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Abstract—

We modelthe powerfluctuationas cycle-to-cyclepowergradi-

ent and minimizethe meanof the power gradientsusing ILP.

We proposesceduling schemesfor 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 conductedn selectechigh-
level synthesisbendmarks.Experimentalresultsin terms of
several parametes, sud as meanpowergradient,meancycle
power peakpower and power delay product, are presented.

I. INTRODUCTION

The power fluctuation is critical to reducepower supply
noiseandcrosstalk, andto increasebatterylife andreliability.
Pawer fluctuation leadsto larger gz causing power supply
noise,becausef selfinductancelLarge £; di and % d“ dueto high
p(werfluctuat|0ncan|ntroduce3|gn|f|cantn0|se|n signallines
due to mutual inductanceand capacitancegcross-talk).More
the power fluctuation lesserthe electrochemicakorversion,
hencedecreasan battery life. High current peaksin short
time spanscan causehigh heatdissipationin a localisedarea
of die which may leadto failures.

There are few researchworks minimizing peak power at
behaioral level. In [4], the peakpower reductionis achieved
throughsimultaneousssignmenandschedulingin [11], ILP
basedschedulingand force directed schedulinghave been
proposedto minimize peak power. In [10], data monitor
operationsare usedfor simultaneouseductionof peakpower
and peakpower differential.In [7], heuristicbasedschemes
proposedhat minimizespeakpower, peakpower differential,
averagepower, enegy altogether

Il. POWER FLUCTUATION MODELING

Let zq1, 22, ....,x, be a setof n obsenationsfrom a given
distribution. The samplemean(an unbiasedestimateof pop-
ulation meany ) is m %E?:l z;. The obsenation-to-
obsenationgradientcanbe definedas, |z; —z; 1|, where2 <
i < n. The meangradientis given by ﬁ S — @il
This is the basisof our power fluctuation modeling. Let us
assumethat the datapathis representedn the form of a
sequencingDFG. The following notationsare usedin the
description: N : total numberof control stepsin the DFG,
O : total numberof operationsn the DFG, ¢ : a control step
or a clock cycle in DFG (1 <i < N), o; : ary operationi

(1 <i<0), P, : thetotal pawer consumptiorin controlstep
¢, Py peakpuNerconsumpnorfor theDFG (= ma;c(

P, : meanpower consumptiorof the DFG ( ~ EC 1PC ,
PG, : power gradientfor cycle ¢ (where,c = 2 — N), PG,
peakpower gradientof theDFG, M PG : meanpcwergradlent
of the DFG overc = 2 — N, FUy, : ary functional unit of
type k operatingat voltagev, FU; : ary FU;, neededby
o; for its execution, F'U; . : ary functional unit FU; actve
in control stepe, R, : total numberof functional units active
in stepe, a; : switching actvity of resourceFU;., V;. :
operatingvoltage of resourceFU; ., C; . : load capacitance
of resourceF'U; ., and f, : frequeng of control stepc.

The power consumptionfor ary control step ¢ is given
by Egn. 1. The level corvertersare consideredas resources
operatingin a cycle ¢, if the currentresourceis driven by a
resourceoperatingat lower voltage.

P Ez—l Qa; cCi,cvﬁcfc (1)

Thepower gradientPG.. for ary stepis definedasthe absolute
differenceof power consumptionfrom its previous step.

PG, = |P,
|E{21 ai,cci,c‘/j?cfc -

—P.y| (Ye=2,3,...N)
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The peakof the power gradientsis denotedas (PG,) :

maz (|Pe — Pe- 1|)Vc 2,3,..N
Z 1achch fc
Oéi,c710i,c71V,~,C_1fcf1Dv

PG,

maw(

R._
=1
The meanpower gradientM PG is calculatedas,

N1Zc2PG N1Ec2|P - P 1|
1Zc z(|zz %1 @i Ci eV ,cfc
- Ez}'%:cllai,cflcz',cflv;',c_lfcfl‘)

Usingthedynamicenegy modelproposedn [1] we express
theeffective switchingcapacitancas,a; C; = Ci; (ait, a;?).
The o; and C; are the parameterscorrespondingto the
functional unit FU;. The C,,,; is a measureof the effective
switching capacitanceof FU;, which is a function of the
average switching actities on the first and secondinput
operands.Using the above, we rewrite Eqn. 4 and get the

®3)
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following objective function.

g—izfi (jt cm-,cvg?)cfc o

I1l. SCHEDULING ALGORITHM

MPG =

2
swz’,c—lVi,C_lfc—l

Due to lack of space,we provide ILP formulations for
MVDFC modeonly; similar formulationsare donefor SVSF
and MVMC schemesDifferent decision variablesare used
for other two modesof formulations.We use the following
notationsfor ILP formulation : M}, = maximum number
of functional units FUy,,, S; = ASAP time stampfor the
operationo;, E; = ALAP time stampfor the operationo;,
P(Csw;,v, f) = power consumptionof functional unit FU;
at voltage v and frequeny f usedby o; for its execution,
and z; ..,y = decision variable which takes the value of
1 if operationo; is scheduledin control step ¢ using the
functional unit F, , andc hasfrequeny f..

(a) Objective Function : The objectve is to minimize
the meanpower gradientM PG describedin Eqn. 5 of the
whole DFG over all control steps.

(6)

This problemhasa non-linearityin it becauseof the absolute
function. This canbe corvertedto anequivalentproblemusing
the transformationsuggestedn [5], [9].

Minimize : MPG = 5 YN |P. — P, 4|

Minimize : i SN (P, + P._y) @
Subjectto :  Paower gradientconstraints

The above problemin Eqn. 7 is simplified to :
Minimize : 25 Zf;‘; P.+ P, + Py ®)
Subjectto : Power gradientconstraints

Using the decisionvariables,we have,

. N-1
Min: (N2—1) D=2 2aicFy, 2w 2o Tiew,fP(Cowiy v, f)
+ EieFk,v Z’U Zf mi,l,v,fP(ngz’, Uﬂ f)

+ ZieFk,u 2 Zf Ti,N,0,f P(Cswi, v, f)
Subjectto :Power gradientconstraints

©)

(b) UniquenessConstaints : Theseconstraintsensurethat
every operationo; is scheduledto one unique control step
within the mobility range(S;, E;) with a particular voltage
andfrequeny. and arerepresenteds, Vi, 1 < i < O,

Zc ZU Zf xi,c,u,f = 1

(c) Precedence&Constaints : Theseconstraintgguaranteahat
for an operationo;, all its predecessorare scheduledn an
earliercontrol stepandits successorarescheduledn an later
control step,and are modeledas, Vi, j, 0; € Pred,,

E; E;
E‘U Zf Ed:Sl dmiydﬂ)yf - Z’U Zf Ze;Sj exj,e,v,f S _1(11)

(10)

Input : DFG, Constraints Voltageand Freq. Levels, Delays
Output : ScheduledDFG, fy4se, N, cfic, Pover estimates
Step 1: Constructeffective switching capacitancdook-up table.
Step 2: Calculatethe switching activities for eachnode.

Step 3: Find ASAP and ALAP scheduleof the UDFG.

Step 4: Determinethe mobility graphsfor differentschemes.
Step 5: Calculateoperatingfrequeng of FUs usingdelays.
Step 6: Model the ILP formulationsof DFG using AMPL [2].
Step 7: Solve the ILP formulationsusing LP-Solhe.

Step 8: Obtainthe scheduledDFG.

Step 9: Determinef., fouse andcfi. for MVDFC schemg[7].
Step 10: Estimatethe power and delay of the scheduledDFG.

Fig. 1. Schedulingfor M PG minimization

(d) Resouce Constaints : Theseconstraintsensurethat no
control step containsmore than M, , operationsof type &
operatingat voltagev, and are enforcedas, Ve and Vo,

Yicr, 2 Tiews < Miw

(e) FrequencyConstaints : This setensureghat if a func-
tional unit is operatingat higher voltage level then it can
be scheduledin a lower frequeng control step, whereas,a
functional unit is operatingat lower voltagelevel thenit can
not be scheduledn a higherfrequeny control step.We write
theseconstraintsas,Vi, 1 <i < 0, Ve, 1 <c¢< N, if f<w,
thenw; c.,r = 0.

() PowerGradientConstaints: To eliminatethe non-linearity
introduceddue to the absolutefunction, we introducethese
constraintsve, 2 < ¢ < N,

ZieFk,u Ev Ef Ticv,f * P(Cswiava f)
- ZieFk,v pI Zf Tie—1,0,5 * P(Cswirv, f) < PGy

The PG, is peak power gradient constraintaddedto the
objective function and minimized alongwithit.

The target architecturemodel assumedby the scheduling
schemess sameas the one usedin [3]. All functional units
have one register eachand 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 parametersgycle frequeng index (cfi.) obtainedfrom
the scheduling,which senes as clock dividing factor for the
dynamic clocking unit. The cycle frequeng f. is generated
dynamically and a functional unit operatingat one of the
supply voltagesis activated.

The inputs to the algorithm are an unscheduledlata flow
graph, the resource constraints,the number of allowable
voltage levels, the number of allowable frequenciesdelays
at different voltage levels. The delaysof level corvertersis
representedn the form of a matrix that showvs the delay
in corverting one voltage level to anothervoltagelevel. The
schedulingalgorithm(Fig. 1) determineshepropertime stamp
for eachoperation,fy.se, cfi. andvoltagelevel suchthatthe
function M PG is minimum.

(12)

(13)



TABLE |
POWER ESTIMATES FOR BENCHMARKS

MPG EstimatemW) PeakPawer (%) | AveragePower (%) PDP (%)
MPGs | MPGp | AMPGp | MPGu | AMPGum | AP, | APy, P.p P,y | APDPp | APDPy

1 2 3 4 5 6 7 8 9 10 11 12
e 8.42 211 74.94 5.96 29.22 73.61 0 72.80 22.91 54.58 0
X 8.42 211 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 7361 | 4722 | 72.12 36.68 53.56 0
f 4.26 111 73.94 3.53 17.14 73.61 0 73.47 15.65 52.24 0
i 6.42 1.72 73.21 454 29.28 7361 | 4722 | 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 7361 | 47.22 | 72.96 30.13 59.60 0
r 4.26 1.08 74.65 1.27 70.19 7361 | 4722 | 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 74.42 452 47.20 73.60 | 47.20 | 73.18 30.14 53.06 0
I 4.26 1.06 75.12 1.63 61.74 7333 | 4535 | 7271 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 7250 | 2741 | 72.38 24.41 54.13 0

IV. RESULTS AND CONCLUSIONS

The ILP basedschedulerdor all schemesare testedwith
five benchmarkeircuits [8]. The following notationsare used
to expressresults: S : subscriptusedfor SVSFoperation,D :
subscriptusedfor MVDFC operation,M : subscriptusedfor
MVMC operation, T : the critical pathdelay PDP = P, «T
. the power delay product(in nJ), AP, , = (ﬁSP’P—W * 100
_ (7

PS

Ps
Eos—Ford) 4100 : %

. % peak power reduction,AP,,, x
(PDPs_FDPp) | 10 - o

peakpower reduction,APDPp =

S

PDP reduction,and APDP,; = % x 100 : %

PDP reduction.We usethe look-up table methodfor average
switchingcapacitancealculation.Thelook-uptableconstruc-
tion consistsof two phasessuchas input patterngeneration
andcell characterizationWe generatahe primaryinput signal
of different correlationsand perform the characterizatiorof

the physicalimplementation®f the library modulesavailable
in [6]. Whenerer necessarywe usedinterpolationmethodto

find the averageswitching capacitanceor ary other values
of (a;',042) pairs that doesnot exist in the look-up table.
The above generatedsignalsare propagatedhroughdifferent
operatordn the DFG andthe averageswitching actiities are
calculated.

The scheduleravere testedusing different setsof resource
constraints: (R1) multipliers (2 at 2.4V and 1 at 3.3V)
and ALUs (1 at 2.4V and 1 at 3.3V), (R2) multipliers (3
at 2.4V) and ALUs (1 at 2.4V and 1 at 3.3V), and (R3)
multipliers (2 at 2.4V) andALUs (2 at 3.3V"). The numberof
allowablevoltagelevelsbeingtwo (2.4V, 3.3V) andmaximum
number of allowable frequenciesbeing three. The experi-
mentalresultsfor variousbenchmarkcircuits are reportedin
Table | for all three schemesln the table, the results are
expressedn the order R1, R2, and R3 for eachbenchmark.
The power estimationsnclude the power consumptionof the
overheadsln caseof MVDFC schedulethefrequenciegound

are4.5MHz,9MHz and 18 M Hz. For MVMC and SVSF
schedulerghe operatingfrequeny is 9M H z.

This paperaddressegower fluctuationreductionat beha-
ioral level using low power datapathschedulingtechniques.
We used ILP based optimizationsfor the three modes of
datapathoperations.In dynamic frequeng clocking scheme
significant reductioncould be achiesed in mean power gra-
dient, peak power and average power alongwith reductions
in power delay product. The results clearly indicate that
the dynamic frequeng clocking is a better schemethan the
multicycling approachfor power minimization.
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