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Abstract— This paper intr oducesa newdecompositionmethod
called OR-partitioning, where a logic function is realizedas an
OR of p disjoint sub-functions. This paper also comparesthree
methods to decomposea logic function: The first one is stan-
dard functional decomposition; the secondone is functional de-
compositioncombinedwith the Shannonexpansion;and the third
oneis functional decompositioncombined with OR-partitioning .
The experimental resultsusing many benchmark functions show
that functional decompositioncombinedwith OR-partitioning re-
quiressmaller amount of memory than functional decomposition
combined with the Shannon expansionwhen LUTs are usedto
realizefunctions.

I. INTRODUCTION

In this paper we considermethodsto decompose logic
functioninto several smallerfunctions. This problemappears
in logic designfor LUT-type FPGAs[4, 6, 7, 12, 16, 22, 23,
24] aswell asin logic simulation[13]. In mary casesthe
maximumnumberof inputsfor anLUT is limited to £. Such
anLUT is denotedoy ak-LUT.

When an n-variablelogic function is realizedby a single
LUT, 2™ bits are necessary However, in mary cases,logic
functionshave specialpropertiesandcanberealizedmoreef-
ficiently. Functionaldecompositioris a standardmethodto
realizelogic functionsusingLUTs. Unfortunately mary func-
tions are undecomposableFor suchfunctions, the Shannon
expansionis often usedto reducethe numberof dependent
variables In this paperwe shov anew methodto realizeunde-
composabléunctionsusingLUTs andOR gates.This method
triesto find a decompositiorthat producessub-functionswith
assmall supportsaspossible.Experimentakesultsshowv that
thenew methodoutperformghe Shannorexpansion.

Il. FUNCTIONAL DECOMPOSITION

Functionaldecompositioris a standardnethodto realizea
logic functionusingLUTs [1, 3].

Definition 2.1 Let X = (z1, s, ...,z,) betheinput vari-
ables. {X} denotesthe set of variablesin X. Let {X;}
and {X,} besubsetof {X}. If {X;} U {X,} = {X} and
{X1} Nn{X2} = ¢, then(Xy, X3) is a partition of X. |X]|
denoteghe numberof variablesin X .
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Fig. 2.1 Decompositiorchartfor f( X1, X3).

Definition 2.2 Let f(X) be a logic function, and let X be
partitionedinto (X, X»). Thedecompositionchart M(f :

X1, X5) is a tablewith 21%1! columnsand 2!X2! rows,whele

eat columnandrow s labeledby a binary number Ead row
and columnhasall the patternsof | X |-bit and | X |-bit, re-

spectivelyandthe correspondingelemenbf thetabledenotes
thevalueof f.

Definition 2.3 Let X be partitioned into (X, X3), whee
|X1] = ny and|X3| = n2. Thenumberof different column
patternsin thedecompositiorthart M (f : X, X2) is thecol-
umn multiplicity for X; andis denotedby pz. Thevariables
in X; and X, arethebound variables andthefr eevariables,
respectively

Theorem2.1 Let (X1, X») bea partition of X, andlet  be
thecolumnmultiplicity for X; ofthefunctionf. Then different
columnpatternsin M (f : X1, X») canbeencodedy r, bits,
whee r; = [log, #]. Thefunction f canbe representedas
f(X1,X2) = g(h(X1),X2), whee ¢g(Y7, X5) is a function
B™ x B" — B, andY] is a 2™ -valuedvariable Fig. 2.2
showsa networkfor f(X;, X») = g(h(X1), X2).

Functional decomposition consistsin finding the repre-
sentationof function f in the form g(h(X1), X3). If ny =
[log, 1] holdsfor ary boundsetX; suchthat|X;| < &, then
thefunctionis undecomposablg18], andwe cannotuseThe-
orem2.1. For suchfunction, we canusethe Shannorexpan-
sion,andthe OR-partitioningintroducedbelow.
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Fig. 2.2. Networkrealizationfor functionaldecomposition
f(X1,X2) = g(h(X1), X2).

I1l. REALIZATION OF LOGIC FUNCTIONS USING THE
SHANNON EXPANSIONS

Here,we presentdesignmethodausingthe Shannorexpan-
sion.

Definition 3.1 Let X = (21,29, ...,z,) betheinput vari-
able A symbolX? representghefunction

X% = 1(WhenX = )

0 (WhenX # a),
wheed € B™.

Definition 3.2 support(f) denotesthe set of variables on
which thefunction f depends.

By applying the Shannonexpansioniteratively, we have the
next theorem.

Theorem 3.1 An arbitrary n-variable function f(X) canbe
expandedas

27—1

F(X1, Xo) =\ XTf(Xq, @), (3.1)
=0

wheee d; is a binary vectorrepresentingan integer ¢, anda =
(a1,a2,...,a,).

Theexpansion(3.1) is usefulto realizeundecomposabliinc-
tionsby k-LUTS.

Definition 3.3 A multiplexer (MUX) is the selection cir-
cuit shown in Fig. 3.1. It has s contol inputs
(z1,...,25) and 2° data inputs (yo,y1,...,¥2:-1). Let
g(xz1,...,2s,y0,¥1, ..., Yy2:—1) betheoutputfunction. Then,
g = y, whenthe decimalrepresentationof the control in-
put (z1,...,2z) is a. Thatis, whenthe contol input is
(0,0,...,0), the top datainput yq is selected.Whenthe the
contol inputis (0,0, ..., 1), the seconddata input y; is se-
lected.Finally, whenthe contol inputis (1, 1, ..., 1), thelast
datainput y-s _ is selected.A MUX with s contmol inputsis
denotedby s-MUX .

Fig. 3.1 s-MUX.
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Fig. 3.2 Realizationof a 5-variablefunctionusing3-LUTs.

Example 3.1 Let us realizea 5-variable function f(X) us-
ing 3-input LUTs. Let X = (z1,22,23,24,25), X1 =

(z1,22,23), and Xy = (z4,z5). By applyingthe Shannon
expansiondo f(X) with respecto X5, wehave

X§00 £(X1,0,0) v XV F(X1,0,1) v
XM p(X1,1,0) v XU £, 1,1).

f(X1,X2) =

Fig. 3.2 showsthe realization using 3-LUTs. Three LUTs
which are connectedo z4 or z5 realizea 2-MUX. Thisre-
alizationrequires7 LUTSs. (Endof Example)

In the practicalapplicationswe canoftenreducethe sizeof
the supportof (X1, ay,as) by finding an appropriateset of
variableto expand. The advantageof the Shannorexpansion
is thatary functioncanbedecomposeihto sub-functionsvith
atmostk inputs.

IV. DESIGN METHOD USING OR-PARTITIONING

In this section,we introducea new decompositiormethod.
The adwantageof OR-partitionng is that it often produces
fasterand smaller realizationsthan the Shannonexpansion.
Unfortunately somefunctionsdo nothave an OR-partitionng.

Theorem4.1 Let (X, X,) be a partition of X =
(z1,22,...,2,). Then,f(X1, X2) canberepresenteds

p—1

f(X1,X2) = \/ fi(X1, Xa), (4.1)
=0
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columnpatternsof the decompositiorchart. In Theoem4.1

Flg 4.2. Realizationof f = go (:Z-'l, ro, .l’3) \% gl(:l‘l,l‘g,:l‘z;). le':p = 4' andle': f(Xl ) XQ) bedecomposeds

f(X1,X2) = fo(X1,X2)V fi(X1, X)) V
Jo(X1, X2) V f3(X1, Xa), (4.2)

hee f; (X1, X3) = gi(h(X1), X).
whee f;(X1, X2) = gi(h(X1), X) whee f; (X1, X) = gi(h(X1), X2), and fo, f1, fo, and fs re-

In the decompositionf; (X1, X3) = g;(h(X1), X2), we try alize functionsshownin Fig. 4.4(a), (b), (c), (d), respectively
to reducethe supportsizeof g; (i = 0,1,...,p — 1). Toshav Then, f canberealizedas shownin Fig. 4.5. In practical ap-
the idea of reducingthe supportof ¢, we usethe following plications,we can oftenreducethe supportsizeof g; by con-

example. sideringthe partition of {®;}. (Endof Example)
: . : For the decompositiorintroducedin Theorem4.1, we can
Example 4.1 Considerthefour-variablefunction formulatethe following problem.

(@1, 22,23, 24) = 2122®0 V T129®1 V 2122P2 V 2122®3,  Problem4.1 Decomposethe function f into the form
(4.1). Let ny(i) be the supportsize of ¢;(Y1, X2), whee

WhEE(I)() = 3, &1 = 24, Py = 23, and(I)g =z, LetX; =

(z1,22) and X3 = (z3, z4). Asshownin the decomposition

chartin Fig. 4.1,all the columnsare distinct. So,the function

is undecomposabléor this partition. Considerthe problem “>.(.?¢

of partitioning F = {®q, &1, 5, P53} into two blodks sothat AN fo
the supportof both blodks are reduced. Let the partition be BB

T = {[®y, ], [®1, P3]}. Notethat the block [®, ] only 2
depend®nzs, whiletheblodk [®1, ®3] onlydepend®nz,. In X | T g f
thiscase,f canberepresenteds f (1, x4, 23, 24) = fo V f1, eed) 1

whee f() = 2129®q V 2129P5 andf1 = Z129®P1 V 212,P3, h 744 H)'('?i f
and f; and f; canberepresentedy fo = go(z1, 22, 23) and ANA f2
fi = g1(x1, 22, z4). Notethatthe supportsof f, and f, are HE x
reducedby one,and f canberealizedby the circuit shownin T ¢
Fig. 4.2. (Endof Example) i gl

Example4.2 Lety = 12 bethecolumnmultiplicity of thede-  Fig. 4.5. Realizatiorof
compositionchart for f(X;, X3). LetFig. 4.3bethedecom- f = fo(X1,X2)V f1(X1, X2) V fo(X1, X2) V fa(X1, X2).
position chart, whee ®; (i = 1,2,...,12) denotedifferent



X1—

X2
X3— I
X f
X5—
X6—

Fig. 4.6. Realizationusingfunctionaldecomposition.

il

—L )‘@
X6 |mux|—- f
ik

X X4 X5
X2 it

Fig. 4.7. Functionaldecompositiorombinedwith Shannorexpansion.

filXh, Xa) = gi(h(X

1), X2). Find the partition (X1, X>)
and the partition of 7 =

{ 0, q)l, ey q)ll—l} that mini-
p—1

mize the cost function definedby 2" - u + » " 2"2(),

i=0

whele
r = |X;] andu = [log, p].

Thisproblemcorresponds theminimizationof theamount
of memoryneededo realizeg; (i = 0,1,...,p—1) by LUTs.

Example 4.3 Considerthe six-variablefunction:

f = (fli‘g \Y 1‘11‘2)1‘31‘4 \Y (Cz‘ll‘g V $1éi‘2)£5$6.

Let X; = (;‘El,;EQ) andX2 = (;‘Eg, T4, T5, I6). Flg 4.6shows
therealizationof f usingfunctionaldecompositionilt requires

a 2-LUT anda 5-LUT. Fig. 4.7 showsthe realizationof f us-

ing functionaldecompositiorcombinedwith Shannonexpan-

sion. It requitesa 2-LUT, a 3-LUT, a 4-LUT, anda 1-MUX.

Fig. 4.8 showstherealizationof f usingfunctionaldecompo-
sition combinedwith OR-bi-partitioning. It requiresa 2-LUT,

two 3-LUTs,anda 2-inputOR gate Differentrealizationsre-

quire differentnumberof bits: A singleLUT requires2® = 64

bits; the functionaldecompositiomequires2? + 2° = 36 bits;

the functional decompositiortombinedwith Shannorexpan-
sionrequires2? + 23 + 2* = 28 bits; thefunctionaldecompo-
sitioncombinedvith OR-partitioningrequires2? +2 - 23 = 20

bits. Whenan MUX or an OR gate is realizedby an LUT,

Shannonexpansionrequires 28 + 23 = 36 bits, while OR-

partitioning requires20 + 2% = 24 bits. (Endof Example)

To find anoptimalsolutionfor Problem4.1, we shouldcon-
siderdifferentpartitionsof theinput variablesX into X; and
X5, anddifferentpartitionsof columnsinto p groups.No ef-
ficient exact methodto solve Problem4.1 is known, andwe
have to resortto a heuristicmethod.In [26], bi-decomposition
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Fig. 4.8. Functionaldecompositiorcombinedwith OR-bi-partitioning.

f(Xl,Xg) = O[(gl(Xl),gg(Xg)) thatminimizeS|X1| + |X2|
is consideredlIt canbe consideredgsa solutionto arestricted
caseof Problem4.1. Thenumberof differentpartitionsof the
inputvariableds 2" — 2. Thefollowing lemmashownsthecom-
plexity of the columnpartitioningproblem.

Lemma4.1 [8]: The numberof waysof placing x distinct
objectsinto p non -distinctcells with no cell left emptyis

= 'Z < ) (p — i)*. S(u,p) is called the
Stirling number of the secondkind.

For example,whenp = 4, thevaluesof S(u, p) for =7, 8,
9,and10 are350,1701,7770,and34105,respectrely.

V. DETAILED ALGORITHMS

In this section,we shav threedifferentalgorithmsto solve
decompositiorproblems.

A. OrdinaryDecompositiorAlgorithm

The following algorithm finds the best size of X; that
heuristicallyminimizesthetotal amountof memoryneededo
realize f, measuredisingan ordinary functionaldecomposi-
tion method.

Algorithm 5.1 (Disjoint decomposition.)

1. Let(z125---z,) bethe BDD variable order that mini-
mizeshesizeof theBDD.

2. Forr = 2ton — 1 dostep3.
3. Size(r) « 27 -u + 2", whee u = [log, 1], p is the

columnmultiplicity for the decompositiog (h(X1), X2),
X = (;‘131, Za, .. .,Ir), Xy = (mr+1,xr+2, ey :En) and
ng = |X2| —+ u.

4. Obtainr thatmakesSize(r) minimum,andreturnr.

Sincethe orderof theinputvariablesin the BDD is fixed, this
algorithmproducessub-optimakolutions.
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Fig. 5.1 Realizationof f = &;%;g0(h(X1), X2) V &;z;91 (h(X1),X2) V
z;Zpg2 (h(X1), X2) V zizpgs(h(X1), X2).

B. TheShannorExpansiorlgorithm

In this subsectionwe shav a heuristicalgorithmbasedon
the Shannorexpansionto designa circuit similar to Fig. 5.1.
Notethatthis circuit realizeshefunction f in theform

(X1, X)) =
Z:i%i90(h(X1), X2) V ;2591 (h(X1), X2) V
2iZkgo(h(X1), Xo) V zizrga(h(X1), Xs), (5.1)

where{ X5} = {Xy}U{z;}U{z;}U{z:}. Giventhepartition
(X1, X5), thegoalis to determinevariablessuchasz;, z;, and
zg. First, we shav Algorithm 5.2 to partition a functioninto
two sub-functions.Then,we shov Algorithm 5.3 to partition
afunctioninto p sub-functionsThesealgorithmstry to reduce
the supportsizesof g;.

Let f(X) beafunction,and(X;, X») bea partition of X.
Let F = {®y, ®4,...,P,_1} bethesetof sub-functiongep-
resentingdifferentcolumnpatternsn thedecompositiorchart
for (X1 s Xz) .

Algorithm 5.2 (TheShannorbi-partition.)

1. LetF = {(bo, P, ...
port for F.

2. Forall z; € {X,}, dostep3.

3. Let the partition be IT =
{<I>Z»(:L=r+1,...,mj_l,O,mj+1,...,mn)} and F; =
{®i(xrg1,. .-, 2j—1, 1, 2541,...,2,)}. Let so(j) and
s1(j) bethesizesof supportdor F, andF;, respectively
Obtains; = 100 - max(sq(j), s1(j)) + so(j) + s1(4).

4. Find thepartition IT = (Fy, F1) thatmakess; minimum
andreturnIl = {Fy, F }.

,®,_1}, andlet {X,} bethesup-

(.7:0,.7:1), whee Fo =

If min{support(Fy), support(F1)} < |X2|, thenthereis a
possibilityto reducetheamountof memory In step3), wefind
avariablethatminimizesthe maximumsizeof thesupportdor
Fo andF;. If therearemorethantwo candidateswe selecta
variablethatminimizesthe sumof the sizeof the supports.

Algorithm 5.3 (The Shannorp-partitioning)

1. LetIl «+ {[(I)Q, (1)1, o
2. Do step3whileg > 0.

3. ByusingAlgorithm 5.2, for ead blod in II, bi-partition
it intotwo. Letq « ¢ — 1.

4. Returnthefinal partition I = {Fy, Fy, . ..

,®,1]}andq « [log, p].

v Fp-1}.

Thepartitioningalgorithmusesa BDD with afixedvariable
orderto represenalogic function. In thiscasethepartitioning
problemfor theinput variablesX is to determinea pointr €
{1,...,n} in the given variableorder In this case,we only
searchthe limited numberof combinationsso the solutionis
sub-optimal.

When f is decomposeds (5.1), Size(r) = 27
p—1
> " 270) denotesthe required amountof memory where
i=0
r = |X1], na(d) = |support(F;)| + u, andu = [log, u].
Note that we do not count the cost of the multiplexer. In
order to minimize Size(r), we changethe size of X, i.e.,
the value of ». The following algorithmfinds the value of r
that minimizes Size(r). Let n be the numberof inputs for
f. Our experimentalresultsshav that Size(r) is minimum
whenn/4 < |X;| < n/2. Therefore,to obtain a parti-
tion (X1, X3) for X, we first searchthe partitionssatisfying
n/4 < |X1| < n/2.

cu +

Algorithm 5.4 (Partitioning of the input variables for the
Shannorexpansion.)

1. Let(z1z5---z,) bethe BDD variable order that mini-
mizeghesizeof theBDD. Letr = [%].

2. Do step3whiler < I?l}m()lxﬂsupport(ﬂﬂ}.

3. Let X; = (1‘1,332, .. .,l‘r).
rithms5.3to find thepartition IT = {Fo, 74, ...

Obtain x.  Apply Algo-
yFp-1}.

p—1
Let Size(r) = 27 - u + Y _ 270, whee ny(i) =
=0
|support(F;)| + u andu = [log, p]. Letr « r 4 1.
4. Find r that minimizesSize(r), and return the partition

M= {Fo,Fr,....Fp_1}.

C. OR-FartitioningAlgorithm

In this section, we shav a heuristic algorithm for OR-
partitioning shovn in Theorem4.1. First, we shav Algo-
rithm 5.5 that partitions a function into two sub-functions.
Then, we shov Algorithm 5.6 that partitionsa function into
p sub-functions.Thesealgorithmsattemptto reducethe sup-
portsfor the sub-functions.

Letthegivenfunctionbe f, and X bethesupportof f, and
(X1, X5) beapartitionof X. LetF = {®q, ®1,...,®,_1}be
the setof sub-functiongepresentinglifferentcolumnpatterns
in thedecompositiorchartfor (X7, X3).

Algorithm 5.5 (OR-bi-partitioning.)
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Fig. 5.2. Decompositiorchartfor f.

1. LetF = {®q,®y,...,P,_1}. Let{X,} bethesupport
for F. If |support(®;)| = |X2| for somei, then f is
unpartitionable, andreturn.

2. Forall z; € {X,} dostep3.

3. Letthepartition beTl = (Fy, F1), whee Fj is the setof
functionswhich are independentf z;, and F; is the set
of functionsthat dependon z;. Let sq(j) and s (j) be
the sizesof supportsfor 7, and Fi, respectivelyObtain
s = 100 - max{so(§). 51 (7)} + s0(3) + 51 (4)-

4. Find a partition II = (Fy, F;) thatmakess; minimum.

5. If max{so(j),s1(j)} < |X2|, then f is partitionable
elsef is unpartitionable, returnTl = (Fg, Fy).

Given a partition (X1, X3) of X, whereX; = (21,23,...,

zy)andXs = (Zr41, Try2, ..., 2,), Algorithm 5.5examines
n — r differentpartitions. If f is partitionablethenthereis a
possibility to reducethe amountof memory In this case we
usethefollowing algorithm.

Algorithm 5.6 (ORyp-partitioning.)

1. Letll « {[q)o, P, .. ~7<I>p—1]}-

2. Do steps3 to 5 in deceasingorder of the supportsizes
for all F; inTI.

3. By using Algorithm 5.5, try to partition F; into two
blocks.

4. When¥; is bi-partitionable, partition F; into two blocks
fj and Fy, IT « (H - fl) U (fj U fk).

5. Whenp = |TI| or all F; in TT are unpartitionéble, return
OI={Fo,F,...,Fp_1}.

WhenapplyingAlgorithms5.5and5.6, we mayencountethe
casewhere¥ includesmary sub-functionswith afew support
variables. In sucha case,we cannotfind a goodsolution, so
we applythefollowing algorithm.

Algorithm 5.7 (ImprovedOR-partitionirg)

1. Letll = {Fo, F1,. .., Fp—1} bethepartition obtainedby
Algorithm5.6. Letdg, d4, ..., andd,_; bethe sizesof
supportsor Fo, Fi, ..., Fp_1, respectivelyLetv,,;, <

p—1
>t
k=0
2. Do step3in deceasingorder of the supportsizesfor all

F; in TI.
3. Do stepsAto 5 for all theelementsp, in F;.

4. Move @, to all other blodks, and computethe value of
p—1
v; = Z 2% andchoosev; with theminimumvalue
k=0
5. If v; < Vpmin, theNvy, — v and F; « F; — {D,},
otherwiseundothelastmove
6. If there wasa move,thengo to step2, elsereturnIl =
{Fo,F1,..., Fp_1}

Algorithm 5.7 tries to reducethe amountof memoryby mov-
ing an elementin F; to anotherblock, andtriesto makethe
sizesof supportdor F; equal.

Algorithm 5.8 (Inputvariablegroupingfor OR-partitioning)

1. Let (zy2z4---z,) bethe BDD variable order Letr =
(51

2. Do step3whiler < rffl:agxﬂsupport(fm}.

3. Let X; = (21,22,...,2,). Obtain u. Apply Al-
gorithms 5.6 and 5.7 to obtain the partition T =

p—1
{Fo,F1,...,Fp-1}. LetSize(r) = 2" -u+ 22”2@,
0

whee ns (i) = |support(F;)| + v andu = [log, p]. Let
rr+ 1.

4. Find r that minimizesSize(r). Returnthepartition IT =
{Fo,F1,..., Fp_1} thatmakesSize(r) minimum.

VI. EXPERIMENTAL RESULTS

We comparedhe sizesof memoryfor the following three
realizationsthefirst oneusesconventionaldisjoint decompo-
sition of the form f(X,X3) = g¢(h(X1), X2); the second
one usesthe Shannonexpansionobtainedby Algorithm 5.4;
thethird oneusesOR-partitioningobtainedby Algorithm 5.8.
Variable orderingsfor BDDs were obtainedusing the algo-
rithm in [5, 15]. Multiple-output functionswererepresented
by BDDs for EncodedCharacteristid-unctionfor Non-zeros
(ECFNs)with the naturalencodingsf outputs[20]. The aux-
iliary variablesvereplacedontop of thevariables We decom-
posed44 benchmarkfunctions. In Tablel, Namedenoteghe
function name;In denoteshe numberof the input variables;
Out denoteghe numberof the outputvariables;ECFN In de-
notesthe numberof the input variablesfor ECFN; Mono de-
notesthedecompositiory (X1, X3) = g(h(X1), X2) obtained
by Algorithm 5.1; Shannordenoteshe Shannordecomposi-
tion obtainedoy Algorithm 5.4; OR-partitioningdenotesOR-
partitioningobtainedby Algorithm 5.8;| X | denotegshe num-
ber of the variablesin X;; |X3| denotesthe numberof the
variablesin X,; p denoteghe columnmultiplicity of the de-
compositionf (X1, X3); log, denoteghe binarylogarithmof
the requiredamountof memory;and CPU denoteshe CPU
time for Algorithm 5.8. Notethatthememorysizefor the OR-
partitioningandthe Shannorexpansionsloesnot containthe
memoryfor OR gatesnor MUXs. For the Shannonexpan-
sionsandOR-partitioning we decomposethe functionswith
p=4.



For des C7552 C5315 apex6, i3, andil0, OR-partitioning
drasticallyreducedrequiredamountof memory For exam-
ple, desis a 256-input245-outputfunction, but eachoutput
dependson at most 19 variables. OR-partitionng reduced
the requiredmemoryfor desby 1/25°. For C432 and rck,
OR-partitioningcould not reducethe sizeof memory andfor
C499 OR-partitionirg increasedhe memorysize.

Whenthesupportsizeof ablockdecreasem Algorithm 5.4,
the Shannorexpansiorreduceshe memorysize.In aboutone
quarterof all casesthe Shannorexpansionproducedsmaller
circuitsthanOR-partitionng. However, in suchcasesthe de-
greeof reductionwasrelatively small. In generalwe obsere
thatOR-partitionng producedsmallemetworkshanthe Shan-
nonexpansion.

To seethe quality of Algorithm 5.6, we also developedan
exact algorithm for OR-p-partition, and appliedto ex4, vg2,
rckl, x1dn, and x9dn. For vg2, the exact methodrequired
163840bits, while Algorithm 5.6 required172032bits. For
otherfour functions,Algorithm 5.6 produced=xactsolutions.

VII. CONCLUSION

In this paper we presentedOR-partitioningof logic func-
tion, anew methodto realizeundecomposablegic functions.
Themeritsof this methodare:

1) It often producessmallercircuits than the Shannonex-
pansion.

2) It producesfaster circuits than the Shannonexpansion,
becausen OR gateis fasterthana multiplexer.

Unfortunately not all functionshave an OR-partitioning
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TABLE |
COMPARISON OF AMOUNT OF MEMORY FOR THREE METHODS.

Name | In |Out|ECFN Mono Shannon OR-Fartitioning
IN|IX3[[[Xaf] p | logy [|Xa|[[Xaf| p | log, [|Xa]|[Xa[] p | log,| CPU
C1908 | 33| 25 38| 22| 16| 553| 26.7] 22| 16| 553| 26.7| 21| 17| 586| 26.2| 0.7
C2670 |233/140| 241] 123| 118 99|126.5 104| 137| 41|107.2] 108| 133| 33|112.5 0.8
C3540 | 50| 22 55| 32| 23|5156| 36.9| 32| 23|5156| 36.9] 27| 28(4250 33.4| 185
C432 36| 7 39| 22| 17| 81| 25.5| 21| 18| 94| 24.6/ 21| 18 94| 255 0.1
C499 41| 32 46| 27| 19|1134| 31.2| 26| 20|1358 30.8) 26| 20|1358| 31.4| 1.3
Cbh315 |178|123| 185| 95| 90| 212| 99.0| 94| 91| 221| 98.0| 49| 136| 147| 56.1] 6.3
C7552 |207|108| 214| 71| 143| 125/150.0| 108 106/ 95|112.1 71| 143| 125| 91.0) 14
C880 60| 26 65| 35| 30| 466| 39.6/ 35| 30| 466| 39.0f 24| 41| 253| 34.4] 0.5
apel 45| 45 51| 28| 23| 106| 31.5| 27| 24| 122| 30.5| 20| 31| 193| 24.9] 0.5
ap3 54| 50 60| 33| 27| 123| 36.2] 23| 37| 169| 28.4| 26| 34| 163| 31.7| 1.6
apex5 |117| 88| 124| 64| 60| 104/ 67.9| 63| 61| 106| 66.9] 30| 94| 133| 46.0f 3.9
apx6 |135| 99| 142| 73| 69| 103| 76.9| 72| 70| 103| 76.2| 33| 109| 108| 39.5| 3.8
ape’ 49| 37 55| 29| 26| 51| 32.8) 27| 28| 51| 30.4| 19| 36| 51| 24.7] 0.2
b9 41| 21 46| 24| 27| 29| 27.7) 23| 23| 30| 26.8) 14| 32| 31| 19.2] 0.1
cps 241109 31| 18| 13| 157| 22.0f 16| 15| 157| 20.6| 15| 16| 190 20.8] 0.1
dalu 75| 16 79| 41| 38| 55| 44.8) 41| 38| 55| 44.8/ 28| 51| 95| 32.0f 2.3
des 256|245| 264| 135| 129| 243]138.6 134| 130| 244(138.0f 66| 198| 316| 72.7| 51.6
duke2 22| 29 27| 15| 12| 50| 18.8) 14| 13| 51| 17.8/ 11| 16| 62| 17.3] 0.1
e64 65| 65 72| 38| 34| 36| 41.3) 37| 35| 37| 40.3] 36| 36| 38| 40.0f 0.1
ex4 128| 28| 133| 68| 65| 52| 71.8/ 54| 79| 62| 57.2| 19| 114, 15| 27.6| 0.2
exep 30| 63 36| 20| 16| 59| 23.3] 18| 18| 50| 21.4| 17| 19| 52| 215 0.1
frg2 143|139 151 78| 73| 185/ 82.0) 75| 76| 197| 79.0 38| 113| 208| 53.8| 10.4
i10 257|224 265| 137| 128(2324141.3| 135| 130|2114/139.8 95| 170| 724{111.0/149.1
i2 201 1} 201| 101| 100 4]103.0 100| 101 41102.00 99| 102 41102.6/ 0.1
i3 132| 6| 135 68| 67 6| 70.8/ 68| 67 6| 70.2| 20| 115 7| 342 0.1
i8 133| 81| 140| 73| 67| 277| 77.1] 69| 71| 279| 73.4| 53| 87| 304| 58.8 11.8
ibm 48| 17 53| 28| 25| 39| 31.8) 27| 26| 49| 315 21| 32| 63| 27.3] 0.2
jbp 36| 57 42| 24| 18| 59| 26.8] 22| 20| 85| 25.7| 13| 29| 89| 20.0f 0.2
k2 45| 45 51| 27| 24| 119 31.5| 26| 25| 123| 29.5| 20| 31| 193| 249 0.5
mainpla| 27| 54 33| 19| 14| 162| 23.0f 18| 15| 173| 22.4| 15| 18| 186| 21.5| 0.2
markl 20| 31 25| 14| 11| 23| 17.2| 11| 14| 28| 15.1] 11| 14| 28| 15.3] 0.1
rckl 32| 7 35| 18| 17| 14| 21.6| 17| 18| 14| 20.6| 18| 17| 14| 21.6{ 0.1
rot 135|107 142| 75| 67| 565 78.8/ 73| 691018 76.9| 55| 87| 192| 60.3] 4.9
seq 41| 35 47| 26| 21| 107| 29.5| 25| 22| 116 28.5| 16| 31| 133| 21.7| 0.3
shift 19| 16 23| 12| 11| 13| 15.6| 12| 11| 13| 156 6| 17| 16| 114/ 0.1
signet 39| 8 42| 23| 19| 214| 27.6| 23| 19| 214| 26.8] 19| 23| 156| 25.1] 0.3
toolarge| 38| 3 40( 21| 19| 23| 24.7) 20| 20| 23| 23.7| 19| 21| 23| 235 0.1
ts10 22| 16 26| 14| 12| 25| 17.7| 14| 12| 25| 17.7) 8| 18] 17| 13.2| 0.1
vg2 25| 8 28| 16| 12 8| 17.8 12| 16 8| 15.8| 13| 15| 10| 17.4{ 0.1
x1dn 27| 6 30| 14| 16 7| 19.1) 14| 16 7| 16.5| 15| 15| 13| 18.2] 0.1
x2dn 82| 56 88| 46| 42| 34| 49.3] 45| 43| 36| 48,5 23| 65| 44| 284 0.3
x6dn 39| 5 42| 23| 19| 31| 25.8] 21| 21| 39| 24.8/ 12| 30| 40| 185 0.1
x9dn 27 7 30| 16| 14| 19| 19.7) 13| 17 7| 16.8| 14| 16| 13| 17.7] 0.1
xparc 41| 73 48| 26| 22| 156| 30.6| 25| 23| 157| 29.6| 21| 27| 156| 26.6| 0.2

w: Columnmultiplicity of decomposition.
log,: Binarylogarithmof requiredamountof memory
CPU:CPUtime (sec).
Mono: The caseof usingonly conventionaldecomposition.
ShannonThe Shannorexpansionof Algorithm 5.4into four parts.

OR-partitioning The OR-partitionng of Algorithm 5.8into four parts.
IBM PC/AT compatible Pentiumlll LGHz,4GBytesmainmemory




