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abstract In this paper , we propose a formal specificationand implementation of combinatorial circuits.
verification method for combinatorial circuits at Then we propose the method tiecide the equivalence
high level design. The specification is described petween specificatioand implementation. We explain them

by both integer and Boolean variables for input by using arexample74382, a 4bitALU(standardTTL).
and output variables, and the implementation is

described by only Boolean variables. Our 2.1 Specification
verification  method judges the equivalence
between thespecification and the implementation
by deciding the truth of Presburger sentence. We
show experimental results on some benchmarks,
such as 4bit ALU, multiplier, by our method.

In specification, 74382 has six inputs, $A, $B,
$Cnspec, SO0, S1, Sand has three outputs, $Fspec,
$Cn4spe@ndOVR. $Aand $B ardantegerinputs, $Cnspec
is a carry-inandS0, Sland S2 aréunction selecting inputs.

$Fspec , $Cn4speand OVR are anintegerdataoutput , a
1. Introduction carry-out and an over-flow flag, respectively. For
convenience, we use the prefft’ as the integer variabland

With the rapid increase dafizeandcomplexity in VLS| use the suffix $pec” or "imp" as thevariable used in
systems, the formaderification method halsecome essentialspecification or implementation, respectively. We show the

for their correctdesigns. For this goal, weave proposed a74382 specification in Figure 1.
formal verification method fohigh level circuits desigrand
developed averification support system tevaluate our 0

method by experiments|[8]. (-~ 20 s1 0 5 so)imply(

In this paper, we propose \rification method for if $Cnspec = 1 then (
combinatorial circuits at high level design. The specification if $A - $B >= O then (
is described byoth integerandBoolean variables fomput ($Fspec =$A- %B) O
and output variables. The implementation described by ($n§tngv;!s’fc:1)
only Boolean variables fomput and output variables. Our else ( ( )
verification method judgeshe equivalence betweerthe ($Fspec =$A-$B + 16) U
specificationandthe implementation bgecidingthe truth of ($Crdspec =0)
Presburger sentence, whichnsists of integersariablesand (OVR))
the operatorselongingto {LJ, L0 , = |, +, -, =, >, else

0O, [} We describethe results of some verification 5)
experiments.

Our verification method may bamilar to the method
[5, 6] with BMDs( Binary Moment Diagrams)-However, an Eachfunction, such asnd or, addition is selected by
integer variable igreated asne variablavithout decomposed function selecting inputs [S&1, S2]. For example, if SO =
into a set ofBoolean variables iff5, 6]. Our verification False, S1 = Trutland S2 =False, then the subtractidrom

Figure 1  Specification of 74382

method is more suitable fbigh level formal verification. $A to $B is performed .
2. Proposed Verification Method for 2.2 Implementation
Combinatorial Circuits In implementation, 74382 has Bdoleaninputs A0, ..,

In this session, we firstdescribe the style of A3, BO, .., B3, Cnimp, S0, S1, SAndhas severBoolean



outputs FO, .., F4, CndimgndOVR. Inputs AO,.., A3, and Boolean into integer, respectively. We show these
BO, .., B3andCnimp correspond to $A , $Bnd $Cnspec, functions in Figure 3.
respectively. Output&0, .., F4and Cn4imp correspond to We show the outline of verificatiamsedthese functions
$Fspec and $Cndspec respectively. We get the Figure 4. For example, Figure @) verifies whether
implementation by the synthesis tool with son®oolean outputs in specificationand implementation are
modifications. We show the 74382 implementation in Figueguivalent,andthat the results of i-to-b function for integer
2. For example, output FO $pecified bythe logic function variables in specification and Boolean outputs in
which consists of inputs [SG1, S2]andBoolean variables implementatiorareequivalent , foeachcommon value of all
such as _TMPO009. We use theefix"_TMP" as an internal inputs.

node. There ardour deferentcombinations on theatatype (
_ integer or Boolean) fanputsandoutputs ofspecificationand
0 ( implementation to beerified. If one of them isverified, the
FO:CINimE O 3 ~TMmPoog O o TmPo11 implementation becomesjuivalent tathe specification.
S0 -
O coNmp O _TMPooo O TMPOLL (AO=(3A=1 Usa=s O . 0 =1
Usl 5=

O, tvPes 0 o s0 0 - st (AL=(#=2 Usa=s . D =1

- TvPoB L

0
: (A2=(4<=$A 0 $a<=7
. (D _ CNimp O o TMP0S8) Dé Bmsa O saeim
: (A3=(8<=$A [ $a<=15)
Figure 2  Implementation of 74382 (@)Function Ho-b from $A D [A0.A3]
- . f a0l oal o
2.3  Definition  of  Equivalence  between hen$A=0 | - -
Specification and Implementation else if .\ 3 ., N RN %)
We definethe equivalence betweeae specificatiorand then.$A:1
j[he implementation. If the specificationand the oeif A3 O o0 a0 -
implementatiorhavethe same output valuer any common then A=14
input value, theybecome equivalent. Butorresponding eseif A3 U ol Al £0
inputs or/andoutputs mayhavedifferent datatypes such as 'hen$fA:15.
integerand Boolean. We introducéto-b andb-to-i functions (b)Function b-o- from [A0.A3] 0 $A
(‘or relations) , which translate integiatainto Booleandata Figure 3 i-to-bandb-to-i Functions
—%S0,..,.52 = tob-
A — o — F function
B | Specification
Cin — :(%:\?R T
T?
S0,..,S2 —
[ itob- —A0,.,A3 —f Implementation FO,..F3
function |_ BO,. B3 =
— Cin —f — OVR
(a)Equivaence for al input S0,S1,S2, and integer A,B,Cin
—v——S0,..S2 —j
— —
btoi - A = specification .
f i 3 — -
unction on | ov : T
- = T2
S0,.S2 _] bto
A0,.A3 — |mplementaton — Fo-F -function
BO,..B3 — — C4 '
Cin — — OV

(b)Equivalence for al Bodean input S0,S1,S2,A0,.A3,B0,..B3,Cin

Figure 4 Outline of Verification for 74382



The expression corresponding
verification to beproved isgiven in(1):

to eachtype

of terms (or numerical partgre expressed ifist and logical

partsare expressed iBDDs[1]. The expressiowith integer
variables isreated asneBoolean variable nod&he value of

O A". yanqble S this Boolean variable would bevaluated agruth or false
((VEl'd Ssmfﬁncznor not invald siuations) when the numerical parts has fnee integer variable (thais,
0 ImpeIZmen?a?ﬁon the last integervariable is eliminated). We explain our
O pneeded} proposeddata structure with an exampleentenceand its
) i correspondinglatastructure.
bini funchon; for Figure 5 denotes a diagramwhich corresponds to a
O ang(ljesg}lnputs orfand outputs sentence (2 <x+ x,) U (2 x < 3)H(-1<x -2x). The
] _ meshedareaexpressethe sentence (diogical part) by BDD.
HOD fu_ncﬂons_ for TheBDD in this area isthe same aBDD corresponding to;a
_ Mieger npuis orand oLpuUES) Ua, U a, which is obtainedsuch thateachnumerical part
imply of the sentence is transformedto g, a and @& The internal
forEad;f ﬂouqo(gfn‘tcare siuiions) en nodes othis datastructure have thregointers to then node
) o else node and numerical node which points thenumerical
output in Specification

part. The numerical part holds the constant integer on the left
sideandthe list ofinteger variableandinteger constants on
the right side. The term (-1 <, x 2 %, ) is expressed as a
nodeholding -1 on the lefsideand x - 2 x, on the right
side.

The storage which should hold the constant value
BMDI[6] is replacedwith NULL in this datastructure. The

We describeour verifier of deciding the truth of the reason ighat all lists ofinteger variables whichre generated
sentences such as expression (3 in in the operatiorf] or [], ( except forconstant integersjre

The Presburgesentenceconsists of integer variablesghared.

Boolean variables , operator$), U, = (not), (, ), +, -, We implemented the library afachoperation for the
O, 0O, =, < and has no free variable. Cooper's proposeddatastructure by existing thBXD library[7]. The
algorithm[4]candecidethe truth ofPresburger sentences. Thgxp library includeshe basic operations f8MD andBDD,
notations ,such asply, if then if then elsearedefined as a put doesnot includethe operations[] and[] for integers.
sequence gbrimitive operators. We addedthe operations fof] ,[] andthe other operations

We haveusedtwo verifiers. Oneverifier has BDD-like which aren‘included inthe BXD library.
datastructure, byextended tdiold the integer expressions[9].  Theorder ofvariables in thediagramdecidesthe size of
We denotehis verifier asSys1.In thedatastructure inSysl  generated datstructure. In our library, the variablesder is
fixed by the order inwhich the variableappear inthe syntax
analysis of inpusentence.

Another verifier is able talecidethe truth of subclass
Presburger sentencgiven by theprenex normal form of
only [], without[]. They mayincludethe expression(1) in
2 . or a variety of sentences for circuit verifications[8][10].
We denotehis verifier asSys2 Sys2decidegshe truth of the
sentence] x1[] x2...[] xn F(x1,x2,..,xn). Itadaptssome
techniques fofast operatiorand of memory saving, such as
determination therder of[] operations. But Sys@oesnot
sharethe common internalataunlike Sys1 .

= output of Implementation) 1)

For example, fomput $A, (0 <= $A <= 15) is walid
situation. Weefer to"don't caresituations" in4.

3. Verifier in

4. Experiments
4.1 Verification of 74382
We describghe verification result of 74382 iA. We

show the result in Table 1.
Sys2 needsthe same 0.3secondsfor four types of

Figure 5  An example of oyroposediatastructure



verification. Sysl takes longer tinfer the verification of 5 Conclusions

Booleaninputs and Booleanoutputs. Theeason isthat the

verification by Sys1 requiresthree b-to-i functions which We propose the formal verification method for
result inthree large complete binary sub-treesithat Sysl high-level combinatorial circuitsand show the result of
takes much timandspace to treaguchdatastructure. verification experimentasing ourverifier.

Then, we show the verification result of thquivalence Sysl is superior to Sys2 in therification ofnan-res
betweentwo different implementationsmpl andimp2 of and there is more prospect iBysl for the high-level
74382. TheBDD datastructures corresponding tmpl and verification of combinatoriahnd sequentiakircuits. Now
imp2 are constructed irBys1, where only pointers to the we have beemmproving Syslandwill apply it to morelarge
top nodecorresponding BD@atastructureare compared. andhigh levels, including theequential circuits verification.

4.2 Verification of Multiplier References

We describethe verification results oftbit and 5bit [1] S. Minato: “Binary Decision DiagramandApplications for
multipliers. These circuits use a sign-magnitude format asVLSI CAD", Kluwer AcademicPublishers,(1996).
input andoutput data. Integet'0” is expressed ifwo ways [2] G.D.Hachtel and F.Somenzi*Logic  Synthesis and
such as’FFFF" or "TFFF" inthe case of4bit. Thuswhen __Verification Algorithms”, KAP(1996).

dataoutput is "0", sign outputioesnot need to beonsidered, (1 T- Higashino, - J. - Kitamichi, T. Kenichi, "Presburger

We usedon'tcaresituationsexpressior(2): Arithmetic and its Application to Program Developments”,
’ Computer Softwareyol.9, No.6(1992)(In Japanese)

[4] D.C.Cooper: “Theorem Proving in Arithmetic without

if = ($DataOutput in Specification =0) then Multiplication”, Machinelntelligence,No.7(1972).

For - (ggﬁgﬁg:hogﬁnpu%:ow [5] R.E. Bryant and Y.-A. Chen:"Verification of Arithmetic
:SignFIag:E:of":EImmpIementajion) Functions with Binary Moment Diagrams”, Technlcal Repor.t
CMU-CS-94-160, School of Computer Science, Carnegie

2 Mellon University, (1994).
o ] [6] R.E. Bryantand Y.-A Chen: “Verification of Arithmetic
4.3 Verification of Output nan-res in fp-add Circuits with Binary Moment Diagrams”, 32nd DAC,
We are challenging the verification offp-add in _ PP-535-541(1995).
HLSynth95, floating pointdder. We regard aspecification [71 BXD Package Home Page,

the relation from inputs to outputand asimplementation httF://www.cs.cmu.edu/afs/cs.cmu.edu/usr/yachen/www/bxd.h
the relation among inputs, outputs, internal terminals frriéﬁl mJ' Kitamichi S Morioka T Higasino and
VHDL description. All numerical terminals in specificatio ' : ' ) 19

- ] ] K.Taniguchi:*Automatic Correctness Prooflofiplementation
andimplementation such as exponentimantisseare treated ¢ Synchronous  Sequential Circuits Using  Algebraic

as integer. . o Approach”, Proc. of the 1994 Conference Tireorem Provers
Using ourmethod in2 ., the verification for onlyoutput in Circuit Design (TPCD94).Vol.901 diNCS, pp.165-184,
nan-res can be performedSysl can verify more quickly  Springer Verlag1995).

thanSys2. [9] J. Kitamichi, N. Funabikiand S.Nishikawa, “Proposal of
Data Structure foPresburger Arithmetiandits Application to
Input OLtagr Yiabios Varaes 2 Circuits Verification”, 1997 Int. Symp. on Nonlinear Theory
74382 andits Applications, Vol.2,pp.1233-1236(1997).
Int Bool 56 4 16 03 [10] T.Amon, G.Borriello, T. HiandJ.Liu, “Symbolic Timin
Bool Int 56 4 31 04 ) v v UL Sy 9
Int Int 56 4 16 03 Verification of Timing Diagrams using Presburger Formulas”,
Bool Bool 56 4 67 03 Int. Conf. 34ndDAC(1997).
(Impl =Imp2) 81 0o 17 0.3
4multint Bool 40 4 N/A 1813
Int Int 40 4 N/A 7245
(Imp = Imp) 71 0 07 7.6
5multInt Bool 60 4 N/A 5816.1
(Imp =1Imp) 109 0 128 6823.8
HLSynth95 FP_ADD
Output nan-res 45 39 2074 256.1

(sec.) (sec.)
Pentiumll 300MHz 128MBmem

Table 1 Results ofverifications
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