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ABSTRACT

Dynamicpower consumedin CMOS gatesgoesdown quadraticallywith
thesupplyvoltage.By maintaininga high supplyvoltagefor gateson the
critical pathandby usingalow supplyvoltagefor gatesoff thecritical path
it is possibleto dramaticallyreducepower consumptionin CMOS VLSI
circuitswithout performancedegradation.Interfacinggatesoperatingun-
dermultiplesupplyvoltages,however, requirestheuseof level converters,
which makesthe problemmodelingdifficult. In this paperwe develop a
formal modelanddevelop anefficient heuristicfor addressingthe useof
two supplyvoltagesfor low power CMOS VLSI circuits without perfor-
mancedegradation.Powerconsumptionsavingsupto 25%overandabove
thebestknown existing heuristicsaredemonstratedfor combinationalcir-
cuitsin theISCAS85benchmarksuite.

1. INTRODUCTION

Supplyvoltagereductionis oneof the mosteffective techniques
in reducingpower consumptionof CMOScircuits. The majority
of power consumedis dynamicpower, which is reducedquadrat-
ically with thevoltage

�����
. Reducing

�����
, unfortunately, leads

to an increasein delaywhich resultsin performancedegradation
of the entirecircuit. Recentlymany papershave beenpublished
on techniquesto reduce

� ���
withoutdegradingperformance,[1],

[2], [3], [4].
Scalingdown the thresholdvoltage,

�����
, with

�����
was em-

ployed in [1]. This approach,however, facesthe problemthat
thestandbyleakagecurrentincreasessignificantlybecauseof low�����

. To cut off the leakagecurrentin a sleepmode,several ap-
proacheshave beenproposedsuchas a multi-threshold-voltage
CMOS,[2], or avariable-threshold-voltagescheme,[3]. Thesere-
quire,however, additionalprocesssteps,[2], or additionalcircuits
for substratebiascontrol, [3]. Anotherapproachis to useparal-
lel/pipelinedarchitecturesfor keepingthe requiredthroughputof
thecircuit even with degradedtransistor-performance,[1]. How-
ever, parallelarchitecturesleadto aheavy areapenaltyin thedata-
path and pipelinedarchitecturesincur undesirablelatency and a
slightareapenaltyfor thepipelininglatches.Yetanotherapproach
involvesusingdualsupplyvoltagesonehigh,

�	����
, andtheother

low,
��
���

, so that the circuit part on the critical pathis operated
with

�
����
andthecircuit partoff thecritical pathis operatedwith� 
���

, [4]. Thisresultsin reducingthepowerwithoutdegradingthe
entirecircuit performance.Advantagesof thisapproachare:1) no
needof changing

�����
andhenceno needfor changingtheregular

fabricationprocess;2) noneedfor creatingparallel/pipelineddata-
pathscausingheavy areapenaltyor undesiredincreasein latency.
The practicalityof usingdual supplyvoltagesis demonstratedin
[4] for thedesignof a low power mediaprocessorfabricatedwith
dualsupplyvoltages.A substantialsavingsin power consumption
is demonstratedfor themediaprocessorin [4] at theexpenseof a�
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slightareapenalty.
In thedesignof high performancecircuitsreducingthecritical

pathof designstakesup themajority of thedesigntime. This re-
sults in excessive slack in variousstructuralpathsin the design.
Therefore,it is extremelydesirablethatCAD toolsautomatically
find suchslackandexploit it for power reduction. In [4] simple
greedysub-optimalheuristicsareproposedfor utilizing thisavail-
ableslackusingadualsupplyvoltageschemefor obtainingsignif-
icantreductionin powerconsumption.

In this paperwe develop a formal modelfor the useof two or
moresupplyvoltagesfor reducingpower consumptionin CMOS
circuits without degradingperformance.An efficient heuristicis
then derived from this model. Our techniqueusesan iterative
methodbasedon linear programming, LP, andsolves the prob-
lem in a nearoptimal mannerusing reasonableamountof CPU
time.

2. PRELIMINARIES AND RELATED WORK

If a gateoperatingat a lower supplyvoltagewereto directly feed
a gateoperatingwith a highersupplyvoltagethen large amount
of static currentis likely to flow in the PMOS of the gatewith
the highersupplyvoltage. This is dueto the fact that when the
outputof the low voltagegateis at “1” its voltagelevel may not
besufficient to turn-off thePMOSof thesucceedinghigh voltage
gate. This problemcanbe avoidedby usingthe level conversion
circuit shown in Fig. 1. While the level-convertereliminatesthe
staticpower dissipationit dissipatessubstantialpower while tog-
gling. In addition,introducinga level converterin thecircuit may
leadto performancedegradationdueto the propagationdelayof
thelevel converterwhichmayor maynot besubstantial.Any for-
maltechniquethatattemptsto formulatetheuseof multiplesupply
voltagesfor circuit designmustthereforetake thedelayof andthe
power dissipatedin thelevel convertersinto account.
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Figure 1. a), b) Level converter circuit for interfacing gates
operating at a lower supply voltage of

�

���
to gates at a

higher supply voltage of
� ���� . b) can be used to interface� 
��� gates with multiple fanouts with

� ���� gates.

Previous work in addressingthis problemhasconcentratedon
solving the problemat function level, [5], [6], [7], [8]. In these,
theproblemis addressedasoneof findinganoptimalschedulefor
a data-flow descriptionof an algorithm. At function level there
are two factorsthat allow for relatively easyproblemmodeling:
1) Theproblemsizesarerelatively small; soslow techniqueslike
Integer Linear Programming, ILP, canbe fruitfully employed. 2)
The level converterdelay is insignificantin comparisonto func-
tional unit delaysand hencecanbe ignored. Thesetwo factors
canbecompletelyunrealisticwhenweconsidergatelevel circuits.
Our techniquetacklesthesedifficulties by: 1) Using linear pro-
gramming, LP, techniqueswhich arepolynomialtime techniques.



2) Explicitly modelingthe delay of the level convertersand the
power� consumedby them.

3. NOTATION
A gate-level combinationalcircuit canberepresentedby adirected
acyclic graph,G = (V, E), referredto as a circuit-graph. Every
circuit-graphnode��� V representsalogic gateor aprimaryinput
andeverydirectededge������� E denotesthewire thatconnectsthe
outputof gate� to theinputof gate� . Theprimaryinput junctions���

s arealsomodeledasnodes� V. Thegateswith a fanoutof �
constitutetheprimaryoutputs,

���
. Thedelayof a node/gate� is

denotedby  !��"$#&%('��() . Themaximumpropagationtimefor asignal
throughthecircuit-graph,for any pathfrom a primaryinput node
to a primaryoutputnodeconstitutesthecritical path, * � ',+�) , of
the circuit-graph. We now definethreeattributesfor every node
in G. For a node � thesearenamely, thearrival time -�.
'��() , the
requiredtime /�.	'���) and the slack, 01"2'���) . Additionally, every
wire � �3� � E hastheattributeedge-slack, �301"2'4� ��� ) . We will now
defineall theattributesmentionedpreviously.576�8:9<;>=@? ACBED4AGFIH�J�K3D�L<MNAPO1Q�J�FRFIL�S�J3K�T�;VU	WYXZTARK$[CA�T6�8:9<;>=@? M	J\B ��]Z^1_I`bac`&de�3f 9<6�8:9$Sb=hgji\ACK$J\k&9$S3=l=mTnpo Wq9�rY=s? M	J�B �E]Zt 9<6�8:9<;>=�gui\ARKcJ\k&9$;>=l=mT5wvx8:9$;h=y? o Wq9�rY=(z{i\ARKcJ�k!9$;h=mT�;|UNW:}qTARK$[CA�Tvx8:9$;h=y? M
L�H ��]Z^1_I`3~G� � de�bf vP8�9$S3=�z{i\ARKcJ�k!9<;>=mT� [CK�9<;>=�?�vx8:9$;>=�z{6�8:9<;>=mTAI[GK49<A ��� =�?�vP8:9<S3=�z�6�8:9$;>=(z{i\ARKcJ�k!9<;>=m�

(1)

Wecall acircuit safewhenall nodes��� V have 01"2'��()���� and
all wireshave ��01"2'4� �3� )���� .
3.1. Delay Balancing
A given circuit-graphG can be transformedto a functionally
equivalentcircuit-graphG’ by introducingappropriatenumberof
unit delaybuffers into thecircuit in sucha mannerthat for every�\����� E �301"2'4�\����)���� and * � ',+q�<)q��* � ',+�) . This processis
known asdelaybalancing.For our purposesweusedelaybalanc-
ing asatool to captureall theslackin thecircuit. Thedelaybuffers
we usefor delaybalancingarefictitiousentitieswhoseonly pur-
poseis to modeltheslackpresentin thecircuit. We referto these
fictitious buffersasUDFs (Unit DelayFictitious-Buffers). Fig. 2
showsagatelevel circuit andFig.3showsits delaybalancedcoun-
terpart;the “boxed” numbersin the wires of the circuit in Fig. 3
representthenumberof UDFson thatwire.
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Figure 2. An example of a circuit-graph the integer numbers
within each node/gate represent its delay and each gate �
has the triplet (RT/SL/AT) above it.

Startingwith a given circuit-graphthereare several possible
waysto produceadelaybalancedgraph.Any suchdelaybalanced
graphwill from now on bereferredto asa delaybalancedconfig-
uration.
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Figure 3. The circuit in Fig. 2 after delay balancing. The
boxed integers on wires represent the number of UDFs
added to the wires for delay balancing.

3.2. UDF-Displacement
We define UDF-Displacement, a circuit-graph transformation
technique,asa mappingr:V �h� Z, � Z: the setof integers� ; such
that the numberof UDFs in the wire �\�3� , �q�V���E'4�\�3��) , after
UDF-Displacementis relatedto thenumberof UDFsbeforeUDF-
Displacement,�q�V�|'4� ��� ) , by,�q�V� � '4�\�3��)x���q�V�|'4�\�3�3)����&'��&)P���&'��()C� (2)

A UDF-Displacementis legal if andonly if �q�V� � '4� ��� )
���
for all wires �\���
� E.

Westatethefollowing withoutproof.

Theorem 1 All legal delay balancedconfigurations for a given
circuit-graphG areUDF-Displacedversionsof each other.

Theorem 2 Thenetchange in thenumberof UDFs in anystruc-
tural path froma node/gate� to anothernode/gate� after UDF-
Displacementis always�&'��&)����&'��() .

Theabove theoremgivesriseto thefollowing corollary.

Corollary 1 If weconnectall thegates� PO(primaryoutputs)of
a givencombinationalcircuit to a commondummynodeO through
dummywiresthen,if werestrictr(O) to beexactly0 andalsor(I)
for every input nodeI � PI to beexactly0, thenthecritical path
of thetransformedcircuit-graphafterUDF-displacementremains
unaltered.

4. PROBLEM FORMULATION
4.1. Dual Supply Voltages for Gate-Level Circuits
Wefirst formulatetheproblematgate-level. Furthermore,for sim-
plicity weassumethatgate� hasdelay  �� at

� ����
andadelay  
�

at
�

���

with  
� �� �� �� E� where  E� is a positive integer. Also,
we assumethat thedelayof a level converterintroducedbetween
a gateat voltage

� 
���
anda gateat voltage

� ����
is a fixed inte-

ger �� !¡£¢2� . We call theabove modelthe integral delay-difference
model.

We later extend the model to caseswhere  E� ,  ¡£¢m� , are non-
integral.

4.1.1. TheIntegral Delay-DifferenceModel
Beginningwith acircuit whereall gatesareoperatedwith asup-

ply voltageof
� ����

if gate � hasa slackof at least   � time units
thenit is a potentialcandidatefor beingswitchedto

� 
���
. How-

ever, only a subsetof all thegateswith therequisiteslackcanbe
switchedto

�

���
. Identifyingthatparticularsubsetof gateswhich

lendsusamaximumpower benefitis our problemat hand.
Thekey factthatUDF-Displacementcangenerateall delaybal-

ancedconfigurationsof a circuit-graph,seeTheorem1, leadsto
thefollowing.

Objective:To employUDF-Displacementto identifythatparticular de-
lay balancedconfigurationwhich identifiesall thelogic gateswhich canbe
switchedto a lowersupplyvoltage whileprovidinga maximalreductionin
powerconsumption,while alsomaintainingthecritical path. Theprocess
of obtaininga PowerReducingOptimizationwith UDF-Displacementwill
hereonwardsbereferredto asPROUD.
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Figure 4. The circuit-graph is transformed under “PROUD”
wherein the neighborhood of every node � in the circuit-
graph is transformed as shown above.

PROUDwill bemodeledasalinearprogramming(LP) problem
andcanbesummarizedas,
Input: A combinationalgate-level netlist, with all gatesusing�
����

.
Output: A power optimizedversionof the above circuit utilizing
thesamegatesasbeforebut with somegatesusing

��
���
.

First,transformthecircuit-graphby addingacommonfanoutnode
O for all nodes� ��� asin corollary1. For eachnode/gate,�¤�
V, define¥��	�¦ E�q�¤ ¡£¢2� ��§ andthen:
1. Producea randomdelaybalancedconfiguration of the givencircuit-
graph.Weusea depthfirst UDF insertionheuristicfor this.
2. Transformthe circuit-graph using the transformationillustrated in
Fig. 4 as follows: i)introduce ¨ � auxiliary nodes/gateswith a delay of
0 unitsin betweengate

;
andeach of its fanoutnodesasshownin Fig. 4,

ii)Exactly © � of theseauxiliary nodesare commonto all thefanoutnodes
and are denotedby

; a L
U«ª�¬�­®­G­ © �&¯ . The remaining̈ � z © � nodes
are uniqueto each fanoutwire andfor the fanoutwire

;�°±S®²
theseare

denotedby
; ² a L³U|ª ©3� g´¬�­C­®­ ¨!� ¯ , iii)Every auxiliary arc introducedbe-

tweendummynodeshasexactly0 UDFs. Notethat thetransformedgraph
is alsodelaybalanced.
3. Associate with each “r eal”
node/gate

;
the variables,

Fb9$;>=µT2K$OC¶·9$;h=mT2K$AGS3ACK ¸GOCHhSE9<;>=
and with each

auxiliary gate
; a , ; ² a the variable

Fb9$; a = , F39<; ² a = and setup the following
constraintsfor everytypical “r eal” node/gate, like thegatein Fig. 4:� KcOR¶�9<;>=º¹ Fb9<;�»C=�z{F39<;>=mTKcOR¶�9<;>=º¹ Fb9$; a =(z�Fb9$; a�¼ » =mT,L³UVª�¬�­®­G­ ©�� ¯ (3)½¾¾¾¾¾¾¾¿ ¾¾¾¾¾¾¾À

Á ¹ Fb9$; ² a =(z�Fb9$; ² a4¼ » =µTL�UVª ©��3Â »(­®­C­ ¨ �&¯ T�Ã�UVª�¬�­®­G­ © ¯Á ¹ Fb9$S®²b=�z{F39<; ² ÄIÅ =hg�ÆÈÇ�Éq9<A ���µÊ =µTÃ�U|ª�¬³­®­®­ © ¯ TKcOR¶�9<;>=mz KcOR¶·9$S®²b=�¹ Fb9$; ² a =(z�Fb9$; ² a4¼ » =µTL�UVª © �3Â » ­®­C­ ¨!� ¯ T�Ã�UVª�¬�­®­G­ © ¯KcOR¶�9<;>=mz KcOR¶·9$S®²b=�¹ Fb9$S®²b=�z{F39<; ² Ä Å =hg�ÆÈÇ�Éq9<A ��� Ê =µTÃ�U|ª�¬³­®­®­ © ¯ T
(4)

n KcACS�ARK ¸®ORH>S!9$;>=ºË KcOR¶·9$;>=(z{K$OC¶·9$S®²3=mT�Ã�UVª�¬�­®­G­ © ¯ (5)5 Á ¹ KcOR¶·9$;>=P¹�¬1�Á ¹ K$AGS3ACK ¸GOCHhSE9<;>=P¹�¬1�
(6)

4. Setup thelinear powerbenefitfunction,COST,

Ì L<HhL�M
L�Í\A o }:Î�8Ï?«Ð�!]Zt�Ñ 9<;>=4K$OC¶·9$;h=m9�Ò 
����Ó z´Ò ����YÓ = o³Ô _ � ¢ QCÕ ¡eÖ

g Ñ 9$;>=,KcACS�ARK ¸®ORHhSE9$;>=µ9�Ò ���� Ó o ac`b� Ó guÒ 
��� Ó o a$`3� » =,Q Õ ¡eÖ � (7)

5. SolvePROUD using the heuristic PRHEUDENT, Power Reducing
Heuristic with UDF Displacement andoutputthepowergain.

Theinequalities,(4),(5),(7),ensurenon-negativity of numberof
UDFson edgesof thetransformedcircuit-graph.

Under PROUD a gate � is switchedto
�

���

if and only if"<×�Ø
'��()Ï�Ù§ , otherwise "<×�Ø	'���)Ï�Ú� and gate � remainswith
a supplyvoltageof

�
����
. A level converter is necessaryat the

output of gate � if and only if "��1�!��" ÛC×3Ü(��'��()��Ý§ , otherwise"��1�!�\" ÛR×�Ü(��'��()��Þ� .
The inequalities(4) ensurethat for "<×�Ø	'���) to be 1 at least  E�

UDFsmustbeavailablein thepathfrom node� to node� Ö Å , i.e.,
at least“1” UDF mustbeavailablein eachof thewires, �j�Ú� » ,� a �ß� a$Â »�à �u�E§�áIáIáµ  � �â§�� .

Similarly, the inequalities(5) ensurethat if any fanoutnode � ²
of node� remainsat

� ����
, i.e., "<×�Ø
'�� ² )��¦� , then "<×3Ø
'��() canbe

1 only if thepathfrom �(Ö Å to � ² hasat least !¡£¢2� additionalUDFs.
The inequalities(6) along-withthe factwe areminimizing the

objective function ensurethat "��1�!�\" ÛR×�Ü(��'��()��ß§ exactly when"<×�Ø
'��()ã�ä§ and at least one fanout node � ² of node � has"<×�Ø
'�� ² )��Þ� .
The objective function in (7) modelsthe global power benefit

as a linear function of "$×3Ø
'��() and "��1�!�\" ÛR×�Ü(��'��() for all nodes��� � . Thepower dissipatedin the level converter, seeFig. 1a,
is modeledasthepower dissipatedby two invertersoneat

� 
���
,à Ü(��§ , andtheotherat

� ����
,
à Ü(�&å .

If we solve the formulatedproblemasan ILP problemby re-
stricting "<×�Ø
'��() , "��1�!��" ÛC×3Ü(��'��() to integersthen we get an op-
timal solutionbut the ILP solver may take long CPU time. We
thereforeusetheheuristicPRHEUDENTwhichwill bediscussed
subsequently.

Wenow detailthestepsof PRHEUDENT.

1. Setup the constraint and costfunctionusingsteps1.-4. in
PROUD.

2. Solvefor theoptimalsolutionusinga standard LP solver.
3. For thosenodeshaving "<×3Ø
'��()��æ§ in theoptimalsolution

in 2. fix thesupplyvoltage at
�	
���

, i.e., force "$×3Ø
'��()��ç§ . Now,

i)If substantialnumberof nodes,u, havea non-integral value
for "$×3Ø
'��() thenforce "<×�Ø	'���) to � for thesenodes.Nowgoback to
step1 after updatingthevalueof delay(u)for all nodes,u, which
havebeenswitchedto

�

���
, anditeratetill onlya few nodeswith

non-integral "<×3Ø
'��() remain.
ii)If a relatively small number of nodes have non-integral"<×�Ø
'��() thenusetheheuristicin [4] to determinethesupplyvolt-

age for thesenodes.NowterminatePRHEUDENTandoutputthe
powergain and the supplyvoltagesusedfor all the gatesin the
netlist.

In our simulationswe iteratedthe steps1., 2., 3. i) only once
and then used3. ii) to determinethe supplyvoltagefor all the
remainingnodes.

4.1.2. TheNon-Integral DelayDifferenceModel
Theobviousway to dealwith thecasewherea gatehasa non-

integral  E� is to employ the ÛR� à " operatorto  E� andthensolve for
PROUD.For exampleif wehavethevoltagepair(2.5V, 1.8V)then
for agate,� , with delayof § unit at2.5V thedelayis §b� è3é at1.8V,
whichmeans  � �Þ�&� è3é . By using   � �ã§ insteadwecanstill use
theabove modelwhile maintainingthecritical pathandobtaining
nearoptimalresults.On theotherhandfor thevoltagepair (3.3V,
2.5V) agate,� , with adelayof § unit at3.3V hasadelayof §3� ê3ëZå
units at 2.5V with   � �ì�&� ê�ëZå substituting  � �7§ may in all
likelihood give us suboptimalresults. If, however, we multiply
all delayvaluesin thecircuit by a factorof §1� thentheminimum
valueof  E� for the above examplewill be �&� ê�ëZåjíâ§1�¤�ìêE� ëZå .
Also, the minimum gatedelaywhich was § initially will now be§I� , wecannow usethe ÛR� à " operatorasbeforeto get   � �Þî . The
excessUDFs usedto switch gate � to 2.5V is thereforereduced
from §!���!� ê3ëZå
�Þ�&� ï>§Ië to '4î���êE� ëZåb)µðE§1�	�Þ�&� �&§Ië . This,however,
increasestherun-timerequirementsconsiderably.



Tableñ 1. Simulation results with, Case I:
� ���� ��ê � ,

� 
��� �¦é � , unit delay gates with delay(5V) = 1 unit, delay(3V) = 2 units,
i.e.,  E� = 1 unit for all gates, ��� V, delay(level converter) = 0 unit, i.e.,  ¡£¢m� �ç� , Case II:

������ �pê � ,
�

��� �çé � , unit delay

gates with delay(5V) = 1 unit, delay(3V) = 2 units, i.e.,   � = 1 unit for all gates, ��� V, delay(level converter) = 1 unit, i.e., ¡£¢2� �ã§ , Case III:
� ���� �¦ê � ,

� 
��� ��å!� ï , unit delay gates with delay(5V) = 1 unit, delay(2.4V) = 3 units, i.e.,   � = 2 units for
all gates, �´� V, delay(level converter) = 1 unit, i.e.,  !¡£¢2���ã§ .

Circuit # gates % Power % Power CPU % Power % Power CPU % Power % Power CPU
Savings Savings Time Savings Savings Time Savings Savings Time
Greedy Proposed (s) Greedy Proposed (s) Greedy Proposed (s)

Approach Approach Approach Approach Approach Approach
CaseI CaseI CaseII CaseII CaseIII CaseIII

c432 160 9.1% 12.4% 5.4 8.5% 12.1% 7.58 9% 16.2% 7.83
c499 202 11.2% 13.6% 6.58 8.7% 11.7% 9.04 8.7% 19% 10.1
c880 383 48.1% 54.3% 24.28 45.6% 54.1% 38.2 31.7% 58.7% 54.4
c1355 546 12% 16.1% 21.3 10.5% 14.6% 42 5% 18.4% 47.2
c1908 880 40.2% 47.1% 8123.7 36.2% 45.1% 254 31.5% 49.5% 739
c2670 1211 43.4% 56.1% 257.7 39.9% 54.3% 713 34.6% 57.6% 1229
c3540 1705 45.2% 57.3% 579 40.7% 55.4% 1743 32.1% 57.7% 1743
c5315 2351 55.1% 58.5% 681.1 52.7% 57.3% 1719 53.9% 62.4% 4243
c6288 2416 56.3% 62.2% 2139.05 55.6% 61.6% 4627 39.8% 62.7% 7736
c7552 3624 52.1% 56.2% 2459.3 46.2% 54.37% 5235 33.8% 59.6% 9475

5. EXPERIMENTAL RESULTS

WeusedthePROUD formulationto exploretheuseof two sup-
ply voltagesfor all thecombinationalbenchmarkcircuitsin theIS-
CAS85benchmarksuite.Thegatesin thecircuit wereassumedto
haveacapacitanceequalingthemaximumnumberof transistorsin
aworstcasecharging/dischargingpath,e.g,a5-inputNAND/NOR
gateis assumedto have a capacitanceof ê units. A togglinglevel
converter like the one in Fig. 1a) canbe thoughtof as two tog-
gling inverters,oneat

� 
���
andtheotherat

� ����
. Thelevel con-

verterwasmodeledashaving a capacitanceof å unitswith § unit
of capacitanceswitchingbetween

� 
���
and � andtheotherunit of

capacitanceswitchingbetween
�	����

and � , seetheobjective func-
tion * ��ò . in (8). Theswitchingactivities for all thegateswere
calculatedusinga monte-carlomethodanda � delaymodel. The
clock frequency, ó Õ ¡eÖ , wasfixed at thecritical pathof the bench-
markcircuit undersimulation.

As can be seenin Table. 1 threedifferent caseswere simu-
lated which differed in the valuesof

� 
���
and/or the delay of

the level converter. As can be observed there is substantialin-
creasein thepowersavingsover thegreedytechniquein [4] when
PRHEUDENTis employed. For casei) with thevoltagepair (5V,
3V), seeTable.1, thereis 2.5%-12.7%increasein power savings
with PRHEUDENT. For caseii) with voltagepair (5V, 3V), see
Table.1, theincreasein power savingswith PRHEUDENTgo up
marginally for eachbenchmarkcircuit and now lie in the range
3%-14.7%.Therealbenefitof PRHEUDENTis, however, evident
with the solo casewith the voltagepair (5V, 2.4V), seeTable.1,
heretheincreasein powersavingslie in therange7.1%-25.8%.

TheCPUtimefor solvingPRHEUDENT(Ultra-Sparc10)how-
ever increasesconsiderablywhenwe handlemorecomplex situ-
ations. This is evident by the considerableincreasein CPU time
from the simplisticmodelCaseI to themorecomplicatedmodel
CaseIII in Table.1.

We believe that betterCPU timesmaybe possibleif we usea
betterLP package. The LP solver currentlyusedwas lp solve,
availableat ftp://ftp.es.ele.tue.nl/pub/lpsolve.

In summarywe concludethatwe have developeda usefulfor-
mal mathematicalmodel and an effective heuristicfor handling
dual voltagesuppliesto reducepower consumptionat gate-level.
Futureresearchin this areawould be directedtowardsextending
theschemeto morethantwo supplyvoltages.Also, importantis
to figureoutwaysto reducetheexecutiontimeof PRHEUDENT.
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