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Abstract

This paper developsan instruction-level loop schedulingtechniqueto reduceboth execution
timeandbusswitchingactivitiesfor applicationswith loopsonVLIWarchitectures.Weproposean
algorithm,SAMLS(Switching-ActivityMinimizationLoopScheduling),to minimizebothschedule
lengthand switching activitiesfor applicationswith loops. In the algorithm, we obtain the best
schedulefromtheonesthat are generatedfroman initial scheduleby repeatedlyreschedulingthe
nodeswith schedulelengthandswitchingactivitiesminimizationbasedonrotationschedulingand
bipartite matching. The experimentalresultsshowthat our algorithm can greatly reduceboth
schedulelengthandbusswitchingactivitiescomparedwith thepreviouswork.
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In orderto satisfyever-growing requirementsfor highperformanceDSP(Digital SignalProcess-
ing), VLIW (Very Long InstructionWord) architectureis widely adaptedin high-endDSPproces-
sors. A VLIW processorhasmultiple functionalunits (FUs)andcanprocessseveral instructions
simultaneously. While this multiple-FUarchitecturecanbeexploited to increaseinstruction-level
parallelismandimprove time performance,it causesmorepower consumption.In embeddedsys-
tems,high performanceDSPneedsto be performednot only with high datathroughputbut also
with low power consumption.Therefore,it becomesan importantproblemto reducethe power
consumptionof a DSPapplicationwith the optimizationof time performanceon VLIW proces-
sors.Sinceloopsareusuallythemostcritical sectionsandconsumea signi�cant amountof power
andtime in a DSPapplication,in this paper, we addressloop optimizationproblemanddevelop
aninstruction-level loopschedulingtechniqueto minimizebothpower consumptionandexecution
timeof anapplicationon VLIW processors.

Wefocusonreducingthepowerconsumptionof applicationsonVLIW architecturesby reducing
transitionactivities on the instructionbus. Dueto large capacitanceandhigh transitionactivities,
busesconsumeasigni�cant fractionof totalpowerdissipationin aprocessor. For example,busesin
DECAlpha21064processordissipatemorethan15%of thetotalpowerconsumption,andbusesin
Intel 80386processordissipatemorethan30%of thetotal[5]. In thispaper, westudybusswitching-
activity reductionproblemfrom compilerlevel by instruction-level scheduling.Usinginstruction-
level schedulingto reducebus switchingactivities canbe consideredasan extensionof the low
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power buscodingtechniques[14, 15] at compilerlevel. In a VLIW processor, aninstructionword
that is fetchedonto the instructionbus consistsof several instructions.So we can“encode”each
long instructionword to reducebusswitchingactivities by arrangingthelocationsandsequenceof
instructionsof anapplication.A VLIW processorusuallyhasabig numberof instructionbuswires
so that it canfetch several instructionssimultaneously. Therefore,we cangreatly reducepower
consumptionby reducingswitchingactivities on theinstructionbus.

In recentyears,peoplehave addressedthe issueto reducepower consumptionby softwarear-
rangementat instructionlevel[17, 7]. Mostof work in instructionschedulingfor low power focuses
onDAG (DirectedAcyclic Graph)scheduling.They studytheminimizationof switchingactivities
consideringdifferentproblemssuchasregisterassignmentproblem[1], I-cachedatabus[19], etc.

For VLIW architectures,low-power relatedinstructionschedulingtechniqueshave beenpro-
posedin [7, 10]. In mostof thesework, the schedulingtechniquesarebasedon traditional list
schedulingin which applicationsaremodeledasDirectedAcyclic Graphandonly intra-iteration
dependenciesareconsidered.In this paper, we show we cansigni�cantly improve boththepower
consumptionandtimeperformancefor applicationswith loopsonVLIW architecturesby carefully
exploiting inter-iterationdependencies.

Severalloopoptimizationtechniqueshave beenproposedto reducepowervariationsof applica-
tions. Yun andKim [20] proposea power-awaremoduloschedulingalgorithmto reduceboth the
steppower andpeakpower for VLIW processors.Yanget al. [18] proposeaninstructionschedul-
ing compilationtechniqueto minimize power variation in softwarepipelinedloops. A schedule
with the minimum power variationmay not be theschedulewith the minimum total energy con-
sumptionnoraschedulewith theminimumlength.Thispaperfocusesondevelopingef�cient loop
schedulingtechniquesto reducebothschedulelengthandswitchingactivities soasto reducethe
energy consumptionof anapplication.

Our work is relatedto [12, 13,7]. In [12, 13], Shinet al. proposea post-passoptimaloperation
rearrangementmethodfor VLIW instructionfetch to reducebus switchingactivities by convert-
ing theproblemto theshortestpathproblem. In [7], Leeet al. proposean instructionscheduling
techniqueto further reducebus switchingactivities on VLIW architecturesby horizontally rear-
rangingoperationsusingbipartitematchingandvertically reschedulingoperationsusingaheuristic
algorithm. In thesework, applicationsare representedas DirectedAcyclic Graph(DAG). This
papershows that we can further signi�cantly reduceboth bus switchingactivities and schedule
lengthfor applicationswith loopson VLIW processors.Comparedwith the techniquein[7] that
optimizesthe DAG part of a loop, our techniqueshows an average21.1%reductionin swithing
activities andanaverage14.4%reductionin schedulelength. Oneof our basicideasis to exploit
inter-iterationdependenciesof a loop which is alsoknown assoftwarepipelining[6, 3]. However,
thetraditionalsoftwarepipeliningsuchasrotationscheduling[3], etc.,is performance-orientedand
doesnotconsiderswitchingactivitiesreduction.Therefore,weproposealoopschedulingapproach
thatoptimizesboththeschedulelengthandbusswitchingactivitiesbasedon rotationscheduling.

In ourpreviouswork [11], weprovethattheloopschedulingproblemwith minimumlatency and
minimumswitchingactivities is NP-completewith or without resourceconstraints,andproposea
heuristicalgorithmto reduceswitchingactivities andschedulelengthbasedon a greedystrategy
in which eachnodein a rotation nodeset is consideredseparatelyand re-scheduledto the best
locationoneby one.Thealgorithmbasedonthisstrategy maynotgivegoodresultsfor someappli-
cations.Thus,this paperproposesa betteralgorithm,SAMLS (Switching-Activity Minimization
LoopScheduling),basedon rotationschedulingandbipartitematching.

In SAMLS, we usea strategy in which all nodesin a rotationnodesetareconsideredtogether
andre-scheduledbaseon a bestmatchingobtainedby constructinga weightedbipartitematching



betweennodesand empty locations. And we selectthe bestscheduleamongthe onesthat are
generatedfrom a giveninitial scheduleby repeatedlyreschedulingthenodeswith schedulelength
and switching activities minimization. SAMLS can be appliedto variousVLIW architectures.
We experimentwith our algorithmon a setof benchmarks.The experimentsareperformedon a
VLIW architecturesimilar to that in [7] usingthe real TI C6000instructions. The experimental
resultsshow thatouralgorithmcangreatlyreducebothbusswitchingactivitiesandschedulelength
comparedwith thepreviouswork.

The remainderof this paperis organizedas follows. In Section2, we give the basicde�ni-
tionsandconceptsusedin therestof thepaper. TheSAMLS algorithmis presentedin Section3.
Experimentalresultsandconcludingremarksareprovidedin Section4 andSection5, respectively.
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In this section,we introducebasicmodelsandconceptsthat will be usedin the later sections.
We�rst introducethetargetVLIW architectureandcostmodel.Thenweexplainhow to usecyclic
DFG to modelloops.Next we introducethestaticscheduleandde�ne theswitchingactivities of a
schedule.Finally, we introducethebasicconceptsof rotationscheduling.

(Mul/Div)
FU 1

32 bits
int  dotp( short a [ ],  short  b [ ] )
{

int  sum, i;
int  sum1 = 0 ; 
int  sum2 = 0 ;

for( i = 0; i < 100/2; i+2 )
{

sum1 += a[i] * b[i];
sum2 += a[i+1] * b[i+1];

}
return  sum1  + sum2;

}

_dotp    .cproc   a,  b

                                    

 

  

loop:

.endproc

.return  A4

zero    sum1               ;  Set sum1 = 0  
mvk    50, i                ; i = 100/2
.reg  val_1, val_2, prod_1, prod_2
.reg  sum1, sum2,  i

zero    sum2               ;  Set sum2 = 0  

           ; get finial result

mpy    val_1, val_2, prod_1    ; a[0] * b[0]

add      prod_1, sum1, sum1    ; sum1 += a[0] * b[0]
add      prod_2, sum2, sum2    ; sum2 += a[1] * b[1]
add     �1, i, i      

Loop Body

 ; i��      
[i] b   loop ; if i>0, goto loop

ldw     * a++,  val_1                ; load a[0, 1] and add a by 1

mpyh  val_1, val_2, prod_2    ; a[1] * b[1]

add     sum1, sum2, A4

ldw     *b++,  val_2                ; load b[0, 1] and add b by 1

(c)(b)
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Figure 1. (a) The target VLIW architectureand bus models. (b-c) A dot-productC codeand its corresponding
assemblycodefrom TI C6000[16].

TheabstractVLIW machineis shown in Figure1(a) thathasthesimilar architectureasthat in
[7]. In thisVLIW architecture,a long instructionwordconsistsof � instructionsandeachinstruc-
tion is 32-bit long. In eachclockcycle,a long instructionword is fetchedto theinstructiondecoder
througha 32 � K-bit instructionbusandcorrespondinglyexecutedby � FUs. The�rst (K-1) FUs,
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, areintegerALUs thatcando integeraddition,multiplication,division, and
logic operation.The � th FU,

�����

, cando branch/�ow controlandload/storeoperationin addi-
tion to all theotheroperations.A long instructionword cancontainoneload/storeinstruction(or
branch/�ow control)and � �"! integerarithmetic/logicinstructions.Or it cancontain � integer
arithmetic/logicinstructions.Theprogramthatconsistsof long instructionwordsis storedin the
instructionmemoryor cache.Memoryaddressingis byte-based.This architectureis usedin our
experiments.Weobtaintheresultswhen � equalsto 4.

Hammingdistanceis usedto to estimateswitchingactivities in theinstructionbus.Giventwo bi-
narystrings,hammingdistanceis thenumberof bit differencebetweenthem.LetX=( #
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where
>

/A@.BDCJ* FHGICE/A@�L

3

# -A5 is the function to mapinstruction #�- to its binary code,andh is the
hammingdistancebetween

>

/A@.BOCE* FHGICE/A@�L

3

#�-A5 and
>

/K@.BOCE* FHGICE/A@�L

3

*P-A5 .
Cyclic DataFlow Graph(DFG) is usedto model loops. A cyclic DFG
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5 is a functionto
mapany node
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� to its binarycode.Nodesin � areinstructionsin a loop. Thecomputation
timeof eachnodeis thecomputationtimeof thecorrespondinginstruction.Theedgewithoutdelay
representsthe intra-iterationdatadependency; the edgewith delaysrepresentsthe inter-iteration
datadependency andthenumberof delaysrepresentsthenumberof iterationsrelatedto thedepen-
dency. Thecycleperiodof a DFG correspondsto theminimumschedulelengthof oneiterationof
theloopwhenthereis no resourceconstraint.

Weusea realloopapplication,adot-productprogram,to show how to usecyclic DFG to model
a loop. A programto computethedot-productof two integerarraysis shown in Figure1-(b) and
its correspondingassemblycodefrom TI C6000[16] is shown in Figure1-(c). Our focusis the
loop body. Basically, in the loop bodyin Figure1-(c), 64-bit dataare�rst loadedinto registersby
instruction ����� . Thenthemultiplicationsaredoneby instruction ����0 and ��� 0

2

for low
32 bits andhigh 32 bits, respectively. Finally, thesummationsaredoneby instruction � �!� . To
model the loop body in Figure1-(c), the mappingbetweenthe nodeandinstructionis shown in
Figure2-(a)andthecorrespondingcyclic DFG is shown in Figure2-(b).

InstructionNode

mpy  val_1,val_2,prod_1 

mpyh  val_1,val_2,prod_2 

A
B
C
D
E
F
G
H

ldw * a++, val_1 

add prod_1, sum1, sum1  

add prod_2, sum2, sum2  

add  �1, i, i 

[i] b   loop

ldw  *b++, val_2 

(a)  (b)  

A B

DC

E F

Computation Part

G H

 Control Part
( i=i�� )  G

B

E (sum1+= a[0]*b[0]) 

(a[0]*b[0]) C
H ( [i] b loop ) 

(load b[0�1]; b++) 

(load  a[0�1]; a++) A
 FU3 (Load/Store)   FU2   FU1   

1
2
3
4

D
F (sum2+= a[1]*b[1]) 

(a[1]*b[1]) 

(c) 

Figure 2. (a) Thenodesandtheir correspondinginstructions.(b) Thecyclic DFG that representsthe loop body in
Figure1-(c). (c) Theschedulegeneratedby thelist scheduling.

A staticscheduleof acyclic DFGis arepeatedpatternof anexecutionof thecorrespondingloop.
In ourwork,ascheduleimpliesbothcontrolstepassignmentandallocation.A staticschedulemust
obey thedependency relationsof theDAG portionof theDFG.TheDAG is obtainedby removing
all edgeswith delaysin theDFG.Assumethatwewantto scheduletheDFG in Figure2-(b) to the
targetVLIW architecturewith 3 FUs( � 7#" ). And let functionalunit

���
�

and
� �

& betheinteger-
ALU, and

���%$

betheload/store/branchUnit. Thestaticschedulegeneratedby thelist scheduling
is shown in Figure2-(c). We use

3

/

$'&

5 to denotethe locationof a nodein a schedule,where / is
therow andj is thecolumn.For example,thelocationof node

>

is
3�( $

"+5 in thescheduleshown in
Figure2-(c).

The switching activities of a static schedulefor a DFG are de�ned as the summationof the
switchingactivities causedby all long instructionwordsof a schedulein oneiterationon the in-
structionbus. It canbecalculatedby countingbit switchesontheinstructionbuswhenoneiteration
of a loop is executed.Sincethestaticscheduleis repeatedlyexecutedfor a loop, thebinarycode
of the last long instructionword fetchedonto the instructionbus in theprevious iterationis setas
the initial valueof the instructionbus in the currentiteration. The switchingactivities causedin
the�rst iterationmaybedifferentfrom otheriterations,sincetheinitial stateon theinstructionbus
for the �rst iterationmaybedifferent. A loop is usuallyexecutedmany timesso the in�uence of
the�rst iterationis very small to theaverageswitchingactivities of a schedule.Therefore,we use



theswitchingactivities of any iterationexceptthe �rst oneto denotetheswitchingactivities of a
schedule.

Consideringinter-iterationdependencies,retimingandrotationaretwo optimizationtechniques
for theschedulingof cyclic DFGs.Retiming[8] canbeusedto optimizethecycleperiodof acyclic
DFGby evenlydistributingthedelaysin it. It generatestheoptimalschedulefor acyclic DFGwhen
thereis no resourceconstraints.Givenacyclic DFG
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RotationScheduling[3] is aschedulingtechniqueusedto optimizealoopschedulewith resource

constraints.It transformsa scheduleto a morecompactoneiteratively. In mostcases,theminimal
schedulelengthcanbe obtainedin polynomialtime by rotationscheduling.In eachrotation,the
nodesin the �rst row of theschedulearerotateddown to theearliestpossibleavailablelocations.
In this way, theschedulelengthcanbereduced.Fromtheretimingpoint of view, thesenodesget
retimedonceby drawing onedelayfrom eachof incomingedgesof thenodeandaddingonedelay
to eachof its outgoingedgesin theDFG.Thenew locationsof thenodesin theschedulemustalso
obey thedependency relationsin thenew retimedgraph.

                                     

  

add     �1, i, i      
[i] b   loop

add      prod_1, sum1, sum1  
add      prod_2, sum2, sum2  

mpy    val_1, val_2, prod_1  

ldw     * a++,  val_1
ldw     * b++,  val_2

mpyh  val_1, val_2, prod_2 
ldw     * b++,  val_2
mpy    val_1, val_2, prod_1  

add      prod_1, sum1, sum1  
add      prod_2, sum2, sum2  
ldw     * a++,  val_1
add     �1, i, i      
[i] b   loop

ldw     * b++,  val_2
mpy    val_1, val_2, prod_1  

add      prod_1, sum1, sum1  
add      prod_2, sum2, sum2  

Prologue

loop
Body

New 

Epilogue

loop:

mpyh  val_1, val_2, prod_2 

mvk    50, i      ; i = 100/2

ldw     * a++,  val_1
add     �1, i, i      

loop:

mvk    49, i      ; i = 100/2 �1
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Figure 3. a.(1) The retimedgraph. (2) Thescheduleafter the®rst Rotation(3) Thecorrespondingtransformation

for theloop body. b.(1) ThenodesandTI C6000machinecode.(2) Theschedulegeneratedby thelist scheduling.(3)

Theschedulegeneratedby thealgorithmsin[7]. (4) The schedulegeneratedby rotationscheduling.(5) The schedule

generatedby our technique.

Using the schedulegeneratedby the list schedulingin Figure2-(b) asan initial schedule,we
give anexamplein Figure3(a) to show how to rotatethenodesin the�rst row (node

�

and � ) to
generateamorecompactschedule.Theretimedgraphis shown in Figure3(a)-(1)andtheschedule
after the �rst rotation is shown in Figure3(a)-(2). The schedulelength is reducedto 3 after the
�rst row is rotated. From the programpoint of view, rotationschedulingregroupsa loop body
andattemptsto reduceintra-dependenciesamongnodes. For example,after the �rst rotation is
performed,a new loop is obtainedby thetransformationasshown in Figure3(a)-(3),in which the
correspondinginstructionsfor node

�

and � arerotatedandput at theendof thenew loop body
above thebranchinstruction

2

. And oneiterationof theold loop is separatedandput outsidethe



new loop body: theinstructionsfor
�

and � areput in theprologueandthosefor theothernodes
areput in theepilogue.In thenew loop body,

�

and � performthecomputationfor the( /

�

! )th
iterationwhentheothernodesdo thecomputationof the /���� . Thetransformedloop bodyafterthe
rotationschedulingcanbe obtainedbasedon the retiming valuesof nodes[2]. The codesize is
increasedby introducingtheprologueandepilogueafter therotationis performed.This problem
canbesolvedby thecodesizereductiontechniqueproposedin [21].

We usethe real machinecodefrom TI C6000instructionsetfor this dot-productprogramand
compareschedulelengthandbus switchingactivities of theschedulesgeneratedby varioustech-
niques. The nodesand their correspondingbinary codeare shown in Figure 3(b)-(1), and the
schedulesareshown in Figure 3(b)-(2-5) in which “SA” denotesthe switchingactivities of the
scheduleand“SL” denotestheschedulelength.Amongthem,theschedulegeneratedby our algo-
rithm shown in Figure3(b)-(5)hastheminimal busswitchingactivities andtheminimal schedule
length.
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In [11], the loop schedulingproblemwith minimumlatency andminimumswitchingactivities
is proved to be NP-completewith or without resourceconstraints.In this section,we proposea
heuristicalgorithm,SAMLS (Switching-Activity Minimization Loop Scheduling),to reduceboth
schedulelength and switching activities for applicationswith loops. The SAMLS algorithm is
shown in Figure4 andits two key functionsarediscussedin Figure5 and8, respectively.

Input: DFG ����� �"!$#�!&%'!&(�!*),+�-/.1032 45(607+�-�8:9 , theretimingfunction 0 of � , aninitial schedule4 of � , therotation
times ; .
Output: A new schedule4=< anda new retimingfunction 07< .
Algorithm:

1. for i=1 to ;?>

(a) Putall nodesin the®rst row in 4 into a set @ . RetimingeachnodeACBD@ by 01EFA/G
HI01EFA/GKJML . Delete
the®rst row from 4 andshift 4 upby onecontrolstep.

(b) Reschedulethenodesin @ by calling functionBipartiteMatchingNodesSchedule(G,r,S,R)(Figure5).

(c) Minimize theswitchingactivitiesof 4 row by row by callingfunctionRowByRow BipartiteMatching(S)
(Figure8).

(d) Storetheobtainedscheduleandretimingfunctionby 4ON5HP4 and 0QNRHP0 .
S

2. Select4:T from 4=U�!V4KW3!YXYX�X�!V4OZ suchthat 41T hastheminimumswitchingactivities amongall minimum-latency
schedules.Outputresults: 4

<
HP4:T and 0

<
H[0VT .

Figure 4. Algorithm SAMLS.

The SAMLS Algorithm Thebasicideais to obtainabetterscheduleby repeatedlyrescheduling
the nodesbasedon the rotation schedulingwith schedulelength and switching activities mini-
mization.As shown in Figure4, in SAMLS, we �rst generate\ schedulesbasedon agiveninitial
scheduleandthenselecttheonewith theminimumswitchingactivitiesamongall minimum-latency
schedules,where \ is aninput integerto determinetherotationtimes.These\ schedulesareob-
tainedby repeatedlyreschedulingthenodesin the�rst row to new locationsbasedon therotation
schedulingwith schedulelengthandswitchingactivitiesminimization.Two functions,BipartiteM-
atchingNodesSchedule()andRowByRow BipartiteMatching(),areusedto generatea new sched-
ule. BipartiteMatchingNodesSchedule()is usedto reschedulethe nodesin the �rst row to new



locationsto minimizeschedulelengthandswitchingactivities. RowByRow BipartiteMatching()is
thenusedto furtherminimize the switchingactivities of a scheduleby performinga row-by-row
scheduling.The implementationof thesetwo key functionsareshown in Figure5 andFigure8
below.
BipartiteMatching NodesSchedule() BipartiteMatchingNodesSchedule()is shown in Figure5.
Thebasicideais to constructaweightedbipartitegraphbetweenthenodesandtheemptylocations
andreschedulethenodesbasedon theobtainedminimumcostmatching.

Input: DFG � ��� �"!*# !$%'!6(�!*),+�-K. 032 4R(607+�-�8:9 , theretimingr of � , aschedule4 , andanodeset @ .
Output: Therevisedschedule4 .
Algorithm:

1.
���

- H theschedulelengthof 4 .

2. while ( @ is not empty)do >

(a) Groupall emptylocationsof 4 into blocksandlet ) be the setof all blocks. If ) is empty, thenlet
���

- H

���

- JML ; Continue.

(b) Construct a weighted bipartite graph ����� betweennode set @ and block set ) . ���	� �

� �
�	� !V#���� !
��9 in which: �
�	� � @�� ) ; for eachA BD@ and �
N

BD) , if A canbeput into Block �
N ,

then
�

EFAR!��YN G is addedinto #
�	� with weight ��E

�

EFAR!��YN G$G � 4�� +�(���� )��������KEFAO!
�YN G .

(c) If #��	� is empty, thenlet
���

- H

�

J L ; Continue.

(d) Gettheminimumcostmaximummatch  by calling functionMin CostBipartite Matching(���	� ).

(e) Find edge
�

EFAR!!�
N

G in  thathastheminimal weightamongall edgesin  .

(f) Assign A into theearliestpossiblelocationin Block ��N andremove A from set @ .
S

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

In BipartiteMatchingNodesSchedule(),we constructa weighedbipartite graph betweenthe
nodesand the blocks. A block is a set that containsthe consecutive empty locationsin a col-
umn of a schedule. For example, for the schedulein Figure 6, thereare 2 blocks:
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5,+ . Location(1,2)and(5,2)areconsecutivewhen
weconsiderthatthescheduleis repeatedlyexecutedasshown in Figure6-(b). Wedonotconstruct
a bipartitegraphdirectly betweenthenodesandtheemptylocations,sincethematchingobtained
from suchbipartitegraphmaynot bea goodonein termsof minimizing switchingactivities. For
example,in Figure6, assumetwo nodes1 and 0 arematchedto two consecutive locations(2,1)
and(3,1) in a bestmatchingthat is obtainedfrom a weightedbipartitegraphconstructeddirectly
betweenthenodesandtheemptylocations.Sincetheswitchingactivitiescausedby 1 and 0 (they
arenext to eachother)arenot considered,the actualswitchingactivities may be more thanthe
numberwe expectandthematchingmaynot bethebest.Instead,we constructthebipartitegraph
betweenthenodesandtheblocks.In suchaway, wecanobtaina matchingshown below in which
atmostonenodecanbeput into ablock.

Theweightedbipartitegraphbetweenthenodesandtheblocks,
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Figure 6. (a)A givenschedule.(b) Two blocksthatcontainconsecutive emptylocationsin a column.



constructedasfollows: �
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where � is the rotatednodesetand
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is the setof all
blocks. For eachnode
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/A@�L is called to obtain a minimum
weight maximumbipartite matching � of

� 032

. Sincewe set the switching activities as the
weightof edgesin

� 0 2

, theschedulebasedon � will causetheminimumswitchingactivities.
We�nd theedge


O3���$

� - 5 thathastheminimumweightin thematchingandschedule
�

to theearliest
locationin �

- . Weonly scheduleonenodefrom theobtainedmatchingeachtime. Sincemoreblocks
maybegeneratedafter

�

is scheduled,othernodesmay�nd betterlocationsin thenext matching.
In this way, we alsoput thenodesinto theemptylocationsasmany aspossiblewithout increasing
theschedulelength.Therefore,boththeschedulelengthandswitchingactivitiescanbereducedby
thisstrategy.
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Figure 7. (a)Theschedulewith the®rst row removed. (b) Theweightedbipartitegraph.(c) Theobtainedschedule.

Using the schedulegeneratedby the list schedulingin Figure2-(c) asan initial schedule,we
give an examplein Figure 7 to show how to reschedulethe nodesin the �rst row by SAMLS.
The schedulewith the �rst row removed is shown in Figure7-(a), andthe constructedweighted
bipartite graph is shown in Figure 7-(b). The weights of edgesin Figure 7 are obtainedus-
ing Equation2 shown above. For example,the weight of the edgebetween

�

and
>#"�$&%('

! is
calculatedby: H(G,E)+H(G,C)-H(NOP,E)-H(NOP,C)=14+12-10-8=8.The obtainedmatchingis
M=

)

3

�

$N>-"�$&%.' (

5

$)3

�

$N>-"�$&%('

"+5,+ . Basedon SAMLS, node � is scheduledto location(2,3)since

O3

�

$N>-"�$&%('

"+5 hastheminimalweightin thematching.Similarly, node
�

is scheduledto location
(1,2) in theseconditeration.The�nal scheduleis shown in Figure7-(c).

RowByRow BipartiteMatching() In RowByRow BipartiteMatching(),we horizontally sched-
ule nodesin eachrow to further reduceswitchingactivities. Thealgorithmis similar to thehori-
zontalschedulingin[7]. However, two differencesneedto be considered.First, every row in the
schedulecanberegardedastheinitial row in termsof minimizingswitchingactivities,sincewedeal
with cyclic DFG andthestaticschedulecanbe regardedasa repeatedly-executedcycle. Second,
whenprocessingthelastrow, weneedto notonlyconsiderthesecondto thelastrow but alsothe�rst
row in thenext iteration,sincebothof themare�x edat thattime. RowByRow BipartiteMatching()
is shown in Figure8. After runningRowByRow BipartiteMatching()with thescheduleshown in
Figure7-(c)astheinput,we obtainthe�nial scheduleshown in Figure3(b)-(5)in Section2.

Discussionand Analysis As weshow in thealgorithm,SAMLS canbeappliedto variousVLIW
architecturesif architecture-relatedconstraintsareconsideredin constructingtheweightedbipartite



Input: A schedule4 .
Output: Therevisedschedule4 with switchingactivities minimization.
Algorithm:

1.
���

- H theschedulelengthof 4 and ��� �KH thenumberof columnsof 4 .

2. Let BS[Col] beabinarystringarrayandBS[Col]=> BS[1],BS[2],X XYX ,BS[Col]
S

. And let Init BS[Col] beanother
binarystringarrayandInit BS[Col]=> Init BS[1],Init BS[2], X XYX ,Init BS[Col]

S

.

3. for i=1 to
���

-�>

(a) 4 N H 4 .

(b) SetBS[k]=Init BS[k]=Binary String(4KN$E&L ! �:G ) for � �?L !�� !YX�XYXY!������ , where 4KN$E&L7! ��G denotesthenode
at location(1,k) in schedule4 N .

(c) for j=2 to
���

-�>

�

@ H All nodesin Row � in 4KN .
� Construct a weighted bipartite graph �

��� between node set @ and location set
> L7!�� !YXYX�X�!���� �

S

. � �	� � � �
�	� !*#����D! � 9 in which: �
��� � @ ��> L !�� !YX�XYXY!������

S

;
for each A B @ and � B > L !�� !�X�XYXY!������

S

,
�

EFAR!
�:G is added into #
��� and

��E

�

EFAR!!�:G$G is set as follows: If j � Len, then W(e(u,k))=h(BinaryString(u),BS[k]); other-
wise,W(e(u,k))=h(BinaryString(u),BS[k])+h(Binarystring(u),Init BS[k]).

�

 H Min CostBipartite Matching(����� ).
� Put A into location(j,k) in 4 for eachedge

�

EFAR!!�:G B  .
� SetBS[k]=Binary String(4KN$E�� !!��G ) for � � L !�� !�XYX�XY!������ .

S

(d) Rotatedown the®rst row of 4 by puttingit into thelastrow.
S

4. Select4
T from 4

U
!V4

W
!YX�XYXY!*4	��

� where 4

T hastheminimumswitchingactivities. Output 4
T .

Figure 8. Algorithm RowByRo w Bipar titeMatc hing.

graphs.In thealgorithm,we selectthebestschedulefrom thegenerated\ schedules.\ should
beselectedto satisfythat � BD#

� is lessthanthegivenloopcountwhere� BD#
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7�������������C
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5 in a
rotatedgraph[2]. In theexperiments,wefoundthattherotationtimesto generatethebestschedules
for variousbenchmarksarearound !�� F
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@ is the schedulelengthof the
correspondinginitial schedule.Loopsareusuallyexecutedmany timesin computation-intensive
DSPapplications,so \ canbeselectedas
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@ to guaranteethata goodresultcan
beobtainedwhile therequirementfor � BD#

� canstill besatis�ed.
FredmanandTarjan[4] show thatit takes 
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@&� 5 to �nd amin-costmaximumbipartite
matchingfor a bipartitegraph
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, where @ is the numberof nodesin
�

and � is the numberof
edgesin

�

. Let 
 bethenumberof instructionsin a long instructionword (thatis alsothenumber
of columnsin the given initial schedule).In BipartiteMatchingNodesSchedule()(Figure5) the
numberof nodesin arow is atmost 
 andthenumberof blocksis atmost 
'�)( �'( . Toconstructeach
edgein thebipartitegraph,we need 
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( 5 time to go throughthe graphto checkdependencies
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to �nish the rotationin BipartiteMatchingNodesSchedule().In RowByRow BipartiteMatching()
(Figure8), it takes 
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�nish thereschedulingrow by row in RowByRow BipartiteMatching()considering
 is aconstant.
Therefore,thecomplexity of SAMLS is 
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In this section,we experimentwith theSAMLS algorithmon a setof benchmarksincluding4-
stagelattice�lter , 8-stagelattice�lter , differentialequationsolver, elliptic �lter andvoltera�lter . In
theexperiments,we selecttherotationtimes, \ , as !�� � F

%

<

�




@ where F

%

<

�




@ is theschedule
lengthof the given initial schedule.That meanseachnodeis rotatedabout10 timeson average.
The experimentalresultsshow that the rotation times to generatethe bestschedulesarearound

! � F

%

<

�




@ , which is thetimewhenall nodeshave beenrotatedonetime.
In the experiments,we �rst obtain the linear assemblycodebasedon TI C6000for various

benchmarks.Thenwe modelthemasthecyclic DFGs.Wecomparetheschedulesfor eachbench-
markby varioustechniques:thelist scheduling,thealgorithmin [7], rotationscheduling,thePRRS
algorithmin [11] andour SAMLS algorithm. In thelist scheduling,thepriority of a nodeis setas
thelongestpathfrom thisnodeto a leafnode[9]. Therunningtimeof SAMLS oneachbenchmark
is lessthanoneminute.

Bench. List Rotation PRRS[11] SAMLS
SA SL SA SL 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 54.3% 12 0.0%
AverageReduction (%) over List Scheduling 51.9% – 15.5%

Table 1. Thebusswitchingactivitiesandschedulelengthfor list scheduling,rotationscheduling,PRRSandSAMLS
whenFUs=4.

The experimentalresultsfor the list scheduling,the rotationscheduling,the PRRSalgorithm
from [11] andourSAMLS algorithm,areshown in Table1 whenthenumberof FUsis 4. Column
“SA” presentstheswitchingactivity of thestaticscheduleandColumn“SL” presentstheschedule
lengthobtainedfrom threedifferentschedulingalgorithms.Column“SL(%)” and“SA(%)” under
“SAMLS” presentthepercentageof reductionin schedulelengthandswitchingactivities respec-
tively comparedto thelist schedulingalgorithm.Theaveragereductionis shown in thelastrow of
the table. SAMLS shows anaverage15.5%reductionin schedulelengthand51.9%reductionin
busswitchingactivities comparedwith thelist scheduling.

Bench. HV Schedule([7]) SAMLS
SA SL 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 (%) 23.8% – 15.5%

Table 2. Thebusswitchingactivities andschedulelengthfor SAMLS andthealgorithmsin[7] whenFUs=4.

To comparethe performancebetweenSAMLS andthe algorithmsin [7], we implementtheir
horizontalschedulingandverticalschedulinganddo experimentswith window size8. Theexperi-
mentalresultsfor thevariousbenchmarksareshown in Table2 whenthenumberof FUsis 4. In the
table,“HV Schedule”presentsthealgorithmsin [7]. SAMLS shows anaverage15.5%reduction
in schedulelengthand23.8%reductionin busswitchingactivity comparedwith thealgorithmsin
[7].



��� � � � �.� �
�
��� �

This paperstudiedthe schedulingproblemthat minimizesboth schedulelengthandswitching
activities for applicationswith loopson VLIW architectures.An algorithm,SAMLS (Switching-
Activity Minimization Loop Scheduling),was proposed. The algorithm attemptedto minimize
both switchingactivities andschedulelengthby reschedulingnodesrepeatedlybasedon rotation
schedulingandbipartitematching.The experimentalresultsshowed thatour algorithmproduces
a schedulewith a greatreductionin switchingactivities andschedulelengthfor high performance
DSPapplications.
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