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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 handlingthegrowing complexity of chip designs[1].

FPGAsoftenplay animportantrole in platformsby providing �e xible, recon�gurablecircuit fabricsto build and

optimizetargetapplications.

Our focus is on platform designsfor multimediaandimageprocessingapplications.Our target architecture

modelsmany emerging platformsthat containa generalpurposeprocessorassistedby dedicatedhardware for

computationallyintensive tasks.Thehardwareassistsareimplementedon-boardFPGAblocksandthus,canbe

programmedfor differentapplications.Binding the applicationfunctionality to softwareandhardwarerequires

automatedmethodsto specify, generateandoptimizethe interfacebetweenthem. The interfaceshouldbe fast,

transparentandrequireminimalhardwareandsoftwareresources.This reportpresentsamethodologyto generate

theseinterfaces.

Multimediaandimageprocessingapplicationstypically operateon a largedataset.Consequently, whenthese

applicationsarepartitionedandmappedonto an FPGA-basedplatform, this datahasto be communicatedand

sharedbetweenthehardwareandsoftwarecomponents.Con�gurablelogic blocksin FPGAsaretypically inef�-

cientfor useasmemories:if westoreeachdataelementin aregisterandprovideanindependentaccessmechanism

for eachone,thentheresultingmemoryimplementationoccupiesa largeportionof theFPGAfabric. Instead,an

ef�cient way to implementtheselarge memoriesis to clusterthedataelementsinto RAMs or registerbanks.In

this report,wepresentour interfacesynthesisapproachthatef�ciently utilizesembeddedRAMs in FPGAsto im-

plementthememory. Ourapproachis basedonanovel memorymappingalgorithmthatgeneratesandoptimizesa

hardwareinterfaceusedfor integratingthecomputationallyexpensive applicationkernels(hardwareassists)with

therestof theplatform.

Our memorymappingalgorithmmakesuseof schedulinginformationon percycle dataaccesspatterns(avail-

ablefrom thehigh-level synthesistool) in orderto mapregistersto memories.Theuniquefeatureof thisalgorithm

is its ability to ef�ciently handledesignsin whichdataaccesspatternsareunknown duringscheduling- for exam-

ple, anarraybeingindexedby variableindiceswhich becomeknown only at run-time.This featureprovesto be

extremelyusefulwhendealingwith designsinvolving control�o w.

To validateourco-designmethodology, wepresentacasestudyof theco-designof acomputationallyexpensive

portionof theMPEG-1multimediaapplication.We �nd thatwithout usingour memorymappingalgorithm,the

portion mappedto the FPGA is too big to �t insideit. We alsocompareresultsfor varioushardware-software

interfacingschemesusedwith thisdesign.

The rest of this report is organizedas follows: in the next section,we discussrelatedwork. In Section3,
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we describeour methodologyandthe relationbetweenmemorymappingandhardwareinterfacesynthesis.We

alsoformulatethe memorymappingproblemandpresentan algorithmfor solving it. In Section4 we describe

thearchitectureof our hardwareinterface. In Section5, we describethechangesrequiredin thesoftwareto use

the hardware interfaceandexplain threehardware-software interfacingschemes.In Section6, we describeour

MPEG-1casestudyandthen,concludethereportwith adiscussion.

2 Related Work

Hardware-softwarepartitioning[2, 3] andhigh level synthesis[4, 5] have received signi�cant attentionover

thepastdecade.Interfacesynthesistechniqueshave focusedon variousissueslike optimizingtheuseof external

IO pinsof micro-controllersandminimizing glue logic [6]. However, theuseof memorymappingfor interface

synthesishasnot beenconsidered.Furthermore,hardware-softwareco-designmethodologiesthatsynthesizethe

hardwarecomponentasanASIC, pay little attentiontowardsoptimizingthememorymappingsincetheamount

of logic thatcanbemappedto anASIC is lessseverelyconstrainedthanthatfor FPGAs[2, 7, 8].

Most previous work on memorymappingandallocationof multiport memorieshasbeendonein thecontext

of datapath synthesisandhasfocusedon purely data�o w designs(no control constructs)[9, 10, 11]. These

algorithmsdo not dealwith unknown dataaccesspatternsbecauseno control�o w is involved. Memorymapping

and register binding algorithmsin the datapath synthesisdomainare basedon variablelifetime analysisand

registerallocationheuristics[10, 12, 13].

Early work on memorymappingin the context of FPGAshasnot utilized schedulinginformation[12, 14].

KarchmerandRosepresentanalgorithmfor packingdatastructureswith differentaspectratiosinto �x edwidth

memoriesavailableonFPGAs[15]. However, this is of limited usewhenapplicationsusesimpleandregulardata

structures.

3 Role of Interface Synthesis and Memory Mapping in a Co-Design Methodology

Interfacesynthesisis animportantaspectof ourhardware-softwareco-designmethodology, asshown in Figure

1. In our approach,we rely on a C/C++ baseddescription[16, 17, 18] for the systemmodel. After hardware-

softwarepartitioning,thehardwarepartis scheduledusingahigh-level synthesistool andtheschedulinginforma-

tion is passedto theinterfacesynthesizer.

This interfacesynthesizer– describedin detail in therestof thereport– generatesthehardwareinterfaceand

re-instrumentsthe softwarecomponentof the applicationto make appropriatecalls to the hardwarecomponent

via this interface.It alsopassestheaddressesof all registersthathave beenmappedto memoriesin thehardware

interfaceto thehigh-level synthesistool.
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Figure1. Roleof interfacesynthesisin a co-designmethodology

TheRTL codegeneratedby thehigh-level synthesistool andtheinterfacesynthesizerarethendownloadedto

theFPGA on theplatform. Similarly, the softwarecomponentis compiledanddownloadedinto the instruction

memoryof theprocessor.

3.1 Memory Mapping

Multimediaandimageprocessingapplicationsprocesslargeamountsof data.After partitioning,thehardware

componenthasto operateon thesamedatathatthesoftwareoperateson. Thus,thehardwarecomponentneedsto

storethis dataon theFPGA(seeSection4 for how this is achieved). Also, thestoreddatahasto bemultiplexed

andsteeredto variousfunctionalunitsthatcomprisethehardwarecomponent.Thepresenceof control�o w in the

applicationcodealsoaddssigni�cantly to themultiplexing costs.

The way the datais mappedto the memoryhasa tremendousimpacton the complexity of the multiplexers

and control generated.Ideally, we would storeall datain a single large memory. However, sucha memory

wouldrequireasmany portsasthemaximumnumberof simultaneousmemoryaccessesin any cycle [11]. This is

impracticalfor programmableFPGAplatforms,sincethey provide memorieswith only a limited numberof ports

[19, 20]. Consequently, memorieswith alargernumberof portshaveto beimplementedusingindividual registers.

This requiresa largenumberof registersandcomplex, largemultiplexersasshown in Figure2(a).

In our memorymappingapproach,we utilize schedulinginformation– availablefrom thehigh-level synthesis
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Unit 1Functional Functional Unit M

Functional Unit MFunctional Unit 1

1P  Ports P  Ports2 P  Portsk

Mem 1 Mem 2 Mem k

1 Port 1 Port 1 Port

Elem 1 Elem 2 Elem 3

1 Port

 Elem N

K : 2M  Mux

(b)

(a)

N : 2M  Mux

Elem 2Elem N Elem 3

Elem 1

Figure2. (a) UnmappedDesign:Registersfor each dataelement(b) MappedDesign:Dataelementsmappedto

memories,K � N

tool – aboutdataaccessesandthecyclesthatthey occurin. Wecanthenmapthedataelementsto memorybanks,

given constraintson the maximumnumberof portseachmemoryin the target FPGA canhave. This approach

eliminatestheuseof registersfor storage,thus,saving a large amountof area,which in turn canbeusedfor the

applicationlogic. Thisway, wecanalsousemuchsmallerandfastermultiplexersin thedata-pathasillustratedin

Figure2(b). In this �gure, size � Mem1 ��� size � Mem2 �����������	� size � Memk ��
 N.

Arraysanddatastructuresaremappedto memoriesafterbeingbrokendown into theirbasicconstituents(vari-

ables).Thesecanthenbemappedin a way identicalto regularvariables.Consequently, thesebasicconstituents

might getmappedto non-contiguousmemoryaddresses/locations. In Section5 we show how this drawbackcan

easilybeovercomeby makinga few changesto theapplicationsoftware.

3.2 Problem Formulation

Wearegivena setof n variables,V 

� vi ; i 
 1 � 2 � ������� � n � thatareaccessed(readandwritten)by all thekernels

of theapplication.In our currentmodel,only onekernelexecutesat any giventime. This impliesthatcontention

for variableaccessesbetweentwo kernelscannever occur. Notethat,eachelementin anarrayor datastructureis

consideredasa distinctvariablevi in V ; so for example,anarrayof sizen will have n entriesin V . We arealso

givenasetof memoryresourcetypes,Mtype 
�� m j ; j � Z ��� wherethesubscriptj indicatesthemaximumnumber

of portsavailable. The numberof readportsof memorytype m j aregiven by Portsread � m j � andwrite portsby

Portswrite � m j � .
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De�nition 3.1 The memorymappingproblem is to find a memory allocation φ : � Mtypes � 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. φ � m j � n � represents the list of variables mapped to the n-th

instance of memory type m j . The optimizationproblemis to minimize the total number of memory instances,

given by size � M � , with the constraint that for each memory instance � m j � n � used in the design, the number of

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

3.3 Mapping Algorithm

Theproblemde�ned above is anextensionof thememorymappingandvaluegroupingproblemfor datapath

synthesis,which is known to be NP-complete[21]. We adopta heuristicapproachto solving it; our memory

mappingalgorithmis listedin Figure3. For eachvariableto bemappedto amemoryinstance,thealgorithmcalls

thefunctionGetListO fCandMems to geta list of candidatememoryinstances(L) ontowhichthecurrentvariable

vc canpotentiallybemapped(line 3 in Figure3).

If this list is empty, anew memoryinstancewith justenoughportsfor v i is created,andvi is mappedto it (lines

4 to 6). If thelist is non-empty, wepick thememoryinstancewith thelowestcost.If thenumberof portsavailable

on this memoryinstancearesuf�cient to mapvi to it, thenvi is addedto the list of variablesφ � m j � k � mappedto

this instance;otherwise,a new memoryinstance� mp � q � with enoughportsis created.Theold memoryinstance

� m j � k � is discardedafterall variablesmappedto it havebeenre-mappedto � m p � q � . Finally, vi is mappedto � mp � q �
(lines9 to 13 in thealgorithm).

The algorithm for the function GetListO fCandMems is listed in Figure 4. This algorithm considerseach

memoryinstance� m j � k � in M alreadyallocatedto the design,andaddsthis instanceto the list L of candidate

memoryinstancesif thevariablevc canbe mappedto � m j � k � . A variablevc canbe mappedto � m j � k � when,vc

doesnotcon�ict in termsof readsor writeswith any othervariablemappedto � m j � k � , or � m j � k � hasenoughports

for accessingvariablevc besidesall thevariablesalreadymappedto it (line 3 in Figure4).

If � m j � k � doesnothaveenoughportsto mapvariablevc, thenwetry to �nd amemoryof typemp, suchthat,an

instanceof mp will satisfytheportconstraintswhenvariablesvc andφ � m j � k � (variablesalreadymappedto � m j � k � )
aremappedto it. If sucha memorytypeexists,it marksmemoryinstance� m j � k � for anupgradeto aninstanceof

memorytypemp (p � j) andaddsit to L (lines7 to 9).

Thealgorithmin Figure4 alsocalculatesacostfor mappingvc to eachmemoryinstancein L . Thiscostequals

thetotal numberof readandwrite portsof thememoryinstance.

Assumethat A is the total numberof hardwarekernelsaccessingthe memory, s is the lengthof the longest

scheduleamongthesekernels,while z is the maximumnumberof memoryaccessesoccuringin a singlecycle
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Algorithm 1: MapVariablesToMemories(V )

Output:Memoryinstancesusedin thedesignM,

Mappingbetweenmemoryinstancesandvariablesφ

1 : Initialize M � /0

2 : foreach(vi
� V ) do

3 : L � GetListOfCandMems(M, vi)

4 : if (L � /0) then /* Createanew memoryinstance*/

/* with aminimal numberof portsto satisfyvi */

5 : Add new instance� mp � n � of memorytypemp to M

6 : φ � mp � n ��� vi /* mapvi on nth instanceof mp

7 : else /* L is notempty*/

8 : Pick ��� m j � k � � mp � � L with lowestcost

9 : if (mp �� m j ) then

/* Add new qth instanceof memtypemp to M */

10: M � M 	
� mp � q �
11: φ � mp � q ��� φ � m j � k � /* Movevariablesto � mp � q � */

12: M � M ��� m j � k � /* Discard � m j � k � */

13: φ � mp � q ��� φ � mp � q �
	 vc

14: else /* mapvc to � m j � k � */

15: φ � m j � k ��� φ � m j � k ��	 vc

16: endif

17: endif

18: endforeach

Figure3. Thememorymappingalgorithm

by any onevariable. Then, lines 2 and3 in Figure4 individually contribute n andAsz to the time complexity

respectively. SotheGetListofCandMems algorithmhasaworstcasetimecomplexity of O � nAsz � . Theloop in line

2 of theMapVariablesToMemories algorithmin Figure3 causestheGetListofCandMems algorithmto executen

times.Thus,theworstcasetimecomplexity of theMapVariablesToMemories algorithmis O � n2Asz � .

3.4 Construction of Conflict Graphs

In theGetListOfCandMems algorithm,we determineif variablevc canbemappedto memoryinstance� m j � k �
by checkingfor potentialcon�icts with thevariablesφ � m j � k � thathave alreadybeenmappedto � m j � k � . This is

donefor every cycleandthus,wemaintainconflict graphs for eachcycle in theschedule.Nodesin con�ict graphs

representvariablesandan edgebetweentwo nodesdenotesa con�ict betweenvariables,i.e., both thevariables

9



Algorithm 2: GetListOfCandMems(M, vc)

Return:AvailableMemoriesList L

1 : Initialize List L � /0

2 : foreach(memoryinstance� m j � k � � M) do

3 : if (vc doesnot con�ict with φ � m j � k � in any cycle)

or ( � m j � k � hasenoughportsto mapvc) then

4 : L � L 	 � � m j � k � � m j ���
5 : Cost � m j � k ��� Portsread� m j � �

Portswrite � m j �
6 : else/*either con�ict or insuf�cient portsin � m j � k � */
7 : if (thereexistsmp

�
Mtype with enoughports

8 : to mapall variablesfrom � m j � k � andvc) then

9 : L � L 	
��� m j � k � � mp ���
10: Cost � m j � k � � Portsread � mp � �

Portswrite � mp �
11: endif

12: endif

13: endforeach

Figure4. Determiningthe list of availablememories

areaccessedin thatcycle.

To understandhow we usethesecon�ict graphs,considera designwith threevariablesv1, v2 andv3. Assume

thatv1 andv2 areaccessedduringcycle1, while v2 andv3 areaccessedduringcycle2. Thecorrespondingcon�ict

graphsfor thetwo cyclesaregivenin Figures5(a)and5(b). If we have only onememoryresourcetype,namely,

adualportedmemorym2, then,eachof thethreevariablescanbemappedto thesameinstanceof thedualported

memorywithoutviolatingtheportconstraints.This is becauseonly two of thethreevariablescon�ict in any cycle.

If we hadrepresentedthis usinga singlecon�ict graphfor all cycles,variablev2 would not have beenmappedto

memorybecausetwo con�ict edgeswouldhavebeenassociatedwith it, eventhoughtheaccessesoccurin different

cycles.

Let usexplorefurtherwith anotherexample.Consideranarrayarr consistingof threeelements,arr � 1� , arr � 2�
andarr � 3� . Thecorrespondingvariablesin V arev1, v2 andv3. Also, assumethatdualportedmemoriesarethe

only memorytypesavailable. In any given cycle, if therearemultiple accessesto arr usingvariableindicesi

and j (for examplearr � i � andarr � j � ), thenwecannotdeterminewhichelementsof thearrayactuallycon�ict until

runtime.Hence,wecreatecon�ict edgesbetweeneachpairof elementsin arr in thecon�ict graphcorresponding

to thatcycle. This resultsin thefully connectedcon�ict graphshown in Figure5(c). We canconcludefrom this
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Figure5. (a) Con�ict graphfor cycle1 (b) Con�ict graph for cycle2 (c) Con�ict graphwith colorlessnodes(d)

Con�ict graphwith multi-colorednodes

con�ict graphthatnoneof thethreevariablescanbemappedto thesamememoryinstancesincethememoryhas

only two ports.

But, this is anincorrectconclusionbecauseonly two of thethreevariableswill beaccessedin any cycle. This

implies that the threevariablescanbe mappedto a dual portedmemory. Thus,we �nd that per cycle con�ict

graphsare, by themselves, not powerful enoughto captureall the information necessaryto perform effective

memorymapping.

To addresssuchissues,we introducethenotionof accumulating colors in thenodesof thecon�ict graphsof

eachcycle. From amonga groupof variablesVG, if accessof any onein a cycle rulesout accessof the restin

thatcycle, thenthenodescorrespondingto eachvariablein thegroupVG aremarkedwith thesamecolorcG. This

color is uniquefrom thatof all othergroups.A nodecanaccumulatecolorsby beinga memberof morethanone

suchgroup.

Applying this to our example,we get the con�ict graphdepictedin Figure5(d). v1, v2 andv3 form a group

correspondingto accessby arr � i � . Eachof thesethreevariablesaremarked with onecolor sinceaccessingany

oneof themrulesoutaccessingtheothertwo. Similarly, v1, v2 andv3 form anothergroupcorrespondingto access

by arr � j � andaremarked with a secondcolor. Thus,eachof the threenodes/variablesendup accumulatingtwo

colors.

The numberof portsneededto mapa setof variablesto a singlememoryinstance,is equalto themaximum

numberof colorsin any cycle of all the variablesbeingmappedto that memoryinstance.In our example,the

numberof colorsaccumulatedby v1, v2 andv3 is two. Thus,we cansafelymapthesethreevariablesto a dual

portedmemory. We usethis coloringtechniquewhile creatingthepercycle con�ict graphsusedby our memory

mappingalgorithm.
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4 The Hardware Interface Architecture

An overview of the architectureobtainedafter hardware interfacesynthesisis shown in Figure6. The bus

interfacegeneratedis speci�c to thebusprotocolused.Thecontrol logic containsmemorymappedregistersthat

canbeusedto resetor start/stopexecutionof any of theapplicationlogic blocksthroughsoftware.It alsocontains

registersre�ecting theexecutionstatusandlogic for interruptgeneration,masking,et cetera.

The memorycontrollerservicesall memoryaccessrequestsfor dataresidingin the mappedmemoryM. It

is designedto give a higher priority to accessrequestsby the applicationlogic blocks. An accessrequestby

softwareis servicedonly if a freeport is currentlyavailableon thememoryinstance.Also, notethat,althoughthe

memorycontrollercanbedesignedto hidechangesin thememorymap(dueto memorymapping)from software,

we chooseto make changesto thedatastructuresin theapplicationsoftwareinstead.This is primarily because

of implementationeaseand the fact that, in any case,the applicationhasto be re-instrumentedto invoke the

hardware.For verycomplex applicationsthebestwaymightbeto changeboth,i.e. hideonly a few changesfrom

software,while modifying theapplicationappropriatelyto take careof thevisible changes.

5 The SW Interface

In the hardware interfaceshown in Figure6, the memoryM usesa contiguousaddressspace.Hence,data

declarationsin the software codehave to be reorderedso that they conform to the order in which they were

mappedto thisaddressspace.Theexamplein Figure7 illustratesthis.

In orderto make useof thehardwaremappedto theFPGA,thesoftwareneedsto interfaceandsharedatawith
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  int array1[256];
  int array2[256];   int array1[256];
  int element1;
  int element2;
  int element3;

  int element1;

  int element3;
  int array2[256];
  int element2;

     Map
New Memory

} *dm = 0xF800; } *dm = 0xF800;

struct example { struct example {

Figure7. Modi�ed addressoffsetsin thesoftware interfaceafter memorymapping

this hardware.Thesoftwarecaneithertransferall thedatato thehardware,or they canusea sharedmemory[8],

asexplainedin thenext two sections.

5.1 Data Transfer Based Scheme

In a data transfer scheme,all the shareddatais copiedfrom the processor(or main) memoryto the mapped

memoryM (in Figure6). Thehardwareis thenexecutedandtheresultsaremovedbackfrom themappedmemory

to themainmemory.

The advantageof using this schemeis that the executionspeedof the softwareportion of the applicationis

independentof thememoryusedby thehardware. Thedisadvantagesare: (a) the large communicationcostsof

copying datafrom softwareto hardwareandback,and(b) thecreationof heavy burstsof traf�c on theprocessor

bus, which canpotentiallystarve otherdevicesthat want to useit. Thus,to amortizethe communicationcost,

thehardware-softwarepartitioninghasto be donein sucha mannerthat communicationbetweenhardwareand

softwareis minimized.

5.2 Shared Memory Based Schemes

Theotherwayhardwareandsoftwarecaninterfaceis throughshared memory (i.e. M in Figure6 isshared).This

canbedoneby usingsharedmemorywith no local storage or sharedmemorywith local storage. In thescheme

with no localstorage,variablesanddatastructuresin thesharedmemoryaredeclaredsuchthatthecompilerdoes

not applyany memoryoptimizationsandusesprocessorregistersminimally (for example,by declaringthemas

volatile in theC code).Otherformsof local storagelike processorcachesarealsobypassedwhenaccessingthe

sharedmemory. Data to be processedby software is always readfrom the sharedmemory(in hardware) and

the resultsareimmediatelywritten back(no caching). Due to its simplicity, this schemecanbe usedwith any

processor.

In contrast,thesharedmemorywith localstorageschemecanonly beusedwhentheprocessorsupportsexplicit

instructionsfor �ushing all localstorageto memory.
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Theclearadvantageof boththeseschemesis thezerodatatransfer(communication)costbetweensoftwareand

hardware.However, thesharedmemorywith nolocalstorageschemehastheadditionaladvantagethatit maintains

datacoherency sincethedatais notbufferedinsidetheprocessor's localmemory. But, this causesextra traf�c on

theprocessorbuswhenever thesoftwareportionof theapplicationis running.A disadvantageof bothschemesis

thata largeraccesstime for mappedmemorycandegradeperformancesigni�cantly. Thus,theperformancewith

theseschemesdependscritically on the speedof the processorbus, the mappedmemoryandassociatedaccess

logic.

6 Experimental Setup and Results

WeusedAltera'sNiosdevelopmentplatform[19] for implementingthesystem.Thisplatformconsistsof asoft

coreof theNiosembeddedprocessor(nocaches)to whichvariousperipheralscanbeconnectedfor customization.

Oncethesystemhasbeencustomized,it canbesynthesizedandmappedontoanFPGAbasedboardprovidedby

Altera. TheusercanusededicatedRAM blockbits insidetheFPGAto implementmemorieshaving two or fewer

ports.Thesystemlevel architectureis shown in Figure8 wheretheuser-de�ned moduleis thehardwaredepicted

insidetheFPGAin Figure6. Thisentiresystem,consistingof theNiosprocessorandits standardperipherals,the

mainmemory, theCPUbusandtheuser-de�ned moduleoperateata frequency of 33.33MHz.

Wesynthesizedapplicationkernelsusingaparallelizinghighlevel synthesisframework calledSPARK [4]. This

framework takesa behavioral descriptionin C asinput andgeneratessynthesizableregister-transferlevel VHDL.

SPARK appliesa setof compiler, parallelizingcompiler, andsynthesistransformationsto optimize the overall
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quality of thesynthesizedcircuit, i.e., thecircuit delayandarea.TheSPARK methodologyis particularlyuseful

for designswith complex control�o w.

The generatedRTL VHDL wassynthesizedusingthe logic synthesistool, LeonardoSpectrum;the resultant

netlistwasmappedto the FPGA usingthe Altera Quartustool. Theportionsof theapplicationwhich werenot

mappedto hardwarewerecompiledandmappedonto the processoron the FPGA platform usingthe compiler

suitethatis partof theNiosdevelopmenttoolkit.

6.1 Case Study: MPEG-1 Prediction Block

In this section,we presenta casestudy usinga multimediaapplicationto evaluatethe effectivenessof our

mappingalgorithmandto studythetrade-offs betweenthethreeinterfacingandcommunicationschemesdescribed

in Section5. We usedthe prediction block from the MPEG-1multimediaapplication.The globalsdeclaredby

this block were53 integervariablesandtwo integerarraysof 64 entrieseach;makinga total of 181integerdata

elements.

To begin with, threecomputationallyintensive kernelsin the applicationwere identi�ed usingpro�ling in-

formationwith the entireapplicationrunningin software; eachof thesekernelsconsistedof nestedloopswith

identicalstructures.High level synthesisof this loop structurewasperformedusingour synthesistool followed

by the creationof a user-de�ned moduleconsistingof the applicationlogic for this loop structure,the memory

controller, controllogic andthebusinterfacelogic. Theresourceallocationusedfor this designduringhigh level

synthesiswas1 ALU, 1 comparatorand1 shifter.

WeusedtheLeonardoSpectrumlogicsynthesistool to synthesizetheuser-de�nedmodulefor theAlteraFPGA.

Theresultsof this synthesisareshown in Table1. This tablegivestheareaof thesynthesizedcircuit in termsof

the logic cells, themaximumfrequency that thesynthesizedhardwaremodulecanbeexecutedat on theFPGA,

andtheamountof memoryrequiredfor thehardwaremodulein termsof RAM block bits. The �rst row shows

synthesisresultsfor theNios systemmodulewithout our user-de�ned module.Thesecondrow shows theresults

for theuser-de�nedmoduledescribedearlierin thissection.Thishardwaremodulewasobtainedwithoutapplying

our memorymappingtechnique.We could not integratethis designwith the Nios embeddedsystembecauseit

wastoo big to �t insidetheFPGA,given that thecapacityof theFPGAwas8320Logic Cells (LCs). Note that

themaximumfrequenciesshown in Table1 areonly theestimatesof thelogic synthesistool andwerefoundto be

slightly conservative.

Next, we appliedthe memorymappingalgorithmto the181 dataelementsin the designandcameup with a

new memorycon�guration. Theconstrainton themaximumnumberof portspermemorywassetto two because

thetargetFPGAcouldat themostsupportdualportedRAMs. Then,wemadeanew memorycontrollerbasedon
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HW Module Area Max Freq RAM Bits

Nios System 2800LCs 47MHz 26496

UnmappedUser-de�ned 9750LCs 27MHz 0

MappedUser-de�ned 2450LCs 32MHz 2048

Table 1. Logic synthesis results for different hardware modules mapped to an Altera APEX20KE

EP20K200EFC484-2XFPGA target

thenew memorymapthatwascreatedafterapplyingthememorymappingalgorithm.Thiscontrollerreplacedthe

old oneinsidetheuser-de�ned module.Weranlogic synthesison theuser-de�ned moduleagainandobtainedthe

resultsshown in thethird row of Table1.

Whenmemorymappingwasused,a 75% reductionin areawasobserved becausethe logic cells usedto im-

plementtheregistersfor storingthe181dataelementsin theoriginal casegot freedup. Thesedataelementsgot

freshlymappedto regularbanksof dualportedmemorywhich wasimplementedusingtheFPGA's RAM block

bits. A 19%increasein speedwasalsoobserved. This wasprimarily dueto a signi�cant reductionin theamount

of multiplexing logic usedaftermemorymappingwasapplied.Thetwo tradeoffs involved were: (a) using2048

extraRAM blockbitsand,(b) reduced�e xibility in assigningaddressesto mappedvariables.The�rst tradeoff can

practicallybeignoredbecauseit constitutedonly 2% of thetotal RAM block bits available. Thesecondtradeoff

too wasnot very signi�cant andcalledfor only a slight manualeffort to �x theapplication.Thus,theobserved

75% reductionin area,along with the 19% increasein operatingfrequency, clearly shows the bene�ts of our

memorymappingtechnique.As a result,we werealsoableto �t thehardwareinsidetheFPGAeasily.

For studyingthe threeinterfacingandcommunicationschemesdescribedin Section5, the memorymapped

versionof theuser-de�ned modulewasintegratedwith theNios embeddedsystem.To enablesoftwareto usethe

hardwarekernels,adatastructurewasdeclaredwhichcontainedall theglobalvariablesdeclaredby theapplication.

Thestructurealsocontainedvariablescorrespondingtoeachregisterinsidethecontrollogicblock. Thesevariables

andregisterswerere-arrangedasper the new memorymapgeneratedafter performingmemorymapping. The

applicationaccessedthehardwarethrougha pointerto a datastructureof this type(with thevalueof thatpointer

beingsetto thebaseaddressof theuser-de�ned module).While implementingthesharedmemorywith no local

storagescheme,thedatastructurewassimply quali�ed asvolatile. Executiontimeswererecordedusinga timer

peripheralthathadbeenaddedto thesystemat thetimeof systemintegration.

Table2 shows thebreakupof executiontimesof variouspartsof theapplicationbasedonarunof 500iterations

of theapplication.For thedatatransferbasedscheme,thevaluegiven in parenthesesfor eachkernel(underthe

HW column)indicatesthecostof copying datafrom mainmemoryto mappedmemoryandthenvice-versaafter
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Scheme Entity SW(ms) HW (ms) Speedup

Kernel1 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 Kernel1 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 Kernel1 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 theapplication

execution.Miscellaneous cost representsthecostof executingeverythingotherthanthethreekernels.Underthe

HW column,it representsthecostof runningthatportionof theapplicationin software,whichdid notgetmapped

to hardware.It alsoincludesall softwareoverheadsof usingthehardware.

We seethat the datatransferbasedschemedid not performwell with this applicationdueto theoverheadof

copying signi�cant amountsof datafrom themainmemoryto themappedmemoryandbackafterexecution.How-

ever, we might expectto seethis schemeperformwell whenthecomputationis moretime consumingcompared

to thecommunicationtime. Theothertwo schemesperformedmuchbetterbecauseof thezerohardwaresoftware

communicationoverheadassociatedwith themandthefactthatthebusspeedwasashigh astheprocessorspeed.

Justaswe would expect,asmoreandmoreof theapplicationwasrun in software,thesharedmemorywith local

storageschemeperformedprogressively betterthanthesharedmemorywith no localmemoryschemebecauseof

thelack of full compileroptimizationsin thelatter.

Theperformancesof Kernel1 andKernel2 werealwaysthesamebecausethetwo wereidenticalto eachother

while Kernel3 wasslightly different. In orderto run Kernel3 in hardware, the softwareneededto save a few

variablesin themainmemorywhich it would restoreafterexecution.Softwarealsoneededto performaseriesof

additionsafterKernel3 had�nished executingin hardware. This costof preparing to run Kernel3 in hardware
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Figure9. Executiontimesfor 500iterationsof theapplicationwith differenthardware software partitions

wasaccountedfor in miscellaneouscostsundertheHW column. That explainswhy miscellaneouscostsunder

hardwarewereobserved to be morethanthe miscellaneouscostsundersoftware. Figure9 shows the variation

in executiontime for eachof the threeschemesasthe applicationshifts executionfrom software to hardware.

Thisgraphshows thatthesharedmemorywith localstorageschemeperformedthebestfrom amongthethree,for

varioushardwaresoftwarepartitions. The datatransferbasedschemewasthe fastestsoftwareonly scheme;so

takingit asthereference,thesharedmemorywith localstorageschemegaveaspeedupof 3 � 9.

7 Conclusions and Future Work

We presentedan interfacesynthesisapproachthat forms part of a hardware-softwareco-designmethodology

targetedat FPGA-basedplatforms.This approachis basedon a novel memorymappingalgorithmthatmapsthe

dataelementsoperatedonbyboth,softwareandhardware,tosharedmemories.Thesesharedmemories,thus,form

a hardwareinterfacebetweenthehardwareandsoftwarecomponentsof theapplication.We alsopresentedthree

softwareschemesfor bridging betweenthehardwareinterfaceandthe applicationsoftware. Resultsfor experi-

mentsperformedonanMPEG-1applicationdemonstratedanimprovementin performanceby afactorof 3 � 9 when

threeapplicationkernelswereacceleratedin hardwareusingour interfacesynthesisapproach.In futurework, we

want to validateour methodologyfor otherFPGA platformsanddevelop a generalizedhardware-softwaresyn-

thesisframework that includestaskanalysisandpartitioning. We alsowant to investigateimprovementsto the

heuristicusedin thememorymappingalgorithm.
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