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Abstract

A realizationof multiple-outputiogic functionsusingan
irredundantcascades presented.First, a multiple-output
functionis representedoy an encodedcharacteristic func-
tion for non-zeos(ECFN).Theni,it is representedy a cas-
cade of look-uptables(LUTs). Multiple-output functions
for bentcimarkfunctionsare realizedby cascade®f LUTS,
andthe numberof LUTsandlevelsof cascadesre shown.
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1. Intr oduction

Two of the most crucial problemsin systemLSlIs are
their long designtime and shortlife cycles[3]. A solu-
tion to theseproblemsmay be reconfigurablerchitecture.
Reconfigurablé Siswill reducethehardwaredevelopment
time drastically sinceone LS| canbe usedfor variousap-
plications.

In this paper we considera realization of combina-
tional logic functionsby reconfigurablearchitecture.Var-
ious methodsexist to realize multiple-outpu logic func-
tions by reconfigurablarchitecture Amongthem,random
accesamemories(RAMs) and programmabldogic arrays
(PLAs) directlyimplementlogic functions.However, when
thenumberof inputvariablesn is large,thenecessarpard-
ware becomedoo large. Thus, field programmabldogic
arrays(FPGAs)are often used. Unfortunately FPGAsre-
quire layoutandrouting in additionto logic design. Also,
the areafor programmingand interconnectiongre much
largerthanthe logic area. Thus,FPGAsrequirelarge chip
area.

When speedof the operationis not so important, a
general-purposeiicroprocessocanbe usedto implement
logic functions. However, the microprocessoimplementa-
tion is often100to 1000timesslowerthanthedirectcircuit
realizations Also, the power dissipatioris ratherhigh.

In this paperwe suney ourrecentwork on cascadeyn-
thesig[19, 6, 20,12, 21]

Table 2.1. Decomposition chart.

X1 = (21, 22)
0011
0101
Yo = (zs20) 0 11119
2=(ws2a) 9515118
110000

2. Functional Decompositionusing BDDs

Definition 2.1 Let X = (z1,zs,...,2,) beinput vari-
ables. A setof variables X is denotedby {X}. X =
(X1, X4) is apartition of X if {X;} U {X,} = {X}and
{X1}n{X32} = ¢. Thenumberofvariablesin X is denoted
by | X]|.

Definition 2.2 For a logic function f(X), let X =

(X1,X5) bea partition of X. Thedecompositionchart

of f, denotedby M (f : X1, X3), is the matrix having2™!

columnsand 2”2 rows. In M (f : X1, X»), ead row and
columnhaslabel with binary numbeyrandthe correspond-
ing elementdenoteghe truth valueof f, wheen; = |X;|

andny = |X3|. Thecolumnsand rowshaveall possible
patternsof n; bitsandn. bits, respectively

Example2.1 Let f(X) bea4-variablefunction,and X =
(X1, X42) bea partition of X, whee X; = (z;,z2) and
Xy = (23, 24). Table2.1is anexampleof a decomposition
chart. (End of Example)

Definition 2.3 Thenumberof different columnpatternsin
a decompositiorchart is the column multiplicity , and is
denotedby p.

The columnmultiplicity of a decompositiorchartdepends
onthepartition X = (X1, X2) of theinputvariables.

Lemma2.1 [2, 5] Let the partition of X be (X1, X5). If
the columnmultiplicity of the decompositiorchart M (f :
X1, X2) for afunctionf is u, thenf canbereprsenteds
f(X) = g(hl(Xl), hz(Xl), ey hu(Xl),XQ), andf can
berealizablewith the networkstructue shownin Fig. 2.1,
whee u = [log, p]. X1 isthebound set
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Figure 2.1. Functional Decomposition.
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Figure 2.2. Functional decomposition using
BDD.

Lemma2.2 [8, 14 Let(X;, X) bea partition of X, and
let the BDD of the function f be partitioned as shownin
Fig. 2.2. Supposéhat £ nodesin thelower blod are adja-
centto theupperblodk. Also, let the columnmultiplicity of
thedecompositiorthart M (f : X1, X5) for thefunction f
beyu. Thenu = k.

Definition 2.4 [11] Thewidth of the BDD at level k is the
numberof edgescrossingthe sectionof the graph between
z and zx 11, whee the edgespointingto the samenodes
are countedasone Thewidth of theBDD is themaximum
width of theBDD amongthelevels.

Theorem 2.1 Considera BDD for an n-variable logic
function f. Let the width of the BDD be pipqs. If u =
[logy pimaz | < k — 1, thenf canberealizedby a cascade
of k-LUTsshownin Fig. 2.3. Let s bethenumbersof levels
ofthecascadeand N bethenumberof LUTs,thenwehave

n+u—2
{ k—1
n+u—2 n—u-—1
[ k—1 k—
Theorem 2.2 Let s bethe numberof levelsof the cascade
in Fig. 2.3. Then,wehave

n—u-—1

1< s <14 [——r]

]+u—1< N < Ju+1

s—1
n—1u n—u—1 . 1
[k’—ﬂ-| SSS 1+{ﬂ],WheEU— 8_1;'&2.
u; = [log, p;] and y; is the columnmultiplicity for the

decompositionf f, whee X; U X, U - --U X; isthebound
set.

Theoren®.2givestighterboundson s thanTheoren?.1.
Sinceu is hardto obtain,we approximatet by the average
valueof thelogarithmof the widths of all the levelsin the
BDD. Fromtheserelationswe caneasilyestimatehenum-
berof LUTs andthelevel of the cascade.
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Figure 2.3. The network obtained by applying
functional decompositions s — 1 times.

3. Representationof Multiple-output Function
by ECFN

Although the methoddescribedn the previous section
is usefulfor a single-outputfunction, it is hardto applyto
multiple-outputfunctions.In the caseof an m-outputfunc-
tion, the numberof terminalnodesof theMTBDD [15] can
be as muchas 27, which may be too large to construct.
Also, therepresentationgsingcharacteristidunction (CF)
of multiple-outputfunctionhave beendeveloped[1]. How-
ever, in mary casesBDDs for CFsare too large to con-
struct. Fromthis, we usethefollowing methodto represent
amultiple-outputfunction.

Definition 3.1 [18] Letm functionsbe f; (7 = 0,1,...,
m — 1). Theencodedcharacteristic functionfor non-zeo
outputs(ECFN)is

w—1
buw—1 _buw—2 b
ECFN = \/ Zy—1 “y—2 ~~~Z00fj,
7=0

whee b = (bw—1,bw—2,...,b0) is the binary representa-
tion of theinteger j, andw = [log, m].

Note that zg, z1, . . .
representhe outputs.

, zw—1 are auxiliary variablesthat

Example 3.1 Considerthe caseof m = 8. Let zq, 21,
and z; be the auxiliary variables that representoutput
groups. In this case,the ECFN of the 8-outputfunction

(fo, f1, ..., fz) isrepresentedy
ECFN = zzizofoV z22z120f1 V 222120 f2 V Zaz120f3 V

29Z1Z0fa NV zaZ120f5 V zaz1Zo fe V 222120 f7
(End of Example)

Whenconstructinga BDD for an ECFN, we canreduce
thewidth of theBDD by mixing the auxiliary variablesand
ordinaryinput variables. As will be showvn in the experi-
mentalresults thewidthsof the BDDs obtainedn this way
are,in mostcasessmallerthanthoseof SBDDs,BDDs for
CFs,andMTBDDs for the correspondindunctions.When
all the auxiliary variablesare adjacento theroot node,the
BDD is equivalentto anordinarySBDD.Ontheotherhand,
when all the auxiliary variablesare adjacentto the termi-
nal nodes,the BDD is equivalentto the MTBDD. We can
alsoreducethe sizesof BDDs by consideringhe encoding
methodd18].
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Figure 3.1. Cascade.

4. Experimental Results
4.1.Realization of Cascades

Table 4.1 shows the resultsfor the cascadeealization
of benchmarlfunctions. This table shavs that the size of
BDDs for ECFNsare, in most cases,smallerthan corre-
spondingTBDDs andBDDsfor CFs.Blank entriesshov
thatthe BDDs weretoo large to construct.

We optimizedthe BDD for ECFN by mixing the input
variablesand auxiliary variables. We found the ordering
of the variablesby using a heuristicsthat reducesthe to-
tal numberof nodesin the QROBDD [15]. Note thatthis
heuristicwill reduceu in Theorem2.2. For somefunctions,
the numberof nodesin the BDDs increasesin spiteof the
reductionof «. In thetable, j,q-1 denoteghewidth of the
sharedBDDs (SBDDs),and i, 4.2 denoteghewidth of the
BDD for the ECFN.In mostcasespur heuristicsreduced
the widths of BDDs: Exceptionsare C3540androt. s;
shaws thelower andupperboundson the numberof levels
obtainedfrom Theorem2.1. Similarly, s, shavs the lower
and upperboundson the numberof levels obtainedfrom
Theorem2.2. We canseethat s, is tighterthans;. Also,
s denoteghenumberof levelsin acascadeand N denotes
the numberof LUTS. In this experiment,encodingsf out-
puts[18] arenot optimized. Currently we do not have a
goodalgorithmthatworksfor largeBDDs.

Murgai-Hirose-Fujitd13] have developedalogic simu-
lation systenwhichrealizesgivenfunctionby usingk-LUT
(k = 15). In their paper[13], no level of the networksare
shavn. So,wedid similar experimentoy usingMIS-FPGA,
andobtained¥, thenumberof LUTSs, ands, the numberof
levels. In this experimentwe usedthefollowing script:

> x|l _imp -n 2

> x|l _partition -n 15
> simplify

> x|l _partition -n 15

Theresultsareshavn in thelasttwo columnsof Table4.1.
In most cases MIS-FPGA producednetworkswith more
LUTSs, but fewer levels.

Sincethe evaluationtime of the cascadeés proportional
to s - m, whenm is large we have to reducethe numberof
levelsby partitioningthe outputset. Table4.2 compareshe
numbersof LUTs andlevels of cascadesvhenthe outputs
arepartitionedinto four and eight groups. By partitioning
the outputsinto four groups,the numberof levels can be
reducedo half. In this casethe parallelevaluationis more
thaneighttimesfasterthanthe original one.

Table 4.2. Results of Output Partition.

Name| Without |4 partition| 8 partition
partition

LUTs

LUTs
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5. Conclusions

In this paper we have shovn a methodto represent
multiple-outputiogic functionby a cascadef k-LUTSs.
Thefeaturesf themethodinclude:

1. The systemusesa cascadef LUTs: The hardwares
simpleto implement. The designconsistsof iterative
decompositionsf BDDs for ECFNs.

2. Thesysternmuseanultiple-output. UTs: It isfasterthan
Murgai-Hirose-Fujitas simulator

3. ThesystemusersBDDsfor ECFNs,whicharesmaller
than the correspondingSBDDs: The input variables
and the auxiliary variablesare mixed to reducethe
BDDs.

In this paper we only consideredhe casewherethevalues
of k arethesaméor all thestage®of acascadeHowever, in
generalthevalueof £ canbedifferentfor differentstages.
By usingthis techniquewe canimplementlarger function
onasmallermemory
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