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Abstract— The problem of peak power estimation in CMOS

circuits is essentialfor analyzing the reliability and performance
of circuits at extreme conditions. The dynamic power dissipated
is directly proportional to the switching activity (number of
gate outputs that toggles (changes state)) in the circuit. The
Power Virus problem involves finding input vectors that cause
maximum dynamic power dissipation (maximum toggles) in
circuits. Techniquesthat use a gate-level representation of the
given circuit to generate a power virus are reported in the
literatur e. As the power virus problem is NP-complete the gate-
level techniques are less scalable with increasing design size
and produce less optimal vectors. In this paper, an approach
for power virus generation using behavioral models of digital
circuits is presented.The proposedtechnique corverts the given
behavioral model automatically to an integer (word-level) con-
straint model and employsa integer constraint solver to generate
the required power virus vectors. Experimenting the proposed
technique on ISCAS’85 behavioral level benchmark circuits and
the standard DLX processomodel show that the above technique
is fast and yields higher-quality results than the known gate-
level techniques. Inter estingly, the paper attempts to generate
an assembly program that cause the maximum dynamic power
dissipation on the given DLX processormodel. To the best of
our knowledge the proposedtechnique is the first reported that
considerspower virus generation using behavioral level models.

Keywords— Behavioral Models, Dynamic power dissipation,

Power virus, Integer Constraint Solvers, Hardware Description
Languages(HDL).
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. INTRODUCTION

The high transistordensity togetherwith the growing impor-
tanceof reliability asa designissue hasmadeearly estimation
of worst casepower dissipation(peak power estimation)in
the designcycle of logic circuits an importantproblem.The
peakpower consumptiorcorrespondso the highestswitching
activity generatedn the circuit underthetestduringoneclock
cycle. The dynamic power dissipated(Pg) in the combina-
tional portion of a sequentiakircuit canbe computedas[1]:

Pr=g Vip fx Y [N@xcw] @
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wherethe summationis performedover all gatesg, and N (g)
is the numberof times gate g has switchedfrom 0 to 1 or
vice versawithin a given clock cycle, C(g) is the output
capacitancef gateg, Vpp is the supplyvoltageand f is the
frequeng of operation.In this work we madethe assumption
that the output capacitancefor each gate is equal to the
numberof fanouts.Therefore,the total switching activity is
the parametethatneedgo be maximizedfor maximumpower
dissipation Accurateestimationof maximumpower consump-
tion involves finding a pair of input vectors which when
appliedsuccessiely, maximizethevalueof Pg asgivenby the
equation(1), amongall possibleinput vector pairs. Thesetwo
vectos can be applied one after anotherrepeatediyto cause
the estimatedpower dissipationfor an indefinitetime Given
that the circuit hasn primary inputs, there are 4™ possible
two input vectorsequenceo be consideredor an exhaustve
searchlt is easyto seethatthepowervirus generatiorproblem
for sequentiatircuits reducego solving multiple instancef
the sameproblemon its underlying combinationalpart. Let
S; denotethe stateof a sequentiakircuit S at the beginning
of the clock cycle i and I; denotethe primary inputs at the
clock cycle i. The power virus problemon S is to find a k-
cycle sequencd Sy, I, S, I, - - -, I, Sk+1), suchthat, Sk41
= S1, and at every cycle the input I; is calculatedso as to
generatenaximumtoggleactivity in the combinationaportion
of S. Two different power estimationmetrics are definedin
the context of sequentiatircuits,namely the peaksingle-cycle
powerandthe peaksustainablgoower[2]. Theformerdenotes
the maximum power dissipatedduring ary one cycle of the
k cycleswhile the latter denoteshe averagepower measured
acrossthe k cycles. The valuesof I, and henceSs, is got by
warming up the circuit asdiscussedn [3].

Il. PREVIOUS WORK

This sectionpresentghe previous work reportedin the liter-
aturefor the power virus generationand constraintmodeling
basedtestgenerationThe sectionproceeddurtherto present
the salientcontributions of this paper

A. Power Virus Geneation for Gate level representations

Several approachefiave beenproposedo estimatethe max-
imum power consumptionfor CMOS circuits in [2]-[10].
In [4] Devadaset al. reducethe problem to a weighted
max-satisfiabilityproblem on a set of multi-output Boolean

functions obtained from the circuit logic description. This
approachtook time exponentially proportionalto the number
of primary inputs (PIs) and henceapplicableonly to small
circuits. Kriplani et al. [6] have presenteda patterninde-
pendentalgorithm to find an upperbound on the maximum
instantaneousurrentthroughthe power supplylinesof CMOS
circuits. Thetechniquepresentedn [5] takestime exponential
with respectto the numberof levelsin the circuit and hence
is not scalablefor circuits which are suficiently deep.An
estimationof averageswitchingin combinationakircuit using
symbolicsimulationis discussedn [8]. The methodproposed
in [9] propagatesignaluncertaintywaveformsthroughouthe
circuit to obtaina looseupperboundon the maximumpower.
n upperboundon the numberof simultaneouswitchinggates
using partitioning techniquesis presentedin [11]. On the
sequentialend, several techniquesare proposedin [2], [3].
Of these,the genetic algorithm presentedin [2], addresses
both single-g/cle power and sustainablepower metrics. Four
different heuristics are presentedin [2] and it assumesa
variable-delay model.

B. Constaint Modeling basedTest Geneation

Constraintpropagatiortechniquesacrossdifferentdomains,
that is, (both arithmetic and boolean domains) have been
explored to generatefunctional tests and high level ATPG
vectorson HDL descriptions [12] [13] [14]. The ideas
discussedn [15]-[18] useconstraintsolversto generateests
for functionalverificationof higherlevel architecturafeatures.

C. CONTRIBJTION OF THIS PAPER

This paper proposesa methodologyfor power virus gener
ation using a behaioral descriptionof a circuit. Hardware
Description Languages(HDL) like Verilog enablesone to
develop suchbehaioral models[19]. The salientfeaturesof
the proposedechniqueare outlined below:

1) Theinputto the proposededniqueis a behavioal level
HDL model The behaioral circuit modelsarelesserin
sizeanddeal with word-level variableswhencompared
with the correspondingjatelevel circuit modelsthatdeal
with bit-level variables.This word-level representation
in-turn exploits the word-level parallelismthat exist in
modern processorsto speed-upthe computationsin-
volvedin thegeneratiorof the powervirus. This enables
a larger exploration of the searchspacewithin a given
time, when comparedto the gate-level techniques.In
addition,theword-level variablesgrow lessdramatically
than the bit-level variableswith increasingdesignfunc-
tionality. This accountsfor the betterscalability of the
proposedechniquewith increasingdesignsizethanthe
gate-level techniques.

Automatic genemtion of the constiaint modelfrom the
behavioal model Automatic extraction of constraints
from a behaiioral or RTL descriptionis a challenging
problem[20]. The proposedmethodologycorverts the
given behavioral descriptioninto an A2M graphbased
representatiorf21] and further corverts the sameinto

2)



a set of integer constraints.The constraintsare solved
using an integer solver to generatethe required power
virus vectors.All the above stepsarefully automated
Correlation to Gate level representation As the pro-
posedtechniqueconsidersonly behaioral level models,
it doesnot capturethe gatelevel implementatiordetails.
In other words, the variablesof the behaioral model
doescorrespondo wiresin the gatelevel representation,
but not all wires in the gate level representatiorare
variablesn the behaioral model.For example,anadder
is representedby the + signin the behaioral model.Its
actualimplementatiorat the gatelevel (say carry-ripple
or carry look-aheadcircuit) is not taken into account
by the proposedtechnique.The power virus computed
by the proposedtechniqueshall maximize the toggles
on the inputs and outputsof the adder The interesting
guestionis thatwill this maximizethe numberof toggles
in the underlyinggatelevel representatiomoo, asthis is
the requiredreal estimateof the power. The answerto
the above questionis predominantlypositive. This paper
discusseshe basicintuition behindthis positive answer
This is further supportedby experimentalvalidation.
Handling sequentialdesignswith dynamic unrolling:
The behaior of a sequentialcircuit S over k time
framescanbe modeledasa combinationalkircuit using
the corventionaltime frame expansionapproachwhich
unrollsthe combinationapartof S, k times[22]. Given
the maximumnumberof time frames(M AX _TF'S) for
whichthemodelcanbeunrolled,the proposedechnique
dynamically unrolls for &k time frames, for different
valuesof k, 1 < k < MAX_TFS, to find an optimal
solution.

To the best of our knowledge the proposedtechniqueis
the first reportedthat considerspower virus generationusing
behaioral level models.

3)

4)

I1l. CONSTRAINT GENERATION

The proposedmethodologymay be divided into the following
threephasespamely
1) Generatiorof the A2M graphfrom theinput behavioral
model,
2) Generationof constraintsfrom the 4A2M graphrepre-
sentation;and,
3) Solving the constraintsusing a constraintsolver.
The following subsectionsexplain the first two phasesin
detail.

A. A2M graph genesation

The synthesizablgart of the verilog codethat describeshe
behavior of a circuit hasthree major structures,namely the
Al ways bl ock, the Assi gn (continuous) state-

nment s andthe Modul e i nstanti ati ons [19]. Hence,
theacrorym A2 M. The A2 M Graphessentiallyhas4 entities,
namely Modul e, Conponent, Si gnal and ADD Node.
Every module definition in the verilog code mapson to a
Modul e entity of the A2M graph.Every always assignand

moduleinstantiationstatementén the verilog codemapon to
a Conponent entity of the A2M graph.

The Modul e entity containsthe variousfields necessaryo
encapsulate moduledefinitionin verilog. They includeNane
of the module, an array of all the Conponent s (always,
assignandmoduleinstantiationstatementsinsidethe module,
an array of all the Si gnal s (all reg and wi r e verilog
variablesincludingthei nput andout put variables)inside
amodule anarraystoringall theindicesof entriesin theabove
Si gnal arraycorrespondingo thei nput tothemodule,and
anarraystoringall theindicesof entriesin theabove Si gnal
array correspondingo the out put to the module.

The Conponent entity containsthe variousfields required
to encapsulataéhe threetypesof structures,namely a mod-
ule instantiation,an assignstatementand an always block.
Two additional Conponent types,namely the f eedback
conponent and the st em conponent are defined to
handle the loops and stemsrespectiely inside the design.
The stemsare signals that drive multiple componentsThe
various fields inside a Conponent are nane and type
of the Component,pointer to the Par ent Modul e of the
Componen{the verilog moduleinside which the Component
is defined),f an- i ns (input signalsto the component)f an-
out s (outputsignalsof the component),and the ADDNode
correspondingto the Component.The ADDNode captures
the functionality of the Conponent andis definedonly for
the Conponent s that correspondgo an al ways block or
an assi gn statementThe ADD Frameavork is an internal
representationf the HDL Descriptionandhasbeenshawn to
be completeand efficient More detailson ADD is available
in [23]-[26].

B. Constaints Genention

This sectiondealswith differentverilog constructstheir corre-
spondingA? M representationandtheir equivalentconstraint
models.This in turn, shall explain the automaticgeneration
of the model constrints from the given behaioral verilog

model. The standardILOG [27] constraintsolver was used
for experimentation.Hence,a ILOG-type syntaxis usedto

illustrate the examplemodel constraintsin this paper

1) Thereg and wi r e variables: Two typesof variables
are commonlyusedin verilog models,namely ther eg and
Wi r e variables[19]. Thesevariablescan either be bits or
integers(bit-vectos). Theintegerdomaindealsmorewith bit-
vectos ratherthanindividual bits. This in turn, increaseghe
modelingcomplexity.

Any bit-vector of sizen in the input behaioral model is
mappednto aSi gnal entityin the A2M graphwith size =
n. Thisis treatedasanintegervariable(IloIntVar in ILOG)
whosevalue rangesfrom 0 to 2" — 1. The bit variablesare
alsotreatedas bit-vectoss of sizen = 1.

Thereg andwi r e variablesin a verilog expressionmap
on to one of the two types of nodeson the A2M graph,
namely the read nodesand the write nodes As the names
suggestthe variableson the right handside (left hand side)
of a verilog expressionmap on to read (write) nodes.The



read and write nodesin the A2M graphhave two attributes
attachedto it, namely the range and the index. The need
for theseattributes arisesfrom the fact that a vector can be
referredin the following threewaysin a verilog code.

« Bit Select For example,ir[3], thatselectsthe third bit of
the bit-vectorir. The respectie nodein the A2M graph
hasindex = 3 andrange = [—1 : —1]. Since,theinteger
solver do not directly deal with bits, the corresponding
ILOG representatiomf ir[3] is

23 % (IloDiv(ir, 2%) — 2 x IloDiv(ir, 2%)),
where,l | oDi v standsfor integer division in ILOG.

« Part select For example,ir[16 : 13], that selectsthe four
bits starting from the bit 13 thru 16 of the bit-vector
ir. The respectie nodein A2M graph has range =
[16 : 13] and index = —1. The correspondingLOG
representatiors

213 % IloDiv(ir, 2'3) — 217 x IloDiv(ir, 2'7)

« The entire vector For exampleir. The respectie node
in A2M graphhasinder = —1 and range = [-1 :
—1]. The ILOG representatiomodelsthe variableir as
a normalinteger (IloIntV ar).

Thevariablesdefinedinsidea moduleM carrydifferentvalues
for different instantiationsof M. To encapsulatehis, every
variablein M is declaredas an array of size equalto the
numberof instantiationsof M. For example, given that the
variableir is definedin M andthat M is instantiatedtwice,
say instantiation0 andinstantiationl, ir[0] (¢r[1]) denoteghe
value of 4r in instantiation0 (1). On similar lines, the third
bit of 4r in instantiation0 is modeledas

23 x (IloDiv(ir[0],23) — 2 * IloDiv(ir[0], 2%)).

The part selectof ir comprisingof the four bits (bits 13 to
16) in instantiation1 is modeledas

213 x IloDiv(ir[1],213) — 217 x IloDiwv(ir[1], 2'7)

2) Modeling sequentialcircuits: Every sequentialcircuit
can be representedby the conventionalHuffman model [22].
The combinationaland the sequentialparts are clearly dis-
tinguishedin this representationTo model the circuit in the
integer domainthe following two basicprinciplesare used:

« Each sequentialelementis a variable in the integer
domain;and,

« Eachcombinationaklementproducesa constrainton its
inputs and outputsin the integer domain.

The behavior of a sequentiakircuit S over k time framescan
be modeledasa combinationalcircuit using the corventional
time frame expansionapproachwhich unrolls the combina-
tional partof S, k times[22]. The abore mentionedapproach
for modelingin the integer domainis illustrated by using an
example of a counter The following verilog code modelsa
counter

reg [4:0] counter;

al ways @ posedge d k)

| opcode I
1

Y

opcode2

clk

Fig. 1. Always statemenwith clk

counter = counter + 1;

Withoutlossof generality let therebe only oneinstantiationof
the module containingthe above verilog code. Therefore the
variableshall be denotedby counter[0] in the corresponding
A2M graph. To unroll a circuit over time frames, another
dimensionis addedto the variablesto representthe time
frame. Thus, the variable counter[0][j], denotesthe variable
counter in the j** time-frame.The combinationalpart of the
Huffman Model is the onethat setsconstrainton the variable
counter[ ] [ ] acrosstime-frames.The verilog code and the
underlying A2M graphimply the following constraint:

counter[0][j] == counter[0][j — 1] + 1

Thus, the clock in verilog is realizedas a time framein the
correspondingonstraintmodel.

3) Assign Statement: Given that a circuit is unrolled for
M AX _TFS time frames theassignstatemenin verilogleads
to constraintson the variablefor all time frames.For example,
the assignstatement

assign sum = input_1 + input_2

inside the kt* instantiationof a module M shall lead to the
following setof constraints.

for(tf = 0; tf< MAX _TFS;tf++)
{

(sum[k][tf] == input_1[E][tf] + input 2[k][tf]);
}

The otheroperatorghatincludebitwise comparisongconcate-
nation etc. supportedoy verilog can be modeledsimilarly.

4) Always Statement:The constraintmodel for an always
constructin verilog dependson the event in its sensitivity
list. The event can be either clocked or non-cloked and is
representecby an event node in the correspondingA? M
graph.The following codeis a clocked always structure:

always Q(posedge clk)
opcode2 <= opcode;

The A%2M graphfor the above caseis shown in figure 1.
The model constraintfor the above A2M graphfor the kt"
instantiationof the moduleto which it belongsto will be:

(opocde2[k][tf + 1] == opocde[k][tf])

The following codeis a non-clocled always structure.



sel_alu_in1

Fig. 2. Always statemenwithout clk

always Q(sel_alu_inl or npc2 or a)
if(sel_alu_inl ==1)
aluinl <= npc2;
else
aluinl <= a;

The A2M graphfor the above caseis shown in figure 2.
The model constraintfor the above A2M graphfor the kt"
instantiationof the moduleto which it belongsto will be:

(alu_in1[k][tf] == (sel_alu_inl[k][tf] == 1) * npc2[k][tf]
+(sel_alu_in1[k][tf] == 0) * a[k][tf])

5) Modulelnstantiation: The moduleinstantiationdeadto
generatiorof interfaceconstaints that establisha connection
betweenthe input-outputvariablesof the instantiatingmodule
andthe instantiatednodule.For example,considethe module
instantiationin Verilog.

nodul e al u(out,inl, in2)
Let the following be its &t instantiation.
alu nyalu (01,i1, i2)

The following are the interface constraintsassumingthat the
circuit is unrolledfor M AX _TF'S time frames.Note that the
following ensuresthe connectvity of the variablesin every
time frame.

for(j = 0; j< MAX_TFS;j ++)

{
(alu_out[k][j] == myalu_ol[k][4]);
(alu_in1[k][j] == myalu_l[k][j]);
(alu—in2[k][j] == myalu1i2[k][j]);

}

6) Power Virus Constaints: As mentioned earlier the
power dissipatedis directly proportionalto the number of
toggles.lt is straightforvard to seethat every variablein the
verilog model corresponddo a signal in the corresponding
A2 M graph.Every signalin the A2 M graphcorrespondso a
inputor outputsignalin theunderlyinggatelevel netlist. These
signalsalsoget modeledas variablesin the constraintmodel.
Giventhis, it is easyto infer that by toggling the variablesin
theconstraintmodelbetweersuccessie time-framesshalllead

Total weighted Toggle

. . . . . . . . . .
0 2 4 6 8 10 12 14 16 8 20 2
1/0 Toggle

Fig. 3. Behaioral Vs GatelLevel Correlation

to toggling gateoutputsin theunderlyinggatelevel netlist. For
every variable V' in all its & instantiationsin the constraint
model, the following constraintsare added.

for(j = 0; j< MAX_TFS-1;] ++)
{

(VIE][j + 1] == not(V[K][j]));
}

Thenot operatorstandsfor the standardnegationin caseV
is a bit andfor the bitwise negationif V' is aword (bit-vector).

IV. EXPERIMENTAL RESULTS

The constraintggeneratedis describedn the previous section
is input to a constraintsolver that automaticallygenerateshe
requiredvectors.In this sectionwe shall describedetailsof the
experimentsconductedfor the ISCAS combinationalcircuits
andthe 16-bit 5-stagepipelinedDLX processar

A. Correlation betweenBehavioal and Gate level represen-
tations

As mentionedearlier the proposedapproachmaximizesthe
number of toggles on the inputs and outputs of the dif-
ferent behaioral level A2M structuresand does not take
into accountthe gate level representatiorof the same.The
ultimate objective is to generatemaximum toggles on the
underlying gate level netlist. The graph shavn in figure 3
plots for different behaioral level constructsthat includes,
an 8-bit adder an 8-to-1 multiplexer and a 4-bit multiplier,
the numberof togglesin the input and outputsignalsagainst
the total number of togglesin the correspondinggate level
implementationA similar trendis seenfor mostof the other
A%M constructs.The Magma Blast Fusion tool using the
TSMCO0.13micronstandarctell library wasusedto synthesize
the behaioral representationt the correspondingyatelevel
netlists. The graph showns an increasein the total numberof
togglesin the circuit with increasein the numberof toggles
in the correspondingnputs and outputs. This suggeststhat
maximizing the toggleson the inputs and outputsfor these
structuresshallin turn maximizethe togglein the underlying
gatelevel netlist. Experimentatesultsshavn in thesubsequent
sectionsfurther strengthensur claim.



B. Power virus for combinationalCircuits

As mentionedearlierthe power virus generatiorfor combina-
tional circuitsinvolvesgeneratinga pair of input vectorswhich
whenappliedsuccessiely shall causethe maximumtogglein

the circuit. Given a n-input circuit the numberof suchpairs
shall be O(4™) resultingin a huge searchspace.Even for

moderatelylarge circuits the above problembecomedifficult

to solve. A simplerversionof the above is asfollows: Given
the first of the two input vectors,generatethe other vector
suchthat successie applicationof both producesmaximum
togglein the circuit. This reducesthe searchspaceto O(2").

The proposedapproachfollows the simplified version.

For generatinghe power virus the constraintmodel of the
combinationatircuit is unrolledfor two time frames.The con-
straint variablescorrespondingo the input of the behaioral
modelin the first time frame areinitialized with the value of
therandomvector Solutionto the above constraintmodelthat
includesthe power constraintsyields the secondvector that
maximizesthe toggle. Table | presentghe resultsobtainedby
applying the above techniquefor the ISCAS’'85[28] (ISCAS
High-Level Models) behaioral circuits.

Circuit | No. of Toggles No. of No. of No. of
at behaioral Togglesat | wiresat Toggles
level gatelevel | gatelevel | (Random)

74181 103 123 201 77

74182 20 25 70 17

74283 33 51 104 33
TABLE |

COMPARISON OF BEHAVIORAL TOGGLESWITH RANDOM GATE LEVEL

TOGGLES

From table| it is seenthat the numberof togglesgenerated
at the gatelevel netlist by applyingthe vectorsoutputby our
method(column 3) is much betterthanwhat is generatedy
applyingrandompairs (column5) of vectors.In addition,the
total toggle count is closerto the number of wires (upper
boundon numberof possibletoggles)in the circuit (column
4). Column 2 gives the numberof togglesgenerateddy the
behaioral level representationsf the correspondingircuits.

C. Power virus for the DLX processor

The DLX processoris a pipelined sequentialcircuit. Two
typesof experimentswere carriedout on the model. The first
experimentwas to generateinstructionsthat will maximize
the toggle when input to the processomiven its initial state
S. This enablesautomaticgenerationof assemblyinstruction
sequenceffom ary giveninitial stateS thatcanmaximizethe
toggle countand hencecausepeaksingle-cyclepower across
differentcycles. For experimentalpurposethis initial stateS
wasarrivedby applyinga sequencef randominstructionsTa-
ble Il presentghe percentagémprovementin togglecountgot
by applicationof the instructionsgeneratedy the proposed
techniquein contrastto application of randomly generated
instructionsequencesf differentlengths.It alsopresentghe
time and memoryrequirements.

Length | % improvement Memory Time
of the in toggles requirement | requirement
Sequence| over random (Our method) | (Our method)
2 247.89 21 MB 1.2 sec
3 197.51 34 MB 2.1sec
4 200.35 46 MB 0.9sec
TABLE I

GENERATING INSTRUCTION SEQUENCES OF SPECIFIED LENGTH

A sequencenf length 4 automatically output by the method
assumingan initial stateS is asfollows:

NCP

ADD R1, RO R2
ADD R1, RO R2
ADD R1, R16, R13

The above was generatedby unrolling the circuit for four
time frames.An interestingpoint that is revealedduring the
experimentationis that an introduction of a NOP between
two nonNOP instructions causeslarge number of toggles
in the system.This is somethingwhich may be taken note
by the compiler developerswho tend to generateNOPs in

executablecode for various reasons,that include data and
control hazardmanagemenin modernsuperscalaand VLIW

basedarchitecturesThe resultsin table Il indicate that our
proposedapproachs muchbetterthanthe randomone. Note
that the memory requirementlinearly scaleswith the length
of sequence.

The secondexperimentis to find a loop of instructions
which when applied continuouslyshould maximize the peak
sustainedpower. As in the first experimentthe processoris
driven to an initial state S by applying a randomsequence
of instructions.From this stateS, a loop of instructionswere
generatedhat achieves the objectve mentionedabove. This
needssome additional constraintsfor the following reason.
To ensure same sustainedpower dissipation during every
execution of the loop with say % instructions,the system
should be in the samestateat the start of every loop. This
impliesthatfor every variablev, v[i][0] = v[¢][k]. Thisensures
thatat the endof eachk cycle the systemwill bein the same
state.Tablelll presentghe resultsof this experiment.

Length Normalized Length Normalized
of the | percycle toggle || of the | percycle toggle
Loop count Loop count

5 50 9 55
6 70 10 49
7 67 11 46
8 62

TABLE I

L OOP GENERATION FOR MAXIMIZING TOGGLES

Fromtablelll it is seenthatthe per cycletoggle countis the
maximumfor loopsof length6 anddecreasewith subsequent
increaseof the loop length. The reasonfor the samemay be



thatthe DLX hasa five stagepipeline.Thefollowing is a code
of length6 outputby our methodthat generateshe maximum
per cycle toggle.

NOP
ADD R1, RO, R2
ADD R1, RO, R2

LD R1,

[R2]

NOP
NOP

Severalinterestingpointsareexhibited by the above sequence.

The first oneis that the NOPs are predominantThe secondis
that even thoughthe value of register R1 is changedby the
ADD instructions,the LD (LOAD) instructioninitializes the
register R1 back with a value storedin a memory location
whose addressand content does not changeacrossloops.
Giventhatthe above instructionsweregeneratecssuminghe

initial stateof the processoto be S, the stateof the processor

at the end of every execution of the above six instructions
shouldalsobeequalto S. Thisalsoexplainswhy ST (STORE)
instructionsthat write into datamemoryare not generatedas
they changethe stateof the processar

V. CONCLUSION AND FUTURE WORK

This paper presenteda techniquethat used behaioral de-

scriptionsto generatepower virus test vectors. To the best
of our knowledge, this is the first techniquereported for

the behavioral level power virus generation.Experimenting
the proposedtechniqueon ISCAS’85 behaioral benchmark
circuits and the 16-bit DLX processoryielded encouraging
results. Interestingly the paper addressedthe problem of

geneamting an assemblyprogram that cause the maximum
dynamicpowerdissipationonthegivenDLX processomodel.
The techniqueassumedzero delay model. Future work shall

involve modifying the techniqueto accountfor unit-delayand
variable-delaymodels.
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