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Outline

•Efficientdetectionofhazardsandoscillationsingatecircuits

•SimulationinmultivaluedalgebrasC2,C3,...Ck,...

–C2-3values,C3-5values,Ck-...(2k−1)values,...

•AlgorithmAinCkshowsworst-casesequencesofchanges

•AlgorithmBinCkshowsfinalvalues,possiblyuncertain

•ResultsofAlgorithmsAandBdetecthazardsandoscillations

MainResult:AlgorithmBinalgebraCk,k>2,givesthesameresults
asAlgorithmBinalgebraC2,theternaryalgebra
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HazardsinGateCircuits
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Hazards:010-static,0101-dynamic
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InfiniteAlgebraC=(T,∨,∧,
−

,0,1)

•Wordsforwaveforms

1010

•Transients:T={0,1,01,10,010,101,0101,...}

•Gatesprocesstransients

•Extendgatefunctions:

•INVERTER-complementeachbit

–1010=0101
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ORandANDFunctions

•Transients0and1:

–t∨0=0∨t=t

–t∨1=1∨t=1

•Longertransients:

–firstletter:ORoffirstletters

–lastletter:ORoflastletters

–numberof0s:sumofthenumbersof0sminus1

•Examples:

–0∨1010=1010

–1∨1010=1

–010∨1010=101010

•ANDfunctionisdual:count1sinsteadof0s
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AlgorithmAinAlgebraC

•Initialbinarystate:s
0

=b=(b1,...,bn)

•Binaryinputsinitial:â=(â1,...,âm)final:a=(a1,...,am)

•Simulationinput:a=(a1,...,am)=â◦a

–0◦0=00◦1=011◦0=101◦1=1

•Extendedexcitationfunctions:f:T
m+n

→T
n

,f=(f1,...,fn)

AlgorithmA
h:=0;

a:=â◦a;

s
0

:=b;

repeat
h:=h+1;

s
h

:=f(a,s
h−1

);

untils
h

=s
h−1

;
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ResultofSimulationofaFeedback-FreeCircuit
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Forfeedback-freecircuits,
AlgorithmAalwaysterminatesinAlgebraC
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CircuitwithFeedback
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ResultofSimulationinAlgebraC
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•AlgorithmAdoesnotterminate

•NANDtransientkeepsgrowing
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ATransientOscillation

1

1 01

•Simulationdoesnotterminate

•NANDgateoscillatesifORgateisslowtochange

•EventuallyORgateandthenINVERTERchange

•WhenINVERTERbecomes0,NANDgatebecomes1
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CountingtoaThreshold

•Relation∼kinalgebraC=(T,∨,∧,
−

,0,1)

•t∼ksif

–t=s

–ortandsarebothoflength≥k.

•∼kisacongruencerelationonT

•QuotientalgebraCk=(Tk,∨,∧,
−

,0,1)

•Example:k=3

001

Φ3={010,101,0101,1010,01010,...}

110
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ORGateinAlgebraC3

∨001Φ3101

0001Φ3101

010101Φ3Φ31

Φ3Φ3Φ3Φ3Φ31

1010Φ3Φ3101

111111

•Gatefunctionsmustbemodifiedappropriately

•Transientsoflength≥kbecomeΦk
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AlgorithmsAandBinAlgebraCk

AlgorithmA:sameasbefore,butuseAlgebraCkinsteadofC

h:=0;

a:=â◦a;

s
0

:=b;

repeat
h:=h+1;

s
h

:=f(a,s
h−1

);

untils
h

=s
h−1

;{Results
A
}

AlgorithmB:usefinalbinaryinputa,andresults
A

ofAlgorithmAasinitialstate

h:=0;

t
0

:=s
A
;

repeat
h:=h+1;

t
h

:=f(a,t
h−1

);

untilt
h

=t
h−1

;{Resultt
B
}
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AlgorithmAinAlgebraC3-States
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•ChangeinputORandNANDunstable
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AlgorithmAinAlgebraC3-States
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•ChangeORandNANDINVERTERandNANDunstable
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AlgorithmAinAlgebraC3-States
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•ChangeINVERTERandNANDCircuitisstable
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AlgorithmBinAlgebraC3-Statet
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•ChangeinputORunstable
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AlgorithmBinAlgebraC3-Statet
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•ChangeORINVERTERunstable
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AlgorithmBinAlgebraC3-Statet
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•ChangeINVERTERNANDunstable
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AlgorithmBinAlgebraC3-Statet
3

=t
B
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•ChangeNANDCircuitisstablewithcorrectfinalvalues
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PartialOrdersinAlgebraCk
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prefixorderforC4suffixorderforC4

•AlgorithmAismonotonicallyincreasingintheprefixorder
–b=s

0
≤s

1
≤s

2
≤...≤s

A

•Alwaysterminates

•AlgorithmBismonotonicallydecreasinginthesuffixorder
–s

A
=t

0
�t

1
�t

1
�...�t

B

•Alwaysterminates
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RelationamongStableStates

â≤a�a

f(a,s
A
)=s

A

≤

�

f(â,b)=b

f(a,t
B

)=t
B
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GraphModelofaCircuit

X1
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•CircuitisadirectedgraphwithBooleanfunctions

•Inputnodes—indegree0;gatenodes—indegree>0

•Gateexcitationfunctions

f1=X1;f2=X2∧y1∧y4;f3=y1;f4=y2;f5=y3∨y4.
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GateTypes

•H={OR,XOR}-multi-input

•One-inputORgateisanidentitygate

•H̃isthesetoffunctionsobtainedbycomplementinganynumberof
inputsand/ortheoutputoffunctionsfromH

•G=H∪H̃

•Allfunctionsoftwovariablesincluded

•Multi-inputAND,NAND,NOR,XNORincluded
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InteriorValues

•0,1,andΦkareexteriorvalues

•01,10,010,101,...uptobutnotincludingΦkareinterior

•TherearenointeriorvaluesinC2;T2={0,1,Φ2}

•WeshowtherearenointeriorvaluesinresultofAlgorithmBinCk

•Thisimpliesourmainresult
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DominantInputValues

•MainandSide-Inputs:

main-input

..

. side-inputs

gate
output

•DominantInputs:

1(dominant)

10101

1 0

10101

0(dominant)

•PropertyofDominantInputs:

length(output)<length(maininput)

iff

length(main-input)>1,andoneside-inputisdominant
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ActivationRelation

•GateAactivatesGateB

gateA

.

.

. side-inputsoutput

main-input

non-dominant

gateB

•Activationisatransitiverelationinachain

•Activationisanequivalencerelationinacycle

•Alltransientsinanactivecycleinastablestatehavethesamelength
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EquivalenceClassesofActivationRelation

•Agraphshowingactivation

PrimaryEquivalenceClassEquivalenceClass

•Equivalenceclass
Maximalsetofgatesthatactivateeachother

•Primaryequivalenceclass
Nogateinanotherclassactivatesagateinaprimaryclass
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ProofSketchofMainTheorem

•Supposeagatehasaninteriorvalueiny
B

•Thenitbelongstoanequivalenceclassofactivationrelation

•Thenthereisaprimaryequivalenceclassiny
B

•Ifagatehasaninteriorvalueiny
B

,thenithasthesamevalueiny
A

•MainargumentisdoneforORandXOR,thenextendedtoG

•Primaryequivalenceclasscannothaveinteriorvaluesiny
A

•Therefore,wecannothaveequivalenceclassofinteriorvaluesiny
B
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Conclusions

•DoAlgorithmAinCk

•ReduceresultstoC2

•DoAlgorithmBinC2

•AlgorithmsBinC2andinCkcontainthesameinformation

•Φkmeansnontransientoscillation;otherwise,resultisbinary

•ComplexitycanbereducedfromO(n
2
klogk)toO(n

2
)
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