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Abstract

This paper developsan instruction-level loop scedulingtedniqueto reduceboth execution
timeandbusswitdhing activitiesfor applicationswith loopson VLIW architectues. We proposean
algorithm, SAMLS(Switcing-Activity MinimizationLoop Seduling),to minimizeboth schedule
lengthand switching activities for applicationswith loops. In the algorithm, we obtain the best
schedulefromthe onesthat are geneatedfroman initial scheduleby repeatedlyresdiedulingthe
nodeswith schedulelengthand switching activitiesminimizationbasedon rotationsdedulingand
bipartite matding The experimentalresultsshowthat our algorithm can greatly reduceboth
schedulelengthand bus switching activitiescompaedwith the previouswork.

In orderto satisfyever-growing requirements$or high performancé®SP(Digital SignalProcess-
ing), VLIW (Very Long InstructionWord) architecturds widely adaptedn high-endDSP proces-
sors. A VLIW processohasmultiple functionalunits (FUs) and can processsereral instructions
simultaneouslyWhile this multiple-FU architecturecanbe exploited to increasdnstruction-leel
parallelismandimprove time performanceit causesnorepower consumptionn embeddedys-
tems, high performanceDSP needsto be performednot only with high datathroughputbut also
with low power consumption. Therefore,it becomesan importantproblemto reducethe power
consumptiorof a DSP applicationwith the optimizationof time performanceon VLIW proces-
sors.Sinceloopsareusuallythe mostcritical sectionsandconsumea signi cant amountof power
andtime in a DSP application,in this papey we addresdoop optimizationproblemanddevelop
aninstruction-leel loop schedulingechniqueto minimize bothpower consumptiorandexecution
time of anapplicationon VLIW processors.

Wefocusonreducingthepowerconsumptiorof applicationnVLIW architecturesy reducing
transitionactvities on theinstructionbus. Dueto large capacitanceandhigh transitionactuwities,
busesconsumesigni cant fractionof total power dissipationin a processorfFor example busesn
DEC Alpha21064processodissipatenorethan15%of thetotal pover consumptionandbusesn
Intel 80386processodissipatanorethan30%of thetotal[5]. In thispapeywe studybusswitching-
actvity reductionproblemfrom compilerlevel by instruction-leel scheduling.Usinginstruction-
level schedulingto reducebus switching actwities canbe consideredas an extensionof the low
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power bus codingtechniqueg14, 15] atcompilerlevel. In aVLIW processqraninstructionword

thatis fetchedonto the instructionbus consistsof severalinstructions.So we can“encode”each
longinstructionword to reducebus switchingactvities by arranginghelocationsandsequencef

instructionsof anapplication.A VLIW processousuallyhasabig numberof instructionbuswires
sothatit canfetch several instructionssimultaneously Therefore,we cangreatly reducepower
consumptiorby reducingswitchingactiities ontheinstructionbus.

In recentyears,peoplehave addressedhe issueto reducepower consumptiorby software ar
rangemenatinstructionlevel[17, 7]. Mostof work in instructionschedulindor low power focuses
on DAG (DirectedAcyclic Graph)scheduling.They studythe minimizationof switchingactuvities
consideringdifferentproblemssuchasregisterassignmenproblem(], I-cachedatabus[19, etc.

For VLIW architectures|ow-power relatedinstructionschedulingtechniqueshave beenpro-
posedin [7, 10]. In mostof thesework, the schedulingtechniquesare basedon traditional list
schedulingn which applicationsare modeledas DirectedAcyclic Graphandonly intra-iteration
dependencieareconsideredin this paper we shav we cansigni cantly improve boththe power
consumptiorandtime performancdor applicationswith loopson VLIW architectureby carefully
exploiting interiterationdependencies.

Severalloop optimizationtechniguediave beenproposedo reducepower variationsof applica-
tions. Yun andKim [20] proposea power-aware moduloschedulingalgorithmto reduceboththe
steppower andpeakpower for VLIW processorsYangetal. [18] proposeaninstructionschedul-
ing compilationtechniqueto minimize power variationin software pipelinedloops. A schedule
with the minimum power variationmay not be the schedulewith the minimum total enegy con-
sumptionnor aschedulavith the minimumlength. This paperfocuseson developingef cient loop
schedulingechniquedo reduceboth scheduldengthandswitchingactiities so asto reducethe
enegy consumptiorof anapplication.

Ourwork is relatedto [12, 13,7]. In [12, 13], Shinetal. proposea post-pas®ptimal operation
rearrangementethodfor VLIW instructionfetch to reducebus switchingactiities by convert-
ing the problemto the shortespathproblem. In [7], Leeetal. proposeaninstructionscheduling
techniqueto further reducebus switching actvities on VLIW architecturesy horizontally rear
rangingoperationgisingbipartitematchingandvertically reschedulingpperationsisinga heuristic
algorithm. In thesework, applicationsare representeds Directed Acyclic Graph(DAG). This
papershavs that we canfurther signi cantly reduceboth bus switching actvities and schedule
lengthfor applicationswith loopson VLIW processorsComparedwith the techniquein[7] that
optimizesthe DAG part of a loop, our techniqueshawvs an average21.1%reductionin swithing
actvities andanaveragel4.4%reductionin scheduldength. Oneof our basicideasis to exploit
interiterationdependenciesf aloop which is alsoknown assoftware pipelining[6, 3]. However,
thetraditionalsoftwarepipeliningsuchasrotationscheduling[B etc.,is performance-orienteaind
doesnotconsideriswitchingactities reduction.Thereforewe proposealoop schedulingapproach
thatoptimizesboththe scheduldengthandbus switchingactvities basedon rotationscheduling.

In ourpreviouswork [11], we prove thattheloop schedulingoroblemwith minimumlateny and
minimum switchingactuities is NP-completewith or without resourceconstraintsandproposea
heuristicalgorithmto reduceswitchingactvities and scheduldengthbasedon a greedystratgy
in which eachnodein a rotation nodesetis consideredseparatelyand re-scheduledo the best
locationoneby one.Thealgorithmbasednthis stratgy maynot give goodresultsfor someappli-
cations. Thus, this paperproposes betteralgorithm, SAMLS (Switching-Actvity Minimization
Loop Scheduling)basedn rotationschedulingandbipartitematching.

In SAMLS, we usea stratgy in which all nodesin arotationnodesetare consideredogether
andre-scheduledbaseon a bestmatchingobtainedby constructinga weightedbipartite matching



betweennodesand empty locations. And we selectthe bestscheduleamongthe onesthat are
generatedrom a giveninitial scheduleby repeatedlyreschedulinghe nodeswith scheduldength
and switching actwities minimization. SAMLS can be appliedto various VLIW architectures.
We experimentwith our algorithmon a setof benchmarks.The experimentsare performedon a
VLIW architecturesimilar to thatin [7] usingthe real TI C6000instructions. The experimental
resultsshav thatour algorithmcangreatlyreducebothbus switchingactivities andscheduldength
comparedvith the previouswork.

The remainderof this paperis organizedas follows. In Section2, we give the basicde ni-
tionsandconceptausedin therestof the paper The SAMLS algorithmis presentedn Section3.
Experimentatesultsandconcludingremarksareprovidedin Sectiond andSectionb, respectiely.

In this section,we introducebasicmodelsand conceptghatwill be usedin the later sections.
We rst introducethetarget VLIW architecturendcostmodel. Thenwe explain how to usecyclic
DFG to modelloops. Next we introducethe staticscheduleandde ne the switchingactiities of a
scheduleFinally, we introducethe basicconceptsf rotationscheduling.
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Figure 1. (a) Thetarget VLIW architectureand bus models. (b-c) A dot-productC codeandits corresponding
assemblycodefrom TI C6000[16.

TheabstractVLIW machineis shavn in Figure 1(a) that hasthe similar architectureasthatin
[7]. In thisVLIW architecturealonginstructionword consistf instructionsandeachinstruc-
tion is 32-bitlong. In eachclock cycle,alonginstructionword s fetchedto theinstructiondecoder
througha 32 K-bit instructionbusandcorrespondinghexecutedoy  FUs. The rst (K-1) FUs,

through , areinteger ALUs thatcando integer addition,multiplication, division, and
logic operation.The th FU, , cando branch/ ow controlandload/storeoperationin addi-
tion to all the otheroperations.A long instructionword cancontainoneload/storanstruction(or
branch/ ow control)and integer arithmetic/logicinstructions.Or it cancontain  integer
arithmetic/logicinstructions. The programthat consistsof long instructionwordsis storedin the
instructionmemaoryor cache. Memory addressings byte-based.This architecturds usedin our
experimentsWe obtaintheresultswhen equalsto 4.

Hammingdistancds usedto to estimateswitchingactvitiesin theinstructionbus. Giventwo bi-
narystrings hammingdistancas thenumberof bit differencebetweerthem.Let X=( )
andY=( ) betwo consecutie instructionwordsin which  and denoteheinstruc-
tionsatlocation of X andY, respectiely. Thenthebus switchingactiities causedy fetching
immediatelyafter in theinstructionbusis:

- - (1)



where _ is the functionto mapinstruction to its binary code,andh is the

hammingdistancebetween _ and _ .

Cyclic DataFlow Graph(DFG) is usedto modelloops. A cyclic DF Bi-
nary_String is a node-weightedand edge-weightedlirectedgraph,where is the setof nodes
andeachnodedenotesaninstructionof a loop, is the edgesetthatde nesthe data
dependengcrelationsfor all nodesn representthe numberof delaysfor ary edge ,

representthe computatiortime for ary node , and _ is afunctionto
mapary node to its binary code. Nodesin  areinstructionsin aloop. The computation

time of eachnodeis thecomputatiortime of thecorrespondingnstruction. Theedgewithoutdelay
representshe intra-iterationdatadependeng the edgewith delaysrepresentshe interiteration
datadependencandthenumberof delaysrepresentthe numberof iterationsrelatedto thedepen-
deng. Thecycleperiodof a DFG corresponds$o the minimumscheduldengthof oneiterationof

theloop whenthereis noresourceconstraint.

We usearealloop application,a dot-productiprogram o shav how to usecyclic DFG to model
aloop. A programto computethe dot-productof two integer arraysis shavn in Figure1-(b) and
its correspondingassemblycodefrom TI C6000[16] is shavn in Figure 1-(c). Our focusis the
loop body Basically in theloop bodyin Figurel-(c), 64-bit dataare rst loadedinto registersby
instruction . Thenthe multiplicationsare doneby instruction and for low
32 bits andhigh 32 bits, respectiely. Finally, the summationsredoneby instruction . To
modelthe loop body in Figure 1-(c), the mappingbetweenthe nodeandinstructionis shavn in
Figure2-(a)andthecorrespondingyclic DFGis shavn in Figure2-(b).
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Figure 2. (a)The nod(e)sandtheir correspondingnstructions. (b) The cyclic DFG thatrepresentshe loop bodyin
Figurel-(c). (c) Thescheduleggeneratedby thelist scheduling.

A staticschedulef acyclic DFGis arepeategbatternof anexecutionof thecorrespondingdpop.
In ourwork, aschedulempliesbothcontrolstepassignmenandallocation.A staticschedulanust
obey thedependengcrelationsof the DAG portion of the DFG. The DAG is obtainedby remaoving
all edgeswith delaysin the DFG. Assumethatwe wantto schedulehe DFG in Figure2-(b) to the
targetVLIW architecturavith 3 FUs( ). And letfunctionalunit and betheinteger
ALU, and betheload/store/branchinit. The staticschedulegeneratedby thelist scheduling
is shawvn in Figure2-(c). We use to denotethe locationof a nodein a schedulewhere is
therow andj is thecolumn.For example thelocationof node is in thescheduleshavn in
Figure2-(c).

The switching actiities of a static schedulefor a DFG are de ned as the summationof the
switchingactuities causedoy all long instructionwordsof a schedulen oneiterationon thein-
structionbus. It canbecalculatedby countingbit switchesontheinstructionbuswhenoneiteration
of aloop is executed.Sincethe staticschedulds repeatedlyexecutedfor a loop, the binary code
of thelastlong instructionword fetchedonto the instructionbusin the previousiterationis setas
the initial value of the instructionbus in the currentiteration. The switchingactvities causedn
the rst iterationmaybe differentfrom otheriterations sincetheinitial stateon theinstructionbus
for the rst iterationmay be different. A loop is usually executedmary timessothein uence of
the rst iterationis very smallto the averageswitchingactvities of a schedule.Thereforewe use



the switchingactvities of ary iterationexceptthe rst oneto denotethe switchingactvities of a
schedule.

Consideringnteriterationdependenciesetimingandrotationaretwo optimizationtechniques
for theschedulingf cyclic DFGs.Retiming[8] canbeusedto optimizethecycle periodof acyclic
DFGby evenlydistributingthedelaysn it. It generatetheoptimalscheduldor acyclic DFGwhen

thereis noresourceconstraintsGivenacyclic DFG , retimingr of G is afunction

from V to integers. For a node , the value of is the numberof delaysdravn from

eachof incomingedgesf node andpushedo all of the outgoingedges.Let

denotethe retimedgraphof  with retiming , then for every edge
in

RotationSdeduling[3] is aschedulingechniquausedto optimizealoop schedulavith resource
constraintslt transformsa scheduléo a morecompactoneiteratively. In mostcasesthe minimal
scheduldengthcanbe obtainedin polynomialtime by rotationscheduling.In eachrotation,the
nodesin the rst row of the schedulearerotateddown to the earliestpossibleavailablelocations.
In this way, the scheduldengthcanbe reduced.Fromthe retiming point of view, thesenodesget
retimedonceby draving onedelayfrom eachof incomingedgesf the nodeandaddingonedelay
to eachof its outgoingedgesn the DFG. Thenew locationsof thenodesin the schedulenustalso
obey thedependengcrelationsin thenew retimedgraph.
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Figure 3. a.(1) Theretimedgraph. (2) The scheduleafter the ®rst Rotation(3) The correspondingransformation
for theloop body b.(1) ThenodesandTI C6000machinecode.(2) The schedulegeneratedby thelist scheduling(3)

The schedulegeneratedy the algorithmsin[7]. (4) The schedulegeneratedy rotationscheduling.(5) The schedule
generatedby ourtechnique.

Using the schedulegeneratedy the list schedulingin Figure 2-(b) asan initial schedulewe
give anexamplein Figure3(a)to shawv how to rotatethenodesin the rst row (node and )to
generate morecompacischeduleTheretimedgraphis shavn in Figure3(a)-(1)andtheschedule
afterthe rst rotationis shavn in Figure 3(a)-(2). The scheduldengthis reducedto 3 afterthe
rst row is rotated. From the programpoint of view, rotation schedulingregroupsa loop body
and attemptsto reduceintra-dependencieamongnodes. For example,after the rst rotationis
performeda new loop is obtainedby thetransformatiorasshavn in Figure3(a)-(3),in whichthe
correspondingnstructionsfor node and arerotatedandput at the end of the new loop body
above the branchinstruction . And oneiterationof theold loop is separate@ndput outsidethe



new loop body: theinstructionsfor and areputin the prologueandthosefor the othernodes
areputin theepilogue.In thenew loopbody and performthe computatiorfor the ( )th
iterationwhenthe othernodesdo the computatiorof the . Thetransformedoop body afterthe
rotation schedulingcan be obtainedbasedon the retiming valuesof nodes[2. The codesizeis
increasedy introducingthe prologueandepilogueafterthe rotationis performed. This problem
canbesolvedby the codesizereductiontechniqueproposedn [21].

We usethereal machinecodefrom Tl C6000instructionsetfor this dot-productprogramand
comparescheduldengthandbus switchingactuities of the schedulegieneratedy varioustech-
niques. The nodesand their correspondingbinary code are shavn in Figure 3(b)-(1), and the
schedulesare shawvn in Figure 3(b)-(2-5)in which “SA” denotesthe switching actwities of the
scheduleand“SL” denoteghe scheduldength. Amongthem,theschedulegeneratedby our algo-
rithm shawn in Figure3(b)-(5) hasthe minimal bus switchingactvities andthe minimal schedule
length.

In [11], theloop schedulingproblemwith minimum lateny and minimum switchingactvities
is proved to be NP-completewith or without resourceconstraints.In this section,we proposea
heuristicalgorithm,SAMLS (Switching-Actvity Minimization Loop Scheduling)io reduceboth
schedulelength and switching actvities for applicationswith loops. The SAMLS algorithmis
shawvn in Figure4 andits two key functionsarediscussedn Figure5 and8, respectiely.

Input: DFG _ , theretimingfunction of , aninitial schedule of ,therotation
times
Output: A new schedule andanew retimingfunction .
Algorithm:
1. fori=1to
(a) Putall nodesin the®rstrow in intoaset . Retimingeachnode by . Delete

the®rstrow from andshift upby onecontrolstep.
(b) Reschedul¢henodesn by calling functionBipartiteMatchingNodesSchedule(G3,R) (Figure5).
(c) Minimize theswitchingactiitiesof row by row by callingfunctionRonByRow_BipartiteMatching(S)

(Figure8).
(d) Storetheobtainedscheduleandretimingfunctionby and
2. Select from suchthat  hasthe minimumswitchingactivities amongall minimum-lateng
schedulesOutputresults: and

Figure 4. Algorithm SAMLS.

The SAMLS Algorithm  Thebasicideais to obtaina betterscheduléy repeatedlyescheduling
the nodesbasedon the rotation schedulingwith schedulelength and switching activities mini-
mization.As shavn in Figure4, in SAMLS, we rst generate schedulebasednagiveninitial
schedulendthenselectheonewith theminimumswitchingactiities amongall minimum-latenyg
scheduleswhere is aninputintegerto determingherotationtimes. These schedulesreob-
tainedby repeatedlyreschedulinghe nodesin the rst row to new locationsbasedon the rotation
schedulingvith scheduldengthandswitchingactvities minimization. Two functions,Bipartite M-
atchingNodesSchedule@ndRowByRow _BipartiteMatching() areusedto generatea new sched-
ule. BipartiteMatchingNodesSchedule(y usedto reschedulghe nodesin the rst row to new



locationsto minimize scheduldengthandswitchingactvities. RowByRow BipartiteMatching()is

thenusedto further minimize the switchingactvities of a scheduleby performinga row-by-ron

scheduling. The implementatiorof thesetwo key functionsare shavn in Figure5 and Figure 8

below.

BipartiteMatching _NodesSchedule() BipartiteMatchingNodesSchedule{ shavnin Figure5.

Thebasicideais to constructaweightedbipartitegraphbetweerthenodesandtheemptylocations
andreschedulehe nodeshasedn the obtainedminimumcostmatching.

Input: DFG _ ,theretimingr of , aschedule ,andanodeset .
Output: Therevisedschedule .
Algorithm:

1. thescheduldengthof .
2. while ( is notempty)do

(a) Groupall emptylocationsof into blocksandlet bethe setof all blocks. If  is empty thenlet

; Continue.
(b) Constructa weighted bipartite graph betweennode set  and block set
in which: ; for each and ,if canbeputinto Block ,
then is addedinto with weight _
(c) If is empty thenlet ; Continue.
(d) Gettheminimumcostmaximummatch by calling functionMin_CostBipartite_ Matching( ).
(e) Findedge in  thathastheminimal weightamongall edgesn

(f) Assign intotheearliestpossibldocationin Block andremove fromset .

Figure 5. Algorithm Bipar titeMatc hing _NodesSc hedule().

In BipartiteMatchingNodesSchedule()we constructa weighedbipartite graph betweenthe
nodesandthe blocks. A block is a setthat containsthe consecutie empty locationsin a col-
umn of a schedule. For example, for the schedulein Figure 6, thereare 2 blocks:

and . Location(1,2)and(5,2)areconsecutie when
we considerthatthe schedulds repeatedlyexecutedasshawvn in Figure6-(b). We do not construct
a bipartitegraphdirectly betweerthe nodesandthe emptylocations,sincethe matchingobtained
from suchbipartitegraphmay not be a goodonein termsof minimizing switchingactuities. For
example,in Figure6, assumdwo nodes and arematchedo two consecutie locations(2,1)
and(3,1) in a bestmatchingthatis obtainedfrom a weightedbipartite graphconstructedlirectly
betweerthenodesandtheemptylocations.Sincetheswitchingactiitiescausedy and (they
arenext to eachother) are not consideredthe actualswitching actvities may be more thanthe
numberwe expectandthe matchingmay not be the best. Instead we constructthe bipartitegraph
betweerthe nodesandtheblocks.In suchaway, we canobtaina matchingshavn below in which
atmostonenodecanbe putinto a block.

The weightedbipartitegraphbetweenthe nodesandthe blocks, , is
Two blocks: Block 1 and Block 2
Blockl={ Eoo ™
ockl= 5 = A [ J
S ——— o | PuSt e
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. E // CE
[ B [ 5 1| V.
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Figure 6. (a)A givenschedule(b) Two blocksthatcontainconsecutie emptylocationsin a column.



constructedas follows: where is therotatednodesetand is the setof all
blocks. For eachnode andeachblock , if  canbeputinto atleastonelocationin
block , anedge is addedinto and . Function
computeghe switchingactiities when is put |nto Assumethat and

arethe correspondingnodesin the locationsimmediatelyabore andbelow the earliestiocation

that canbeputin inthesamecolumn,then _ is computedy:
- (2)
_ is the switchingactiities causedy replacing with
After is constructed, _ _ is called to obtaina minimum
weight maximumbipartite matching  of . Slncewe set the switching actvities as the
weight of edgesn , the schedulébasedon  will causethe minimum switchingactvities.
We nd theedge thathastheminimumweightin thematchingandschedule totheearliest

locationin . Weonly schedulemnenodefrom theobtainedmatchingeachtime. Sincemoreblocks
may be generateafter is scheduledpthernodesmay nd betterlocationsin the next matching.
In this way, we alsoputthe nodesinto the emptylocationsasmary aspossiblewithoutincreasing
thescheduldength. Therefore poththe scheduldengthandswitchingactiities canbereducedy

this stratgy.
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Figure 7. (a) Theschedulewith the®rstrow removed. (b) Theweightedbipartitegraph.(c) Theobtainedschedule.

Using the schedulegeneratedy the list schedulingin Figure 2-(c) asaninitial schedulewe
give an examplein Figure 7 to shav how to reschedulghe nodesin the rst row by SAMLS.
The schedulewith the rst row remoredis shavn in Figure 7-(a), and the constructedveighted
bipartite graphis shavn in Figure 7-(b). The weights of edgesin Figure 7 are obtainedus-

ing Equation2 shavn abore. For example,the weight of the edgebetween and _is
calculatedby: H(G,E)+H(G,C)-H(NOFE)-H(NORC)=14+12-10-8=8.The obtainedmatchingis
M= _ . Basedon SAMLS, node is scheduledo location(2,3) since

hasthemlnlmal weightin thematching.Similarly, node is scheduledo location
(1,2)in thesecondteration. The nal schedulés shavnin Figure7-(c).

RowByRow_BipartiteMatching() In RowByRow BipartiteMatching(),we horizontally sched-
ule nodesin eachrow to further reduceswitchingactuities. The algorithmis similar to the hori-
zontalschedulingn[7]. However, two differencesneedto be considered.First, every row in the
scheduleanberegardedastheinitial row in termsof minimizing switchingactvities, sincewe deal
with cyclic DFG andthe staticschedulecanbe regardedasa repeatedly-seecutedcycle. Second,
whenprocessinghelastrow, we needo notonly considethesecondo thelastrow but alsothe rst
row in thenext iteration,sincebothof themare x edatthattime. RowByRow BipartiteMatching()
is shavn in Figure8. After runningRonvByRow BipartiteMatching()with the scheduleshavn in
Figure7-(c) astheinput, we obtainthe nial scheduleshavn in Figure3(b)-(5)in Section2.

Discussionand Analysis Aswe shaw in thealgorithm,SAMLS canbeappliedto variousVLIW
architecture#f architecture-relatedonstraint@areconsideredn constructingheweightedbipartite



Input: A schedule .

Output: Therevisedschedule with switchingactivities minimization.
Algorithm:

1. thescheduldengthof and thenumberof columnsof

2. LetBS[Col] beabinarystringarrayandBS[Col]= BS[1],BS[2], ,BS[Col] . AndletInit_.BS[Col] beanother
binarystringarrayandinit_BS[Col]= Init_BS[1],Init.BS[2], ,Init.BS[Col] .

3. fori=1to

(a) .

(b) SetBS[K]=Init_BS[k]=Binary_String( ) for , Where denoteghe node
atlocation(1,k) in schedule .

(c) forj=2to
All nodesn Row in
Construct a weighted bipartite graph between node set and location set
. in which: ;
for each and , is added into and
is set as follows: If j Len, then W(e(u,k))=h(BinaryString(u),BS[k]); other
wise,W(e(u,k))=h(Binanstring(u),BS[k])+h(Binarystring(u), InitBS[k]).
Min_CostBipartite Matching( ).
Put intolocation(j,k) in  for eachedge
SetBS[k]=Binary_String( ) for

(d) Rotatedownthe®rstrow of by puttingit into thelastrow.

4. Select from where  hastheminimum switchingactiities. Output

Figure 8. Algorithm RowByRo w _Bipar titeMatc hing.

graphs.In the algorithm,we selectthe bestscheduldrom the generated schedules. should
beselectedo satisfythat is lessthanthegivenloop countwhere ina
rotatedgraph[4. In theexperimentswe foundthattherotationtimesto generatéhebestschedules
for variousbenchmarksare around _ , where _ is the scheduldength of the
correspondingnitial schedule.Loopsare usually executedmary timesin computation-intenge
DSPapplicationsso  canbeselectedas _ to guarante¢hata goodresultcan
beobtainedwhile therequiremenftor canstill besatis ed.

FredmarandTarjan[4] shav thatit takes to nd amin-costmaximumbipartite
matchingfor a bipartitegraph , where is the numberof nodesin and is the numberof
edgesn .Let bethenumberof instructionsn alonginstructionword (thatis alsothe number
of columnsin the given initial schedule).In BipartiteMatchingNodesSchedule(Figure5) the
numberof nodesn arow isatmost andthenumberof blocksis atmost . Toconstruceach
edgein the bipartitegraph,we need time to go throughthe graphto checkdependencies
anddecidewhetherwe canputa nodeinto anemptylocation. The constructedipartitegraphhas
at most ( ) nodesand at most edges. Soit takes
to nish therotationin BipartiteMatchingNodesSchedule()ln RonvByRow BipartiteMatching()
(Figure8), it takes to reschedulenerow. Soit takes to
nish thereschedulingow by row in RowByRow _BipartiteMatching(considering isaconstant.
Thereforethecompleity of SAMLS is , Where istherotationtimes,

is thenumberof edgesand is thenumberof nodes.



In this section,we experimentwith the SAMLS algorithmon a setof benchmarksncluding 4-
stagdattice Iter, 8-stagdattice Iter, differentialequatiorsolver, elliptic Iter andvoltera lter. In
the experimentswe selecttherotationtimes, , as _ where  _ is theschedule
lengthof the giveninitial schedule.Thatmeanseachnodeis rotatedabout10 timeson average.
The experimentalresultsshawv that the rotationtimesto generateéhe bestschedulesare around

_ , Whichis thetime whenall nodeshave beenrotatedonetime.

In the experiments,we rst obtainthe linear assemblycode basedon TI C6000for various
benchmarksThenwe modelthemasthe cyclic DFGs. We comparehe schedulegor eachbench-
markby varioustechniquesthelist schedulingthealgorithmin [7], rotationschedulingthe PRRS
algorithmin [11] andour SAMLS algorithm. In the list schedulingthe priority of a nodeis setas
thelongestpathfrom thisnodeto aleafnode[9]. Therunningtime of SAMLS oneachbenchmark
is lessthanoneminute.

Bench. List Rotation || PRRS[11] SAMLS

SA|[SL| SAJSL| SA] SL SA | SA(%) | SL | SL(%)
4-Lattice || 68 | 9 72| 7 38 7 34 | 50.0% | 7 | 22.2%
8-Lattice || 108 | 17 || 118 | 11 || 68 | 11 56 | 48.1% | 11 | 35.3%
DEQ 30 | 5 32 | 4 14 4 12 | 60.0% | 4 | 20.0%
Elliptic 136 | 14 || 136 | 14 || 86 | 14 72 | 47.1% | 14 | 0.0%

Voltera 70 | 12 || 68 | 12 || 38 | 12 32 | 543% | 12 | 0.0%

AverageReduction (%) over List Scheduling [ 51.9% | — ] 155%

Table 1. Thebusswitchingactivities andscheduldengthfor list schedulingrotationschedulingPRRSandSAMLS
whenFUs=4.

The experimentalresultsfor the list scheduling the rotation scheduling the PRRSalgorithm
from [11] andour SAMLS algorithm,areshavn in Tablel whenthenumberof FUsis 4. Column
“SA” presentshe switchingactivity of the staticscheduleandColumn“SL” presentshe schedule
lengthobtainedfrom threedifferentschedulingalgorithms.Column“SL(%)” and“SA(%)” under
“SAMLS” presenthe percentagef reductionin scheduldengthandswitchingactvities respec-
tively comparedo thelist schedulingalgorithm. The averagereductionis shavn in thelastrow of
thetable. SAMLS shavs an averagel5.5%reductionin scheduldengthand51.9%reductionin
bus switchingactiities comparedwith thelist scheduling.

Bench. HV _Schedule([7]) SAMLS
SA SC SA [ SA(%) | SL | SL(%)
4-Lattice || 46 9 34 | 26.1% 7 0.0%
8-Lattice || 64 17 56 | 12.5% | 11 | 17.6%
DEQ 26 5 12 | 53.8% | 4 | 20.0%
Elliptic 74 14 72 2.7% 14 | 0.0%
Voltera 42 12 32| 23.8% | 12 | 0.0%
| AverageReduction (%) [ 238% [ — [ 15.5% |

Table 2. Thebusswitchingactiities andscheduldengthfor SAMLS andthealgorithmsin[7] whenFUs=4.

To comparethe performancebetweenSAMLS andthe algorithmsin [7], we implementtheir
horizontalschedulingandvertical schedulinganddo experimentswith window size8. The experi-
mentalresultsfor thevariousbenchmarkareshavn in Table2 whenthenumberof FUsis 4. In the
table,"HV _Schedule’presentghe algorithmsin [7]. SAMLS shawvs anaveragel5.5%reduction
in scheduldengthand23.8%reductionin bus switchingactiity comparedvith the algorithmsin

[71.



This paperstudiedthe schedulingproblemthat minimizesboth scheduldengthand switching
actvities for applicationswith loopson VLIW architectures An algorithm,SAMLS (Switching-
Activity Minimization Loop Scheduling),was proposed. The algorithm attemptedto minimize
both switchingactvities and scheduldength by reschedulinghodesrepeatedlybasedon rotation
schedulingandbipartite matching. The experimentalresultsshaved that our algorithmproduces
a schedulewith a greatreductionin switchingactvities andscheduldengthfor high performance
DSPapplications.
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