4.12, we employ
a pin- and cycle-accurate model of the processor bus icerf&he modeling of compu-
tation is identical to the TLM. The communication, on theeasthand, is further refined.
The system compiler introduces a bus specific Media Accegsrl®MAC) that splits the
arbitrary sized user transactions into bus transactions gbotocol primitives). The BFM
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Figure 4.12: Processor Bus Functional Model.
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Figure 4.13: Bus trace in BFM.

includes protocol channels that provide bus access wittsaransaction granularity and
implement each bus interface pin accurately. Channels imgaié state machines to realize
the bus protocol to drive and sample the individual bus wirkdditional active compo-
nents (such as arbiter, multiplexer) are inserted if neeédedtcurately implement the bus
protocol. Using the BFM allows us attach RTL components arateate signal traces for
the bus traffic (Figure 4.13) for debugging purposes.

4.3.6 1SS-based Cosimulation Model

In order to validate SW binaries and for a detailed cycledeate SW execution, we use
an Instruction Set Simulatol9 based reference model. This model includes a behavioral
model of all hardware components and an ISS instance for gadessor in the system.
Each ISS is wrapped to adapt the ISS API to the simulationrenmient, as shown in

Figure 4.14.
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We use ISSs that are available in library form with a cycldaidé interface. Each
ISS is called within an own wrapper module that executes 8% dycle-by-cycle. The
wrapper uses the ISS API to detect ISS external memory sexessl translates them
to transactions on the simulated bus. It also listens tonmieg interrupt signals to the
processor and forwards them to the ISS. An ISS typicallyuidets internal memory for
storing the executed binaries and local variables.

From the software perspective, the 1SS-based model repgsete real implementa-
tion. It executes the final binaries, accesses externalaedthrough the bus and allows

interrupt based synchronization.

ISS Wrapper

P PIC Timer

L 1SS | fiq INTO

SW Application IRQ INTT
Source Control
Drivers Int. Statys Vae
RTOS MEM — =

5

Figure 4.14: Bus Functional Model with ISS.

4.3.7 Model Benefits

To summarize our processor model, Table 4.1 lists the feattaptured and also indi-
cates at which level each feature is introduced. The mostaabsnodel at the application
level implements only a single feature. On the other hanel |85 reference realizes all

listed features.

Features Level
Target approx. computation timing Appl. ;
Task mapping, dynamic scheduling
Task communication, synchronization
Interrupt handlers, low level SW drivers
HW interrupt handling, int. scheduling v
Cycle accurate communication v
Cycle accurate computation

_ysel
aleMuI4
NTL

-t
)

nN4d
SSI-INdg

-
%

Table 4.1: Features and layers in abstract processor models
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Our most abstract model, ttagplication allows with the target approximate compu-
tation timing an early functional validation of the speatfion. It exposes the hierarchical
task graph and allows observing of data and control flow aamodgtiple processors. With
the task model, additionally the effects of dynamic scheduling absewvable in simu-
lation. It enables selecting a proper scheduling schemepandty distribution for all
tasks in the system. It is the most abstract model that ematdmitoring utilization of a
processor. It therefore is important for design decisi@garding load balancing within a
multi-processor system. Tliemwaremodel completes the modeling of software. It shows
the synchronization across the network, interaction betwaterrupt handlers and tasks.
This model enables firmware and driver debugging at a higékle

TheTLM adds a detailed model of the interrupt chain. The desigrezetbre can ob-
serve the interrupt latencies for each processor and thelbweterrupt overhead in the
processor load. Furthermore, the designer can validateftivzgeent selection of synchro-
nization scheme and the interrupt priority assignmentsstbe complex MPSoC. This
model provides a detailed view of the busses in the systamélization, contention and
access latency). With this rich detail, th&M serves as a validation platform with a high
confidence level.

The BFM, in turn, allows observing all bus traffic in pin and cycle aate detail.
This exposes all communication details and provides obbdity beyond what is typically
feasible in real hardware. Furthermore, BEM eases the integration of RTL-only IP
components. Finally, the cycle-accur#&S-basednodel allows validation of the software
binaries before availability of the final hardware. It p®$ fine-grained performance
measurements of the system.

4.4 Experimental Results

To validate our approach for abstract processor modeliegywill now separately ana-
lyze the output of each compilation step to compare the &ff@ith respect to simulation
speed and timing accuracy.

We have applied our approach to an industry-strength catiplexample, including



CHAPTER 4. ABSTRACT PROCESSOR MODELING 111

ARM7TDMI £ Cust. HW| Cust.
5 Teft 25 HW S
E DSP 5660k & Custom HW
SYNT! DHS Cust. HW]| 2
] [Tmer] | o] |l [ | (Encoder) wrog | (Godeboek
e [Riakt Decoder | INTEH SEELET
JPEG | /Ra—] INTAR
FIQ—{ INTO| SYNT Trane.
I I I I I decer Lpsprorta | [
| | | | | AMBA AHB | | | |
Cust. HW| |Cust. HW] |Cust. HW] [Cust. HW] [Cust. HW] Cust. HW] |Cust. HW] [Cust. HW] [Cust. HW]
( MP3 ] (BMPJ JPEG Key- (Display) [ Enc. J Enc. ( Dec. ] ( Dec. ]
IN IN Output board Input Outpu Input Output
T ! v ! T T v v M

Figure 4.15: Example cellphone architecture.

three subsystems: a GSM 06.60 voice transcoder [28], a M&® decoder, and a JPEG
image compressor [10]. We have mapped these applicationdviBSoC platform (Fig-
ure 4.15) similar to the baseband platform used in the RAZRIzehe [40]. This platform
includes two processors, an ARM7TDMI [2] and a Motorola DSEEB[67] connected by
a transducer. The ARM processor executes the cellphoneottedks, the MP3 decoding
and the JPEG encoding, using the MicroC/OS-Il [54] RTOS faorgy scheduling. The
DSP is dedicated to GSM transcoding. Its encoding and degddsks are scheduled by a
custom priority-based scheduler.

Computation intensive operations, such as the MP3 syntfiksisand the GSM code-
book search, are mapped to custom hardware blocks. Tenaddibhardware units per-
form 1/O operations, including the keypad and display ifstegs to the user.

441 Setup

Following our modeling approach, we have specified the plapmpdication and stand-
alone versions of each subsystem in an Sélahd used our system compiler to automat-
ically generate the individual models. Please note thatsgatem compiler is separated
into individual compilation stages ([74, 38, 1, 111]). Wevéaimulated aIﬂ models on
a 3.0GHz Pentium IV running Linux Redhat Enterprise 3. Fotedts, we use the same

3 We used SpecCJ[29] for our experiments. The models, howareequally applicable to other SLDLSs,
including SystemcC.

“Note the Motorola proprietary ISS for the DSP56600 was onbilable for Sun Solaris. Hence, we
have executed ISS models that include the DSP56600 on a 8aNZ40 with an 1.5GHz UltraSPARC llli
processor. To estimate a comparable simulation time onghéumn VI, we have divided the simulation time
by 2.5 (empirically determined using representative code)
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input data consisting of GSM voice samples, a MP3 audio stratad a BMP picture. To
balance the impact of each application, the input data dedlenced to represent 1.5 sec-
onds of real-time - voice/audio samples (for MP3, GSM) andotation time (for picture
encoding). The hardware blocks are simulated at behav®ral with cycle-approximate
timing. We use the 1SS-based reference model for cyclerate@xecution of software.
We integrated the ISS SoftwareARM (SWARM) [25] for simulatithg ARM7TDMI and

a Motorola proprietary ISS for simulating the DSP as outlimeSection 4.3.6.

44.1.1 Performance Metrics

We report the performance measurements with three mefficst, we measure and
report the simulation time. This is the time it takes to siat@lour test data set on the
simulation host. Second, we then use the simulation timenopute the speedup over the
ISS-based simulation. This indicates the relative impnoset over the reference solution.
Finally, we calculate the number of cycles simulated peosdg providing an absolute
reference. For that, we first measure the number of cycleswhking the cycle-accurate
ISS, and then divide by simulation time of the abstract moB&dase note that this metric
does not include the cycles computed by hardware.

4.4.1.2 Accuracy Metrics

Accuracy can be segregated into many aspects. For the aailypose of this chapter,
we will distinguish three aspects of accuracy: functiagatepresented feature detail, and
timing. For our analysis, we will fix the first, vary the secoadd measure the third aspect.

The first aspect of functional accuracy requires that theehexkecutes the algorithms
described in the specification and that the correct datacisivied by external hardware
components. Since this is a necessary requirement for didaat simulation, all our
models are functionally accurate. The second aspect iefiresented detail level, which
states how many features of the processor are actuallymirestihe model. We vary this
aspect in our model under test, ranging from only a timed @@t (as in the application
model) to the pin accurate processor model BFM. The thirdasp#he accuracy in timing
which we measure in our tests.
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Within the aspect of timing accuracy, we can identify two maources of possible
errors. One, the timing back annotation of the user codewadthe presence of modeled
features in the actual processor model. Both contributeddithing accuracy of a model.
However, it is difficult to measure them separately.

In this chapter, we focus on the processor models and thecuracies due to feature
abstraction. Accurate target-specific profiling of userecadd the timing back annotation
are outside the scope of this dissertation. We thereforénmze the effect of the timing
back annotation by using the most accurate and availabl®ersnTherefore, the accuracy
measured in our tests reflects only the errors induced byrieabstraction.

To isolate processor modeling features from task delaygree back-annotate accu-
rate execution timing obtained by simulating the applamain a cycle-accurate ISS. We
use the same input data for obtaining the execution timiaghe ISS, and for measuring
the accuracy of our abstract models. As stated before, wie-dramotate at the function
level. While the 1SS-based approach for the timing back-tatimam is not efficient for
exploration of new designs, it allows us here to examine thadity of our processor mod-
eling.

We use the metric of the simulated delay per individual frgspeech frame for the
GSM, PCM frame for the MP3, and stripe for the JPEG). While etieguhe model under
test, we record the simulated delay for each frame and camipagainst the cycle-accurate

ISS-based reference model to calculate the timing error.
For the analysis of our processor models, we define the erginmulated frame delay
as a percentage error over the reference model:

diss: frame delay in ISS simulation
Crest : frame delay in model under test
—d
error; = 100x [Chest— disg (4.1)
diss

Given this definition, accurate models exhibit 0% error.

We analyze the models of each compilation step focusing oraspects: theerfor-
mance since an increased speed is the main goal of abstractidrthadoss inaccuracy
as a side effect of abstracting features. Combining both, amequantitatively evaluate
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the quality of our processor abstraction. We first analyzévidual subsystems and later
examine the entire system.

4.4.2 Performance Analysis

The achievable performance depends significantly on theersysetup, especially on
the balance between computation in software and in hardweughermore, the amount
of bus communication and its complexity affects perforneario isolate the impact of the
system composition, we analyze three sets of systems., fiesexamine software-only
solutions of each subsystem. Second, we investigate hezelgsisted versions of each
subsystem. Finally, we will analyze the complete cellphsystem as outlined before.

4.4.2.1 Performance of SW-only Systems

In the software-only version of each subsystem all compartas performed on the
processor. Input and output are mapped to external hardveang@onents to maintain a
realistic test. These I/O blocks, however, perform a ndgkgamount of computation.
Therefore, the model’'s performance is dominated by ourgesar model (including its
bus interface and interrupt synchronization), and allog/touocus on it for the analysis.

Figure 4.16 shows the simulation time for each softwargrsnbsystem, when indi-
vidually simulated. Table 4.2 shows the numerical resuits @mpares them in terms of
speedup and simulation performance.

The simulation time for the SW-only subsystems remains énsiime range up to the
firmware model. Here, the model abstracts away most of theegswor features and the
simulation speed is limited by the algorithm computatiotartthg with theTLM, proces-
sor features start dominating the simulation effort andrésellts become specific for the
modeled processor. The JPEG shows exceptionally long atranltime for the application
model. It's specification frequently uses pipelined cang, which leads to many parallel
simulation threads in the application model, slowing doladimulation. These pipelined
constructs are statically scheduled in the task modelagiaduhe simulation time.

TheTLM shows a sustained simulation performance of 307 MCycle$#s@87 MCy-
cles/sec depending on the application. We measured peé&kmpance of 2,800 MCy-
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Figure 4.16: Simulation time for SW-only systems.

| [Appl. | Task]| FW | TLM |BFM | ISS]
SimulationMP3 | 0.09] 0.12] 0.13] 0.61] 488] 3921
Time[s] JPEG| 0.40| 0.09| 0.0 0.20| 48.6| 3209
GSM | 0.29| 029 029| 031 25| 904r
Speedup MP3 | 43563 32672 30159| 6427| 80 1
JPEG | 8022| 35653| 32088| 16044| 66 1
GSM | 31174| 31174| 31174 29163| 3675 1
Sim. Perf. MP3 | 2080| 1560| 1440 307| 3.8] 0.05

[MOyeley  JPEG | 318| 1415| 1273| 637 2.6| 0.04
GSM | 411| 411| 411| 384| 484| 001

Table 4.2: Simulation performance of software-only system

cles/sec in code sections without external communicat#alding bit- and cycle-accurate
communication in th&FM reduces the performance to about 3 MCycles/sec. The GSM
application shows shallower drop in performance with agdietails. The abstracter mod-
els are limited by the application complexity and the ematabf multiply accumulate
operations. Th&SM TLMandBFM, however, profit from the a simpler processor model
(e.g. no external PIC), a simpler single master bus model framd comparatively little
communication.

4.4.2.2 Performance of HW/SW Systems

The HW/SW systems are the subsystems of the cellphone exaiveleise the MP3
with significant HW support (4 accelerator blocks and 4 bsigsdotal) as shown in Fig-
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ure 4.15. To examine multi-tasking between different agpions, we also examine a
combined MP3 and JPEG (at lower priority). The third examglhe GSM with HW ac-
celeration for the codebook search. Figure 4.17 showshaation time for each HW/SW
subsystem and Table 4.3 gives the numerical results.
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Figure 4.17: Simulation time for HW/SW Systems.

| | Appl. | Task| FW |TLM |BFM | ISS]|

Simulation MP3 0.10] 0.11] 0.11] 0.37]174.8] 1383
Time[s] MP3+JPEG| 0.55| 0.22| 0.22| 0.66 239.4| 4838
GSM 0.29| 030/ 0.31| 0.60| 5.8|539%
Speedup MP3 13835] 12577 12577] 3739 8 1
MP3+JPEG | 8797|21992| 21992| 7331| 20 1
GSM 18591| 17972| 17392| 8986| 926 1
Sim. Perf. MP3 1440| 1309] 1309] 389 0.8] 0.10
[MOyCley  Mp3+JPEG |  367| 916| 916 305| 0.8 0.04
GSM 341| 330| 319| 165| 17.0| 0.02

Table 4.3: Simulation performance of HW/SW systems.

In general, the number of simulated cycles is lower with ttdigonal hardware and
communication, since we do not account computation on harel@omponents or bus
communication toward the simulation cycles. With this débn, the TLM reaches half of
the previous performance with a range from 165 MCycles/s888MCycles/sec. For the
MP3, less than one third of the computation is performed enptlocessor (the SW-only
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frame delay of 32ms drops to 9ms with the HW sup&ost) that theTLM performance
slightly increases. With the increased communication géye betwee LM andBFM is
larger. TheBFM only reaches 0.8 MCycles/sec for the ARM based systems. The GSM
with the simpler communication still reaches 17 MCycles/sec

Summarizing the performance measurements, our procelsswaction provides very
high simulation speeds. The achievable performance ishigith an increased software
content (up to 637 MCycles/sec sustained, 2,800 MCyclessaik) p Abstracting beyond
theFW level is not efficient, since the performance does not irsgdarther.

4.4.3 Accuracy Analysis

After having asserted the benefits of abstract processoelngdn terms of simulation
performance, we will now look at the achievable accuracy alistract simulation. Again
we separate our analysis into SW-only and HW/SW systems.

4.4.3.1 Accuracy of SW-only Systems

As described earlier, we express error as the average teningin the simulated frame
delay. Table 4.4 shows the results for the SW-only versigh®subsystems.

| [ Appl. | Task| FW ][ TLM | BFM [ISS]
MP3 (SW) | 46.19%] 1.51%] 1.51%] 1.63%] 1.63%] 0%

JPEG | 58.13%)| 3.64%| 3.61%| 2.32%| 2.32%| 0%
GSM (SW) | 6.78%| 1.13%]| 1.10%| 0.72%] 0.72%| 0%

Table 4.4: Simulation accuracy of SW-only systems.

For SW-only subsystems, only modeling of ffesklevel significantly reduces the er-
ror. Here, parallel executing tasks are scheduled on theepsor. Each further simulation
level, which models the external communication in more iledaes not significantly re-
duce the error. The SW-only systems insignificantly useraatecommunication. The
error remains constant at about a 2% level. JREGsubsystem still profits from thELM
simulation since it uses the bus slightly more comparindpéodther two examples.

5 Note that we only count the processor cycles for computiegstmulation performance. The cycles for
computation in HW are ignored. However, CPU idle cycles aunted toward the performance.
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4.4.3.2 Accuracy of HW/SW Systems

With the additional communication and synchronizationspre in the HW/SW sys-
tems, the abstract models exhibit a higher error amountKspee 4.18 and Table 4.5).
For the ARM-based systems, the error drops linearly fred®% error for the application
down to few percent for th&LM. The FW level, that produced in excellent results in the
SW-only measurements, now exhibits more than 10% error. TLIM simulates with less
than 2% error. ThelPEG+MP3has a slightly higher error of 3%, due to the frequent
preemption of the JPEG encoder by the MP3 decoder (and ouelmgaf preemption).
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Figure 4.18: Accuracy of HW/SW systems.

| [ Appl. [ Task| FW [ TLM | BFM [ISS]
MP3 | 45.72%| 21.11%]| 13.02%] 1.17%] 1.17%] 0%
MP3+JPEG | 56.06%| 14.90%| 10.64%| 3.09%| 3.09%| 0%
GSM | 16.37%| 3.56%]| 3.53%| 1.68%] 1.68%] 0%

Table 4.5: Simulation accuracy of HW/SW systems.

4.4.4 Trade-off for System Simulation

Combining the performance and the accuracy measuremeids the trade-off in sys-
tem simulation. We show this trade-off for a simulation dftaree subsystems of the
cellphone, as shown in Figure 4/15.
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Figure 4.19 shows the results of our performance and acgarzalysis for the entire
cellphone system with all subsystems running concurretitlyhows the simulation time
and the average system error, which we define as the mean stiltisgstem errors. For
reference, Table 4.6 lists the detailed numerical results.

| [Appl. | Task] FW ][ TLM | BFM | ISS]
Avg. Error | 42.2%| 11.4%] 7.25%] 2.93%] 2.93%| 0%

SimTime[s]| 0.78| 0.57| 0.58 1.6| 250/ 6469
Sim. Perf.

[Mcyde 614 840 825 299, 191| 0.07
Sec
Speedup| 8293| 11348| 11153| 4043 26 1

Table 4.6: Trade-off for RAZR system simulation.

Our combined cellphone example simulates 3 seconds otine@j-with 180 million
DSP cycles and 300 million ARM processor cycles. The simutatime increases over-
exponentially with the added features. Our proce3ddvl executes 299MCycles/sec and
is four orders of magnitude faster than the 1SS-based catatian.

With an increased abstraction, a higher error in simulat®@ thas to be accepted.
Our processofr LM exhibits an average error of only 2.9%. Representing fewargssor
features further increases the simulation performancéeatost of a larger error. The
firmwarecompilation step, for example, simulates 825 MCycles/séit, av7.25% error.
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Figure 4.19: System performance and accuracy.
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4.5 Summary Abstract Processor Modeling

In this chapter, we have presented our approach for systerhdeftware modeling us-
ing a system compiler [27] and abstract processor mode]s Y92 use a layered modeling
approach. We have incrementally described our processdelsiwith essential features
of task mapping, dynamic scheduling, interrupt handliog; level firmware and hardware
interrupt handling.

We evaluated our approach using an industrial strengtbloatie example with GSM
06.60 speech transcoding, MP3 decoding and JPEG encodimgetido a heterogeneous
MPSoC with custom hardware blocks. We used our system cemiuil automatically
generate the processor models and intermediate compilsteps to analyze five levels
of abstraction. We analyzed each level in detail with respedhe gain in simulation
performance and the loss in accuracy.

Our results show the tremendous benefits of our abstracegsoc modeling of fast
and accurate simulation. For SW-centric examples, ourqeel LM executes up to 600
MCycles/sec sustained and up to 2,800 MCycles/sec peak, vidictultiple orders of
magnitude faster than a traditional cycle-accutd®based cosimulation. For the complex
cellphone example, it reaches 300 MCycles/sec and exhibgsrar of only 2.9%. An even
higher speed of 825 MCycles/sec is achieved byithevaremodel with an error of 7.25%.

Our processor models that are integrated into our ESL floviglwtinen automatically
generates the model instances, enable a rapid design sfgdcea&on at an early stage of
the design process. Automatically generating the modegbsawes productivity for soft-
ware development. It exposes performance implicationsefiesign choices already early
in the process. Furthermore, our processor TLM, with its siet of details, serves as a plat-
form for a fast functional validation with a high confidenegé|.

Our abstract processor models are complementary to exisfiB-based solutions.
They do not replace 1SS-based cosimulation for the vabdatif the final target binaries.
Although our abstract models are already of significante/atbey have in some limita-
tions in their current form. A general limitation of abstrgcocessor models is that their
accuracy heavily relies on the accuracy of the target spagser code profiling and back
annotation, which determine the simulation time for exequa basic block of straight line
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code. Currently our annotated timing takes cache effeatsantount and we do not ex-
plicitly model caches at runtime. Hence, delays due to cactisses are only statistically
covered. Furthermore, delays for the execution of opegaystem functions (e.g. during

a context switch) are currently not captured.



Chapter 5

Summary and Conclusions

5.1 Summary

Abstract modeling, which uses the concept of hierarchy ¢ hinplementation-level
detail, is an important means to address the challenges safrdeg modern complex
MPSoCs in the context of system-level design. It aims to gapaucomplete system as
a composition of algorithms, their dependencies and conmcatian. It allows the system
designer to describe the system independent of the paticuplementation, whether in
software or hardware. A large portion of the system-levsiglerelies on functional sim-
ulation using abstract models for system performance asitm analysis, and validation.
Additionally, virtual platforms are invaluable environnis for development and debugging
while real hardware may not be available. These importamtatag applications drive the
demand for fast and accurate abstract models.

Transaction Level Modeling has been established as the apgiroach for describing
abstract models for a functional simulation. It abstracsicunication above the level
of pins and wires, and instead describes communicatiornrgerlransactions being trans-
ferred through the system. Transaction Level Models exatuitiple orders of magnitude
faster than comparable implementation-level models (s1scRTL). Hence, they signifi-
cantly contribute to an efficient design and validation emwment. However, faster simula-
tion speed through abstraction is typically traded-offddower simulation accuracy (e.g.
with respect to simulated timing). In general, models atkegifast, or accurate, which
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defines the TLM trade-off. Although, TLM has been widely gueel, yet no detailed anal-
ysis of this trade-off has been performed before. Despitiews efforts in the related work,
abstraction levels, analysis methods, and modeling tgalesiwere not clearly defined.

With the work reported in this dissertation, we have addréssree aspects of abstract
modeling. First, we have analyzed the TLM trade-off in detdecond, we have proposed
an optimized modeling technique that eliminates the TLMeraff. Third, we have intro-
duced an approach for abstract modeling of processors disvasmexecution environment
embedded into a system level design flow.

5.1.1 TLM Analysis

We have analyzed and investigated three communicatioogolst with a diverse set
of characteristics for defining common abstraction leveld gor quantifying the TLM
trade-off. We have analyzed the on-chip standard bus aatbie AMBA AHB with a
centralized arbitration, the off-chip serial CAN with a detralized arbitration, and a min-
imalistic processor bus, the ColdFire Master bus. Based @e tthigerse protocols, we have
defined three abstraction levels for the general modelingpbofmunication architectures.
Our models abstract by decreasing granularity of data dmtratron handling. In partic-
ular, we have defined a Bus Functional Model (BFM) that modelidual clock cycles,
an Arbitrated Transaction Level Model (ATLM) which operatn bus transactions, and a
Transaction Level Model (TLM), which handles arbitrarydéim user transactions.

We have defined test setups and metrics for a detailed asalfygie TLM trade-off in
terms of simulation speed versus timing accuracy. Our t®shlow, that modeling gran-
ularity is the key for an efficient abstract modeling. An abstion based on a decreasing
(coarsening) granularity yields at least one order of ntagei in speed improvement. On
the other hand, decreasing (coarsening) the granulagtyfsiantly reduces the timing ac-
curacy of the model. In general, a model can either be fastcourate, which defines the
TLM trade-off. Our fast TLMs (with 200MBytes/s simulationrwidth) show a signifi-
cant error of up to 47%. On the other hand, the accurate matiel8FMs, simulate with
less than 0.2MByte/s. The actual observed error dependseobuih contention, the bus
features, and the traffic pattern transferred in the test.



CHAPTER 5. SUMMARY AND CONCLUSIONS 124

5.1.2 Optimized Abstract Modeling Technique

We have introduced an optimized modeling technique, Restigtn@d Modeling
(ROM), and applied the modeling technique to communicatimueling. ROM hides in-
ternal states, minimizing internal state transitions tm ganulation speed. In this aspect it
is very similar to a granularity based TLM abstraction. Imizast however, ROM does not
use incremental modeling and employs instead an optinpsgidiction approach. Right at
the start of a transaction, it predicts the end result (usiegassumption of no additional
preemptions). In case of a disturbing influence, i.e. a ppem during the runtime of
the transaction, corrective measures are taken in the amutite the prediction and reach
100% timing accuracy.

We have demonstrated the tremendous benefits of ROM usingleomantary bus pro-
tocols, the on-chip parallel AMBA AHB and the off-chip sé@AN. ROM reaches near
TLM performance, yet still exhibits 100% accuracy. WithttHROM eliminates the TLM
trade-off for the analyzed communication protocols. Assaitte models based on the ROM
principle are more versatile and enable rapid design spaateration at very high fidelity.
Additionally, ROMs accuracy enables using abstract moadhere 100% accuracy is re-

quired, for example in the modeling of real-time systems.

5.1.3 Abstract Processor Modeling

To integrate simulation of software execution, we haveouhiced an approach for
abstract processor modeling that abstracts software gaecabove the Instruction Set
Architecture [(ISA). Our processor model is organized iretaythat incrementally add
essential features for representing software executiored execution, task mapping, dy-
namic scheduling, interrupt handling, low-level firmwaraldardware interrupt handling.

We have presented a detailed analysis of the trade-off leetwenulation accuracy
and simulation performance, investigating five abstractevels. Our analysis is based
on a heterogeneous multi-processor example, executing &8idcoding, MP3 decoding
and JPEG encoding. Our experimental results show the signifadvantages of abstract
modeling. For SW centric applications our abstract modetates up to 600MCycles/s
sustained, while a complex multiprocessor platform wittdiaare accelerators still reaches
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300MCycles/s, with an error of only 2.9%. Modeling dynamibeduling has shown in our
examples to be the most significant contributor to an acelgiatulation. Next important
are capturing interrupt handling followed by expressintgmal communication.

Abstract processor models that integrate into an ESL flowrdegral for an efficient
design space exploration and for the development at areabstwel. Our versatile proces-
sor model has shown to be a viable alternative to tradititi@&tbased co-simulation.

5.2 Contributions

In this thesis, we have presented an approach for efficiestraatt modeling of
MPSoCs. We have defined abstract modeling techniques anitseir a rigorous quan-
titative analysis of abstract models. Our analysis regulide the developer of abstract
models in which features to abstract. In addition, we prexgdidance for the model user
in selecting the most appropriate model for a given purpésearticular, this thesis has
contributed in three aspects (a) analysis of transactieel lmodels for communication,
(b) proposing a novel modeling technique, Result Orientedidliog (ROM), and (c) in
proposing abstraction of computation above the InstracEiet Architecture (ISA).

5.2.1 Analysis of Transaction Level Models for Communication

With respect to the analysis of transaction level modelshae contributed fourfold.

e We have classified TLM abstraction levels according to tlnglarity of data and
arbitration handling.

e We have defined appropriate metrics and setups for a systespantitative analysis
of TLM with respect to simulation performance and timing @ecy.

¢ We have quantified the TLM trade-off for three diverse comization protocols.

e We have generalized our observations from the analysis ilegtommunication
model designers and model users.
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5.2.2 Optimized Abstract Modeling Technique

We have contributed regarding an optimized modeling tepiin the following ways.

e We have introduced a novel modeling concept, Result Oriektedeling (ROM),
which hides internal states, and uses an optimistic priedieind correction approach
to reach accurate results at highest speed.

e Our ROM eliminatesthe TLM trade-off for a wide range of platforms, delivering
highest speed and 100% accuracy at the same time.

e By introducing ROM, we have expanded the use of abstract nmgd&d domains
that need 100% accuracy, e.g. real-time sensitive apjgitat

5.2.3 Abstract Processor Modeling

We have presented our abstract processor modeling appiaasyistem-level design
with the following contributions:

e We have introduced a versatile processor model that abst@bhove the instruction
set architecture for easy integration into system-levsigfeenvironment for rapid
design space exploration, debugging and development.

¢ We have analyzed the features for abstract processor mgdatid characterized
their influence to the trade-off between speed and accuracy.

¢ We have demonstrated significant benefits of our abstracepsor modeling using
industrial sized multi-processor heterogeneous examples

5.3 Closing Remarks

Abstract modeling has emerged as a key aspect of systefndiesign. Fast and accu-
rate models are essential for an early design space exploraapid prototyping, valida-
tion, debugging and development.
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With the wide application of abstract models, a concise d&fmof proper abstraction
levels is highly important. Furthermore, analyzing thesef$ of abstraction with regard to
the TLM trade-off between simulation performance and satiah accuracy, is essential
for guiding the developers and users of abstract models.

Overall, using well defined and efficient abstract modelsaases the design produc-
tivity and significantly impacts the design of digital emded systems. It will ultimately
result in more efficient products while reducing the timeavtarket at the same time.

The techniques, presented in this dissertation, offer tmesting research platform. In
particular, the modeling technique ROM can be extended puca additional modeling
aspects. First, with the increasing popularity of netwarkchip solutions, ROM can be ex-
tended to capture multiple homogeneous buses connectediteys, to optimize modeling
communication across multiple hops. Expanding into modesioftware execution, ROM
can be applied to model preemptive scheduling on a process@n interrupt with sub-
sequent scheduling decisions can be treated as a distunibimgnce. This would greatly
increase the accuracy of modeled interrupt latencies,wikioften very important for em-
bedded systems in a control context. Furthermore, theagiplity of ROM to abstracting
computation with fine granularity can be investigated,rigknto account dynamic effects

of architectural features.
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