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1 Introduction

The increasing interest iBmbeddedSystems (ES) has heightened the need for tools and methodolo-
gies suitable for ES modelling and design. Of particulagriest are ES’s that are definedheteroge-
neoussystems (i.e., those that mix different technologies andiféerent operations). The heteroge-
neous signal processing systems are used as underlyifigrpiatin multimedia and communication-
oriented products, and due to the complexity of them (caeoay and often real-time requests),
development of tools and methodologies for their designoiseasy. In order to resolve this com-
plexity, researchers usually introduce tools and methaglet that start with modelling of a ES at the
system-level. In this document, we report on availablearesein the area of system-lev@bmputer
Aided Design CAD) tools and methodologies for heterogeneous signal promesgstems.

The remainder of the document is organized in following wigt, we give some general remarks
about directions among today’s methodologies and toolsti@e2), and after that we briefly describe
UC Berkeley Ptolemy methodology (Sub-section 2.1) andedlavork (2.1.1), UC San Diego/NEC
methodology (Sub-section 2.2), the POLIS system (Subese2t3), Cadence VCC tool (Sub-section
2.4) and the derivative COSY flow (2.4.1), PAMELA modellimnguage (Sub-section 2.5), and Sys-
temC - C/C++ language based modelling technique (Subeseti6). The last section deals with
SPADE and is subdivided into two subsections: the SPADE oaetlogy (Sub-section 3.1) and the
SPADE software structure (Sub-section 3.2). Section 4dstinclusion of this document.

2 Methodologies and Tools
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Figure 1: The abstraction pyramid

In this section we elaborate on a few directions of ES dedighliave emerged in thgectronic
DesignAutomation (EDA) community. In general, methodologies tihadl with hardwvaresoftware
(HW/SW) co-synthesis of ES are developed to simplify the ESigh as much as possible. They
usually introduce abstraction levels, in order to hide theacessary complexity of ES design. One
interesting way of illustrating the relations between aacy, cost, and opportunities, when exploring



a design-space at various levels of abstraction, is showigimre 1.

An interesting level of abstraction is thapproximate-accuracyevel in Figure 1 - sometimes
calledtime-approximatd15], or evenperformance moddével [13]. The purpose of this level is to
give more opportunities to the designer to explore altéraaolutions, as well as, to bridge the gap
betweerbehavioural(un-timed[15]) level models andycle-accuratdevel models. In Figure® the
black dotted arrow represents the so-called “guru apprbadiere the ES designer jumps from the
conceptualor behaviouralmodel to thecycle-accurateor evenHDL models. In order to cut time-
to-market, ES design is now widely believed to benefit frontep-y-step design space exploration.
This approach is represented by the white dotted arrow inrgig.
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Figure 2: “Guru” vs. System-level approach

Different methodologies have a different view on the alzttoa pyramid of Figure 1. Some are
platform based [7], others are not. Some promote HW/SW cigdébased oModelsof Computation
(MoC) andModelsof Architecture (MoA) (see [27],[2],[14]). Others do not disjuish between MoC
and MoA but model both the application and the architectuith MoCs. Which MoC is chosen
depends on the type of model being construtte@hoosing a MoC can be daunting especially at
the field of system level design. Since we are addressing EBifrdat different levels of abstraction,
many MoC choices are availableommunicatingsequentialprocesses €SP, continuoustime - CT,
discreteevents -DE, distributed discreteevents -DDE, discretetime - DT, finite-state machines -
FSM, processnetworks -PN, synchroniousdatdlow - SDF, andsynchroniousfeactive -SRmodels,
or a mixture of these models. See the UC Berkeley Ptolemyoljam [4].

While MoCs are very well formalised, MoAs have not receivldttmuch attention. However,
many researchers favour the MoAs viewpoint ([1],[2],[8],[9],[10],[14]). Whether there is a clear
distinction between MoCs and MoAs may be a matter of taste.ekample, in Figure3 are shown
an application modelled askahnProcessNetwork (KPN)[21], and an architecture, onto which the
application is to be mapped, modelled in terms of four MoCKRN-like model (with blocking
writes), a CSP-like model (withrendezvous a SreamBasedFunction (SBF) MoC (which in itself
uses the FSM model), and the FSM model. While the applicasidromogeneous, the architecture
is not. Because MoA = MO,, MoC5, MoC3, MoC,y one can say that both the application and the

The original drawing was introduced by E. de Kock (Philipgihla). See the C/C++ taskforce meetings minutes.
2The choice of MoC is problem domain specific.



architecture are specified in terms of MoCs. However, oneatsm classify architectures in terms of
the number of MoCs it can be expressed in and call that cleadin models of architecture.

Processes P1, P2, P3

Kahn MoC

Q%‘

APPLICATION

MAPPING

~Kahn-like MoC

SBF MoC  Functional Units FUL, FU2, FU3 -~ (blocking write in addition
. to blocking read)

| :" ': m
) @
S S
Fifo Fifo 3
| Bus
Arbiter I
| . )
: &
: CSP MoC
-:FSM MoC (rendezvous)

Figure 3: MoA as an union of different MoCs

Figure 3 opens a space for introducing thehartapproach [19]. Thé&-chartapproach permits
multiple target applications to be mapped one after anathér candidate architectures in order to
evaluate their performance. The resulting performancebarsimay inspire an architecture designer
to improve the architecture. He may also decide to restractioe application(s) or to modify the
mapping of the application(s). Théchartapproach is described in more detail later in Section 3,
where we introduce the SPADE methodology.

In the following sub-sections we briefly present a subsehefavailable methodologies and tools
in system-level design. Each methodology/tool is preskeiiea general form, and the presence or
absence of particular features is pinpointed.

2.1 Ptolemy

The Ptolemyprogram studies the modelling, simulation, and design ofiex computational sys-
tems [4]. It focuses on the design and use of MoCs in order tdeooth HW and SW. Hence, two
very important features are supported in the Ptolemy metioog:

1. The construction and interoperability of a wide varietyerecutable models, and



2. Component-based design that involves disciplined acteans between components governed by
a MoC.

An interesting claim is that Ptolemy (in fa&ttolemy I) might be called a softwararchitecture
descriptionlanguage (ADL) [4]. The rationale for this is that it does nawé only the objective
to describe existing interactions, but rather to imposeesstructure on those interactions. Thus, a
new approach has been made: instead of verifying that ecpkatiprotocol in a single port-to-port
interaction does not deadlock, Ptolemy tends to focus orthven@n assemblage of components can
deadlock.

Other important features of tHetolemymethodology are:

e Ptolemy llcomponents ardomain polymorphic
e Ptolemy llhas the ability to mix different domains hierarchicallydan
e Translations across MoCs are not needed.

The first two bullets are particularly interesting sinceytlaee dealing withObject-Oriented Design
(OOD) flavours, and it is good to see how these flavours fit iptbesn-level EDA. The terrdomain
polymorphic componentsieans that components can interact with other componetitinva wide
variety of domains. This feature is directly related to theefoperability between different MoCs.
In this way, components do not have to have rigid interfabes,they are designed to interact in
a possible number of ways. Looking into the issue of mixinfledént domains hierarchically, we
come to the problem of organising abstractions in OOD. igléends to bring discipline among
component interactions by forcing designers to think alzmubverall pattern of interactions, and to
trade off uniformity for expressiveness. In short, thishs tvay in which Ptolemy exploits the power
of OOD to master the complexity of concurrent ES design.

Ptolemy does not facilitate explicitly thé-chart approachand it does not strictly separate be-
haviour from architecture (there exists only a single impéatation, which is on top of the Java
Virtual Machine). Also, it does not contain a layered algiom approach (like for exampleCC
that is described in one of the following sections). Howewdere to its good features (component-
based design, wide variety of MoCs, interoperability amdiffgrent component from different do-
mains/MoCs), many projects that deal with deriving methogies for system design use Ptolemy as
a kernelfor the implementation of the particular methodology inttoal-set. In the next subsection
one particular way of architecture exploration that is loe@e the Ptolemy kernel is illustrated.

2.1.1 Architectural Trade Tool Based On Ptolemy Kernel

This tool is aY-chartbased tool, and it is a product bbckheed Martin Companyt is described in
[5], and its main idea is an “extension” of the Ptolemy kemvih:

A capability to define an architecture,

A functional mapping,

A synthesis of an executable performance model, and

A feedback on the results.



First, a functional representation of the algorithm (orst®m behavioural description”, in terms of
other methodologies and tools) is produced using Ptole®®E MoC. The reason for choosing SDF
is that it fits the data-flow application domain well becausgederminism and an explicit introduction
of boundness.

Since the schedule does not depend on the data (this is & o&éssing SDF), we should verify
an algorithm first, and then, after a successful verificatibthe algorithm, performance simulation
can be done separately. The Ptolemy’s DE MoC is used as aneefwi performance simulation.
Particularly, each architecture component (processa, thata source, or data sink) is modelled as a
parameterised DE actor. In that way, designers have a lmsisddels of specific hardware devices.

After defining architecture entities, a designer can sgexiiunctional mapping onto the architec-
ture. All SDF actors have to be assigned to the processdresniti the architecture.

The following step is a performance level simulation of theh#ecture with the specified func-
tional mapping. This is the main part of the architectureléréaool. The performance model that
is synthesised here contains the already mentioned actilviéeentities and one or more functional
actors. These functional actors are exactly in 1-to-1 imtatvith the SDF representation of the al-
gorithm. They model the computational load (execution Jimfethe SDF actor, its memory usage,
and data block sizes for inputs and outputs. Cost functiexmessed using arithmetic operations and
transcendental functions are obtained by profiling the cdthe actual accuracy depends strongly on
these functions. It is important to mention that these fionstare not easy to obtain and that they are
unigue for each different type of processor.

Finally, after a performance model is created, it can be @eelc During the simulation various
profile information is collected. Later, this informatioas used to identify bottlenecks and under-
utilised resources. Also, the tool gives some feedback olows system metrics, such as, power,
cost, schedule, reliability, fault tolerance, etc. Thepstdescribed above can be characterised as a
typical ES design flow (see Figure 4). The tool this sectiomeigling with, encapsulates this flow as
its basic methodology.

System Requirements
and Description

Algorithm Architecture Definitio
Functional Simulatio and Entry

Algorithm Refinement
(functional decomposition

Functional
Mapping

Performance Mode]|
Synthesis

Performance Simulatiol

Figure 4. Step-based description of the typical systengaetow (according to [5])

The goal of this tool is efficient architecture design spagaaation, since the user (designer)
can quickly evaluate various combinations of mappings antitectures in order to decide which
combination fits best the given set of system requiremertie.r@&sult is presented by meansGxntt



chartsand thermometer scales; hence, an user can quickly notiethethsome component is under-
utilised or not, and whether some metrics are satisfied ofreepectively).

There are few aspects that are considered to be improved; drbeprimarily directed to (semi)
automated determination of cost functions and functionappings. Additionally, the performance
component models (e.g., bus, processor) are limited in sestrat they support only FCF&i(st
Come First Serve) arbitration/scheduling policy. Another issue istth@re sophisticated system
metrics calculus might be developed. Finally, MoC and Mod still expressed in the same way, i.e.,
via Ptolemy MoCs (an application - that is a functional bebwaw- via SDF MoC, and an architecture
- that is “timed” model - via DE MoC). Mapping one onto the atbhesates a performance model, and
this “architecture trade tool” can be seen as Y-chart ogient

2.2 UC San Diego/NEC Methodology

An interesting design space exploration methodology has peesented in [6]. The aim is to obtain
an optimal and automatical mapping of various communioaticechanisms between system com-
ponents onto a target communication architecture templetexddition, the configuration of com-
munication protocols of all channels should be derived #emeously (in order to optimise system
performance). Most of the methodologies that deal with S8Gtémon Chip) design space explo-
ration tend to find an optimal mapping of application compatarequirements (workload) onto a set
of high-performance system components. Contrary, thihatelogy focuses on creating techniques
and tools that have to map system’s communication requinganto a well optimised communica-
tion architecture (suited to an application) [6]. The reafw this focus on communication aspects is
that the volume and diversity of data and control traffic @ndied among SoC components cause that
on-chip communication (designed by “conventional” methlodies) could have severe impediment
to optimal system performance and low power consumption.adéhdesigner needs, however, is a
SoC communication that efficienttygansports large volumes of heterogeneous communicagdict
Unfortunately, most of the EDA-community work has been &l on an optimal mapping of sys-
tem’s functionality onto system components, and venglitths been done in the area of mapping sys-
tem’s data and control communication onto a communicatrehigecture. Furthermore, researchers
spend more time on an architecture topology (which is algizalin a view of ES’s), and less on the
complementary problem of finding optima in communicatioatpcols. This was the motivation for
deriving a methodology that supports efficient performaauealysis by means of:

e inter-component communication in a given system, and

e accurate modelling of potential contention for communaatesources (channels).

2.2.1 Methodology Flow Description

In order to suffice designer’'s needs a "communication agchitre design space exploration method-
ology” was presented in [6]. It assumes that an architediopelogy is predetermined (i.e., there
already exists a communication architecture template Fégare 5), but communication protocols
are not. The methodology consists of:

a) A constructive algorithiithat determines an initial architecture for mapping vasi®oC commu-
nications onto specific paths in a template communicatipolaomy.

b) An iterative improvement strategthat generates optimised mappings, as well as carefufifigco
ured communication protocols.
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Figure 6: Overall communication architecture design mettagy flow (according to [6])

As input, the methodology requests a system descriptiansfaready partitioned into HW/SW
and mapped onto appropriate components. This corresporitis first step in Figure 6. So HW/SW
partitioning (using®?OLIS and functional co-simulation (usirfgtolemy are performed in this step.

After a communication structure between components has bemlelled, execution traces are
collected and stored in a compact representation céltsdmunicationAnalysisGraph (CAG). The
CAG captures the abstracted system behaviour in terms opgtation, communication, and inter-
component synchronisation, over the entire simulatioceti@ghe second step in Figure 6).

Using different algorithms various statistics are gerextdb capture the system performance and
the inter-component traffic. This is the third step in Fig@re



The fourth and fifth steps in Figure 6 correspond to the ihitiapping and communication proto-
col decisions. During the fourth step, a “constructive Istiar procedure” generates an initial distri-
bution of components over the target communication stracttarting from the statistics generated in
the third step and the input template communication archite topology. The fifth step determines
a set of protocol parameters for each communication channel

Since the given initial solution is usually sub-optimal, esdjner has to use the iterative part of
the methodology. Thus, in the sixth step, the performanedyais tool is re-invocated. The focus
is now on the proposed initial solution, i.e., on re-evalrabf its performance and communication
statistics. Then, based on these statistics, alternailuéi@ns are explored by calculating the potential
performance gain from moving and re-mapping some compsrami channels (the seventh step).
After choosing the best candidate for moving and re-mapping new mapping is generated. In
the eighth step, it is important to choose optimal protocalameters for mapping resulted from
previous two steps. When a satisfactory improvement issaehl, the iteration over the step sequence
6 — 7 — 8 can be terminated (for more details see [4]). The resultamyd@ate solution is optimal
with respect to the criteria given &mprovement?n Figure 6.

2.2.2 Methodology Properties

The methodology described above deals with creating amaptnapping onto a target communica-
tion topology. Moreover, it offerautomateddesign space exploration for application specific SoCs.
It provides efficient performance analysis to drive the erqtion algorithms, which result in solu-
tions that are characterised by a significant improvemeat tw initial solutions. Its trace-based
approach supports more accurate modelling of dynamictsffeesource contention) than most static
performance modelling techniques. Despite this metha@yois narrowed to a particular architecture
template, it could be used as a source of ideas for extendorg general methodologies that have
problems with communication mapping and optimisation.

2.3 ThePOLISSystem

Co-designFinite State Machines (CFSM) is the underlying MoC in tROLIS system. Using the
CFSM MoC, and its globally asynchronous/locally synchimméormalism, the POLIS system cap-
tures specifications of control-dominated systems. ThatitpPOLIS is a system specification that
uses a graphical language to describe links between the B8Mthe formal synchronous language
combination (called ESTEREL) to describe FSMs behavioure @nalysis at the behavioural level
can be carried out either with formal tools or by simulationwhich case the Ptolemy simulation
environment is used. The currently implemented design fiothé POLIS system is shown in Figure
7.

The complexity of the diagram in Figure 7 is caused by a waGétES design requests such as
safety, reliability, robustness, low cost in power disigga and silicon area, etc. However, using 7
steps, described in [14], the POLIS system design flow canligested” easier. First, the ES specifi-
cations are translatedanslatorsin Figure 7) into CFSMs. SeconBgrmal Verificationis supported.
Regardless that today’s formal verification tools still @groblems with complexity of ES, POLIS
deals with complexity via its formal verification methodgioquite successful. The system-level
HW/SW Co-Simulationensures that designers get feedback on their design ch&ees in early
stages of the design. This is the step (step 3 in [14]) thatwes Ptolemy kernel as a simulation en-
gine, although, as stated in [14], other kernels can be uBedPartitioning, Architecture Selection,
and Scheduler Selectimtiep captures design decisions such as HW/SW partitioanoyjtecture se-
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lection, and scheduler selection. These decisions ardyhilgipendent on the designer’'s knowledge,
so POLIS tries to give a design hint from the previous two stepd to evaluate the resulting ar-
chitecture. The next steps are to map the chosen sub-netwb®SFMs into an abstract hardware
description formatfiW Synthesjsand software structure that includes a simipésal-Time Operating
System - RTOS $W Synthesis POLIS implements each transition function as a comtonati net-
work, optimised usindrogic Synthesjsand latches some outputs from the network to implemerg stat
variables and thus ensures correctness of CFSM compaosBmfitware CFSM's reactive behaviour is
synthesised first as processor (platform) independentaédfdta flow graph$-Grapl), next it is im-
plemented by means of portable and restricfedode and then implemented into a micro-controller
specific instruction set. The RTOS is generated duringQBeSynthesipart, and is an application
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specific micro-kernel OS. It consists of a scheduler, to Whie scheduling policy depends on the
design, and /O drivers, and is generated for each procasstance. Finally, it is necessary to in-
terface different domains, i.e., SW procedures and coatjpgy circuits. Communication between
software and hardware parts is achieved either througHadlil/O ports of micro-controller(s), or
via memory-mapped I/O.

POLIS is mainly targeted for control-dominated ES’s. Altus is the methodology that is sup-
ported by a design environment and a set of tools (simulafiemal analysis, HW&SW synthe-
sis)[14]. The work on POLIS is still in progress, and ther@isommercial instance of the POLIS
co-design methodology that will be described in the nextise¢see Figure 8).

The POLIS system does not accept Verilog or VHDL as input laggs. Also, it does not sup-
port any other MoC except CFSM. Also, estimation technidoesnore complex processor models,
other than simple micro-controllers, are not supportecchkectures that can be synthesised with the
POLIS system, consist typically of a single micro-congollinit and several ASIC’s. This means that
the POLIS system can not be used for designing ESs that refiatanflow as well.

2.4 VCC- Virtual Component Co-Design

CadenceVCC (Virtual ComponentCo-Design) is a toolset that is built based on the methodology
presented in the prevoius subsection [7]. The POLIS prdjasthighly influenced this methodology.
The VCC toolset is based on communication refinement, asasedl segmentation of system verifi-
cation requirements into distinct, complementary levete(Figure 8). The genenadethodology is
illustrated in Figure 8.
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Figure 8: POLIS/VCC related methodology [7]

First, the functional behaviour of the entire system is gegdd and verified, thereby re-using el-
ements from behavioural libraries and algorithmic fragteern parallel or in sequence a target ar-
chitecture is captured by re-using existing architectttedmponents (DSP cores, micro-controllers,
buses and RTOSSs). After that, a manual mapping of behavibwretions and communication chan-
nels onto the appropriate architecture resources is donkthe system is evaluated via performance
analysis in terms of constraints in the embedded systengmlése., speed, power, and cost). The
architecture, behaviour, and mapping for the given systpetification are explored until an opti-
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mal solution is obtained (back-annotations in Figure 8haHly, the target architecture is refined into
a detailed (HW and/or SW implementable) micro-architestihus, the refined target architecture
can be passed to external environments for HW and SW impletiens (the bottom in Figure 8).
There is one important link which is not visible (at least dwectly visible) in Figure 8, which is the
co-verification back-annotation. It takes place betweenattthitecture and the functional level, and
serves for detecting timing and bug problems. The co-vatifin is not trivial, so, if exists, it has to
be mentioned as a tool feature.

As with all commercial toolsy CCalso tries to connect itself with the products of the sameleen
in this case Cadence. That is why in Figur&BW(Cadence’sSgnal ProcessingiWorksystem) and
BONegCadence’s system simulation kernel) are shown as the ghaviour and the simulation of
performance models, respectively (for more informatioa [83).

2.4.1 COSY-vVCC

VCC is not confined to Cadence tools solely. As an example vileewplain the flow introduced in
the COSY COdesignSmulation and §nthesis) project [9]. In COSY, VCC is used in order to obtain
an “infrastructure” for mixing and matching software anddware components (IP’s), while both the
input behavioural specification and the refined target ggchire synthesis are driven by non-Cadence
tools (YAPI and TSS, respectively). Furthermore, the CO8XE approach substantially simplifies
the design process. The levels of abstraction for the conwation mechanism that are introduced by
the VSI Alliance, i.e., application level, system levelrtval component level, and physical transfer
level, are adopted by this approach. Figure 9 shows the defirof the levels of communication in
COSY-VCC.

Delay (i.e., implementation) independent
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Application Programming Interface
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Functionality/ Above HW and SW boundaries SYS
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P —E '—» C
Implementation . VCl
Module "Any On-Chip-Bus" Operations On-Chip-Bus
/ Virtual Component Interface
Module Interf 7’ —_— PHY
odule ntertac Physical Bus Transfers Physical Bus or Switching
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y

1E

P I

Bus Wrappey/

Figure 9: COSY-VCC related transaction levels [9]

Application level:
The COSY-VCCAPPIlevel in Figure 9 serves to implement application PN modalsthe APP
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level we are not concerned about communication and conmgpnuteelays - we are only interested in
the functional correctness of an application [9]. At thigdlewe use an executable untimed specifi-
cation, i.e., a YAPI model [10]. Untimed functional spedfion is given by means of the particular
KPN MoC.

System level:

After mapping an application PN onto an architectuk®,P transactions are refined into system
transactions (the COSY-VCGSYSlevel in Figure 9). FunctionallyAPP and SY Stransactions are
equivalent (this is also true for all levels). However, & 8Y Jevel we can implement certain func-
tions either as software tasks on a programmable processey @ as a dedicated coprocessor. That
is why at this level we are able to perform a set of trade-adfg.( throughput vs. memory-size). On
the other hand, at th8Y Sevel transactions still operate on abstract data-typeg, (@deo-frame and
high-level I/O semantics), which makes them unrevealealtimt more detailed interface [11]. Hence,
the SYSevel can be seen as “timed-functional” abstraction level.

Virtual interface level:

In order to deal with generic constraints related to on-atdpmunication between hardware
components, a new level is required (the COSY-VZCI level in Figure 9) that obtains addresses
and splits data in manageable chunks (manageable by bustohismg network). The COSY-VCC
system integration flow relies on the simpl€l wrappersthat translate the protocol used BCI
compliant interfaces into the physical protocol of the stdd bus. This is effective by means of “IP
behaviour from communication separation” [11].

Physical interface level:

This is the final level and deals with (real) physical bus ,s&gnalling and arbitration protocol.
This level is marked aBPHY in Figure 9. This level should also produce a “solid grounignence”
or a back-annotation link (see Figure 8) for calibrating agfthing the estimation models relying on
measurements at the “cycle-true/bit-true” level of exigtsystems.

The benefit of COSY-VCC is that the designer can, startinghfrmre behavioural/functional
specification, do communication refinement and designespaploration using generic performance
models, and efficiently get to an optimal implementationrtir@rmore, he/she can effectively apply
IP exchange because it is enabled by a clear separationaifdnality and architecture, as well as the
separation of IP behaviour and communication.

2.4.2 VCCs Main Features

In comparison with other approaches, VCC has been inn@avativa way that it integrates a num-
ber of technology developments. For instance, 80% of t@daystems is software running on a
general-purpose platform that is tightly coupled with wagledicated hardware. Hence, a reasonable
selection among programming languages produces resaitentike C/C++ an obvious candidate for
a system level design language [12]. VCC provides sevepitiformats for system behaviour, in-
cluding for C/C++. Another example of technology developingupport is unifying heterogeneous
control and data-flow models, as well as equal emphasis damsyarchitecture and system behaviour.
Looking at the heterogeneity of MoCs, it is important to ni@mtthat the system behaviour can be
given with respect to many different MoCs, but all of them ac&ually executing on behalf of CFSMs
that plays a dominant role ofietamodel of VCC. There are a few features that are crucial andldho
be stressed:

1. The abstraction level of architectural estimation medla higher level than the current cycle
and pin-accurate simulation models,
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2. Evaluation of an architecture via mapping of a system \iehia onto an architecture imple-
mentation, followed by performance analysis,

3. Interface based communication design (refinement).

The third feature is especially interesting and has beetoged by the COSY-VCC project. Also,
VCC follows theY-chartapproach, which is a very powerful (high-level) design spaxploration ap-
proach. However, independent functional simulation (pedelent of lower performance related levels
of abstraction) is not possible. This means that a specditaif system behaviour, governed by the
MoC, can be simulated only jointly with a system performantedel. Remark: This constraint

is expected to be removed in the n8XEC release; alternatively, in the VCC 1.2 release, indepen-
dent functional simulation is possible when “artefact” &eiburs are introduced (e.g., appropriate
behavioural modules for FIFO).

2.5 PAMELA- Performance Modelling Language

Performance modelling of parallel computer systems candme dising a modelling language. One
interesting representative among modelling languagd®ARIELA[13]. It stands forPerformance
ModElling LAnguage and takes aim at two purposes:

1. More accurate dynamical- model description (in comparison wighatical models), and
2. Asource language forsaticperformance modelling that yields an analytic (compitae) model.

In order to achieve these conflicting goals (an explicit gnzdl form vs. a reasonable accuracy,
and all of that with an extremely low cost solution), PAMELAshintroduced some representation
formalism restrictions with respect to the modelling of slgronisation. It uses “highly structured
language operations”[13] to describe 4 factors that deétexparallel system performance modelling:
conditional synchronisation - CSmutual exclusion - ME, conditional control flow - CCF, andbasic
calibration - BC.

Another feature of interest is that PAMELA is a “procedumented simulation language.” “Sim-
ulation language” means:

e it naturally accounts for CS, ME and data-dependent CCF;

e it has inherited language advantage for providing simphamasitional constructs for building
large and parametric models;

e it offers dynamic performance evaluation near to actuaesgsexecution,
while “procedure oriented” provides notions of:
e structured synchronisation operators:

— CS-related:signalc) (signals appearance of the conditionand wait(c) (waits for ap-
pearance of condition),

— ME-related: us€U, 1) (enters into a critical section, and acquires resolwcfor time
7), usingU) (generalisation ofuse construct, without time specifier), arfelV atomic
semaphore operations (used for modelling and implementati critical sections), and
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— CCF: par(i = n,m) (parallel construct - i.e., executes each statern@mtparallel with
others) andedi = n,m) (sequential construct - i.e., executes each stataraenording to
the sequential order with others)

, and
e atime domain model, that is completely symbolic.

For instance, the execution time of prograns given asT = 7. L = delay(r) gives us adelay
operation that increments virtual time(deterministic or stochastic according to some distrimiti
All together provide the time model.

Also, access to a shareable architectural resource fronpplication process can be described
in three different ways, but all of them have the same meaftinge model with ME):us€U, 7) =
usingU) delay(r) = P(U) delay(7) V(U).

An important reason why PAMELA was made as “procedure-dei@rsimulation language” is
its “material-oriented” modelling approach. The main itistion between material-oriented mod-
elling approach and its counterpart, “machine-orienteaidelling approach, is whether (shareable)
resources, machines, of parallel computer systems arell@d@es passive actors (i.semaphore$
or not (server processes), respectively. Although bothaaahes are suitable for a parallel/concurrent
system modelling, the machine-oriented one is less amenakicompile-time) analysis, both with
respect to CS and ME. The analysis is more complicated betha$message-passing” mechanism
that is implicated by machine-oriented modelling approattoduces non-determinism.

There are a few features that should be observed togethlertivgttools and methodologies de-
scribed:

1. Since PAMELA aims at doing static compile-time analysidrade-off has been made from
accuracy point of view (although, the main target of PAMELsAniot simulation, but estima-
tion accuracy). That is why one might see PAMELA as an anslgad not as a performance
modelling method. As an example, in comparison with otherusition languages PAMELA
looses accuracy at the CCF-dealing part slightly, but gainge at the analysis part (In short:
"static analysis with reasonable accuracy...”). An inigegion was done [13] showing that the
PAMELA model poses sufficient robustness in view of attkactiost features.

2. PAMELA does not distinguish separate formalisms to mpdegjrams and machines - there is
no distinction between MoC and MoA. In that way, thiehartapproach is not supported (at
least not explicitly). One can have thoughts about findingescelationship between PAMELA
and theY-chartthrough the example given in Code 1. Notiondeflayin Code 1 can be seen as
an architecture model, and notionudingin Code 1 can be seen as a mapping. However, this
is quite different from thé/-chartapproach available iWCCor SPADE

3. Although the material oriented approach brings a cleaebefor analysis, re-usability and
extensiveness of models are not so clear as they are in tkeotasachine-oriented (object-
oriented) modelling approach. This is sometimes not a seffiargument, because it is very
difficult to set some general patterns about concurrentesystanyway [3], and that implic-
itly means about MoA. Thus, the structural relationshipsvMeen components can be captured
easily, but describing (within a pattern) of how executitilwdd occur is not trivial at all. At
last, the main aim of PAMELA is not OOD, so looking into the pog for re-usability and

3“message-passing” mechanism is the alternative to the RAMTBrocedure-oriented” mechanism

15



extensiveness of PAMELA models is probably more restrictihan SPADE models or Ptolemy
models.

par (i=1, N)
{
using®:) delay(r)
using(®-) delayfr)

L.I.Sing@N) delay@n)
}

Code 1: The pipeline model given in the PAMELA codg;, Ry, andRyy are pipeline cells that
operate in parallel, and,, 79, andry give an architectural modeldelay

2.6 SystemC

Originally intended for software design, neither C nor C+egyramming language has the basic
support required for accurately dealing with the hardwaaggpof a SoC design [17]. There are two
ways to remedy this lack: either to build syntax extensiarso introduce specific class libraries.
SystemQollows the second path. Currently, SystemC has wide sugyth from commercial and
academic side, and tends to become a standard as a langussgenbadelling technique (probably
because its C++ ability to manage ES complexity and re-useigin OOD).

With SystemC, ES can be described by means of multiple coermuprocesses. The underly-
ing simulation kernel of SystemC is built ontop of a co-raoetibased multithreading library, which
directly implies two benefits:

1. Each component is represented by means of the conculnresaidt (that directly implies that con-
currency of a parallel HW is captured in the thread modeljl an

2. Both properties “multithreading” and “co-routine basack directed into a small simulation-time
cost (meaning, faster simulation).

By providing a C++ class library based implementation ofeck§ like processors, ports, signals,
hardware data types, and many others, almost all kind of aamzation mechanisms are supported.
Especially interesting is theemoteProcedureCall (RPCY mechanism, that is used to model “master-
slave” communication at the high level abstraction modelsreover, version 2.0, which is supposed
to be available ag version at the end of April 2001, is going to support user deafitypes of com-
municatioR.

Apart from the already mentioned SystemC object-typegetbaist two additional and particu-
larly important object-typesmodulesandprocessegor threadg. Modules usually encapsulate some
component (either processing element or communicatiookpl@nd can contain another module or
process (meaning, OOD related hierarchy and containmé@&mtjcesses serve to capture functional-
ity, and can be reactive either to any input signal or to alkcloslso, processes can be synchronous
(they include timing control statements or conditional @yronisation, likewait(delay® and instruc-
tions betweernwaits are timeless), or asynchronous (instructions are timegbesd local variables are
redefined each time the process is invoked) [15].

“RPC is well known in Operating Systems Community as one ofRig(Inter-Process communication) mechanisms.

SInformation was collected from [15]; unfortunately, thenannced deadline is already broken.
Sversion 2.0 supports composite conditional statememswiait(C1|| C2...)
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Another benefit of the library based implementation of HWealg is that SystemC is ANSI
C++ compliant; hence, an application and an architectuteolgvsystem) can be modelled within
one and the same simulation environment, as opposed to SPHPkhere two different simulation
environments are involved.

System Glistinguishes several levels of abstraction:

L-1. Untimed functional control/dataflow MoCs
L-2. Timed functional behavioural processes,
L-3. BCA/CA functional bus-cycle accurate/cycle accurate.

Modelling is possible at all levels of abstraction. Furthere, SystemC provides interoperability
among different levels of abstractions. That helps in dealith large scale system complexity -
simply we are allowed to model certain parts (componentt)eainstruction level, while others are at
higher functional levels.

SystemC is useful as a support for methodologies and toetguse SystemC itself might not be
considered a methodology; It is a modelling language. $ipations given within the SystemC con-
text are executable (model verification is possible). l{suts algorithmic and behavioural modelling
of both HW and SW, and has support for low level HW models (RBgcause of a broad support,
SystemC tends to become a standard, which would empoweserend sharing of models.

3 SPADE

In this section we present a concise description of the SPARtHodology and the SPADE software
structure. The presentation of the software methodolodiefd very short as a detailed expose of
this aspect of SPADE is beyond the scope of this documentedier, the SPADE methodology is
well documented elsewhere [1],[20],[23],[24]. In the paftthe section that deals with the SPADE
software structure, we have also avoided giving lengthylaagiions: we use UML to describe the
software structure and we assume that the reader is somenoiliedr with that language. If not, we
recommend you to find an introduction to UNL

The rest of the section is organized in two main sub-sectidimie SPADE Methodology (Sub-
section 3.1) and The SPADE Software Structure (Sub-se8ti®n The last sub-section is subdivided
into eight parts: Structure Layers (3.2.1), Top Layer @.2Application Subsystem (3.2.3), Architec-
ture Subsystem (3.2.4), Mapping Subsystem (3.2.5), Trabey&tem (3.2.6), TSS Subsystem (3.2.7),
and Metrics Subsystem (3.2.8).

3.1 The SPADE Methodology

SPADEstands for System-levelPerformanceAnalysis andDesign-spacdexploration”. It is both
a methodology and an implementation for high level systendefimg and design. The SPADE
methodology follows th&-chartapproach introduced in [19]. The Y-chart paradigm is sunrealrin
Figure 10. The Y-chart approach allows for quantificatiorhigih-level design choices by measuring
performance through simulation.

We now briefly comment on the various blocks in Figure 10.

Applications:

"We have used tutorial referenced as [18]
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Mapping

Performance
= Analysis

~-~_ [Performance] - -~
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Figure 10: The Y-chart (picture is borrowed from [20])

SPADE application model is the Kahn Process Network - KPNdl4rt Application Program-
mer’s Interface”, or YAPI library [10], serves as KPN implentation in SPADE application mod-
elling part). Thus, the application is modelled as a Prodéstsvork. Although processes can run
in parallel, internally each of them is sequential. Proesssommunicate by token-exchange via un-
bounded channels. If a process tries to read from an emptynehé will block. It can continue only
after the token it expects in a channel has arrived. On ther didind, any process can write to channel
without blocking [21].

Architecture:

SPADE architecture model is based on network of generidimglblocks. Since they are generic,
they accept behaviour from an application model. Actuallyapplication model "drives” the archi-
tecture model via Trace Driven Execution (TDE)[22] methedll(be explained in the next para-
graph). Additionally, architecture buffers (or "FIFOs"yeabounded. This opens scheduling issue
in the SPADE methodology. The reason is that wrong schegldan result in deadlock. Due to
previous, SPADE obtains scheduling of atomic architecoperations originated from traces. Each
operation can be either communication load or computatiad,land is visible in generic architecture
block like delay, resource locking or both.

Mapping:

Each process that is mapped on a particular architectuck limit) generates a trace, which will
drive that block (earlier mentioned TDE). Traces are staofpsach read, write or execute activities
of the mentioned process. In that way behaviour of the apitioc KPN is mapped on architecture
model.

Performance Analysis:

Performance analysis can take place at different level @ildend designers should exploit these
different levels to narrow down the design space of archutes in a stepwise fashion [19]. This
implies that evaluation of architectures is relativelyxipensive.

Performance Numbers:

After the execution of SPADE some performance numbers aadadle like: number of cycles
processor was executing, was switching context, was butby W@ or stalling or was idle, bus utili-
sation and many others. These numbers should give guideiindesigner what is the bottleneck or
which parts of the architecture are under-utilised. Pnesioorresponds to the bottom of the Figure
10 from where feedback with light bulbs is coming.
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Those main items in the Y-chart will show-up as subsystentienSPADE software to be pre-
sented in the next section.

3.2 SPADE Software Structure

SPADE is implemented in a single program that uses diffelibraries. These libraries encapsulate
the underlying methodology and allow an efficient multi@sng mechanism. Furthermore, SPADE
has been written in the C++ object oriented language. Pus\sbould obtain easy extension, reusabil-
ity and maintainability of the tool source code. For illaion and documenting the software structure
and functionality, UML (Unified Modelling Language) will hesed [18].

Before we say more about the SPADE software structure, Idirstslook in the specification
requirements that are given if Figure 11. An UML use-cas@rdian is used for a specification doc-
umenting. Figure 11 shows that the required functionalityhe SPADE software does not cover a
really wide range. Also, the software does not involve adaaghount of actors. It only identifies
“user” as gorinciple actorand PAMELA as asecondary actqrthere is no need faexternal hardware
actors, as well as for actors representatiger systemgl8].

User

Provides

Note
relation - - - - - >
is used in the context of
former <<uses>>

O

generalization

PAMELA

Figure 11: SPADE software from the user standpoint - actibnsactions
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3.2.1 Structure Layers

The SPADE software structure can be examined in verticahanidontal direction: The software has
a layered structure (vertical), and each layer can be jmamit! either in subsystems or classes/objects,
(horizontal direction). See Figure 12.

LAYER 1 SPADE

LAYER 2 | Application Architecture Mapping Trace Numbers

tavers [ L OO U0 o0 oo

Figure 12: SPADE software architecture

3.2.2 The Highest Layer

The top layer (or L1 from Figure 12) gives the highest levebetcription of the SPADE software
structure. This is presented in Figure 13 as the Spade gebsy& UML notation). The execu-
tive program is represented as "spade.exe”. Its source (@den in "main.cc”) is straightforward
sequence of activities:

1. Parsing command line options,

2. Running simulation,

3. Cleaning up.

During the first and partly the last task, singleton objeatsivééd from classes SpadeOptions
and SpadeEnvironment are involved. The main job (the setasiqg is delivered to singleton object
derived from class Spade.

Spade object encompasses the Y-chart methodology. Thisvisus from aggregation links to
objects derived from classes SpadeApplication, Spadetéathre and SpadeMapping. In that way
Y-chart entities (application, architecture, mappingy ar 1-to-1 fashion replicated into the imple-
mentation.

The Spade class is a singleton, meaning that there can bewmal$pade object. This class has an
initialize member-function that can initialise the object only ondg jdb is to:

¢ Initialise the singleton Spade object.

e Initialise the PAMELA multithreading environment [13], @mo set a new PAMELA trap han-
dler.

The main method of the Spade object is the function. Its job is to start a simulation as follows:
e First, local pointer to singleton object Environment isigised.

e Second, application is constructed and instantiated dowpto the arguments that have been
obtained via Environment object. At this point KPN procassaee created (but not able to run).
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<<file>> <<executable>>
main.cc spade.exe

<<subsystem>> .
Spade - r<<uses>>

1 1
SpadeEnvironmen SpadeOptions
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I
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I

Q |
v

1

<<library>> Spade|
spadeerror ’

S <<uses>>
N

<<subsystem>>) X
Application <<library>>
1 PAMELA
SpadeApplicatio

<<subsystem>> <<subsystem>>
Architecture Mapping
- 1 1 -
SpadeArchltectur%/ SpadeMapping

Figure 13: Top-level SPADE view on software architecture

e Then (depending on options) either a "dotty graph” is put tamdard output device, or the
application is run without architecture model. Otherwige architecture and the mapping are
constructed and instantiated. At this point the architectund the mapping description files are
parsed. The hardware-simulator thread (TSS) is in readg.sta

e High-level system simulation is started. This has been dpnthe explicit call to thestart
member-functions from SpadeApplication (Figure 3.2.3) 8padeArchitecture objects.

e SpadeArchitecture object’s member-functiomit is called in order to block until hardware-
simulator thread unlocks semaphore. This is done only whenuser exits TSS simulator
(Remark: Call of the SpadeApplication object's member-functiwait is avoided; the reason
that there is no need to wait application to finish once usis &8S simulator).

¢ Finally, the status of the YAPI FIFOs is printed.

So far, we have described the software structure and balvaefG PADE at the top level of the layer
hierarchy. The next subsections are about subsystems fretayer 2 (Figure 12).
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3.2.3 Application Subsystem Structure and Behaviour

In SPADE application subsystem is implemented with fulpexged to the KPN [20]. Actually, most
of the things are inherited from the YAPI library (except tbe port-polling mechanism introduced
via the selectfunction). Unfortunately, the structure of applicatiorbsystem is not "the clearest”
and "the simplest” one. It is shown in Figure 14. Figure 14taors maybe more information than it
should (e.g. STL - "Standard Template Library” blocks likector, map setandlist). However, in
this way the actual software structure is better documented

<<subsystem>>

Application Subsystem

: <<SpadeOutPort>p

,,,,,,, [

vector

SpadePo0—> SpadeProcesso—|

J/ [ “ [ 1
{<<string>> 1| [ <<string, SpadeProcess>
Lemmmm g Lecccccccgecc et

( set w map W

L 1 <<string, SpadePort>> 3
SpadeOutPoft rﬁé’pﬁﬁw 77777777

g

——| SpadelnPort SpadeApplication
“ i
i
\
L <<subsystem>> <<subsystem>>
YAPI Trace
~>‘ PortBase‘ ‘ InPortBase ‘ ‘ FifoBase }
Tracer
‘>‘ Process ‘ ‘OutPonBase‘ ‘ Proct %"

Figure 14. Application subsystem'’s structure

It can be seen from Figure 14 that each process is implemastedYAP| process. What is not
explicitin the diagram is that each YAPI process is impletadras a PAMELA thread. From the UML
activity diagram in Figure 3.2.3, one can see a chaining tfities (methods) during the execution of
SpadeProcessimainmethod. Another substantial thing that is visible in Figlieis that there exists
mutual relation between class Tracer from the SPADE Trabsysiem and class SpadeProcess from
the SPADE Application subsystem. These should suggest hehitecture is driven from application
- i.e. via tracesApplEvens in Figure 3.2.3).

From a simulation point of view each parallel process ise@epnted by one object. This object
is instantiated from class SpadeProcess. Class SpadeAipti is responsible for instantiation and
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Figure 16: Behavioral description of class SpadeApplarastart functionality

initialisation of KPN (nstantiatg, running 6tart), synchronisationwait), and safe stopping of ap-
plication simulation. Particulary interesting is how SPAB going to run an application. Due to
the previously mentioned, we focus on a behavioustaft method (Figure 16). By means of the
shaded part of Figure 16 we have indicated the following n&oun (see UML-Notes in Figure 16):
a SpadeProcessNetwork object can be a network of SpadeBrobects and SpadeProcessNetwork
objects.
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3.2.4 Architecture Subsystem Structure and Behaviour

The previous subsection has given a short overview of SPAIMHGation subsystem. Here the soft-
ware structure and behaviour of the SPADE architectureysiés is discussed. The architecture
subsystem has a structure as shown in Figure 17. The maintdbjéhe one derived from class
SpadeArchitecture.

<<subsystem>>
Architecture Subsystem

| SpadeArchitecture ’7veclor w ( map ]T
1
S 1

1

=

,,,,,,,,,,,,,,, 1

<<subsystem>> <<subsystem>> <<subsystem>>
YAPI 1SS Trace

1 1

Semaphore ‘ TSSBus TraceScheduler
TSSinterfaceDirect

*# TSSArchSim ‘ ‘ TSSTDEU }»*

‘ TSSArchNetwork

Figure 17: Architecture subsystem’s structure

If SPADE is to be run with full simulation requests (and notyowith "application stand alone”
option), the architecture subsystem is involved. The fiancthat is called first is the one that creates
everything for architectureSpadeArchitecture::instantiakelts job is to first create the ArchNetwork
object. It then calls thgparsemember-function from the ArchNetwork object which parses ar-
chitecture description (".arch”) file and generates theesponding data-structures and their linkage.
Also, in theinstantiatemember-function of the SpadeArchitecture object the apoading hardware-
simulator object is created. This is done by the ArchSim ab{®ore precisely, the TSSArchSim
object). The UML activity diagram in Figure 18 illustratesepiously elaborated behaviour of the
instantiatemember-function.

At this point, the architecture objects are created but nairi active state (the TSS PAMELA
thread is not existent yet, but the TSS simulator objectimjlary, the application objects are ini-
tialised, but the application threads are not availablé. yEhe next thing that should be done is the
parsing of mapping description (".map”) file and generatihg appropriate mappings/relations be-
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Figure 18: Behavioural description of class SpadeArchitednstantiatemethod

ArchNetwork

]
I
I Semaphore
7| lcreate]
]
I

start( )

N\

TSSArchSim
I
I

netlist

repareSimulatiol
prep [create]

Both "prepareSimulation” al
“start" are virtual functions
and they are implemented in
the TSS related subsystem

Semaphore.

[pass]

R\ tssarchsim.cc

<<thread>>
tss_run( )

Figure 19: Behavioural description of class SpadeArchitecstart method

tween application process network and the correspondingwaae blocks (TDEUSs - "Trace Driven
Execution Units”; FIFO buffers, busses). This too has basmalized in Figure 18. Once this is done,
the simulator can be starte&gadeArchitecture::start Just before the TSS simulator is brought in
the running state, its "netlist” input file will be generatebhis is the responsibility of thprepareS-
imulation member-function from the ArchNetwork object (see Figurg Mote that the various TSS
objects which are being used, have been created in thdigatian of Figure 18, as specializations of
architecture objects. The mapping subsystem is the subfjélce next subsection.

3.2.5 Mapping Subsystem Structure and Behaviour

This subsystem is exactly the translator of how and whiclspairthe hardware and software mod-
els are connected. The mapping convention is describedtail de [23]. The mapping subsystem
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ApplEvent

TraceBuffer

ArchEvent = 0

PortMap =0

READ get/create ArchEvent
ApplEvent EQ Read >——————= for # tokens  >——=| make it be READ
put in TraceBuffer

end loop \

] |

get/create ArchEvent
—| make it be WRITE
put in TraceBuffer

WRITE
_—

ApplEvent EQ Write

for # tokens

end loop

EXECUTE get/create ArchEvent
for # tokens —| make it be EXECUTE
put in TraceBuffer

end loop | ‘

ApplEvent EQ Execute

Figure 20:doMap()member-function of the TraceMapper object responsibléréamre mapping

does not have the complex structure and functionality. niipéy follows the Y-chart concept. The
main object here is the one derived from class SpadeMappdmapther class from this subsystem
that is particularly of interest for SPADE software struet@nd behaviour is the class TraceMapper
that implements the specific linkage between applicatich anchitecture traces. For that purpose,
TraceMapper object uses knowledge obtained from the mgpmescription (".map”) file. Actually
a member-function from this object, calleidMap is implementing the transformation from appli-
cation trace (denoted in the SPADE implementation as a élpptEvent) into the architecture trace
(denoted in the SPADE implementation as a class ArchEvénfi)ls the trace buffer that is associ-
ated with the process that has generated the trace.ddMep function is shown in Figure 20. As
can be seen the current situation is that there is 1-to-kspandence between application traces and
architecture tracés

Parsing of the mapping description (".map”) file is done a&tion time of the SpadeMapping ob-
ject. Theparsemember-function of the SpadeMapping object will be exatai®a last activity of the
instantiatemember-function of the same object. Tpersemember-function of SpadeMapping object

8This is only for the case of non-vectarad andwrite application operations; for the vector situation, thert bé more
architecture operations resulting from a single applarabperation.
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is the one that will make software "prepare to work” accogdto underlying SPADE methodology
(i.e. Y-chart + KPN + TDE).

3.2.6 Trace Subsystem Structure and Behaviour

<<subsystem>>
Trace Subsystem
1 ——— <<TraceBuffer>>
bqueue | ...
TraceSchedule 1 =
< 1 1
! L o
TraceBuffer oN
1N ArchEvent
1 ' 1
1 e
1 i !
Scheduler 17 <<ArchEvent>> |
AN Tracer o list l
1o
*\: <<ApplEvent>> |
DefaultScheduler 1
1 <<interface>> ----{ ApplEvent &' g N
=1 ProcessorSchedulerARI
AN
<<subsystem>> <<subsystem>> <<subsystem>> <<subsystem>>|
TSS Mapping Applications YAPI
ffffffff
<<class>3
ProcessorStateC — 1 1 [ '
TraceMapper  [<— L— SpadeProcess baueue
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Figure 21: Trace Layer’s structure

The most interesting subsystem of SPADE is the trace sudsydt implements the TDE (“Trace-
Driven Execution”) concept described at the beginning efdbcument. This is the place where actual
scheduling of the architecture traces is done. The tracsystdm represents the intermediate layer
(“neither in application nor in architecture”). The strua of the trace subsystem is shown in Figure
21.

As can be seen from Figure 21, a Tracer object will acceptpglieation trace entries, and, with
the help of a TraceMapper object from the mapping subsystethfill the corresponding Trace-
Buffer object (each parallel process has its own Tracerabldaed hence also TraceBuffer object).
The TraceScheduler object that is called by the correspgnd@iSS thread, will "empty” the Trace-
Buffer object that it selects according to the schedulinticpqscheduling issues related to SPADE
are described in [24]). Currently, only DefaultSchedutemnplemented, and its policy is as follows:

e If the trace buffer that was active at the previous time imist@ntains an execute, use that trace
buffer and select the execute.
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e If the trace buffer that was active at the previous time imstoontains write, and write is not
blocking, select this write.

e If the trace buffer that was active at the previous time imstoontains read, and the previous
entry was not read, switch to another trace buffer if possibl

e Trace-buffer selection goes in Round-Robin (RR) fashion.

For more information related to scheduling, see [24].

3.2.7 TSS Subsystem Structure and Behaviour

Since SPADE has to obtain some hardware simulation perfecenaumbers, a hardware simulator
tool has been included. Currently, this simulator is TSS¢ITfor System Simulation”), which is a
Philips in-house simulator tool. TSS has a complex API asgrives for low-level simulation (BCA
- Bus Cycle Accurate); that is the reason why the TSS-related SPADE stdasycontains a lot of
source code. For example, the conceptual level systemipigsir(given in the earlier mentioned
architecture description “.arch” file) is mapped onto BCAdecomponents-&-interfaces and com-
munication network/bus. Each BCA level module involvesrappgate FSM Finite Sate Machine)
behavioural description, as well as, the module structeseiption (see Figure 22).

SPADE level (Description at the "Conceptual level"?)

Processor (TD?&/ Processor (‘7#)/

m

TSS level (Executable model at the "BCA level")

Processor Modull Processor Module

[ 77

»/ Bus (Buffered — ™/ Bus (Buffered
Outp tlnterfagze — Input(lnterac

[ty |

iter

Arbi

Figure 22: A conceptual architecture description and spoading TSS model
Basically, the TSS software subsystem is also partitiofedm one side, there is TSS-library

support for different target-platforms (operating sys$¢mOn another side, there are partitions with
TSS specific SPADE-code, as well as library of TSS modulegs&hmodules are the ones that will
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be instantiated from parsed SPADE architecture. They willhven by traces from the SPADE ap-
plication. The mechanism of trace scheduling is inherited immplemented here. Figure 23 illustrates
previously mentioned.

Metrics Trace ‘ Architecture
el B
I
'|_TSS-Module ! TSS-Spade
I i
I I

Modules
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<< >> i -
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A
,,,,,
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Figure 23: Pseudo-UML diagram of the TSS subsystem andl#taors

TSS-Miscellaneous subsystem takes care of TSS-platfoppost The TSS-Modules subsystem
takes care of the implementation of the different moduleabedurs that are needed in SPADE. The
TSS-Spade subsystem is responsible for two things: SPABPESS trace scheduler and SPADE-to-
TSS architecture interfaces.

Due to the complexity of the TSS-part of the SPADE code a sapatetailed description of it
should be presented. However, to avoid detailed presentatithis document, we will suffice with
the top level diagram shown in Figure 23. The important thiage is to observe what is the "typical”
way of interfacing the TSS simulator with the rest of the SFAEbftware. One interesting question
is whether the TSS simulator could be “easily” replaced lgtlaer simulator, i.e., how tightly TSS is
coupled with the rest of the SPADE software.

3.2.8 Metrics Software Subsystem

The name the software subsystem suggests that it shouldageeriBerformance Metrics”. However,
the current SPADE output cannot be named metrics. That is"®RBgformance Numbers” has been
used as description title of corresponding step in the Ytale@resentation in Figure 10.

From the implementation software point of view, the metsabsystem has only three classes:
class ArbiterMetrics, class ProcessorMetrics, and classd®sorPipeMetricsRemark: class Pro-
cessorPipeMetrics does not work). These classes servpasdasses of appropriate TSS-modules.
Also, they implement methods for obtaining the performamembers of a particular processing unit
and its ports, as well as information about the bus arbitteesé methods are extensively used later
on, during the hardware simulation with TSS.
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The performance numbers can later on be visualized, arBlgs®l used for generating metrics
information. Right now, software does not support this fiastgeneration) step. Also, the accuracy
information has not been made available yet.

3.3 The issue of TSS replacement

In section 3 we have been mainly introducing the SPADE meilogy and the SPADE software
structure in terms of UML diagrams. We have introduced alABE subsystems, although the details
of the TSS subsystem have been left out. This is not to saythkae details are of no importance;
in fact they are of importance but only in relation with theegtion whether TSS - which is a Philips
property - could be replaced with another tool, e.g., Sy§&dirb]. It is precisely the details of TSS,
that enter the coupling issue of TSS with the rest of the SPADfEvare; YAPI/TSS is essentially
a mixed level simulation environment. Although the objeetivas to perform system level design
space exploration at a performance estimation level ofatistn, the implementation of this level is
tightly coupled to the cycle-accurate lower level TSS sei (see Figure 22). As a result, even at
the higher level of abstraction a lot of details have to b@iporated because TSS requires so. These
details are hidden for the higher level exploration, yeytsigould not be needed at a time performance
estimation level, where DE simulators could run much fadténile this is a drawback, an advantage
is that in this environment it is relatively easy to perfornxed level simulation and exploration.

Due to the previous, we have raised the “replacement” questi sub-section 3.2.7. The answer
of thia question is not short and easy, and it is related vighfbllowing items:

e Looking into the SPADE sources and the related UML diagrarissdlear that the main objec-
tive is to re-write the TSS-related modules, interfaces] ARIs respecting features of another
simulator.

e The “implementation issues” like the underlying OS, mblt#ading library, and the simulator
specific APIs can highly influence “easiness” of the TSS i@pizent.

¢ Directions (extensions, improvements, etc.) of a futurekwan the SPADE environment are
very tightly coupled with a simulator choice, meaning thange hardware simulators and their
libraries do not support what we intend to do in the future.

First, coupling between TSS and SPADE can be recognizeddludvéed relatively easy. How-
ever, the SPADE methodology relies on specific TSS modulbghnare implemented within a large
code (often not easy to read and understand), and that amatgdithings. Conclusion is that no matter
which HW simulator we choose we will always have to re-writede TSS specific code.

Second, now both an application (a YAPI model) and an arctite (a TSS model) use a same
multithreading library (PAMELA) during the simulation. lorder to keep the things simple we have
to follow the previous strategy. This means that if the chdd&V simulator is not implemented over
the same multithreading library as YAPI is implemented, wk ave to re-write YAPI in order to
have it supported. This might become a non-trivial jB®mark: According to [25] and [26] YAPI
on SystemC will be available soon and then the second judgewikt not stand.

Finally, a further SPADE development flow is correlated vifth heterogeneous signal processing
system trends that are currently of interest. Particul#nly last bullet suggests that we need the results
from the state-of-the-art exploration (Section 2.) in orlechoose the right path. We will summarize
these results in the next section.
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4 Conclusion

A study was conducted to investigate different featuresoaies ES design methodologies and tools
that are available today. Although they are all created aadl in the same field (system-level EDA),
there exists wide diversity among them.

A total of 8 different methodologies and tools was studliddiC Berkeley Ptolemy, Ptolemy-based
co-simulation, UC San Diego/NEC methodology, POLIS, CadernCC and COSY/VCC, PAMELA,
SystemC, and SPADE methodology. In Table 1 we summarisertiest interesting properties. Most
of the tools are created as non-commercial ones (first rovabi€rl), or are available in one way or
the other (can be bought or downloaded - second row in Tabknt)that was decisive to put them in
focus of our exploration.

The study found that presented methodologies and tookr diiim each other in their approach to
HW/SW co-synthesis (Y-chart support - third row in Tableds,well as in their use of MoCs (fourth
row in Table 1). Consequently, there exists a "fuzzy” spaceoeding to the MoA library support
(fifth row in Table 1).

Although the differences among the seven tools are not atesahe features shown in Table 1
indicate that the most preferable kind of methodologZ8SY/VCdike, because it has the largest
amount of positive marks ("+"). The features shown in Tablaldo do suggest (1) that today’s ES-
design methodologies and tools are not mature enough, asdittere is (2) a plenty room for further
research (a synthesis support, as well as for supportirgpattaction levels, and formal analysis and
verification through all co-design flow). Furthermore, thekists a wide exploration space, especially
according to the complex designs and mixed abstraction $exgort (rows 9 and 11 in Table 1).

%There are more methodologies and tools for system desigtalale but we have narrowed the scope to capture the
most representative ones.
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Table 1: Simultaneous overview of properties of presermtetst& methodologies.

Methodologies & Tools»

Ptolemy

Pt. based co-sim

UC S.Diego/NEC

POLIS

VCC(COSY)

PAMELA

SystemC

SPADE

Commercial

+

Available (can be bought or downloaded

+

Y-chart supported

+
+

+

o+ +

+| +

e}

+| +

MoC variety supported

(¢]

Library MoA variety supported

e}

Dynamic performance models

+

+| 0

+| |+ +] +

+| 0

+| +

Formal analysis and verification

e}

Reusability supported

+|+|+]|o0

Complex designs supported

+| +

All abstraction levels supported

+|+|+]|o0

+|+[+|+]|o0

Mixed abstraction level simulation supports

bd -

olo|+|+

Synthesis supported

e}

Legend

True statement (e.g., supported)
False statement (e.g., unsupported)

Fuzzy (either both + and -, or “possible”)
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