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Abstract: This paper presentsa new, compact,canoni-
cal graph-basedrepresentation,called Taylor ExpansionDi-
agrams(TEDs). It is basedon a general non-binarydecom-
positionprinciple usingTaylor seriesexpansion.It canbeex-
ploited to facilitate theverificationof high-level (RTL)design
descriptions. We presentthe theory behindTEDs, comment
upon its canonicitypropertyand demonstrate that the repre-
sentationhaslinear spacecomplexity. Its applicationto equiv-
alencecheckingof high-leveldesigndescriptionsis discussed.

I . INTRODUCTION

Increasingsizeandcomplexity of digital designshasmade
essentialthe needto addresscritical verificationissuesat the
early stagesof designcycle. This requiresrobust, automated
verificationtoolsathigher(RT or behavioral) levelsof abstrac-
tion. This paperpresentsa new compact,canonical,graph-
basedrepresentationfor algebraicexpressionsand Boolean
functions,calledTaylor ExpansionDiagram, or TED. This di-
agram,dueto its compactnessandthecanonicityproperty, can
be exploited to facilitate equivalencecheckingof high-level
(say, RTL) representationsof digital designscontainingarith-
meticdata-pathsinterspersedwith randomBooleanlogic.

While formal verificationsystemssuchas [1] [2] aregen-
erally gearedtowardsverificationof control-dominatedappli-
cations,verification of designswith arithmeticdata-pathsis
mostly confinedto bit-level representation[3] [4]. Abstrac-
tion of symbolic,word-level variableshasbeenaddressedin
formal verification techniques,suchas theorem-proving, au-
tomateddecisionproceduresfor Presburgerarithmetic[5] [6],
algebraicmanipulation[7], termre-writingusingattributesyn-
tax trees[8], etc.Yet, theissueof verificationof largedesigns,
say, equivalencecheckingof RTL descriptionswith complex
word-level (arithmetic)andbit-level (Boolean)interactionhas
not beensatisfactorily addressed.

Majority of verification techniquesthat target arithmetic-
Boolean interaction in design specificationsare basedon
genericWord Level DecisionDiagrams(WLDDs); theseare
graph-basedrepresentationsof functionsthat allow to repre-
sent functionswith a Booleandomainand an integer range.
Examplesof WLDDs areMTBDDs [9] [10], EVBDDs [11],
*BMDs [12], K*BMDs [13], FDDs[14], KFDDs [15] HDDs
[16], etc. A good review of WLDDs can be found in [17].
Most existing decompositionmethodsfor WLDDs arebased
on a point-wise,or binary decompositionof Booleanfunction.
Differentflavors of Booleandecomposition(Shannon,Davio,

Reed-Muller, Kronecker, etc) lead to differentDecisionDia-
grams, with or without edgeweights(BDDs [18], MTBDDs
[9], ADDs [10], EVBDDs [11], FDDs[14], KFDDs [15], etc).
Thedecompositionat eachnodeis binaryandleadsto exactly
two terms,while theleafnodeshold integerconstants.

Binary MomentDiagram(*BMD [12] ), andits derivatives
(suchasK*BMDs [13]), departfrom suchpoint-wise,binary
decomposition,andperforma decompositionof a linear func-
tion basedon its moments(constantandfirst moment).There
areweightsassociatedwith the graphedges,which arecom-
bined multiplicatively. Several rules for manipulatingedge
weightsare imposedon the graph to allow the graph to be
canonical.Mostof thearithmeticoperations( �������	�
������ ,
etc)havetherepresentationthatis linearin thenumberof vari-
ables. However, the sizeof ��� is polynomial in the number
of bits of � , for � larger than2. K*BMD attemptsto make
the BMD decompositionmoreefficient in termsof the graph
size. This is doneby applying a set of decompositionsin a
singlegraph,andallowing boththemultiplicativeandadditive
weightsassignedto the graphedges.However, the setof re-
strictionsimposedon the edgeweightsto make it canonical
makessucha graphdifficult to construct.

Our representationis basedon an entirelydifferentdecom-
positionprinciple. It is obtainedby treatingtheexpressionas
acontinuous,differentiablefunction;thedecompositionis per-
formedalongthe word-level, algebraicvariablesusingTaylor
seriesexpansion. At eachdecompositionlevel, theexpression
is decomposedalong one variable. The resultingTaylor Ex-
pansionDiagram (TED), is canonicalfor a fixed orderingof
variables. For algebraicexpressionstypically encounteredin
RTL specifications(suchas �����
������������� for arbitrary � ,
etc) it is linear in the numberof variables.Moreover, Taylor
ExpansionDiagramscanalsobeusedfor functionscontaining
bothalgebraicandBooleanexpressions,facilitatingtherepre-
sentationof arithmeticfunctionswith bit-nibblingandBoolean
logic, typically encounteredin RTL specifications.

I I . TAYLOR EXPANSION DIAGRAMS

In this representationthe variablesof the systemarerepre-
sentedas real numbers(in practicethey they will be imple-
mentedby integers,but nosuchassumptionis necessaryto de-
rive the representation).Assumea regular algebra(*,+) over
realnumbers� , with integercoefficients. Let �����������! " " # bea
real, differentiablefunction correspondingto an algebraicex-
pression$ . UsingTaylor seriesexpansionw.r.t. variable � at



aninitial point, �&%('*) , thefunctioncanberepresentedas:

���+�,#-' ���+).#/�0����12�2)3#/�
4
5 �,6���7&�+)3#8�* 9 " " (1)

where � 1 ���,#:�;� 1 1 ����# , etc, arefirst, second,andhigherderiva-
tivesof � w.r.t. � . Subsequently, if thosederivativesare in-
dependentof variable � , they canbefurtherdecomposedover
theremainingvariableusingTaylorseriesexpansion,onevari-
ableat a time. Theresultingdecompositioncanbeefficiently
storedin a decompositiondiagram,namedTaylor Expansion
Diagram, or TED, which is thesubjectof this paper.
A. Constructionof theTED

TED is a directedacyclic graph �=<>�@?
��AB��C># , representing
analgebraicexpression(multi-variablepolynomial). < is a top
function representingthe algebraicexpressionin question. ?
is a set of nodes,and A is a set of directedweightededges
connectingthenodes.C is a setof terminalnodes.Thesingle
top node( DFEGEFH ) represents< . Its arcspoint to the non-empty
derivatives(children nodes)of the function, w.r.to a variable
associatedwith theroot. This decompositionis appliedrecur-
sively to subsequentchildrennodes,resultingin theTaylorex-
pansiondiagram.

Every node I hasa label (index) I.J.DK��IK# which identifiesa
decomposingvariable. Thevariablesof the TED areordered.
The function at node IMLN? is determinedby the Taylor se-
riesexpansion,accordingto eq.(1). The internalnodesarein
one-to-onecorrespondencewith the successive derivativesof
function ���+�,# evaluatedat �O') : ���2)3#P�Q� 1 �2)3#:�@� 1 1 �2)3# , etc. The
out-degreeof eachnode I dependson theorderof thepolyno-
mial function(w.r.t. its decomposingvariable,IRJ3DK�+IR# ), rooted
at thisnode.Theout-degreeof a terminalnodeISL	C is 0. The
functionof a terminalnodeis constant(integer).

Figure1 shows a one-level decompositionof function � at
variable � , and the notation usedin the text. We shall re-
fer to the � -th derivative of a function rootedat node I with
IRJ.DR�+IR#�'M� asa k-child of I : ���+� = )3# is a0-child, � 1 ��� = ).# is a
1-child, T6PU � 1 1 ��� = )3# is a 2-child, etc. We shallalsorefer to the
correspondingarcsas0-edge (dotted),1-edge (solid), 2-edge
(double),etc. Notice the implicit multiplicative factorsasso-
ciatedwith eacharc: � % ' 4

for the 0-edge,� T 'V� for the
1-edge,� 6 for the 2-edge,etc. Furthermore,the graphedges
areassignedweights,computeddirectly from thecoefficientof
Taylorexpansion.
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Fig. 1. Decompositionnodein TED.

Figure2 shows anexampleof a TED representationfor the
algebraicexpression�2WX�*YZ#:�+WX� 5\[ # . The function repre-
sentedby the TED can be computedas follows: Every path
from theroot nodeto a non-zerovertex correspondsto a non-
zeroterm in the expression.Traversingthe 2-edgefrom root
node W andmultiplying all edge-weightsencounteredon the
pathsleadsto theterm: W 6^] 4 '_W 6  Similarly, following the

1-edgesfrom W , andsubsequentlyY , to the terminalnode1
correspondsto W ] Y ] 4 '�W`Y , andsoon. Sincetheexpres-
sionscorrespondto termsof theTaylorseries,all thetermsare
addedto computethe function. Hencethediagramrepresents
W 6 �0W>Ya� 5 W [ � 5 Y [ .

1

A

B

0

B

C
2

1

1

1

1

0

x0 x0

x1 x1

x2 x2

x3

11

4

2

16

8

64

16

4

4

X  = (8x3+4x2+2x1+x0)2 2
(A+B)(A+2C)

Fig. 2. Examplesfor expressionsrepresentedusingTEDs

B. CompositionRules- theADD andMULT Operators

Notice that the computationof the derivatives, and hence
the childrenof � , performedrecursively, is trivial for polyno-
mial functions. Complex expressionscanbe composedfrom
thesimpleronesusingsimplecompositionrulesandtheCOM-
POSE operatorsdescribedbelow. Herewe will only describe
the ADD andMULT operators;thesubtract(SUB) operatorcan
beobtainedby acombinationof ADD andMULT by -1.

Thegeneralcompositionprocessof two TEDs is similar to
thatof BDD’s APPLY operatorin thesensethatit is a recursive
process.However, thespecificcompositionrulesfor TED dia-
gramsaredifferentasthey mustsatisfytherulesof thealgebra
( �b� ] �P� ). Furthermore,thetwo basicoperatorson TEDs,add
( � ) andmult ( � ), areeachgovernedby differentrules.

Startingfrom the rootsof the two TEDs, we constructthe
TED of the result (for a given operation)by recursively con-
structingall thenon-zerotermsof thetwo functions,andcom-
bining themto form thediagramfor thenew function. To en-
surethattheresultis reduced, theREDUCE operator, described
in SectionIII, will beappliedafterwards.

Let c and I betwo nodesto becomposed,resultingin anew
noded . Let I.J.DK��c8#
'*� and IRJ.DK��IK#�'e� denotethedecompos-
ing variablesassociatedwith thetwo nodes.As explainedbe-
low, IRJ.DR�2df# assumesthevariablewith thehigherorderamong
thetwo: IRJ.DR�2df#�'X� , if ��ge� , and I.J.DK�+df#h'M� otherwise.Let
�,�ji be two functionsrootedat nodesc���I , respectively, and k
beafunctionrootedat thenew noded . Finally, let C beasetof
terminalnodes;for IOLOC let IRJRl��+IR# denotethevalueof node
I (constant).

In thefollowing, only constant(0-) andlinear(1-) edgesare
consideredfor a givennode,but the analysisis equallyappli-
cableto anarbitrarynumberof childrenat eachnode.In con-
structingthesebasicoperators,wemustconsiderthefollowing
cases:
1. Both nodesareterminalnodes,cm��InL0C . Thena new ter-
minal noded is createdasfollows

ADD: dpoq�+cZ�0IR# : I.JRl��2df#
'eIRJRl��+c�#/�0I.JRl���IK# .



MULT: dros��ct�:IR# : I.JRl��+df#
'MI.JRl��+c�#m�uI.JRl���IK# .
2. At leastoneof thenodesis non-terminal;proceedaccording
to thevariableorder.
(a) If thenodeshavethesameindex then I.J.DK�+df#h'M� .

ADD: droq��cv�wIK# :
k�����#-' ���+�,#m�ni8����# (2)

' ���2)3#x�0�,� 1 �+).#/�ni8�+).#x�0�yi 1 �2)3#
' z ���+).#x�wi��2)3#={K�w�mz � 1 �+).#x�ni 1 �+)3#�{| 

Thatis, thecorrespondingk-childrenarepairedaccordingly.
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Fig. 3. Additive compositionfor nodeswith samevariable

MULT: dros��cS�:IK# :
k�����#-' �����,#}�Pi��+�,# (3)

' �2���+).#/�w��� 1 �2)3#�#��3��i��2)3#/�0�yi 1 �2)3#�#
' z ���2)3#=i8�+).#={.�0��z ���+).#=iK1|�2)3#/�~��12�2)3#�i��2)3#={

�>� 6 z � 1 �+)3#�i 1 �+).#={= (4)

Here,the 0-child of d is obtainedby pairing the 0-childrenof
cm��I . Its 1-child is createdasa sumof two crossproductsof
0- and1-children,thusrequiringanadditionalADD operation.
Also, anadditional2-child (representingthequadraticterm)is
createdby pairingthe1-childrenof c���I .

u0*v1+u1*v0u0*v0

u1*v1

x2
u*vx

x1*
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u
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vx x
=

Fig. 4. Multiplicative compositionfor nodeswith samevariables

(b) If thetwo nodesareindexedbydifferentvariables,IRJ.DR�2df#
= �	J.���+I.J.DK��c8#P��I.J.DK��IK#�# . Let EFDG�&�+�,#`�~EFDG�&�+�y# .
ADD: droq��cv�wIK# :

kx�+�,#�' �����,#��ni8���y# (5)

' ������'X)3#/�0�,� 1 ����'X)3#/�wi��+�y#
' z ���+��'*).#/�ni8���y#={y�w����12�+��'M).#P 

Thatis, i��+�y# of nodeI is addedto the0-childof nodec , while
the1-childof c remainsunchanged.
MULT: dros��cS�:IK# :

k�����#-' ���+�,#��:i��+�K# (6)

' �|������'X)3#/�0�,� 1 ���	'M)3#�#��Pi8���y#
' z ������'X)3#m�!i��+�y#={R�0��z � 1 �+��'X)3#m�:i8���y#�{

Here,all childrenof nodec aremultipliedby i8���y# of nodeI .
Figure5 illustratesthe applicationof the COMPOSE proce-

dureto two TEDs.
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Fig. 5. Exampleof MULT composition:(A+B)(A+2C)

I I I . PROPERTIES OF TED REPRESENTATION

In this sectionwe describethe constructionof a reduced
TED andprove its canonicity. We alsodiscussthecomplexity
of the TED representation,andcompareit with otherknown
representationsbasedon decisiondiagrams.Thereductionof
the TED representationis basedon the removal of redundant
nodesandmergingof isomorphicsubgraphs.

DefinitionIII.1: Thenodeis redundantif: 1) all of its edges
areempty(point to terminalnode0); or 2) the nodecontains
only aconstantterm(0-edge).In bothcases,theparentof node
I is routedto the 0-child of I (which in the terminalcaseis
terminalnode0).

DefinitionIII.2: Two TEDs are consideredisomorphic if
they matchin boththeir structureandtheir attributes.

Note that sincea TED containsa singleroot, andthe chil-
drenof any non-terminalvertex aredistinguished,checkingfor
isomorphismon TEDsis aseasyasthatfor BDDs.

DefinitionIII.3: A Taylorexpansiondiagramis reducedif it
containsno redundantnodesandhasno distinctverticesI and
I 1 , suchthatthesubgraphsat I and I 1 areisomorphic.

We alsoassumethat theTED is ordered: on all pathsfrom
root to terminalnodesthe variablesappearin the sameorder
andeachvariableappearsonly oncein eachpath.

It now remainsto be shown that suchconstructedordered,
reducedTaylor ExpansionDiagramsarecanonicalfor a fixed
variableordering;i.e. everyalgebraicexpressionis represented
by a uniqueTaylor expansiondiagram.We statethefollowing
theorem.

Theorem1: For any algebraicexpression� of polynomial
form with integercoefficients,thereis a unique(up to isomor-
phism) ordered,reducedTaylor ExpansionDiagramdenoting
� , andany otherexpressionfor � containsmorevertices;i.e.
anordered,reduced,TED is minimalandcanonical.
Proof: The proof of this theoremis conceptuallystraightfor-
ward,following theargumentsto provethecanonicityof ROB-
DDs [18]. First,by construction,TED hasno trivial redundan-
cies,asall emptyedgeswith zeroweightareeliminated.Sec-
ond, for polynomial functions,the Taylor seriesexpansionat
a givenpoint ( �&% =0) is finite. It remainsto be shown that the
individual Taylor expansionterms,evaluatedrecursively, are
uniquefor a given subfunction(node). This is obvious, con-



sideringtheuniquerepresentationof therecursively computed
derivatives. Finally, the sharingof identical termsacrossdif-
ferentdecompositionlevels is capturedby thereductionoper-
ation;henceminimality. Fromtheabovediscussionsit follows
thatanorderedandreducedTED is a compact,canonicaland
efficient representationthat canbe exploited for RTL equiva-
lencecheckingpurposes.

A. Complexity of theTED Representation
For linear expressions,the spacecomplexity of TED is the

sameas*BMD, i.e., linear. This is also true for multipliers,
���3� , regardlessof the sizeof the bit vectorrepresentation,
sincethe productof two or moredifferentbit vectorsleadsto
polynomialsthatarelinear in the numberof the bit variables.
For polynomialsof degree ��g 5

the size of *BMD grows� �+�x�f# with the number � of bits. For K*BMD the represen-
tation also becomesnonlinear(

� �+�x��� T # ) for polynomialsof
degree3 andhigher, while TED remainslinear in thenumber
of bits, regardlessof thedegree � . TheTED representationfor
� 6 , where��'�u�&�\�! u ! :����%3� is shown in Fig. 2. We statethe
following theorem:

Theorem2: Let variable� berepresentedasa bit vectorof
width � : ��'N�*� � T�9� % 5

� � � . Thenumberof TED nodesneeded
to represent�O� is �8����� 4 #x� 4  

Proof: We shall first illustrate it for the quadraticcase
� ' 5

. Let � � be an � -bit representationof � :
� '�� � ' � � � T�"� % 5

� � � ' 5R� � � T�� � � � T ��� � � T where
� � � T ' �X� � 6�9� % 5

� � � is the part of � containingthe lower
( � -1) bits. With that, � 6� ' � 5 � � T � � � T ��� � � T # 6 '5 6 � � � T�� � 6� � T �

5 � � � � T � � � T ��� 6� � T  Furthermore, let
� � � T '��

5 � � 6 � � � 6 ��� � � 6 # , and � 6� � T '�
5 6 � � � 6 � � 6� � 6 �5 � � T � � � 6 � � � 6 �~� 6� � 6 #P Noticethatthe“constant”term(0-edge)of � � � T w.r.tovari-

able � � � 6 containsthe term � � � 6 , while the linear term (1-
edge)of � 6� � T contains

5 � � T � � � 6 . This meansthattheterm
� � � 6 canbe shared at this decompositionlevel by two dif-
ferentparents.Asa result, thereareexactly two non-constant
terms,� � � 6 and � 6� � 6 at this level.
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Fig. 6. Constructionof TED for �r� with � bits

In general,at any level l , associatedwith variable � � �&� , the
expansionof terms � 6� �,� and � � �&� will createexactly two
differentnon-constantterms,onerepresenting� 6� �&��� T andthe
other � � �,��� T ; plus a constantterm

5 � �&� . The term � � �,���&�will beshared,with differentmultiplicativeconstants,by � 6� �&�and � � �&� .This reasoningcanbeeasilygeneralizedto arbitraryinteger
degree � ; at eachlevel therewill alwaysbe exactly � differ-
entnon-constantterms.Sinceon thetop variable( � � � T ) level

thereis only onenode(theroot), andthereareexactly � non-
constantnodesateachof theremaining���r� 4 # levels,thetotal
numberof nodesis equalto �8�+��� 4 #/� 4 .  

IV. REPRESENTING BOOLEAN FUNCTIONS AND

BOOLEAN-ARITHMETIC INTERACTION

In this sectionwe proposeenhancementsto theTED repre-
sentationso that it canproperly representBooleanlogic and
interfaceit with arithmeticdatapathunitsof thedesign.Recall
thatTEDshave beendevisedfor functionswith integer range
andintegerdomain.While restrictingintegerrangeto � 0,1� is
trivial, sucha restrictionfor thedomainof an integer function
requiresamodificationof thecorrespondingalgebraicfunction
to assumeBooleanvalues.This is describedbelow.

We defineTED operatorsfor Booleanlogic, whereboththe
rangeanddomainareBoolean.Correctderivationof theoper-
ationsmustbe basedon the rulesof regular algebra�v�|�b� ] # ,
andnot on Booleanalgebra;furthermorethe individual terms
mustbe disjoint. Analogousto their *BMD counterparts,the
following formulas can be derived for basic TED operators
for Booleanlogic (or BTED operators): ¡ � C¢����#�'£� 1 '
� 4 �0��#P¤�W>¡�¥��+�x���y#p'��B¦§��'�� ] �,¤ � �v���x���y#>'��S¨	�©'
�^���^�B� ] ��¤�� � �v�+�x���y#�'M�«ª��Z'*�^���^� 5 ] � ] � . Any cir-
cuit containingpurelyBooleanlogic canbeeasilyrepresented
usingBTEDs.

A. InterfacingArithmeticandBooleanlogic
We alreadyknow that a purely Booleancircuit represented

with TED (BTED) will alwayscorrectlycomputeits Boolean
logic value.It now remainsto show thatmodelingtheinterac-
tion of an arithmeticor word-level variablewith oneor more
Booleanvariablesgivesacorrectrepresentationof theresulting
arithmetic,integer-valuedfunction.

We claim that the only casethat remainsto be considered
is the occurrenceof Booleanvariables � � , with �Ng 5

(e.g.
$s'¬®�_�©��� 6 ��¬¯' algebraicexpression,�°L±�F)y� 4 � ),
as they are the only onesthat can possibly lead to incorrect
computationof arithmeticvalues.Thisis becausethefunctions
arearithmetic(integer-valued),their computationis basedon
�+�Z�P�b� ] # algebra,while the variablescan be both the word-
level, with anintegerrange,andBoolean, with range� 0,1� .

ThearithmeticADD functionwill never createincorrectre-
sults over Booleanand arithmetic variables. For example,
$N'*¬N'M�²�n��'X¬~� 5 � will alwaysproducethecorrectre-
sultsfor �©L�� or for �OLO�F)y� 4 � . However theMULT function
may createpowersof Booleanvariables,��� , thuspotentially
leadingto problemsin evaluatingthefunction. Moreover, this
may only happenfor variablesthat are relatedthroughtheir
expansion;for example,whenmultiplying a word-level vari-
able �³' �M� � T�"� % 5

� � � and a Booleanvariable � � , for some
l}´e�	� 4 . Noticethatfor �©Ln�F)y� 4 �3����'*� 6 '��!�u�R'X�,� , for
�§g 5 . Hence,in this casewe mayreplaceall theoccurrences
of ��� with � , without changingthevalueof thefunction. This
allows us to correctlyevaluatethe valueof the functionwith-
out really changingtheBooleannatureof thevariable � . This
modificationallows to model the Boolean-algebraicinterface
of variablesfor TED representationasshown below: MULT:
droq��cS�uIR# :
k�����#
'X���+�,#��:i��+�,#
'�2���+).#x�n��� 1 �+)3#�#m�3��i��2)3#/�n��i 1 �2)3#�# (7)



'�z ���+)3#�i��2)3#�{R�w�mz ���2)3#�iR1|�+).#x�µ��12�+).#=i8�+)3#��µ��1|�+).#=iK1+�+).#={=� (8)

asobtainedby replacing � 6 term by � . It canbe shown that
themodifiedBTEDsarecanonicalandcanbedirectlyusedfor
equivalencecheckingof RTL designs.In thenext subsection,
we describehow we canusetheabove modificationsto TEDs
to representcomplex RTL descriptionsof digital designsfor
equivalencecheckingpurposes.

B. Applicationto RTLVerification

Considerthetwo circuitsshown in Fig. 7. They correspond
to two differenthigh-level (RTL) implementationof equivalent
designsthat needto be verified for equivalence.Their corre-
spondingequivalentexpressionsare: $ T '�¶ T �2W_�aYb#!�+W��Yb#K�0� 4 ��¶ T #�¥ and $ 6 'a¶ 6 ¥M�w�

4 �	¶ 6 #:�2W 6 ��Y 6 # , whereW
and Y are � -bit arithmeticvariables,and J � �Q· � areBoolean
variables(bits), relatedto W¢��Y . To prove the equivalence
of the two arithmeticexpressions,the TED representationis
constructedfor eachdesign. First, the arithmeticvariablesW
and Y arepartially expandedasfollows, to facilitate the “bit
nibbling” with J � �Q· � : W' 5R� �P¸ T�� W>¹ � � 5 �FJ � �_W �9º ¤@Y¯'5R� �P¸ T�� Y(¹ � � 5 �\· � ��Y �9º  Here, W(¹ � �@Y(¹ � , and W �9º ��Y �9º are
arithmeticvariables(not expandedinto bits) of word-length
( ���w�b� 4 ) and � , respectively, and J � �@· � aresinglebits. The
TEDsarebuilt for �2Wµ��YZ#:�2Wn�nYZ# from its components.The
TEDs for the Booleanlogic ¶ T �@¶ 6 are then constructed,and
composedwith the correspondingarithmeticfunctionsat the
inputsof theMUX.
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Fig. 7. Equivalencecheckfor two RTL designsusingTED

Thebottompartof Figure7 shows the isomorphicTED for
bothof thesedesigns,demonstratingthatthey areequivalent.

V. CONCLUSIONS

This paperhas presentedTaylor ExpansionDiagrams: a
new symbolic,compact,canonicalrepresentationthat canef-
ficiently representnot only botharithmeticandBooleanfunc-

tions, but also model the interaction betweenthem. This
representationis basedon a new, non-binarydecomposition,
that treatsthe arithmetic expressionas a continuous,differ-
entiablefunction over symbolic (algebraic)variablesandap-
plies theTaylor seriesexpansion.We presentedthetheorybe-
hind the TED, proved that it haslinear spacecomplexity and
andshowedthatwhenreducedandordered,TED is canonical.
We alsopresenteda modificationthatallows TED to properly
handlea combinationof arithmeticcircuitsandBooleanlogic,
while preservingthe canonicityproperty. The proposedrep-
resentationcanbe exploited for equivalencecheckingof RTL
specificationscontainingcomplex interactionbetweenarith-
meticandBooleanpartsof thedesign.

We arecurrentlyimplementingtheTED packageto beused
byverificationtoolsfor equivalencechecking.Wewishto eval-
uateits applicabilityto realisticdesignsthatcontainarithmetic
circuits with Booleanlogic. While we do not have resultsto
demonstratetheeffectivenessof TEDsfor verification,we be-
lieve that this new theorywill significantlyadvancethe state-
of-the-artin thesymbolicverificationarena.

REFERENCES

[1] R. K. Brayton,G. D. Hachtel,A. Sangiovanni-Vencentelli , F. Somenzi,
A. Aziz, S-T. Cheng,S. Edwards,S. Khatri, Y. Kukimoto, A. Pardo,
S. Qadeer, R. Ranjan,S. Sarwary, G. Shiple, S. Swamy, andT. Villa,
“VIS: A Systemfor Verification and Synthesis”, in Computeraided
Verification, 1996.

[2] K. L. McMillan, SymbolicModelChecking, Kluwer AcademicPublish-
ers,1993.

[3] D. Cyrluk, O. Moller, andH. Ruess, “An Efficient Procedurefor the
Theoryof Fixed-SizeBitvectors”, in LCNS,CAV, vol. 1254,1997.

[4] C. W. Barlett, D. L. Dill, andJ. R. Levitt, “A DecisionProcedurefor
bit-VectorArithmetic”, in DAC, June1998.

[5] H. Enderton,A mathematicalintroductionto logic, AcademicPressNew
York, 1972.

[6] T. Bultan and et al, “Verifying systemswith integer constraintsand
booleanpredicates:a compositeapproach”, in In Proc. Int’l. Symp.on
Software TestingandAnalysis, 1998.

[7] S. Devadas,K. Keutzer, andA. Krishnakumar, “Designverificationand
reachabilityanalysisusingalgebraicmanipulation”,in Proc. ICCD, 91.

[8] Z. Zhou andW. Burleson, “EquivalenceCheckingof DatapathsBased
onCanonicalArithmetic Expressions”,in DAC, 95.

[9] E. M. Clarke,K. L. McMillan, X. Zhao,M. Fujita,andJ.Yang,“Spectral
Transformsfor LargeBooleanFunctionswith Applicationsto Technol-
ogyMapping”, in DAC, pp.54–60,93.

[10] I. Bahar, E. A. Frohm,C. M. Gaona,G. D. Hachtel,E. Macii, A. Pardo,
andF. Somenzi,“AlgebraicDecisionDiagramsandtheir Applications”,
in ICCAD, pp.188–191,Nov. 93.

[11] Y-T. Lai, M. Pedram,andS.B. Vrudhula,“FGILP: An ILP Solverbased
onFunctionGraphs”,in ICCAD, pp.685–689,93.

[12] R. E. BryantandY-A. Chen,“Verification of Arithmetic Functionswith
Binary MomentDiagrams”,in DAC, 95.

[13] R. Dreschler, B. Becker, andS.Ruppertz,“The K*BMD: A Verification
DataStructure”,IEEEDesign& Test, pp.51–59,1997.

[14] U. Kebschull,E. Schubert,andW. Rosentiel, “Multilevel Logic Syn-
thesisbasedon FunctionalDecisionDiagrams”, in EDAC, pp. 43–47,
92.

[15] R. Drechsler, A. Sarabi,M. Theobald,B. Becker, andM.A. Perkowski,
“Efficient Representationand Manipulation of Switching Functions
basedon OrderKronecker FunctionDecisionDiagrams”, in DAC, pp.
415–419,1994.

[16] E. M. Clarke, M. Fujita, andX. Zhao, “Hybrid DecisionDiagrams-
OvercomingtheLimitation of MTBDDs andBMDs”, in ICCAD, 95.

[17] S.HorethandDrechsler, “FormalVerificationof Word-Level Specifica-
tions”, in DATE, pp.52–58,1999.

[18] R. E. Bryant, “Graph BasedAlgorithms for BooleanFunctionManip-
ulation”, IEEE Trans.on Computers, vol. C-35, pp. 677–691,August
1986.


	Main Page
	DATE'02
	Front Matter
	Table of Contents
	Session Index
	Author Index




