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Abstract

Modern systems-onhips often allocate more silicon
real-estateon memorythanlogic. Theminimizationof on-
chip memonbecomencreasinglyimportantfor thereduc-
tion of manufacturingcost. In this paper we presenta new
techniquethat minimizesmemoryusage. Incopormatedin a
behaviorl synthesidool that synthesizegeneal-purpose
C programs,this techniqueis fully automatedcand doesnot
rely onusesto explicitly specifydataflowinformation.Ex-
perimentalresultsshowthat significantimprovementsan
beachievedfor thebendmarkset.

1 Intr oduction

Today’s telecommunicatiorand consumerelectronics
applicationsdemandcomputationapower that canbe met
only by integratingmoreandmorehardwarecomponentsn
asinglechip. Giventhatsuchapplicationgypically buffer
andprocessa large amountof data,the interfacebetween
logic andmemorytendsto becomehe performancéottle-
neck.While memorieeemplog/ing advancedsignalingtech-
niguessuchasRamhus memoriesareemepingto alleviate
theproblemi,it is oftensimplerandfasterto integratemem-
ory andlogic on a singlechip. It is hencenot surprisingto
find on-chipmemoriego occuypy alargerportionof silicon
areathanlogic doesin the future systems-on-chipswhile
traditional CAD researcthasdevotedto the minimization
of logic areain orderto reducemanufcturingcost,which
exponentiallydependsn the die size,the minimizationof
memorysize of generapurposeprogramshaslargely been
ignored.

Considera motivationalexamplein Figurel (a), where
memoryblocksa, b andc needto beallocatedto certain
memoryarea. A naie allocation,asperformedby almost
all thesoftwarecompilersjs to mapeachof theblockto dis-
tinct memorylocations,asshowvn in Figurel (c). A careful
inspectionof the programrevealsthatblock a andblock b
canin factbe shared]eadingto the allocationin Figurel
(e),which canbe obtainedby the modifiedprogramin Fig-

block a, b, c; block a, b, c;
for(i=0;i<100;i++) p = &b;

b[i] = rom([i] * a[i]; for(i=0;i<100;i++)
for(i=0;i<100;i *p ++ = rom[i] * ai];

i++)
c[i] = b[i] > 255 ? 255 : b[i];, p=&b;q=_&c;
for(i=0;i<100;i++)
*q++=*p >2557? 255 *p ++;

(CY (b)

union {
block a, c;
} cluster;
union { block b; } cluster2;

for(i=0;i<100;i++)

cluster2.bli] = rom[i] * clusterl.a[i];
for(i=0;i<100;i++

clusterl.cfi] = cluster2.b[i] > 255 ? 255 : cluster2.b[i];

(d) (e)

Figure 1. A motiv ational example .

urel (d).

One might argue that the programmershould identify
suchopportunitief memorysharingandenforcethemthe
sameway asFigurel (c) does.We believe thisrequirement
is unrealisticfor the following reasons.First, the primary
goal of a programmeror a behaior modeler(for the case
of hardwaresynthesis)is to specifyfunctionality, andread-
ability and maintainabilityhashigher priority thanimple-
mentatiordetails.Secondastheapplicationcompleity in-
creasesautomatedptimizationtools have a betterchance
to find optimalsolutionthanthe programmers.

Simpleasit mayseemthe memoryoptimizationin Fig-
ure 1 is rarely performedin traditional software compilers
andbehaioral synthesigools[5, 8]. Therearea number
of reasonsvhich preventsuchoptimizationsfrom beingin-
corporatedamongthe mostfundamentabnesis the diffi-
culty of revealingdatadependeng informationfor mem-
ory blocks underthe presenceof pointers. For example,
Figure 1 (b) performsthe samefunction as Figure 1 (a),
exceptpointeris usedto accessnembersof the memory
block. While a powerful programmingconstruct,pointer
introduceghe so-calledmemoryambiguityto the program,
whichis known to bethekiller for datadependenganaly-
sis. Forexample,in Figurel (b), it is hardto concludethatp
alwayspointsto the memoryblock b without sophisticated



analysis.As aresult,onehasto conseratively assumehat
thevalueof ¢ maydependon thevalueof a, underwhich
casea andc cannolongerbeshared.

While one canopt to usedomain-specifidanguageso
alleviate the problem, The reality is that most systemde-
signersuseC andits dervativesfor systemmodelingand
validation, and they usually exploit the power of pointer
constructdor the designof complex datastructuresandal-
gorithms.While thetrendis to directly synthesizeC instead
of behaioral HDLs into customhardware as needed9],
this paradignshift is not assimpleasa changeof language
frontend. Amongthe mary challengess the development
of optimizationstratgiesunderthe presencef pointercon-
structs.

In this paper we focus on the problemof static mem-
ory allocationfor generalpurposeC programsWe achieve
our goal of memoryminimizationby discosering chances
of memorysharing. The major contrikution of this paper
is thatunlike traditionalworks which eitherdependon ex-
plicit dataflav information,or regular arraydatastructure,
we rely on the useof sophisticategointer analysistech-
niguesto reveal the memoryaccesgatternswith reason-
ableaccurag, andhencewe areableto extendthe scopeof
programghatthe memorysharingoptimizationcanapply:

The rest of the paperis organizedas follows: In Sec-
tion 2, we discusgherelatedworks. In Section3, we make
anumberof simplifying assumptionandstatethe problem
formulation. In Section4 we presenour algorithmsin de-
tail. In Section5, we shav the experimentaresults.

2 RelatedWork

Thememoryplacemenproblemfor instructionanddata
cacheperformanceoptimization has beenstudied exten-
sively in the compilercommunity More recently Panda
et. al. [10] have studiedthis subjectfor embeddedoftware
andhardware.

The memorysize minimization problemhasbeencon-
sideredundertwo occasionsfFirst, BhattacharyyandLee
[1] have studiedbuffer minimizationfor the so-calledsyn-
chronoudataflav (SDF) programs.A SDF programmaod-
elsthe data(memory)accessxplicitly usingarcsbetween
the computationahctorsandhencethe memoryminimiza-
tion problemis well formulated. Seconda numberof re-
searchgroupsfor example the IMEC Acropolisgroup[2],
andlrvine ACESgroup[6], have studiedthe memorymin-
imizationproblemfor regulardatastructure.In their study
efficientanalysigechniquesreusedto optimizeprograms,
typically thosein multimediadomain, which operateon
multi-dimensionahrrays.

The major differencebetweenour work andthe above-
mentionedefforts is thatwe target pointerintensve appli-
cations,and we focus only on sequentialprograms. The

practicalimplicationof thisis thatourtool canhandlearbi-
trary C codeswith arbitrarycomplex datastructuresGiven
thefactthat mostapplicationsarefirst developedandvali-
datedin C, andthe amountof effort involvedin transform-
ing theminto dataflav programspur tool canbe attractve
for thosewhowould lik e to directly synthesizeC programs
into hardware.

Ourtool relieson pointeranalysistechniquewhich has
beenan intensie researchareain its own right. Pointer
analysistechniquesanbe classifiedas context-insensitve
[12], and contet-sensitve [14], with the latter having
higher accurag but also higher compleity. The pointer
analysistechniquesare traditionally usedfor instruction-
level performancémprovement. Recently [7] usesrefer
enceanalysis(the simplified, Jasa versionof pointeranaly-
sis)for coarse-grainegarallelism.[11] usegheanalyzeiof
[14] for pointerresolutionin hardware. Comparedo these
efforts, our contribution is the new applicationof pointer
analysigechniquefor memoryminimization.

When enoughinformationis collectedby analysis,we
use graph coloring algorithm for memory sharing. The
samealgorithmhasbeenusedfor the problemof register
allocation[3].

3 Problem Formulation

This papertacklesthestaticmemoryallocationproblem,
which assignsaddresse$o statically declaredvariablesin
a programin sucha way that the total memoryusageis
minimizedwithoutalternatingthe programbehavior.

In thetext thatfollows, we usethe formal algorithmno-
tation (FAN) to statedefinitionsand describealgorithms.
Unlike pseudo-codéasedalgorithmdescription,FAN re-
lies on a type systemwhereeachtype is representethy a
set,to presenthe algorithmin a formal, preciseway. For
example,the type () represents power setof A, andthe
type[ ]A representasequencef elementsn A. Readersire
expectedto find this notationvery similar to any strongly-
typedprogrammindanguagesndhencestraightforwardto
be translatedinto implementationyet abstractenoughto
allow concisepresentation.

We malke severalsimplifying assumptionor thesale of
concisepresentation

Assumption1 The program does not contain dynamic
memoryallocation.

Accordingto Assumptionl, thereshouldbe no system
callsmal | oc andf r ee involvedin aC program.Notethat
relaxingthis assumptiordoesnot breakour tool sinceit is
notourtool’sjob to managelynamicmemoryarnyway. One
canfold all dynamicallyallocatedmemoryinto onesingle
memoryblock andapplyour proposedalgorithmeasily



Giventhat,we cansafelyassumehatall memoryopera-
tionsareperformedon a setof memoryblockswith known
sizeat compiletime. This memoryblock setis formalized
in Definition 1.

Definition 1 A memory block b : Blodk is a membeiof

Blodck = tuple {
size :

}

WN -

Sincethe staticallydeclaredvariablescanbe potentially
accessedby all procedurespne needsan inter-procedural
analysisframework in orderto carry out the optimization.
We assumehat sucha framework exists andit effectively
providestheillusion thatall procedurecallsareinlined and
the entire programcan be representeds a single control
flow graph.

Assumption2 A behavioal program can be represented
asa contol flow graph,asdefinedn Definition2.

Definition 2 A control flow graph g: Cfg a membeiof

Cfg=tuple { 4
V : []Insrn; 5
E VXV, 6
} 7

Here,the verticesof the control flow graphrepresents
basicblock, or asequencef non-branchingnstructionsas
definedin Definition 3, andedgescapturethe control flow
information.

Assumption3 Theinstructionsin the contmol flow graph
arein staticsingleassignmentorm (SSA)4].

Definition 3 Aninstruction i : Ingrnis a membeof

Ingrn = tuple { 8
opcode 1 {LD,ST,AC,IC,FC,ORPHI}; 9
srcs . []InsrnuBlockuNui/{; 10

11

Each instruction is characterizedby its opcode and
operands. The LD opcodeindicatesa memoryload op-
eration, whoseonly operandindicatesthe addressof the
memorylocation.The ST opcodeindicatesa memorystore
instruction,whoseoperandsndicatethe addressandvalue
respectiely. The AC opcodeindicatesan addressonstant

instruction whichtakesamemoryblockasits operand.The
IC opcodeindicatesan integer constantinstruction,which

takesaninteger numberasits operand.The FC opcodein-

dicatesafloating-pointconstaninstruction,which takesan
floating point numberasits operand. The PHI instruction
is an artifact of SSA analysis[4], which combinesall its

operandsgachof which comingfrom a differentbranch,
into a singlevalue. The OP opcodeindicatesthe setof in-

structionswhich do not have sideeffectson memory such
asadditionandsubtraction.The differencedetweernthese
instructionsare not madesincethey areirrelevant for the
subsequerdnalysis.

0): AC B3
éf At
int *BO; ‘
IRE B1[100], B2[100]; 8)5 lACclgl
int B3[200]: (5): ST (@) (3)

/\

(6): AC B1
(7): IC8
(8): OP (7) (8)

int main() {
char *p, *q;

BO = B3;
B1[0] = 10;
if( cond )

q=2&B1[2];
else

(9): ACB2

(10): PHI (8) (9)
. AC BL
: LD (11)
13): ST (10) (12)
. AC BO
. LD (14)
: LD (10)
(14): ST (15) (16)

Figure 2. An example C program and its con-
trol flow graph.

Under theseassumptionswe can formulate the static
memoryallocationproblemasfollows.

Definition 4 Givena static memorysetB : ()Block and a
contmol flow graphg : Cfg, a static memory allocation is
afunction4 : B +— A suc that

e the total memorysize Zimax,p. 4(b)=iSiz& is mini-
mized;

e Vb, by € B, 4(b1) = A(bp) = for every execution
trace of g, lifetime of b; doesnot overlap with that
of bp. Here thelifetime of a memoryblock for an ex-
ecutiontraceis definedby the time betweernit is first
writtenandlastread.

4 Static Memory Allocation Algorithm

Our proposedilgorithmproceedsvith four steps.

In the first step, control flow analysisis performedto
obtainthedominancereeD (Line 19). A controlflow graph
nodea is saidto dominate or be the dominatorof, another
nodeb if every executionpathwhich passed alsopasses
a. A dominancereeis establishedy addingan edgeto a
nodefrom its immediatedominator Thedetailedalgorithm



for deriving thedominancdreeis ignoredheresinceit is a
well-known algorithm.

In the secondstep (Line 20), pointer analysisis per
formedto obtain the point-to function which mapseach
instructioncontainedn the controlflow graphto the setof
possiblememoryblocksthattheresultvalueof theinstruc-
tion maypointto.

In thethird step(Line 21), giventhedominancdreeand
point-to function, livenessanalysisis performedto con-
structsthe interference graph, where eachvertex in the
graphrepresent& memoryblock, and eachedgebetween
two verticesindicatesthatthe correspondindplockscannot
be shareddueto theoverlapof their life times.

Finally (Line 22), the interferencegraphis coloredto
obtaintheallocationresult.

Algorithm 1

memAloc = func( 12
B:()Blox g: Cfg 13
): B AL { 14
var D : Vg x Vg, 15
var p: Ingrni ()B; 16
var | : BxB; 17
18

D = dominanceAnaisigB,q); 19
p = pointerAnalysigB, g); 20
| = liveAnaysigB,g,D, p); 21
return coloring(B,1) ; 22

4.1 Pointer Analysis

As statedearlier theaim of pointeranalysids to givean
estimateof theruntimevaluesof all instructions.Of partic-
ular interestgo the pointeranalysisarethoseruntimeval-
ueswhich happento bethe addressesf memorylocations
within the memoryblocks understudy calledthe pointer
values Thechallengeof pointeranalysiss thatall impera-
tive programsnaintainaruntimestate whichitself consists
of memoryblocks. Sincethe programstatemay contain
pointervalues,andis constantlyretrieved and updatedby
the LD and ST instructions,it is mandatorythat the pro-
gram stateis kept track of. In otherwords, the possible
addressaluesthateachmemorylocationmayassumenust
bemaintainedateveryprogrampoint. Unfortunatelyunlike
instructionsthemseles, the numberof memorylocations
is unboundedsincethe size of programstateis unlimited
(if dynamicmemoryis involved) and every memoryword
canpotentiallyhold an addressalue. Therefore approxi-
mationsneedto beintroducedto reducethe computational
cost.

Assumption4 Differentelement®fthesamearrayarenot
distinguished.

Accordingto Assumptiord, all arrayelementsrefolded
into a single location set and pointer arithmeticdoesnot
changethe correspondingpointervalue. Note thatthis as-
sumptionis madeby all the pointeranalysigoolsdueto the
factthatarrayindexescannot beinferredat compiletime,
with the exceptionof loop inductionvariables.

Assumption5 Differentfields of the samerecod are not
distinguished.

Accordingto Assumptiorb, addressewith constanbff-
setsfrom a memoryblock arealsofoldedinto a singlelo-
cationset. Notethatthis assumptions presentedhereonly
for thesimplificationof presentatiosincetogethemith As-
sumption4, thereis no needto distinguishdifferentloca-
tions in the samememoryblock, and we can simply use
memoryblocksaspoint-tovalues.For a detailedtreatment
wherethe distinctionis made,the readersare referredto
[14].

(© (0): ACB3
(1 51;: AC BO
@ 2): ST (1) (0)
@) ->{ (3): IC 10
(4 54;: AC B1
(5 5): ST (4) (3)

T

6): AC B1
(9): AC B2

7): IC8
(8): OP (7) (8)
(10) -> {B1,B2}

10): PHI (8) (9)
(11) -> {B1} 11): AC BL
(12) > {} (12): LD (11)

(13) -> {} 13): ST (10) (12)
(14) -> {BO} 14): AC BO
(15) -> {B3} (15): LD (14)
(16): LD (10)

an->4 (14): ST (15) (16)

(6) —>{B1}
n—>{

( (9) > {B2
(8) —>{B1}

Figure 3. Pointer analysis.

Algorithm 2 shaws the simplified pointeranalysisalgo-
rithm. Note that p maintainsthe pointervaluesof all in-
structions,state maintainsthe pointer valuesof program
stateat the endof eachbasicblock,andsate maintainghe
pointervaluesof programstateat eachprogrampoint.

The algorithmsis formulatedundera standarddataflav
analysisframework. For eachiteration,it traverseghe con-
trol flow graphin preorder For eachcontrol flow graph
nodeyv, it first combinesall the programstatepointervalues
of all its predecessormito state(v). It thencomputeghe
pointervaluefor eachinstruction.WhenanLD instruction
is encounteredthe pointervalueis retrievedfrom state(v).
Likewise, whena ST instructionis encountered,state(v)
is updatedaccordingly The programterminatesuntil the
fixed-pointconditionis reachedthatis, the point-to value
of everyinstructionis notchanged.



Algorithm 2
pointerAnalysis= func( 25
B:()Blox g: Cfg 26
):Ingrnes ()8 { 27
var p: Ingrn ()8; ; 28
var state: Vg = (B ()B); 29
var changed : {true, false}; 30
var new : ()B; 31
32
while( () changed) { 33
changed = false 34
35
forall (v € preoder(Vy,Eg) ) { 36
forall(beB) 37
state(v)(b) = Uuepred(v,Eg)StaIe(u)(b); 38
forall(iev) { 39
if(opcodg = ICV opcodg = FC) 40
new = @; 41
elseif( opcodg = AC) 42
new = {srci[0]}; 43
elseif ( opcodg = OP ) 44
new = p(srci[0]); 45
elseif( opcodg = PHI ) 46
new = Uscgq P(S); 47
elseif( opcodg = LD ) 48
new = Ubep(gcl mstale(b); 49
elseif( opcodg =ST ) { 50
forall( b € p(srci[0]) ) 51
state(i)(b)u = p(srai[1]); gg
if(new# p(i) ) { 54
p(i) = new; 55
changed = trug 56
} 57
} 58
} 59
60
return p; 61
} 62
63

Figure3 shavs how theexamplein Figure2 is annotated
with the point-toinformationat the left handside.

4.2 InferenceGraph Construction

Next, the interferencerelationbetweenmemoryblocks
hasto beestablished.

To achieve this, onehasto first find out wherethe defi-
nition point of eachmemoryblock, thatis, whereit is first
assigned value. Note thattheanswemayvary for differ-
entcontrolflow graphnodesf they happerto belongto the
differentbranchesf the program. On the otherhand,the
answershouldbe the samefor all the nodesalonga partic-
ular pathof the control flow graph. The algorithmtriesto
constructhedef, whichmapsa memoryblockto its defin-
ing instructionfor eachflow graphnode,by traversingthe
flow graphin the preorderof its dominancetree D. For
eachnodetraversedit first inheritsthe definition point in-
formationfrom its immediatedominator Thenfor eachST
instructiondt encountersit updateghe definitionpointin-
formationif it is thefirst time thatthe correspondingnem-
ory blockis assigned.

Thealgorithmthentraverseghecontrolflow graphback-
wardsby computingthe live setof eachnode,thatis, the
setof memoryblocksthatarealive at the beginning of the
node.Thelive setof eachnodeis initialized asthe union of
thelive setsof all its successorsGiventhe orderof traver-
sal,we areassuredhatthelive setsof successorsave been
computed Instructionsin the nodeis thenexaminedin the
reverseorder: First,when&eranLD instructionis encoun-
tered, the correspondingnemoryblocks are addedto the
live set. Second,wheneer a definition point is encoun-
tered,the correspondingnemoryblocksareexcludedfrom
thelive set. Third, when&eramemoryaccessnstructionis
encounterednterferencedgeshetweerthe corresponding
memory blocks and the elementsof the live setare con-
structed.

Finally, theinterferenceedgesetis returned.

(82} (0): AC B3
{80} 1): AC BO
2): ST (1) (0)
3): IC 10
{81} (4): AC B1
(5): ST (4) (3)

‘A) - (BZN

(6): AC B1 (6): {B0,B1]
(7): IC8 (7):{B0,B1]
(8): OP (7) (8) |(8):{BO,BY

JLLNES

}
i
i
B
B
B!

28

(9): ACB2 (9): {B0,B1}

(10): PHI (8) (9)
(11): ACBL

LD

- ST
14) > {BO} 14): AC BO
15) -> {B3} (15): LD (14)
16) —> {} (16): LD (10!

(1
(1

(o) az)|
12 &

(1

(10) 1
17) > {} (17): ST (15) (16)

Figure 4. Liveness analysis.

Figure 3 shawvs the examplein Figure2 annotatedvith
thelive setinformationfor eachinstructionattheright hand
sideof eachbasicblock.

4.3 Graph Coloring

Giventheinterferencegraph,graphcoloringcanbe per
formedto obtaina clusteringof memoryblocks. Thatis,
the memorieghatareassignedhe samecolor areto be as-
signedthe samememoryaddress.The algorithmemploys
theheuristicausedin [3].

5 Experimental Result

We performedexperimentson the Toronto DSP bench-
marksuitedevelopedanddistributedby LeeandChow [13].
This benchmarlsuitecontainsboththekernelbenchmarks,
which consistof smallprogramsextractedfrom DSPappli-
cations,andthe applicationbenchmarksyhich consistof
completeprogramsperformingparticulartasks. Sinceour
tool is targetedowardsexploiting memorysharingfor large
programsit makesmoresensdghatwe examineapplication



Benchmark| #lines size size | saving
wi/t opt. | w/o opt.
adpcm 489 2,336 2,336 0%
spectrum 321 2,032 2,032 0%
compress 324 | 70,912| 70,656| 0.3%
edgedetect| 224 | 327,752| 196,644 40%
histogram 87 | 133,120 67,584| 50%
Ipc 632 7,388 5708| 23%

Table 1. Memory saving for Toronto DSP
Benchmark Suite.

benchmarks.While mostof thesebenchmarksisearrays

extensiely, our experimentsarecarriedout on thosewhere

arraysare accessedising pointersand hencearray-based
analysisbecomesnsuficient.

Table1l summarizeshe memorysaving we canachiere
for the following benchmarks:adpcm spect rum and
| pc are various speech processingapplications; and
conpr ess, edge_det ect , andhi st ogr amareimage
processingapplications. The comple&ity of eachbench-
markis givenin thefirst columnin termsof numberof lines
of C code. The secondcolumn gives the memoryusage
withoutoptimizationgnotethatafew benchmarkaremod-
ified to removethe manualoptimization).Thethird column
givesthe memoryusageif optimizationis performedusing
ourtool. Theforth columngivesthepercentagef memory
savzing we areableto achieve.

We obsene thatthe morecomple the datastructurean
applicationhas, the more chancest may have for mem-
ory minimization.For example theadpcmbenchmarlkas
only two arraysfor input andoutput,aswell assereral ar-
raysto keepfilter coeficient, in which caseour tool does
notreally help. Onthe otherhand,for thel pc benchmark,
wheretherearetwelve arrays,eachof which may have dif-
ferentsizesanddifferentlogical purposeswe cancompress
the memoryby merging arrayswith non-overlappinglife-
times. Note that this is also consistentwith the intuition
thatthe morecomplex theapplicationis, the moreunlikely
theprogrammersanafford to performmanuaimemoryop-
timization.

6 Conclusion

In this paperwe have presentedheimportanceof mem-
ory minimizationunderthe context of systems-on-chipie
thenpresented new techniquéor theglobalminimization
of memoriesUnlike previouswork, thistechniquecanhan-
dle arbitraryC programsjncludingthosewhich usepoint-
ersintensiely. We demonstratéheeffectivenes®f thisap-
proachby applyingthe proposedechniqueon DSPbench-

marks. Futurework will extendto the studyof networking
applicationsyhich containdrregulardatastructure aswell
asalgorithmimprovement,for example,enhancinghe ac-
curag of pointeranalysisaswell astheefficiency of mem-
ory allocation.
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