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Abstract
Several system-on-chip (SoC) platforms have recently emerged that use reconfigurable logic (FPGAS) as a pro-

grammable co-processor to reduce the computational load on the main processor core. We present an interface
synthesis approach that enables us to do hardware-software codesign for such FPGA-based platforms. The ap-
proach is based on a novel memory mapping algorithm that maps data used by both the hardware and the software
to shared memories on the reconfigurable fabric. The memory mapping algorithm uses scheduling information
from a high-level synthesis tool to map variables, arrays and complex data structures to the shared memories in
a way that minimizes the number of registers and multiplexers used in the hardware interface. We also present
three software schemes that enable the application software to communicate with this hardware interface. We
demonstrate the utility of our approach and study the trade-offs involved using a case study of the co-design of a

computationally expensive portion of the MPEG-1 multimedia application on to the Altera Nios platform.
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1 Introduction

Platformbaseddesignsprovide promisingsolutionsfor handlingthe growing compleity of chip designg1].
FPGAsoftenplay animportantrole in platformsby providing e xible, recon gurablecircuit fabricsto build and
optimizetargetapplications.

Our focusis on platform designsfor multimediaandimageprocessingapplications. Our target architecture
modelsmary emepging platformsthat containa generalpurposeprocessoiassistedy dedicatechardware for
computationallyintensve tasks. The hardware assistsareimplementedn-boardFPGA blocksandthus,canbe
programmedor differentapplications.Binding the applicationfunctionality to software and hardware requires
automatednethodsto specify generateand optimizethe interfacebetweenthem. The interfaceshouldbe fast,
transparenandrequireminimal hardwareandsoftwareresourcesThis reportpresent& methodologyto generate
theseinterfaces.

Multimediaandimageprocessin@pplicationgypically operateon a large dataset. Consequentlywhenthese
applicationsare partitionedand mappedonto an FPGA-basedlatform, this datahasto be communicatedand
sharedetweerthe hardwareandsoftware componentsCon gurablelogic blocksin FPGAsaretypically inef -
cientfor useasmemoriesif we storeeachdataelemenin aregisterandprovide anindependerdéiccessnechanism
for eachone,thentheresultingmemoryimplementatioroccupiesa large portionof the FPGAfabric. Insteadan
ef cient way to implementtheselarge memoriess to clusterthe dataelementsanto RAMs or registerbanks. In
this report,we presenour interfacesynthesisapproachhatef ciently utilizesembeddedRAMs in FPGASsto im-
plementhememory Ourapproachs basedn anovel memorymappingalgorithmthatgenerateandoptimizesa
hardwareinterfaceusedfor integratingthe computationallyexpensve applicationkernels(hardwareassistswith
therestof the platform.

Our memorymappingalgorithmmakesuseof schedulingnformationon percycle dataaccespatternqavail-
ablefrom thehigh-level synthesigool) in orderto mapregistersto memoriesTheuniquefeatureof thisalgorithm
is its ability to ef ciently handledesignsn which dataaccespatternsareunknavn duringscheduling for exam-
ple, anarraybeingindexed by variableindiceswhich becomeknonn only at run-time. This featureprovesto be
extremelyusefulwhendealingwith designsnvolving control o w.

To validateour co-desigmmethodologywe presenticasestudyof the co-desigrof acomputationallyexpensve
portionof the MPEG-1multimediaapplication.We nd thatwithout usingour memorymappingalgorithm,the
portion mappedto the FPGAis too big to t insideit. We alsocompareresultsfor varioushardware-softvare
interfacingschemesisedwith this design.

The restof this reportis organizedasfollows: in the next section,we discussrelatedwork. In Section3,



we describeour methodologyandthe relationbetweenmemorymappingand hardware interface synthesis.We
alsoformulatethe memorymappingproblemand presentan algorithmfor solvingit. In Section4 we describe
the architectureof our hardwareinterface. In Section5, we describethe changesequiredin the softwareto use
the hardware interfaceandexplain threehardware-softvare interfacing schemes.n Section6, we describeour

MPEG-1casestudyandthen,concludethereportwith a discussion.
2 Related Work

Hardware-softvare partitioning[2, 3] and high level synthesig4, 5] have receved signi cant attentionover
the pastdecadelnterfacesynthesigechniquesiave focusedon variousissuedik e optimizingthe useof external
10 pins of micro-controllersandminimizing glue logic [6]. However, the useof memorymappingfor interface
synthesishasnot beenconsidered Furthermorehardware-softvare co-desigmmethodologieshat synthesizehe
hardwarecomponentisan ASIC, pay little attentiontowardsoptimizingthe memorymappingsincethe amount
of logic thatcanbemappedo anASIC is lessseverely constrainedhanthatfor FPGAS[2, 7, 8].

Most previous work on memorymappingandallocationof multiport memorieshasbeendonein the context
of datapath synthesisand hasfocusedon purely data o w designs(no control constructs)9, 10, 11]. These
algorithmsdo not dealwith unknavn dataaccespatternshecauseo control o w is involved. Memory mapping
and register binding algorithmsin the datapath synthesisdomainare basedon variablelifetime analysisand
registerallocationheuristic§10, 12, 13].

Early work on memorymappingin the context of FPGAshasnot utilized schedulinginformation[12, 14].
KarchmerandRosepresentan algorithmfor packingdatastructureswith differentaspectatiosinto x edwidth
memoriesvailableon FPGAS[15]. However, thisis of limited usewhenapplicationausesimpleandregulardata

structures.
3 Roleof Interface Synthesisand Memory Mapping in a Co-Design M ethodology

Interfacesynthesiss animportantaspecbf our hardware-softvare co-desigrmethodologyasshawvn in Figure
1. In our approachwe rely on a C/C++ baseddescription[16, 17, 18] for the systemmodel. After hardware-
softwarepartitioning,thehardwarepartis scheduledisinga high-level synthesigool andthe schedulingnforma-
tion is passedo theinterfacesynthesizer

This interfacesynthesizer describedn detailin the restof the report— generateshe hardvareinterfaceand
re-instrumentshe software componenbf the applicationto make appropriatecalls to the hardware component
via thisinterface. It alsopasseshe addressesf all registersthathave beenmappedo memoriesn the hardware

interfaceto the high-level synthesidool.
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Figurel. Roleof interface synthesisn a co-designmethodology

The RTL codegeneratedy the high-level synthesigool andthe interfacesynthesizearethendownloadedto
the FPGA on the platform. Similarly, the software componenis compiledand dowvnloadedinto the instruction

memoryof the processor
3.1 Memory Mapping

Multimediaandimageprocessingpplicationgrocesdarge amountof data. After partitioning,the hardware
componenhasto operateon the samedatathatthe softwareoperate®n. Thus,thehardwarecomponenteeddo
storethis dataon the FPGA (seeSection4 for how thisis achiered). Also, the storeddatahasto be multiplexed
andsteeredo variousfunctionalunitsthatcomprisethe hardwarecomponentThepresencef control o w in the
applicationcodealsoaddssigni cantly to the multiplexing costs.

The way the datais mappedto the memoryhasa tremendousmpacton the complity of the multiplexers
and control generated.Ideally, we would storeall datain a single large memory However, sucha memory
would requireasmary portsasthe maximumnumberof simultaneousnemoryaccesses ary cycle[11]. Thisis
impracticalfor programmablé&PGA platforms,sincethey provide memorieswith only alimited numberof ports
[19, 20]. Consequentlynemorieswith alargernumberof portshave to beimplementedisingindividual registers.
Thisrequiresalarge numberof registersandcomple, large multiplexersasshavn in Figure2(a).

In our memorymappingapproachwe utilize schedulingnformation— availablefrom the high-level synthesis
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tool — aboutdataaccesseandthecyclesthatthey occurin. We canthenmapthe dataelementso memorybanks,
given constraintson the maximumnumberof portseachmemoryin thetamget FPGA canhave. This approach
eliminatesthe useof registersfor storagethus,saving a large amountof area,whichin turn canbe usedfor the
applicationlogic. Thisway, we canalsousemuchsmallerandfastermultiplexersin thedata-pattasillustratedin
Figure2(b). In this gure, size(Mem1) + size(Memy) + ... + size(Memy) = N.
Arraysanddatastructuresaremappedo memoriesafterbeingbrokendown into their basicconstituentgvari-
ables).Thesecanthenbe mappedn away identicalto regular variables.Consequentlthesebasicconstituents
might getmappedo non-contiguousnemoryaddresses/locatisnin Section5 we shav how this dravbackcan

easilybe overcomeby makinga few changedo the applicationsoftware.
3.2 Problem Formulation

We aregivenasetof n variablesV = {v;;i = 1,2,....,n} thatareaccesse@eadandwritten) by all thekernels
of theapplication.In our currentmodel,only onekernelexecutesat ary giventime. Thisimpliesthatcontention
for variableaccessebetweenwo kernelscannever occur Notethat,eachelementn anarrayor datastructureis
consideredasa distinctvariablev; in V; sofor example,anarrayof sizen will have n entriesin V. We arealso
givenasetof memoryresourcdypes,Miype = {Mj; j € Z*} wherethesubscriptj indicategthe maximumnumber
of portsavailable. The numberof readportsof memorytype m; aregiven by Ports;ead(mj) andwrite portsby

Portswrite(M; ).



De nition 3.1 The memory mappingproblem is to find a memory allocation @: (Miypesx Z*) — V that is a
mapping of memory instances to variables assigned to them in the design. This mapping also gives the list M
of all the memory instances allocated to the design. ¢@(mj,n) represents the list of variables mapped to the n-th
instance of memory type m;. The optimizationproblemis to minimize the total number of memory instances,
given by size(M), with the constraint that for each memory instance (mj,n) used in the design, the number of

simultaneous accesses during any cycle should not exceed the number of memory ports available on m;.

3.3 Mapping Algorithm

The problemde ned above is an extensionof the memorymappingandvaluegroupingproblemfor datapath
synthesiswhich is known to be NP-completg21]. We adopta heuristicapproachto solving it; our memory
mappingalgorithmis listedin Figure3. For eachvariableto be mappedo a memoryinstancethealgorithmcalls
thefunctionGetListO fCandMems to getalist of candidatenemoryinstanceg L) ontowhichthecurrentvariable
V¢ canpotentiallybemappedline 3 in Figure3).

If thislist is empty anenv memaryinstancewith justenoughportsfor v; is createdandy; is mappedoit (lines
410 6). If thelist is non-emptywe pick thememoryinstancewith thelowestcost. If thenumberof portsavailable
on this memoryinstancearesufcient to mapv; to it, thenv; is addedto thelist of variablesp(m;,k) mappedo
this instanceptherwise a nev memoryinstance{mp,q) with enoughportsis created.The old memoryinstance
(mj,k) is discardedhfterall variablesnappedo it have beerre-mappedo (m,q). Finally, v; is mappedo (mp, q)
(lines9to 13in thealgorithm).

The algorithmfor the function GetListO fCandMems is listed in Figure 4. This algorithm considerseach
memoryinstance(mj,k) in M alreadyallocatedto the design,and addsthis instanceto the list L of candidate
memoryinstancesf the variablev. canbe mappedo (mj,k). A variableve canbe mappedo (mj,k) when,v¢
doesnotcon ict in termsof readsor writeswith ary othervariablemappedo (mj,k), or (mj,k) hasenoughports
for accessingariablev; besidesall thevariablesalreadymappedo it (line 3 in Figure4).

If (mj,k) doesnothave enoughportsto mapvariablevc, thenwetry to nd amemoryof typem,, suchthat,an
instanceof m, will satisfytheportconstraintsvhenvariables/c andg(mj, k) (variablesalreadymappedo (mj,k))
aremappedo it. If suchamemorytypeexists,it marksmemoryinstance{mj, k) for anupgradeto aninstanceof
memorytypemy (p > j) andaddsit to £ (lines7t09).

Thealgorithmin Figure4 alsocalculates costfor mappingv. to eachmemoryinstancen L. This costequals
thetotal numberof readandwrite portsof thememoryinstance.

AssumethatA is the total numberof hardware kernelsaccessinghe memory s is the length of the longest

scheduleamongthesekernels,while z is the maximumnumberof memoryaccessesccuringin a singlecycle
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Algorithm 1: MapVariablesToMemories(V')
Output:Memoryinstancesisedin thedesignM,

Mappingbetweermemoryinstancesandvariablesp

1: Initialize M + 0

2 : foreach(v; € V) do

3: L+ GetListOfCandMems\, vi)

4: if (L=0)then /* Createanew memoryinstancet/
[* with aminimal numberof portsto satisfyv; */

5:  Addnew instance(mp,n) of memorytypemp to M

6:  @(mp,n) < vi * mapy; onnth instanceof my

7. else [* Lisnotempty*/

8: Pick ((m;,k),mp) € L with lowestcost

9: if (mp # m;) then
* Add new gth instanceof memtypemy to M */

10: M+ MU (mp,Qq)

11: @(mp,q) < @(m;,k) /* Move variablesto (mp,q) */

12: M < M — (m;,k) /* Discard(m;,k) */

13: ®(Mp,0) + @My, q) U Ve

14: else /* mapv to (m;,k) */

15: @(m;j, k) < @(m;,K) U ve

16: endif

17: endif

18: endforeach

Figure3. The memorymappingalgorithm

by arny onevariable. Then,lines 2 and3 in Figure4 individually contritute n andAsz to the time compleity
respectiely. Sothe GetListofCandMems algorithmhasaworstcasetime compleity of O(nAsz). Theloopin line
2 of the MapVariablesToMemories algorithmin Figure3 causeshe GetListofCandMems algorithmto executen

times. Thus,theworstcasetime compleity of the MapVariablesToMemories algorithmis O(n?Asz).
3.4 Construction of Conflict Graphs

In the GetListOfCandMems algorithm,we determineif variablev. canbe mappedo memoryinstance(m;, k)
by checkingfor potentialcon icts with the variablesgp(mj,k) thathave alreadybeenmappedo (mj,k). Thisis
donefor every cycle andthus,we maintainconflict graphs for eachcyclein thescheduleNodesin con ict graphs

representariablesandan edgebetweentwo nodesdenotesa con ict betweenvariables,i.e., boththe variables



Algorithm 2: GetListOfCandMems(M, v¢)
Return:AvailableMemoriesList £

1: Initialize List L + 0

2 : foreach(memoryinstance(m;,k) € M) do

3: if (vc doesnotcon ict with ¢(mj,K) in ary cycle)

or ((m;, k) hasenoughportsto mapvc) then

4: L+ LU((m;,k),m;))

5:  Cogt(m;j,k) < Portsead(m;) + Portsyrite(m;)

6: else/*eithercon ict orinsufcient portsin (m;,k)*/
7. if (thereexistsmp € Mtype With enoughports

8: to mapall variablesfrom (m;, k) andvc) then
9: L+ LU ((mj,k),mp))

10: Cost(mj, k) < Portsead(mp) + PortSyrite(mp)
11:  endif

12: endif

13: endforeach

Figure4. Determiningthe list of availablememories

areaccesseth thatcycle.

To understandhow we usethesecon ict graphsconsidera designwith threevariablesv1, v» andvs. Assume
thatv, andv, areaccesseduringcycle 1, while v, andvs areaccesseduringcycle 2. Thecorrespondingon ict
graphsfor thetwo cyclesaregivenin Figures5(a)and5(b). If we have only onememaoryresourcdype,namely
adual portedmemorym,, then,eachof thethreevariablescanbe mappedo the samenstanceof thedualported
memorywithoutviolatingtheportconstraintsThisis becaus@nly two of thethreevariablescon ict in any cycle.
If we hadrepresentethis usinga singlecon ict graphfor all cycles,variablev, would not have beenmappedo
memorybecauséwo con ict edgesvould have beenassociatewvith it, eventhoughtheaccessesccurin different
cycles.

Let usexplorefurtherwith anotherexample.Consideranarrayarr consistingof threeelementsarr([1], arr[2]
andarr([3]. Thecorrespondingariablesin V arevy, v, andvs. Also, assumehatdual portedmemoriesarethe
only memorytypesavailable. In ary given cycle, if thereare multiple accesse$o arr usingvariableindicesi
and] (for examplearr[i] andarr[j]), thenwe cannotdeterminevhich elementsf thearrayactuallycon ict until
runtime.Hence we createcon ict edgesetweereachpairof elementsn arr in thecon ict graphcorresponding

to thatcycle. Thisresultsin thefully connectedton ict graphshavn in Figure5(c). We canconcludefrom this

10
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con ict graphthatnoneof thethreevariablescanbe mappedo the samememoryinstancesincethe memoryhas
only two ports.

But, thisis anincorrectconclusionbecaus@nly two of thethreevariableswill be accesseth ary cycle. This
implies that the threevariablescan be mappedto a dual portedmemory Thus,we nd thatper cycle con ict
graphsare, by themseles, not powerful enoughto captureall the information necessaryo perform effective
memorymapping.

To addressuchissueswe introducethe notion of accumulating colors in the nodesof the con ict graphsof
eachcycle. From amonga groupof variablesvg, if accesf ary onein a cycle rulesout accesof therestin
thatcycle,thenthenodescorrespondingo eachvariablein thegroupVg aremarkedwith the samecolor cg. This
coloris uniquefrom thatof all othergroups.A nodecanaccumulateolorsby beinga memberof morethanone
suchgroup.

Applying this to our example,we getthe con ict graphdepictedin Figure5(d). v1, v» andvz form a group
correspondindo accesdy arr[i]. Eachof thesethreevariablesare marked with one color sinceaccessingry
oneof themrulesoutaccessingheothertwo. Similarly, v, vo andvs form anothergroupcorrespondingo access
by arr[j] andaremarked with a secondcolor. Thus,eachof the threenodes/ariablesendup accumulatingwo
colors.

The numberof portsneededo mapa setof variablesto a single memoryinstancejs equalto the maximum
numberof colorsin ary cycle of all the variablesbeingmappedto that memoryinstance.In our example,the
numberof colorsaccumulatedy vi, v, andvs is two. Thus,we cansafelymapthesethreevariablesto a dual
portedmemory We usethis coloringtechniquewhile creatingthe percycle con ict graphsusedby our memory

mappingalgorithm.

11
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Figure6. The hardware interfacearchitecture

4 TheHardwarelnterface Architecture

An overview of the architectureobtainedafter hardware interface synthesiss shavn in Figure6. The bus
interfacegenerateds speci c to the bus protocolused.The controllogic containsmemorymappedegistersthat
canbeusedto resetor start/stopexecutionof ary of theapplicationlogic blocksthroughsoftware. It alsocontains
registersre ecting the executionstatusandlogic for interruptgenerationmasking et cetera.

The memorycontroller servicesall memoryaccessequestdor dataresidingin the mappedmemoryM. It
is designedo give a higher priority to accesgequestdy the applicationlogic blocks. An accessequestby
softwareis servicedonly if afreeportis currentlyavailableonthe memoryinstance Also, notethat,althoughthe
memorycontrollercanbe designedo hide changesn thememorymap(dueto memorymapping)from software,
we chooseto make changego the datastructuresn the applicationsoftware instead. This is primarily because
of implementationeaseand the fact that, in ary case,the applicationhasto be re-instrumentedo invoke the
hardware. For very comple applicationghe bestway mightbeto changeboth,i.e. hideonly afew changegrom

software,while modifying the applicationappropriatelyto take careof thevisible changes.
5 The SW Interface

In the hardware interface shavn in Figure 6, the memoryM usesa contiguousaddressspace. Hence,data
declarationan the software code have to be reorderedso that they conformto the orderin which they were
mappedo thisaddresspace.Theexamplein Figure7 illustratesthis.

In orderto make useof the hardwaremappedo the FPGA, the softwareneeddo interfaceandsharedatawith

12



struct example { struct example {
int array1[256]; int elementl;
int array2[256]; New Memory int array1[256];
int element; Map int element3;
int element2; int array2[256];
int element3; int element2;

} *dm = OxF800; } *dm = OxF800;

Figure7. Modi ed addressffsetsin the software interface after memorymapping

this hardware. The softwarecaneithertransferall the datato the hardware,or they canusea sharedmemory[8],

asexplainedin the next two sections.
5.1 Data Transfer Based Scheme

In a data transfer schemeall the shareddatais copiedfrom the processofor main) memoryto the mapped
memoryM (in Figure6). Thehardwareis thenexecutedandtheresultsaremovedbackfrom themappednemory
to themainmemory

The adwantageof usingthis schemds that the executionspeedof the software portion of the applicationis
independenbf the memoryusedby the hardware. The disadwantagesare: (a) the large communicatiorcostsof
copying datafrom softwareto hardwareandback,and(b) the creationof heary burstsof trafc onthe processor
bus, which can potentially stane otherdevicesthat wantto useit. Thus,to amortizethe communicatiorcost,
the hardware-softvare partitioninghasto be donein sucha mannerthat communicatiorbetweerhardware and

softwareis minimized.
5.2 Shared Memory Based Schemes

Theotherway hardwareandsoftwarecaninterfaceis throughshared memory (i.e. M in Figure6 is shared).This
canbe doneby usingsharednemorywith no local storage or sharednemorywith local storage. In thescheme
with nolocal storageyariablesanddatastructuresn the sharednemoryaredeclaredsuchthatthe compilerdoes
not apply any memoryoptimizationsandusesprocessoregistersminimally (for example,by declaringthemas
volatile in the C code). Otherforms of local storagdike processocachesarealsobypassedvhenaccessinghe
sharedmemory Datato be processedy software is always readfrom the sharedmemory(in hardware) and
the resultsare immediatelywritten back (no caching). Dueto its simplicity, this schemecanbe usedwith ary
processor

In contrastthesharednemorywith local storageschemecanonly beusedwhentheprocessosupportexplicit

instructionsfor ushing all local storageo memory

13
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Theclearadwantageof boththeseschemess thezerodatatransferlcommunicationfostbetweersoftwareand
hardware.However, thesharednemorywith nolocal storagescheméiastheadditionaladvantagehatit maintains
datacohereng sincethe datais not bufferedinsidethe processos local memory But, this causesxtratrafc on
the processobuswheneer the softwareportion of the applicationis running. A disadwantageof bothschemess
thata largeraccesgime for mappednemorycandegradeperformancesigni cantly. Thus,the performancewith
theseschemeslepend<ritically on the speedof the processobus, the mappedmemoryandassociate@dccess

logic.
6 Experimental Setup and Results

We usedAltera's Nios developmeniplatform[19] for implementinghe system.This platformconsistf a soft
coreof theNiosembeddegrocessofno cachesjo whichvariousperipheral€anbeconnectedor customization.
Oncethe systemhasbeencustomizedit canbe synthesize@ndmappedontoan FPGAbasedoardprovided by
Altera. TheusercanusededicatedRAM block bitsinsidethe FPGAto implementmemorieshaving two or fewer
ports. The systemlevel architecturas shavn in Figure8 wherethe userde ned moduleis the hardwaredepicted
insidethe FPGAIn Figure6. This entiresystemgconsistingof the Nios processoandits standargeripheralsthe
mainmemory the CPUbusandthe userde ned moduleoperateat afrequeng of 33.33MHz.

We synthesize@pplicationkernelsusingaparallelizinghigh level synthesigramewvork calledSPARK [4]. This
framework takesa behaioral descriptionn C asinputandgeneratesynthesizableegistertransferlevel VHDL.

SPARK appliesa setof compiler parallelizingcompiler and synthesigransformationgo optimize the overall

14



quality of the synthesizedatircuit, i.e., the circuit delayandarea. The SPARK methodologyis particularlyuseful
for designswith complex control o w.

The generatedRTL VHDL wassynthesizedisingthe logic synthesigool, LeonardoSpectrum;the resultant
netlistwasmappedo the FPGA usingthe Altera Quartustool. The portionsof the applicationwhich were not
mappedto hardware were compiledand mappedonto the processoon the FPGA platform using the compiler

suitethatis partof the Nios developmentoolkit.
6.1 Case Study: MPEG-1 Prediction Block

In this section,we presenta casestudy using a multimediaapplicationto evaluatethe effectivenessof our
mappingalgorithmandto studythetrade-ofs betweerthethreeinterfacingandcommunicatiorschemeslescribed
in Section5. We usedthe prediction block from the MPEG-1multimediaapplication. The globalsdeclaredby
this block were53 integer variablesandtwo integer arraysof 64 entrieseach;makinga total of 181 integerdata
elements.

To begin with, threecomputationallyintensve kernelsin the applicationwere identi ed usingpro ling in-
formationwith the entire applicationrunningin software; eachof thesekernelsconsistedof nestedoopswith
identicalstructures.High level synthesiof this loop structurewasperformedusingour synthesigool followed
by the creationof a userde ned moduleconsistingof the applicationlogic for this loop structure the memory
controller controllogic andthe businterfacelogic. Theresourcellocationusedfor this designduring high level
synthesisvas1 ALU, 1 comparatoand1 shiftet

We usedtheLeonarddSpectrumogic synthesigool to synthesizéheuserde ned modulefor theAlteraFPGA.
Theresultsof this synthesisareshavn in Tablel. This tablegivesthe areaof the synthesizedircuit in termsof
thelogic cells, the maximumfrequeny thatthe synthesizedardware modulecanbe executedat on the FPGA,
andthe amountof memoryrequiredfor the hardware modulein termsof RAM block bits. The rst row shawvs
synthesigesultsfor the Nios systemmodulewithout our userde ned module. The secondow shavs theresults
for theuserde ned moduledescribeckarlierin this section.This hardwaremodulewasobtainedwithoutapplying
our memorymappingtechnique.We could not integratethis designwith the Nios embeddedystembecauset
wastoo big to t insidethe FPGA, giventhatthe capacityof the FPGAwas8320Logic Cells (LCs). Note that
themaximumfrequencieshavn in Table1 areonly the estimate®f thelogic synthesigool andwerefoundto be
slightly conserative.

Next, we appliedthe memorymappingalgorithmto the 181 dataelementdn the designandcameup with a
new memorycon guration. The constrainion the maximumnumberof portspermemorywassetto two because

thetarget FPGA couldat the mostsupportdual portedRAMs. Then,we madea nev memorycontrollerbasedn
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HW Module Area Max Freq | RAM Bits

Nios System 2800LCs | 47MHz 26496
UnmappedJserde ned | 9750LCs | 27 MHz 0
MappedUserde ned | 2450LCs | 32MHz 2048

Table 1. Logic synthesisresults for different hardware modules mapped to an Altera APEX20KE
EP20K200EFC484-2X-PGA target

thenew memorymapthatwascreatedafterapplyingthe memorymappingalgorithm. This controllerreplacedhe
old oneinsidetheuserde ned module.Weranlogic synthesiontheuserde ned moduleagainandobtainedthe
resultsshawvn in thethird row of Tablel.

Whenmemorymappingwasused,a 75% reductionin areawasobsered becausehe logic cells usedto im-
plementthe registersfor storingthe 181 dataelementsn the original casegot freedup. Thesedataelementgot
freshly mappedo regular banksof dual portedmemorywhich wasimplementedusingthe FPGAs RAM block
bits. A 19%increasan speedwvasalsoobsered. This wasprimarily dueto a signi cant reductionin theamount
of multiplexing logic usedaftermemorymappingwasapplied. The two tradeofs involved were: (a) using2048
extraRAM blockbitsand,(b) reducede xibility in assigningaddresses mappedrariables.The rst tradeof can
practicallybeignoredbecauseét constitutedonly 2% of the total RAM block bits available. The secondradeof
too wasnot very signi cant andcalledfor only a slight manualeffort to x theapplication. Thus,the obsered
75% reductionin area,alongwith the 19% increasein operatingfrequeng, clearly shavs the bene ts of our
memorymappingtechnique As aresult,we werealsoableto t thehardwareinsidethe FPGAeasily

For studyingthe threeinterfacingand communicatiorschemeslescribedn Section5, the memorymapped
versionof theuserde ned modulewasintegratedwith the Nios embeddedystem.To enablesoftwareto usethe
hardwarekernels adatastructurevasdeclaredvhich containedll theglobalvariablesdeclaredy theapplication.
Thestructurealsocontained/ariablescorrespondingo eachregisterinsidethecontrollogic block. Thesevariables
andregisterswerere-arrangeds per the nev memorymap generatedafter performingmemorymapping. The
applicationaccessethe hardwarethrougha pointerto a datastructureof this type (with the valueof thatpointer
beingsetto the baseaddresof the userde ned module). While implementingthe sharednemorywith no local
storageschemethe datastructurewassimply quali ed asvolatile. Executiontimeswererecordedusingatimer
peripherathathadbeenaddedo the systematthetime of systemintegration.

Table2 shavs thebreakupof executiontimesof variouspartsof theapplicationbasedn arunof 500iterations
of the application. For the datatransferbasedschemethe valuegivenin parenthese®r eachkernel(underthe

HW column)indicatesthe costof copying datafrom main memoryto mappedmemoryandthenvice-versaafter
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Scheme| Entity | SW(ms) | HW (ms) | Speedup
Kernell | 110 12(17) 9.2
Data | Kernel2 110 12(17) 9.2
Transfer | Kernel3 108 12(17) 9.0
Based Misc 42 96 -
Total 370 132 2.8
Shared | Kernell 178 12 14.8
Memory | Kernel2 178 12 14.8
with no | Kernel3 183 12 14.8
Local Misc 42 60 -
Storage | Total 581 96 6.1
Shared | Kernell 116 12 9.7
Memory | Kernel2 116 12 9.7
with Kernel3 109 12 9.1
Local Misc 42 59 -
Storage | Total 383 95 4.0

Table2. Executiontimesfor 500iterationsof variouskernelsof the application

execution.Miscellaneous cost representshe costof executingeverythingotherthanthe threekernels.Underthe
HW column,it representghe costof runningthatportionof theapplicationin software,which did notgetmapped
to hardware. It alsoincludesall softwareoverhead®f usingthehardware.

We seethat the datatransferbasedschemedid not performwell with this applicationdueto the overheadof
copying signi cant amountsf datafrom themainmemoryto themappednemoryandbackafterexecution.How-
ever, we might expectto seethis schemeperformwell whenthe computatioris moretime consumingcompared
to thecommunicatiortime. Theothertwo schemegerformednuchbetterbecaus®f thezerohardwaresoftware
communicatioroverheadassociateavith themandthefactthatthe bus speedvasashigh asthe processospeed.
Justaswe would expect,asmoreandmoreof the applicationwasrun in software, the sharednmemorywith local
storageschemeperformedprogressiely betterthanthe sharednemorywith nolocalmemoryschemebecausef
thelack of full compileroptimizationsn thelatter

Theperformancesf Kernell andKernel2 werealwaysthe samebecaus¢he two wereidenticalto eachother
while Kernel3 wasslightly different. In orderto run Kernel3 in hardware, the software neededo save a few
variablesin themainmemorywhich it would restoreafterexecution.Softwarealsoneededo performa seriesof

additionsafter Kernel3 had nished executingin hardware. This costof preparing to run Kernel3 in hardware
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Figure9. Executiontimesfor 500iterationsof the applicationwith differenthardware software partitions

wasaccountedor in miscellaneougsostsunderthe HW column. That explainswhy miscellaneougostsunder
hardware were obsered to be morethanthe miscellaneousostsundersoftware. Figure9 shavs the variation
in executiontime for eachof the threeschemess the applicationshifts executionfrom software to hardware.
This graphshaws thatthe sharednemorywith local storageschemeperformedhebestfrom amongthethree for
varioushardware software partitions. The datatransferbasedschemewasthe fastestsoftware only schemeso

takingit asthereferencethe sharednmemorywith local storageschemegave a speedupf 3.9.
7 Conclusionsand Future Work

We presentedn interface synthesisapproactthat forms part of a hardware-softvare co-designmethodology
tamgetedat FPGA-baseglatforms. This approachs basedon a novel memorymappingalgorithmthatmapsthe
dataelement®peratednby both,softwareandhardware to sharednemories.Thesesharednemoriesthus,form
a hardvareinterfacebetweenhe hardwareandsoftware component®f the application.We alsopresentedhree
software schemedor bridging betweerthe hardware interfaceandthe applicationsoftware. Resultsfor experi-
mentsperformednanMPEG-1applicatiordemonstratednimprovementn performancéy afactorof 3.9 when
threeapplicationkernelswereaccelerateth hardwareusingour interfacesynthesisapproachlin futurework, we
wantto validateour methodologyfor other FPGA platformsand develop a generalizechardware-softvare syn-
thesisframework thatincludestaskanalysisand partitioning. We alsowantto investigateimprovementsto the

heuristicusedin the memorymappingalgorithm.
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