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Abstract—

We modelthepowerfluctuationascycle-to-cyclepowergradi-
ent and minimizethe meanof the powergradientsusingILP.
We proposeschedulingschemesfor three modesof datapath
design: single supply voltage and single frequency(SVSF),
multiple supply voltages and dynamic frequency clocking
(MVDFC), and multiple supply voltages and multicycling
(MVMC).Variousexperimentsare conductedon selectedhigh-
level synthesisbenchmarks.Experimentalresultsin termsof
several parameters, such asmeanpowergradient,meancycle
power, peakpower, and powerdelayproduct,are presented.

I . INTRODUCTION

The power fluctuation is critical to reducepower supply
noiseandcrosstalk, andto increasebatterylife andreliability.
Power fluctuation leads to larger ������ causingpower supply
noise,becauseof self inductance.Large ������ and ������ dueto high
powerfluctuationcanintroducesignificantnoisein signallines
due to mutual inductanceand capacitance(cross-talk).More
the power fluctuation lesserthe electrochemicalconversion,
hencedecreasein battery life. High current peaksin short
time spanscancausehigh heatdissipationin a localisedarea
of die which may leadto failures.

There are few researchworks minimizing peak power at
behavioral level. In [4], the peakpower reductionis achieved
throughsimultaneousassignmentandscheduling.In [11], ILP
basedschedulingand force directed schedulinghave been
proposedto minimize peak power. In [10], data monitor
operationsareusedfor simultaneousreductionof peakpower
andpeakpower differential.In [7], heuristicbasedschemeis
proposedthat minimizespeakpower, peakpower differential,
averagepower, energy altogether.

I I . POWER FLUCTUATION MODELING

Let �
	��
������������������� be a set of � observationsfrom a given
distribution. The samplemean(an unbiasedestimateof pop-
ulation mean � ) is ��� 	��� ���� 	 � � . The observation-to-
observationgradientcanbedefinedas, � � �! � �#" 	!� , where $&%' %(� . The meangradientis given by 	� " 	)� ���� � � � �  � �#" 	 � .This is the basisof our power fluctuation modeling.Let us
assumethat the datapathis representedin the form of a
sequencingDFG. The following notations are used in the
description: *,+ total numberof control stepsin the DFG,- + total numberof operationsin the DFG, ./+ a control step
or a clock cycle in DFG 0213% ' %4*65 , 7 � + any operation

'

0213% ' % - 5 , 8:9;+ the total power consumptionin control step. , 8=<&+ peakpowerconsumptionfor theDFG 0>�?�A@B��0C8D9�5FE 9 5 ,8:GH+ meanpower consumptionof the DFG IJ� 	K � K 9 � 	 8D9�L ,83MH9;+ power gradientfor cycle . (where, .N�O$3PQ* ), 83MR<S+
peakpowergradientof theDFG, TU83MV+ meanpowergradient
of the DFG over .W�U$XPY* , Z�[]\_^ � + any functional unit of
type ` operatingat voltage a , Z�[ � + any Z�[]\_^ � neededby7 � for its execution, Z�[ � ^ 9b+ any functional unit Z�[ � active
in control step . , c 9 + total numberof functionalunits active
in step . , d � ^ 9 + switching activity of resourceZ�[ � ^ 9 , e � ^ 9 +
operatingvoltage of resourceZ�[ � ^ 9 , f � ^ 9 + load capacitance
of resourceZ�[ � ^ 9 , and g 9 + frequency of control step . .

The power consumptionfor any control step . is given
by Eqn. 1. The level convertersare consideredas resources
operatingin a cycle . , if the current resourceis driven by a
resourceoperatingat lower voltage.

8:9)� �ih=j��� 	 d � ^ 9�f � ^ 9ke �� ^ 9 gl9 (1)

Thepowergradient83MH9 for any stepis definedastheabsolute
differenceof power consumptionfrom its previous step.

83M 9 �m� 8 9  8 9 " 	l�n0poq.N�?$r��st�u������� *65 �vvv � h j��� 	 d � ^ 9 f � ^ 9 e �� ^ 9 g 9  � h jFwBx��� 	 d � ^ 9 " 	�f � ^ 9 " 	�e �� ^ 9 " 	 g 9 " 	
vvv (2)

The peakof the power gradientsis denotedas( 83M < ) :

83M < � �A@B�)y�� 8 9  8 9 " 	!� z E 9 � � ^ {�^}|}|}|}| K� �A@B� I vvv � h j��� 	 d � ^ 9 f � ^ 9 e �� ^ 9 g 9 � h=j~wBx��� 	 d � ^ 9 " 	�f � ^ 9 " 	�e �� ^ 9 " 	 g 9 " 	
vvv L E 9

(3)

The meanpower gradient TU83M is calculatedas,

TU83M � 	K " 	��
K9 � � 83MH9)� 	K " 	��

K9 � � � 8:9  8:9 " 	 �� 	K " 	��
K9 � � I

vvv � h j��� 	 d � ^ 9kf � ^ 9�e �� ^ 9 gl9 � h=jFwBx��� 	 d � ^ 9 " 	 f � ^ 9 " 	 e �� ^ 9 " 	 gl9 " 	
vvv L (4)

Usingthedynamicenergy modelproposedin [1] weexpress
theeffectiveswitchingcapacitanceas, d � f � �if��~� � 0�d � 	 �
d � � 5 .
The d � and f � are the parameterscorrespondingto the
functional unit Z�[ � . The f��~� � is a measureof the effective
switching capacitanceof Z�[ � , which is a function of the
average switching activities on the first and second input
operands.Using the above, we rewrite Eqn. 4 and get the



following objective function.

TU83M � 	K " 	]�
K9 � � I

vvv �ih=j��� 	 f��~� � ^ 9 e �� ^ 9 g!9 � h jFwBx��� 	 f �~� � ^ 9 " 	 e �� ^ 9 " 	 g 9 " 	
vvv L (5)

I I I . SCHEDULING ALGORITHM

Due to lack of space,we provide ILP formulations for
MVDFC modeonly; similar formulationsaredonefor SVSF
and MVMC schemes.Different decision variablesare used
for other two modesof formulations.We use the following
notationsfor ILP formulation : T�\_^ � � maximum number
of functional units Z�[�\_^ � , � � � ASAP time stampfor the
operation 7 � , � � � ALAP time stampfor the operation 7 � ,8�0Cf �~� � �
a���gq5/� power consumptionof functional unit Z�[ �
at voltage a and frequency g usedby 7 � for its execution,
and � � ^ 9
^ � ^ � � decision variable which takes the value of1 if operation 7 � is scheduledin control step . using the
functionalunit Z \_^ � and . hasfrequency g 9 .
(a) Objective Function : The objective is to minimize
the meanpower gradient TU83M describedin Eqn. 5 of the
whole DFG over all control steps.

Minimize : TU83M�� 	K " 	)�
K9 � � � 8:9  8:9 " 	 � (6)

This problemhasa non-linearityin it becauseof the absolute
function.Thiscanbeconvertedto anequivalentproblemusing
the transformationsuggestedin [5], [9].

Minimize : 	K " 	��
K9 � � 0C8D9:��8:9 " 	 5

Subjectto : Power gradientconstraints
(7)

The above problemin Eqn. 7 is simplified to :

Minimize : �K " 	)�
K " 	9 � � 8 9 ��8�	]��8 K

Subjectto : Power gradientconstraints
(8)

Using the decisionvariables,we have,

Min: I �K " 	 L �
K " 	9 � � � ���!���k� � � � � � � � ^ 9
^ � ^ � 8�0>f �2� � ��a���gq5� � ���!���k� � � � � � � � ^ 	 ^ � ^ �B8�0Cf��~� � ��a���gq5� � ���!���k� � � � � � � � ^ K ^ � ^ � 8�0>f �2� � ��a���gq5

Subjectto :Power gradientconstraints

(9)

(b) UniquenessConstraints : Theseconstraintsensurethat
every operation 7 � is scheduledto one unique control step
within the mobility range( � � , � � ) with a particular voltage
and frequency. andarerepresentedas, o ' , 1�% ' % - ,

� 9 � � � � � � ^ 9
^ � ^ � � 1 (10)

(c) PrecedenceConstraints : Theseconstraintsguaranteethat
for an operation 7 � , all its predecessorsare scheduledin an
earliercontrolstepandits successorsarescheduledin an later
control step,andaremodeledas, o ' �>����7 �:� 8��J���B��� ,
� � � � �?�
������ � ��� � ^ � ^ � ^ �  � � � � � �

�� � � � �u�t¡
^ � ^ � ^ ��%  1 (11)

Input : DFG, Constraints,VoltageandFreq.Levels, Delays
Output : ScheduledDFG, ¢¤£�¥�¦F§ , ¨ , ©�¢Bª�« , Power estimates
Step 1: Constructeffective switchingcapacitancelook-up table.
Step 2: Calculatethe switchingactivities for eachnode.
Step 3: Find ASAP andALAP scheduleof the UDFG.
Step 4: Determinethe mobility graphsfor differentschemes.
Step 5: Calculateoperatingfrequency of FUs usingdelays.
Step 6: Model the ILP formulationsof DFG usingAMPL [2].
Step 7: Solve the ILP formulationsusingLP-Solve.
Step 8: Obtain the scheduledDFG.
Step 9: Determine ¢ « , ¢¤£�¥�¦F§ and ©k¢Bª « for MVDFC scheme[7].
Step 10: Estimatethe power anddelayof the scheduledDFG.

Fig. 1. Schedulingfor ¬®­]¯ minimization

(d) Resource Constraints : Theseconstraintsensurethat no
control step containsmore than T \_^ � operationsof type `
operatingat voltage a , andareenforcedas, o
. and o�a ,

� ���!���k� � � � � � ^ 9
^ � ^ � % T�\�^ � (12)

(e) FrequencyConstraints : This set ensuresthat if a func-
tional unit is operatingat higher voltage level then it can
be scheduledin a lower frequency control step, whereas,a
functional unit is operatingat lower voltagelevel then it can
not be scheduledin a higherfrequency control step.We write
theseconstraintsas, o ' , 13% ' % - , o
. , 13%n./%4* , if g±°(a ,
then � � ^ 9
^ � ^ � �?² .
(f) PowerGradientConstraints: To eliminatethenon-linearity
introduceddue to the absolutefunction, we introducethese
constraintso
. , $&%4.R%(* ,

� �#�!�B��� � � � � � � � ^ 9
^ � ^ �R³ 8�0Cf �~� � ��a���gq5 � ���!���k� � � � � � � � ^ 9 " 	 ^ � ^ � ³ 8�0Cf��~� � ��a���gq5)%483MR< (13)

The 83M < is peak power gradient constraint added to the
objective function andminimizedalongwith it.

The target architecturemodel assumedby the scheduling
schemesis sameas the one usedin [3]. All functional units
have one registereachand one multiplexor. The register and
the multiplexor operateat the same voltage level as that
of the functional units. A controller decideswhich of the
functional units are active in each control step and those
that are not active are disabledusing the multiplexors. For
MVDFC scheme,the controller has a storageunit to store
the parameters,cycle frequency index ( .�g ' 9 ) obtainedfrom
the scheduling,which serves as clock dividing factor for the
dynamic clocking unit. The cycle frequency gl9 is generated
dynamically and a functional unit operating at one of the
supplyvoltagesis activated.

The inputs to the algorithm are an unscheduleddataflow
graph, the resource constraints, the number of allowable
voltage levels, the numberof allowable frequencies,delays
at different voltage levels. The delaysof level convertersis
representedin the form of a matrix that shows the delay
in converting one voltagelevel to anothervoltage level. The
schedulingalgorithm(Fig. 1) determinesthepropertimestamp
for eachoperation,gl´ G¤� � , .�g ' 9 andvoltagelevel suchthat the
function TU83M is minimum.



TABLE I

POWER ESTIMATES FOR BENCHMARKS

MPG Estimates( µ�¶ ) PeakPower (%) AveragePower (%) PDP(%)·�¸N¹;º ·�¸N¹;» ¼�·�¸N¹;» ·�¸N¹;½ ¼�·�¸N¹;½ ¼/¸¿¾ » ¼/¸¿¾ ½ ¼R¸ ¥ » ¼/¸ ¥ ½ ¼/¸;À3¸q» ¼/¸;À3¸q½
1 2 3 4 5 6 7 8 9 10 11 12
e 8.42 2.11 74.94 5.96 29.22 73.61 0 72.80 22.91 54.58 0
x 8.42 2.11 74.94 5.97 29.10 73.61 20.83 72.80 21.56 54.58 0
p 8.42 2.06 75.53 2.17 74.23 73.61 47.22 72.12 36.68 53.56 0
f 4.26 1.11 73.94 3.53 17.14 73.61 0 73.47 15.65 52.24 0
i 6.42 1.72 73.21 4.54 29.28 73.61 47.22 73.47 12.93 52.24 0
r 4.26 1.08 74.65 3.00 29.58 73.61 45.90 72.9 24.72 51.22 0
i 8.56 2.92 65.89 4.41 48.48 65.74 31.48 68.33 18.78 52.24 0
i 8.56 2.24 73.83 2.71 68.34 73.61 47.22 72.96 30.13 59.60 0
r 4.26 1.08 74.65 1.27 70.19 73.61 47.22 72.34 34.13 55.71 0
h 8.49 2.85 66.43 3.53 58.42 65.74 31.48 69.26 32.55 46.09 0
a 8.56 2.19 74.42 4.52 47.20 73.60 47.20 73.18 30.14 53.06 0
l 4.26 1.06 75.12 1.63 61.74 73.33 45.35 72.71 24.64 50.85 0
a 5.66 1.46 74.20 2.92 48.41 73.59 0 74.00 22.00 59.40 0
r 5.66 1.46 74.20 3.00 47.00 73.59 0 74.00 20.44 59.40 0
f 5.66 1.40 75.27 2.97 47.53 73.02 0 71.33 18.89 57.20 0

Average Results 73.42 47.10 72.50 27.41 72.38 24.41 54.13 0

IV. RESULTS AND CONCLUSIONS

The ILP basedschedulersfor all schemesare testedwith
five benchmarkcircuits [8]. The following notationsareused
to expressresults: � : subscriptusedfor SVSFoperation,Á :
subscriptusedfor MVDFC operation,T : subscriptusedfor
MVMC operation,Â : the critical pathdelay, 83ÁÃ8Ä�i8DG ³ Â
: the power delayproduct(in �:Å ), ÆX8 <!Ç �ÉÈ�ÊJËJÌ " ÊlËuÍ=ÎÊlË_Ì ³ 1_²!²
: % peak power reduction, Æ&8 <�Ï � È�Ê Ë_Ì " Ê ËuÐ ÎÊ Ë_Ì ³ 1_²!² : %

peakpower reduction,Æ&83ÁÃ8 Ç � È�Ê Ç Ê ÌB" Ê Ç Ê Í ÎÊ Ç Ê Ì ³ 1u²�² : %

PDP reduction,and Æ&83ÁÃ8 Ï � È�Ê Ç Ê ÌÑ" Ê Ç Ê Ð ÎÊ Ç Ê Ì ³ 1_²!² : %
PDPreduction.We usethe look-up tablemethodfor average
switchingcapacitancecalculation.Thelook-uptableconstruc-
tion consistsof two phases,suchas input patterngeneration
andcell characterization.We generatetheprimaryinput signal
of different correlationsand perform the characterizationof
the physicalimplementationsof the library modulesavailable
in [6]. Whenever necessary, we usedinterpolationmethodto
find the averageswitching capacitancefor any other values
of ( d � 	 ��d � � ) pairs that doesnot exist in the look-up table.
The above generatedsignalsarepropagatedthroughdifferent
operatorsin the DFG andthe averageswitchingactivities are
calculated.

The schedulerswere testedusingdifferentsetsof resource
constraints: (R1) multipliers ( $ at $t� ÒÑe and 1 at st� s�e )
and ALUs ( 1 at $t� ÒÑe and 1 at s¿� sBe ), (R2) multipliers ( s
at $r� ÒBe ) and ALUs ( 1 at $t� ÒÑe and 1 at st� s�e ), and (R3)
multipliers ( $ at $r� ÒBe ) andALUs ( $ at s¿� sBe ). Thenumberof
allowablevoltagelevelsbeingtwo ( $r� ÒBe��
s¿� sBe ) andmaximum
number of allowable frequenciesbeing three. The experi-
mental resultsfor variousbenchmarkcircuits are reportedin
Table I for all three schemes.In the table, the results are
expressedin the order R1, R2, and R3 for eachbenchmark.
The power estimationsincludethe power consumptionof the
overheads.In caseof MVDFC schedulerthefrequenciesfound

are Ò¿�}Ó!TUÔÖÕ��
×BTUÔÖÕ and 1uØBTUÔÖÕ . For MVMC and SVSF
schedulersthe operatingfrequency is ×BTUÔÖÕ .

This paperaddressedpower fluctuationreductionat behav-
ioral level using low power datapathschedulingtechniques.
We used ILP basedoptimizations for the three modes of
datapathoperations.In dynamic frequency clocking scheme
significant reductioncould be achieved in meanpower gra-
dient, peak power and averagepower alongwith reductions
in power delay product. The results clearly indicate that
the dynamic frequency clocking is a better schemethan the
multicycling approachfor power minimization.

REFERENCES

[1] J.M. ChangandM. Pedram.Energy minimizationusingmultiplesupply
voltages.IEEE Trans.on VLSI Systems, 5(4):436-443,Dec 1997.

[2] R. Fourer, D. M. Gay, andB. W. Kernighan.AMPL : A ModelingLan-
guage for MathematicalProgramming. Brooks/Cole-ThomsonLearning,
CA, USA, 2003.

[3] M. Johnsonand K. Roy. Datapathschedulingwith multiple supply
voltagesandlevel converters.ACM TODAES, 2(3):227-248,July 1997.

[4] R. S. Martin and J. P. Knight. Optimizing power in asic behavioral
synthesis. IEEE Design & Test of Computers, 13(2):58-70,Summer
1996.

[5] B. A. McCarl and T. H. Spreen. Applied Mathematical
Programming using Algebric Systems. Online Book at :
http://agecon.tamu.edu/faculty/mccarl/regbook.htm, 1997.

[6] S. P. Mohanty and N. Ranganathan.Energy efficient schedulingfor
datapathsynthesis.In Proc. of Intl. Conf. on VLSIDesign, pp. 446-451,
2003.

[7] S. P. Mohanty and N. Ranganathan. A framework for energy and
transientpower reductionduring behavioral synthesis.In Proc. of Intl.
Conf. on VLSI Design, pp. 539-545,2003.

[8] S. P. Mohanty, N. Ranganathan,andS. K. Chappidi.SimultaneousPeak
andAveragePower Minimization During DatapathSchedulingfor DSP
Processors.In Proc. of GLSVLSI, pp. 215-220,2003.

[9] M. J. Panik. Linear Programming: Mathematics,Theoryand Practice.
Kluwer AcademicPublishers,1996.

[10] V. Raghunathan,S. Ravi, A. Raghunathan,and G. Lakshminarayana.
Transientpower managementthroughhigh level synthesis.In Proc. of
ICCAD, pp. 545-552,2001.

[11] W. T. Shiue. High level synthesisfor peakpower minimization using
ILP. In Proc. of IEEE Intl. Conf. on ASSAP, pp. 103-112,2000.


