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Abstract

The design time of System-on-a-Chip(SoC) is today
rapidly increasingdue to high complexity and lack of ef-
ficient tools for developmentand verification. This article
describesthedesignandimplementationof a Multiproces-
sor SoC (MSoC)conductedby threemasterstudents.We
proposea genericplatform generator as a way to reduce
time-to-market and verificationtime. With the project, we
haveshownthat it is possiblein a short time to developa
MSoCthat fitson a singleFPGA.

1. Intr oduction

This paperdescribesthe designof thefirst prototypeof
Socrates,a genericscalableplatformgeneratorthatcreates
a synthesizableHDL descriptionof a multiprocessorsys-
tem. The platform is a result of a masterthesisby three
students.Thegoal wasto build a predictablemultiproces-
sorsystemwith mechanismsfor dataprefetchingonasingle
FPGA.This meansthat all developmenthasto be donein
a very shorttime andthat thesoftwareandhardwaremust
fit on a singleFPGA.All the componentsexceptthe Real
TimeUnit (RTU)[3] andtheI/O nodewasimplementeddur-
ing thethesis.Linkerscriptswasimplementedto configure
the local memoryof the processingnodes.Also, the RTU
software interfacehad to be adaptedto the underlyingar-
chitecture.

2. Moti vation

Designtime including verification,hasbecomeoneof
the largestchallengesin SoCdesign.Theproductivity gap
isanexampleof theproblemwith developingcomplex SoC.
To reducethis gapnew designmethodsareneeded.In or-

�
SoCratesstandsfor SoCfor real-timesystems.

der to meet the demandsof fast verification and time-to-
market,thesystemneedsto bedesignedatahigherabstrac-
tion level. This canbeobtainedby usinga platformgener-
ator, wherethe individual componentsarealreadyverified.
Thismeansthattheplatformcaninstantlybetestedandver-
ifiedatsystem-level,whichreducestheoveralldevelopment
time. To decreasedesigntime we proposea parameterized
systemgenerator. SoCratescaneasilyscaleto anumber(1-
6) of processingnodesandadapttheremainingcomponents
to givenparametersat compiletime.

3. SystemOverview

Socratesis a distributedshared memory(DSM) multi-
processor, with non-uniformmemoryaccesstime. Thear-
chitectureis basedon a sharedbus1 on to which nodesare
connected(figure 1). A typical nodecontainslocal mem-
ory, anetwork interface,andaCPUor DSP, wheretheCPU
is an ARM7[6] clone. Thereexists a DSPnode,basedon
theCMUDSPfrom Carnegie-MellonUniversity[4]. Dueto
arealimitations,no DSPsareincludedin this thefirst ver-
sion.Softwareapplicationsaredividedinto threadsanddis-
tributedontotheprocessors.Schedulingof threadsis man-
agedandcontrolledby a Real-TimeUnit (RTU)[3]. Inter-
processcommunicationis performedthroughsharedvari-
ables,whereascommunicationbetweenhardwaredevices
aremadevia memorymappedregisters. In order to com-
pensatefor the non-uniformmemory latency, the system
supportsa prefetchfunctionality. Remotelylocateddata
wordsarepossibleto fetchin advancebeforethepointin ex-
ecutionwheredatais required.Prefetchingof datawordsis
softwarebased[2], sinceprefetchinstructionsareinsertedin
theprogramcodeby thecompileror theprogrammer. The
prefetchinstructionsare executedby the processorwhich
issuea non-blockingreadof a remotedataword specified
by the instruction. I/O is managedby a centralizednode,

1Not the mostattractive solutionbut commonlyusedfor smallmulti-
processorsystems[1].



which is responsiblefor codedown-loadandexternalcom-
munication.

3.1. HardwareDescription
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Figure 1. The architecture of the SoCrates
hardware platf orm

The choice of an ARM architectureis motivated by
its popularity and wide industrial use. Since no univer-
sity licensefor theprocessorsourcecouldbeobtainedand
the costsfor orderingthe processoras a hard IP was too
high, the remainingoption was to implementan ARM7
clone.For complexity reasonsthecloneonly supportsARM
state,andsystem/userandsupervisormode.Thecacheand
pipelineareremoved to further simplify the design,mini-
mizearea,andto increasepredictability. Hence,theproces-
sor is fully predictableat the instructionlevel althoughthe
performanceis decreased.The processorexecutesa sub-
set of the ARM instructionset wheremultiplication, co-
processorinstructions,and the statechanginginstruction
areremoved. In addition,the instructionsetis augmented
with a prefetchinstruction. The memoryon eachnodeis
a dual-ported,zerowait-stateXilinx block RAM. Memory
accessesaremadetransparentthrougha wrappermodule,
which makes it easierto changebetweendifferent target
technologies.Both internalandexternalcommunicationis
managedby a NetworkInterface(NI). TheNI encapsulates
the complexity of communicationandaddresstranslation,
actingasa simpleMMU. Theeightmostsignificantbits of
the32-bit systemaddressesis a one-hotcodednodeidenti-
ficationfield, theremaining24 bitsconstitutesthelocalad-
dress.All nodeshave theirNIs connectedto thesharedbus
masteredby aroundrobinarbiter. Thesystemsupportsuni-
cast, multicast, andbroadcasttransfers.For atomictrans-
fers lockedaccessescanbeutilized.

3.2. Real-Time Kernel

The hardware implementedreal-time kernel performs
threadschedulingandsynchronization.RTU communica-
tion with the nodesis performedby a memory mapped
register-basedhandshake scheme. Interruptsare sentout
uponcontext switchandthenodesfetchestheir next thread
ID. The kernel is parameterizedwith respectto the maxi-
mumnumberof threads,prioritiesandCPUs.

3.3. SoftwareDevelopmentFlow

To makesoftwaredevelopmenteasierthereis a needfor
a well-definedflow, from applicationwriting to down-load
of linked object code. Eachnodescode,stack,and data
mustbe mappedto their local addressspaces.Therefore,
eachnode is compiledand linked separatelybeforefinal
concatenationas shown in figure 2. A software interface
is supportedfor the RTU and for I/O handling. The SW
flow is basedon GNU tools[5].
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int main(void)
node1.c

createThread(...);
createThread(...);

gcc cross-compiler

node1.SREC

application.SREC

node1.SREC

OSkernel.oapplicationNode2.onode2map.xOSkernel.o
io.o

applicationNode1.onode1map.x
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int main(void)
node2.c

createThread(...);
createThread(...);

gcc cross-compiler

io.o

n1Thread1.cn1Thread2.c n2Thread1.cn2Thread2.c

Figure 2. Flow from sour ce to down-loadab le
object file .

3.4. Toolsand FPGA-board

The platform for the physicalimplementationis a PCB
containinga XILINX VIRTEX 1000FPGA[7] (Figure3).
TheFPGAhas16 Kb of block RAM that is sharedamong
theprocessornodes.A standardPCparallelport is usedfor
codedown-loadandtext terminalsareusedfor application
communication.In simulation,all physicalI/O is modeled
by C-codeadd-onsto Modelsim[8].



Figure 3. A photo of the FPGA boar d.

4. Problems

Despitefastworkstations,timefor simulationandverifi-
cationis clearlyaproblem.Run-timesfor severaldayswere
not unusual,especiallyfor back-annotateddata. System
simulationonpreplace-and-routetiming simulationproved
to be usefulasPlaceandRoutetook several daysfor the
final implementation.

5. Curr ent Results

A demo-applicationthatrunsontwo CPU-nodesanduti-
lizes the RTU and I/O nodehasbeensuccessfullyimple-
mented. The whole systemincluding hardware2 andsoft-
ware fits on a single FPGA. The developedlinker scripts
mapstheusersoftwareto local addressspacesandthesys-
tem is parameterizedby using generics. Figure 4 shows
synthesisresultsof eachhardwarecomponent.

Component # gates % of FPGA
System 653349 58
CPUnode 47 897 21
RTU 33 834 15
CPUcore 41 929 19
NI 5 873 2

Figure 4. Synthesis results of SoCrates com-
ponents.

6. Future Work

Our scalability relies on a ”perfect” interconnect. To-
day, a sharedbus is used,which mustbe improved in the

2The prototypesystemcontainstwo ARM cores,one RTU and one
I/O-unit.

futurewith point-to-point/crossbaroptionsin thegenerator.
Softwaretargetingis an importantareaandwassolved by
lettingtheuserpartitiontheapplicationat threadlevel. This
canbedoneautomaticallywith respectto threadcommuni-
cation(locality) andcode/datasize.Interprocesscommuni-
cationHW supportwill beintegratedfrom existingresearch
projectsat MRTC. With automaticgenerationof synthesis
scripts,a pushbuttondesignflow seemswithin reach.Vir-
tual memoryanddynamicmemoryallocationHW support
will beadded.

7. Conclusions

This projectshows that it is possibleto develop(includ-
ing a whole CPU core) a multiprocessorSoC that fits on
a single FPGA in very short time. By working closely
in a small groupof 3-5 people,informationas new ideas
andbug-reportsduringverification,arepropagatedimmedi-
ately. A platformconceptgivesrapiddesigntimeandkeeps
thedesignersfocusedon debuggingtheapplicationandnot
the platform itself. An “all synthesizable”approachis far
from feasiblein mostprojectsbut it is a convenientway of
gettingrapidresults.A systemview is crucialwhendesign-
ing SoC.All partsinteractandfocusingon narrow HW or
SWissuesdoesnot givea satisfyingsolution.
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