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Abstract— This paper proposesa method to generate pro-
gram codefor embeddedsystemsusing Multi-valued DecisionDi-
agrams (MDDs) that are called heterogeneousMDDs. The het-
erogeneousMDDs representlogic functions more compactly, and
have shorter average path length than other DecisionDiagrams
(DDs). The codegeneratedusing heterogeneousMDDs can eval-
uate logic functions faster using a small amount of memory. Our
experimentalresultsshowthat somefunctions are suitablefor this
method, while others are suitable for Levelized Compiled Code
(LCC) method. We alsointr oduce a new measute of logic func-
tions, the LN-ratio to determine which of the two methodsis bet-
ter.

| INTRODUCTION

Embeddedystemsarewidely usedin vehiclecontrol, con-
sumerelectronics,PersonaDigital AssistancgPDA), cellu-
lar phone,and so on. Theseembeddedsystemsare usually
composedf MPUsandsoftwareprogramgo reducetime-to-
market. Thesesoftwareprogramshave the restrictionon the
amountof memoryto reducetheir cost, power consumption,
weight, andso on. Therefore synthesisof efficient software
programswith limited codesizeis important.

Synthesiof softwareprogramss the automaticgeneration
of a programfrom a functional specificationsuchas a Finite
State Machine (FSM). Softwaresynthesisusing Binary De-
cision Diagrams(BDDs) [2], FreeBDDs (FBDDs) [12], and
multi-valuedlogic network[27] have beenproposed. These
approachegjeneratecode using Decision Diagrams (DDs).
In this paper we proposea methodto generateefficient pro-
gram code using heterogeneouMulti-valued Decision Dia-
grams(MDDs).

Therestof the paperis organizedasfollows. In Sectionll,
we define heterogeneoudDDs and a methodto represent
multiple-outputfunctions.In Sectionlll, weintroducetheaver-
agepathlengthto estimatehecomputatiortime. In SectionlV,
we proposea methodto generatdhe optimal codeusing het-
erogeneoudDDs. And, in SectionV, we comparetheperfor
manceof codegeneratedby threedifferentmethods Also, we
introducea new measureof the logic function, the LN-ratio,
which shavs a suitablecodegeneratiormethod.
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Il DEFINITIONS AND BASIC PROPERTIES OF MDDs

This sectiondefinesheterogeneou$/DDs, and showvs a
methodto represenmultiple-outputfunctions.

A Representationof Logic Functions

Let f(X) be a two-valued logic function, where X =
(z1,2a,...,2,). Letz;(: = 1,2,...,n) bebinaryvariables.

Let {X} denotethe set of variablesin X. If {X} =
{X1} U{X:} U ... U{X,} and {X;} N {X;} = ¢,i #
J, then (X1, X5,..., Xy) is a partition of X. An ordered
set of variablesX; is called a super variable. If |X;| =
ki (i=1,2,...,u)andk; + k2 + ... + ky = n, thenatwo-
valuedlogic function f(X') canberepresentedy themapping
f(Xl,XQ,...,Xu): P x Py x Py x ...x P, — B, where
P, =1{0,1,2,...,2% — 1} and B = {0, 1}. We assumehat
thefunctionis completelyspecifiedandincludesno redundant
variables.

Example1 Consider (X1, X5) which is a partition of X,
whee X = (z1, 23, 23, 24, x5) andead z; is a binary vari-
able WhenX; = (éL‘l,l‘g) and Xy = (I‘3,CL‘4,(L‘5), ki = 2,
ks =3, P, ={0,1,2,3},and P, = {0,1,...,7}. Notethat
X, takes4 values,and X, takes8 values. So, a 5-variable
logic function f(X) can be representedby the multi-valued
functionf (X1, Xz): Py x P, = B. (Endof Example)

B Heterogeneous!DD

We assumethat readersare familiar with BDDs, Reduced
OrderedBDDs (ROBDDs) [6], MDDs, andReducedOrdered
MDDs (ROMDDs)[11].

Definition 1 WhenX = (z1,z3,...,z,) is partitionedinto
(X1, X4, ..., Xy4), an ROMDD representinga logic function
f(X) is called a heterogeneousMDD . Specifically when
k1= ke = ... = ky,anROMDD representincalogic function
f(X) is calleda homogeneousMDD in order to distinguish
froma heteogeneous DD. A homogeneousIDD is denoted
by MDD(k), whee k = k1 = ks = ... = k,. An MDD(k)
representsa mappingf : P* — B, while a hetepgeneous
MDD representsa mappingf : P1 x Py X ... x P, = B,
whee P = {0,1,...,28 —1}, P, = {0,1,...,2% —1},and
B=1{0,1}.



(2)BDD (b) MDD(2)

Fig. 1. BDD andMDD(2)

In an MDD(k), non-terminalnodeshave 2* edges. When
k = 1,anMDD(1) is anROBDD. In a heterogeneousiDD,
non-terminalnodesrepresenting supervariable X; have 2%
edgeswherek; is thenumberof elementsn X;.

Definition 2 In a decision diagram (DD), the number of
nodesin the DD, denotedy nodes(D D), includesonly non-
terminalnodes.

Definition 3 Thewidth of a DD with respectto the super
variable X;, denotedywidth(DD, i), isthenumberofnodes
in theDD correspondingo X;.

The number of nodesin the MDD with the partition
(X1, Xa,..., Xy) isgivenby

nodes(MDD) = width(M DD, i).

i=1
Example2 Considerthefunction:
f = I1X9ZI3 V o34 \Y T3X4X1 \Y T4X1X9.

Fig. 1(a), Fig. 1(b), and Fig. 2 representthe ROBDD, the
MDD(2), and the hetepgeneousviDDs for the function, re-
spectively In Fig. 1(a), the solid lines and the dottedlines
denotel-edgesand O-edges,respectively In Fig. 1(b), the
input variables X = (z1, 22, 23,24) are partitioned into
(Xl,Xg), whee X, = (;131,;132) and Xy = (;133,.’E4). In
Flg 2(a),X1 = (Il,;‘l}z,;‘l}g),XQ = (,134) And, in Flg Z(b),
X1 = (Il),Xg = (1‘2,33371‘4).

(Endof Example)

C Representationsf Multiple-OutputFunctions

Logic networksusuallyhave mary outputs. In mostcases,
independentepresentationf eachoutputis inefficient. Letthe
multiple-outputfunctionsbe F' = (fo, f1,..., fm-1): B” —
B™, whereB = {1,0}, andn andm denotethe numberof
inputandoutputvariablesyespectiely. Several methodsexist
to represeninultiple-outpufunctionsusingBDDs[15, 20, 21,
22]. In this paper we use SharedBinary DecisionDiagrams

(@) X1 = (21, 22, 33),
X2 = (1’}4)

(b) X1 = (21),

X2 = ($2,$3,$4)

Fig. 2. HeterogeneousIDDs

(SBDDs) [20] to represeninultiple-outputfunctions. In the
following, aBDD meansa SharedROBDD (SROBDD) unless
statedotherwise.

[l AVERAGE PATH LENGTH (APL)

Definition 4 A path in aDD is a sequencef nodesfor some
assignmenbof valuesto all variables. Thepath length is the
numberof non-terminalnodeson the path.

Definition 5 In a DD, the node traversing probability, de-
notedby prob(DD, 1), is a fraction of all assignmentsf val-
uesto variableswhosepathincludesy;.

In anMDD, we assumehefollowing computatiormodel:

1. DDsfor logic functionsareevaluatedby traversingnodes
from therootnodeto aterminalnodeaccordingto values
of theinputvariables.

2. MDDs areimplementedirectly, not simulatedusingthe
BDD packageasdescribedn [11].

3. Encoded input values are available, and their ac-
cesstime is ngligible. For example, when X; =
(21,29, 23,24) = (1,0,0,1), X1 = 9 is availableasan
inputto thealgorithm.

4. Mostcomputatiortime is spentfor accessingodes.
5. Theaccessimeto all MDD nodess equal.

In this case thetime to evaluatea DD for a logic functionis
proportionalto the numberof non-terminalhodeson the path
(i.e., pathlength). And also,we assumehat eachbinary vari-
able occursasa 0 with the sameprobabilityasa 1. Under
theseassumptionswe usethe averagepath length (APL) to
estimatehe evaluationtime of differenttypesof DDs.

In this paper we usea SharedDecisionDiagram(SDD) to
representnultiple-outputfunctions F' = (fo, f1,. ., fm-1).
TheAPL of anSDDis thesumof the APLs of individual DDs
for eachfunction f; [23].



Theorem1 [23] TheAPL of a DD is givenby thesumof the
nodetraversingprobabilitiesof all the non-terminalnodes.

Theorem 2 For a BDD anda hetepogeneou$/1DD thatrepre-
sentthe samdogic functions thefollowing relationholds:

(APL of a hetengeneou$IDD) < (APL of a BDD).

(Proof) The numberof non-terminalnodeson the path never
increasedy groupingof variablesin X. Therefore we have
thetheorem. (Q.E.D)

IV CoDE GENERATION

Two method=xist to generatéhe codefrom heterogeneous
MDD.

A CompiledCodeMethod

In the compiled code method,a branching program [1]
is generatedlirectly from a DD by replacingeachnodewith
if and goto statementspr switch and goto statements.For
BDDs, this methodproducesan efficient code. However, for
MDDs, asshown in the following example,this methodmay
produceslon codebecausesomeC-compilersgenerataneffi-
cientcode.

Example 3 Fig. 3(a) showsa nodein an MDD, and Fig. 3(b)
showghebranding programimplementeavith a switch state-
ment.Somecompilersgeneate codewhoseexecutiontimede-
pendsonthevalueof X;. WhenX; = 0, only onecomparison
of X; with 0 is neededWhenX; = k — 1, k — 1 comparisons
of X; with the valuesin ead “case” statementare needed.
(Endof Example)

Also, in this method,differentlogic function resultsin differ-
entcode.

B DataTableMethod

In the datatable method,from a heterogeneous!DD, we
generatea data table suchas Fig. 3(c). Also, we usethe
traversing program thatevaluateghe datatableasfollows:

1. Readanindex i in thedatatable.
2. Obtainthevalueof X;.

3. (Addresdn thedatatable)«+ ((Addressin the datatable)
+ (valueof X;) + 1).

4. Readthedatafrom thegivenaddressn thetable.

In this method thetraversingtime of all the MDD nodess the
same andthe computatiortime of the codesdependnly on
theAPL of anMDD. For adifferentfunction,we needdifferent
datatableswhile thetraversingprogramsarethe same.
Thememorysizeneededor this methodis

(thecodesizeof thetraversingprogram)+
(thememorysizeneededor the datatablg.

switch(X;){
casel:
goto0-edgepointer;
casel:
goto 1-edgepointer;

casek-1 :

gotok-1-edgepointer;

0 1 k-1
}

(a) A nodein anMDD (b) Compiledcodemethod

index ¢ of X;

0-edgepointer
1-edgepointer
2-edgepointer

| k-1-edgepointer |

(c) Datatablemethod

Fig. 3. Implementatiorof anodein anMDD

Thememorysizefor thedatatableis

(thebit width of aword) x
[>oi, (2% + 1) x width(heterogeneousIDD, 7))] ,

wherethe sumin squarebracketdenotegshenumberof words
to represent heterogeneous!DD.

C Optimizationof Codes

As mentionedn the previoussection theevaluationtime of
thecodegeneratedrom heterogeneouglDDs depend®nthe
APL of heterogeneousIDDs. Thereforethe minimizationof
the APL alsominimizesthe computatiortime of thecode.

Whentheorderof theinputvariablesX = (21, zs, ..., z,)

is fixed, the APL for a heterogeneousIDD is determinedoy
the partitionof theinput variablesX .

Example 4 TheAPLsfor differentDDsare asfollows: For the
BDD in Fig. 1(a), 3.125; for the MDD(2) in Fig. 1(b), 1.75;

for the hetengeneoudMDD in Fig. 2(a), 1.375; and for the
heteogeneoudIDD in Fig. 2(b), 2.0. (Endof Example)

Thepartitionof X thatminimizesthe APL is thetrivial par
tition, X = X, wherek; = n. However, the memorysize
neededo representheheterogeneouglDD for thetrivial par
tition is (2" + 1) x width(heterogeneous!DD, 1), andis too
large in mostcases.Therefore,we find a partition of X that
minimizesthe APL within the givenmemorysize. We formu-
latethe minimizationproblemfor the APL asfollows:

Problem1 Supposehat the variable order for the BDD is
fixed. Givena BDD for the logic function f and its memory
sizel, find a partition of X thatmakeghe APL of the hetep-
geneousviDD minimumwithin thememorysizel.



In Algorithm 1, we shav a pseudo-codé¢o solve Problem1.
This algorithm is basedon a branch-and-boundtratgy us-
ing a cachingtechniqueto reducethe computatiortime. The
sub-solutionarestoredin the cache but only a subsebf sub-
solutionsis keptin it becausehe numberof sub-solutionds
too largein mary casesln otherwords,this algorithmis sim-
ilar to the dynamicprograming,exceptfor that the cacheis
overwritten. Notethatthe memorysizeis measuredy theto-
tal numberof wordsto representhe heterogeneous!DD. For
simplicity, we assumehatthevariableorderis z1, 21, . . ., z,.
This algorithmusesthe index of thetop variablefor the BDD
andthe memorysize I astheamguments.

Algorithm 1 (Minimization of APL)

1: minimize APL (index :, mem.sizel) {

if (> n)
returnO ;

checkthe cache;

if (cache.inde ==: && cache.men¥=1) {
registerthe partition cache.k;
returncache.APL

9: min APL = (APL for BDD) ;

10: for(k=n—14+1;k>1;k——){

11: memory= (2* 4+ 1) x width(heterogene®MDD, j) ;
12: nextiindex: =i+ k ;

13:  if (I — memory)< lower_bound[:'])

14: continue;

15: currentAPL=0;

16: for (all nodesv representingX’;)

17: currentAPL += prob(heterogeneousIDD, v) ;
18: currentAPL += minimize APL (¢', ! — memory);
19: if (currentAPL < min_APL) {

20: registerthe partition k ;
21: min_APL = currentAPL ;
22: }

23: }

24: store (overwrite) to the cache;
25: returnmin_APL ;
26}

Thisalgorithmproducesnoptimumsolutionby calculating
the APLs for differentpartitionsof X. The calculationof the
APL usesTheoreml. To computethe nodetraversingproba-
bility prob(heterogeneous!DD, v) of the 17thline, we used
the methodin [23]. The 13thline useslower bounds on the
memorysize[18] to reducecomputatiortime.

V EXPERIMENT AND OBSERVATION
Experimentsveredoneusingthefollowing ervironment:
e CPU:Pentium4Xeon2.8GHz,

e L1 Cache:32KB, L2 Cache:512KB, Memory: 4GB,
e OS:Redhaf(Linux 7.3),

e C-compiler:gcc-02.

A ComputationTime to Optimize Code

Table| shavs the computatiortime to optimize code. Al-
gorithm1 obtainecheterogeneous!DDs from BDDs with the
memorysize L. neededo representhe BDDs, wherethe size
of the cacheto storethe sub-solutionds 500,000. The col-
umn“l/O” denotesthe numbersof the inputs and outputsof
the benchmarkcircuits; the column “BDD” denotesthe re-
sultsfor BDDs (i.e. withoutoptimizingcode);and,thecolumn
“MDD” denotegheresultsfor heterogeneoug!DDs. Thecol-
umn*“Size” denoteghe numberof wordsto representhe DD,
thecolumn“APL” denoteshe APL for theDD, andthecolumn
“Time” denoteghe computatiortime,in secondsto obtainan
optimumheterogeneouglDD. In Tablel, thebottomrow “Av-
erageof ratios” denoteghe arithmeticaverageof ratiosof the
resultsfor eachDD, wheretheresultsfor BDD aresetto 1.00.

Tablel shavs thatthe codecanbe optimizedin shortcom-
putationtime. Algorithm 1 could obtain the optimum solu-
tionsfor logic functionswith upto 1,500inputsby usinglarger
cachein reasonabldime. However, the experimentalresults
for thosefunctionswere omitted from Table | becausesuch
functionsarerarelyusedin theembeddedystem.

B EvaluationTime andCodeSize

To showv the performanceof code generatediy heteroge-
neousMDDs, we comparedthe code generatedy the data
table methodwith the code generatedby the following two
methods.

LCC: Codegeneratedy Levelized CompiledCode(LCC)
method.The codeis composedf fragmentwf thecodetrans-
lated from modulesin the multi-level networks. And, the
fragmentsof codeare executedin the topologicalorderfrom
the inputstoward the outputs. LCC methodis often usedin
cycle-basedsimulation. We used SIS [24] with the script
“script.algebraic'to simplify multi-level logic networks.

BDD: The code generatedirom BDDs by the datatable
method. We usedthe “sifting algorithm[19]" to reducethe
numberof nodesin BDDs.

Table Il comparesvaluationtime and code sizesfor the
codegeneratedy threedifferentmethods.The column“Eval-
uationtime” in Tablell denoteshe averageevaluationtime,
in nanoseconddor a singlerandominputvector The column
“Codesize” denotegheobjectcodesize,in bytes,of programs
excluding codethat readsthe input vectorsand displaysthe
outputs. The codesizesof BDDs and heterogeneousIDDs
werecalculatedby: (the codesizeof the traversingprogram)
+ (the memorysizeof the datatable), wherethe bit width of
the datatableis 4 Bytes. The columns“LCC”, “BDD”, and
“MDD” denoteresultsfor thecodegeneratedby LCC method,
BDDs, and heterogeneoubsIDDs, respectiely. The column
“Literals” denoteghe numbersof literalsin multi-level logic
networks;the column“Nodes” denoteghe numbersof non-
terminalnodesn BDDs; and,thecolumn®LN-ratio ” denotes



TABLE |
SizE AND APL FOR BDDS AND HETEROGENEOUSMDDS

BDD MDD

Name I/O Size APL Size APL | Time
5xpl 7110 204 | 32.03 199 | 17.84| 0.01
9sym 9/1 99 7.34 93 222 | 0.01
C499 41/32 || 83529 | 782.66| 83498| 201.72| 0.38
adr8 16/9 195| 43.02 191 | 18.05| 0.01
adr9 18/10 222 | 49.01 206 | 21.02| 0.01
alu4 14/8 1380 | 40.95(| 1369| 15.50| 0.01
apel 45/45 || 3834 | 181.81| 3824 130.99| 0.01
ape2 39/3 177 10.90 177 6.23| 0.01
apea3 54/50 || 2796 | 188.58| 2794 | 92.31| 0.01
ape4 9/19 || 2910| 113.34|| 2392| 27.27| 0.01
b12 15/9 168 | 30.30 168 | 24.13| 0.01
bw 5/28 324 | 96.56 287 | 49.13| 0.01
clip 9/5 315| 28.30 311 | 11.73| 0.01
comp 32/3 420 | 12.00 414 3.56| 0.01
conl 712 45 6.69 42 4.44 | 0.01
cordic 23/2 225 | 17.21 218 5.66| 0.01
cps 24/109| 2970| 291.89| 2964 | 165.32| 0.01
duke2 22/29 || 1095| 87.89| 1091| 53.47| 0.01
ex1010 10/10 || 4236| 86.71| 2640| 17.21| 0.01
ex5 8/63 834 | 173.05 833 | 102.48| 0.01
inc 719 210 | 28.53 201 | 1294 | 0.01
misex1 8/7 108 | 24.59 108 | 24.34| 0.01
misex2 25/18 243 | 41.62 243 | 38.94| 0.01
misex3 14/14 || 1626| 83.90| 1621| 28.48| 0.01
my_adder| 33/17 429 | 94.00 425| 36.51| 0.01
pdc 16/40 || 1665| 137.37| 1655| 77.57| 0.01
rd53 5/3 69 | 13.00 57 4.75| 0.01
rd73 7/3 129 | 19.31 129 5.63| 0.01
rdg4 8/4 177 | 24.15 173 8.85| 0.01
sao2 10/4 255 | 15.35 253 7.46| 0.01
seq 41/35 || 3744 100.02| 3723| 51.45| 0.01
spla 16/46 || 1743 | 136.58| 1713| 83.86| 0.01
squarb 5/8 111 | 21.56 105| 14.56| 0.01
1481 16/1 96 9.00 92 3.31| 0.01
table3 14/14 || 2253 | 90.46| 2128| 23.30| 0.01
table5 17/15| 2007 | 86.09| 1996| 25.79| 0.01
vg2 25/8 243 | 34.88 242 | 20.01| 0.01
xor5 5/1 27 5.00 23 2.00| 0.01

Averageof ratios 1.00 1.00 0.96 0.48 -

(the numberof literals)/ (the numberof nodes). In Tablell,
the bottomrow “Averageof ratios” denoteghe arithmeticav-
erageof ratiosfor eachmethod,wherethe averagefor LCC
methodis setto 1.00. Notethattheseaveragesverecalculated
from thefunctions,exceptfor C'499 andC6288. We couldnot
constructthe BDD and the heterogeneouMDD for C'6288
dueto the memorysizeoverflow. For mary benchmarkunc-
tions,heterogeneousIDDs generatedhefastestandthe most
compactcode.However, for somefunctions,the LCC method
generatedasterand more compactcodethan heterogeneous
MDDs.

C Obsenation

For somefunctions,heterogeneous!DDs produceefficient
code,while for others,LCC methodsproduceefficient codes.

To find the logic functionsthat are suitablefor the heteroge-
neousMDD codegeneratiormethod,we introducedthe LN-
ratio, theratio of thenumberof literalsto thenumberof nodes.
Tablell allows usto makethefollowing:

Observation1l Whenthe LN-ratio is greater than two, het-
erogeneoudIDDs generte smallercode,while whenthe LN-
ratio is lessthan one, the LCC methodgeneatesa smaller
code

Thereforethe LN-ratio canbe usedasa rule of thumbto find
asuitablecodegeneratiormethod.

VI CONCLUSION AND COMMENTS

In this paper we proposeda methodto generatecode for
embeddedystemaisingheterogeneoudDDs. We presented



TABLE Il
COMPARISON OF EVALUATION TIME AND CODE SIZE

LN- Evaluationtime Codesize

Name I/0 | Literals | Nodes| ratio LCC | BDD | MDD LCC BDD MDD
5xpl 7/10 133 68 1.96 250 179 92 2668 1922 1894
9sym 9/1 254 33 7.70 597 36 22 4196 1488 1452
C499 41/32 558 | 27843 | 0.02 1793 | 8491 | 4757 7000 | 335398 | 335218
C6288 32/32 3630 - — || 20399 - — || 48848 - -
adr8 16/9 106 65 1.63 209 225 113 2244 1902 1866
adr9 18/10 120 74 1.62 247 250 136 2420 2016 1930
alu4 14/8 387 460 | 0.84 1029 240 94 6012 6636 6574
apel 45/45 1272 | 1278 | 1.00 3715 | 1426 | 1126 || 18280 | 16588| 16514
ape 39/3 3874 59 | 65.66 || 12172 81 57 || 53376 1846 1822
ape3 54/50 1633 932 | 1.75 5183 | 1458 860 || 22828 | 12464 | 12432
ape4 9/19 2732 970 | 2.82 | 11895| 716 207 || 34940| 12768 | 10682
b12 15/9 99 56 1.77 202 207 171 2500 1792 1784
bw 5/28 212 108 | 1.96 335 613 276 3936 2434 2280
clip 9/5 529 105 | 5.04 1298 161 69 8024 2360 2334
comp 32/3 159 140 | 1.14 433 55 33 3016 2822 2760
conl 712 23 15 1.53 64 45 28 1216 1270 1254
cordic 23/2 2998 75 | 39.97 6987 86 28 || 40816 2022 1962
cps 24/109 1062 990 | 1.07 2887 | 2614 | 1787 || 16548 | 13218| 13172
duke2 22/29 456 365 | 1.25 939 650 449 7032 5554 5524
ex1010 10/10 1624 | 1412 | 1.15 5521 575 129 || 21844 | 18056| 11656
ex5 8/63 592 278 | 2.13 1472 | 1398 924 8932 4550 4540
inc 719 141 70 2.01 225 166 93 2876 1944 1900
misex1 8/7 67 36 1.86 126 130 134 1868 1534 1532
misex2 25/18 113 81 1.40 255 325 296 2932 2130 2118
misex3 14/14 3020 542 | 5,57 | 10051| 483 237 || 41304 7632 7594
my_adder | 33/17 224 143 | 1.57 632 467 247 3692 2888 2828
pdc 16/40 393 555 | 0.71 969 | 1025 727 6752 7844 7792
rd53 5/3 65 23 2.83 96 56 32 1820 1364 1310
rd73 713 142 43 3.30 280 75 29 2636 1608 1598
rd84 8/4 181 59 3.07 345 112 46 3104 1804 1778
sao2 10/4 185 85 2.18 414 90 47 3472 2120 2102
seq 41/35 1652 | 1248 | 1.32 5008 687 448 || 23624 | 16200| 16080
spla 16/46 1209 581 | 2.08 2992 | 1072 708 || 17104 8168 8032
squars 5/8 76 37 2.05 119 120 85 2200 1542 1514
t481 16/1 46 32 1.44 97 48 25 1368 1490 1452
table3 14/14 970 751 | 1.29 2324 542 221 | 13352 | 10140 9620
table5 17/15 925 669 | 1.38 2330 536 239 || 12972 9164 9100
vg2 25/8 97 81 1.20 213 229 135 2516 2110 2082
xor5 5/1 16 9 1.78 36 25 19 1008 1192 1170

Averageof ratios 1.00( 056 | 0.36 1.00 0.69 0.67

a minimizationalgorithmfor the APL, anda methodto gen-
erateefficient codefrom heterogeneousIDDs. Also, we in-
troducedthe LN-ratio, which shows a suitablecode genera-
tion method. Our experimentalresultswith mary benchmark
functionsshaw that: 1) This methodgeneratesnore efficient
codethan BDDs; 2) This methodgenerategfficient codefor
the functionswhoseLN-ratios are greaterthantwo; 3) LCC
methodgenerate®fficient codefor the functionswhoseLN-
ratiosarelessthanone.

Note that the heterogeneouDD generatesmaller and
fastercoderelatively easilyin a shortcomputatiorntime. The
codeto evaluatedatatablecanbe easilyimplementedn dedi-
catedhardwarefor fasterevaluation.

Algorithm 1 can obtain optimum solutionsfor logic func-
tionswith up to 1,500inputsin reasonabléime, assuminghe
fixedinitial BDD variableorder However, to obtainthe opti-
mum heterogeneousIDDs that considerboththe partition of

the input variablesandthe orderingof the variableswe need
to improve thealgorithmsandheuristics.

ACKNOWLEDGMENTS

This researchis partly supportedby the Grantin Aid for
ScientificResearctof The JaparSocietyfor the Promotionof
Science(JSPS)andthe TakedaFoundation. Discussionwith
Dr. Alan Mishchenkoand Prof. Jon.T. Butler improved the
presentatiorf the paper

REFERENCES
[1] P AsharandS. Malik, “Fastfunctional simulation us-

ing branchingorograms, ICCAD’95, pp.408-412 Nov.
1995.



(2]

3]

[4]

[5]

[6]

[7]

(8]

9]

[10]

[11]

[12]

[13]

F. Balarin, M. Chiodo, P. Giusto, H. Hsieh, A. Jurec-
ska,L. Lavagno,A. Sangiwanni-Vincentelli E. M. Sen-
tovich, andK. Suzuki,“Synthesisof softwareprograms
for embeddedcontrol applications, IEEE Trans. CAD,

Vol. 18,No. 6, pp.834-849,Junel999.

B. BeckerandR. Drechsley “Efficient graphbasedrep-

resentatiorof multivaluedfunctionswith an application

to geneticalgorithms;, Proc. of InternationalSymposium
on Multiple ValuedLogic, pp.40-45,May 1994.

R. P. BrentandH. T. Kung, “The area-timecompleity
of binary multiplication} Journal of the ACM, Vol. 28,
No. 3, pp.521-534 July 1981.

F. Brglez andH. Fujiwara, “Neutral netlist of ten com-
binational benchmarkcircuits and a target translatorin

FORTRAN,” Specialsessioron ATPG andfault simula-
tion, Proc. IEEE Int. Symp.Circuits and SystemsJune
1985,pp.663-698.

R. E. Bryant,“Graph-base@lgorithmsfor boolearfunc-
tion manipulatiori, IEEE Trans. Comput, Vol. C-35,
No. 8, pp.677-691 Aug. 1986.

W. Giinther and R. Drechsley “Minimization of free
BDDs," Asiaand SouthPacific DesignAutomationCon-
ference (ASP-DAC’99), pp.323-326,Jan.18-21, 1999,
WanchaiHongKong.

W. Giinthetr “Minimization of free BDDs using evo-

lutionary techniques,international Workshopon Logic

Synthesi000 (IWLS-2000) pp.167-172May 31-June
2,2000,LogunacCliffs Marriott, DanaPoint, CA.

Y. Iguchi, T. SasaoM. MatsuuraandA. Iseno“A hard-
ware simulation engine basedon decision diagrams,
Asia and SouthPacific Design Automation Confeence
(ASP-DAC’2000), Jan.26-28,Yokohama,Japan.

Y. lguchi, T. Sasao,M. Matsuura, “Implementation
of multiple-outputfunctionsusing PQMDDs] Interna-
tional Symposiuron Multiple-ValuedLogic, pp.199-205,
May 2000.

T. Kam, T. Villa, R. K. Brayton,andA. L. Sagiovanni-
Vincentelli, “Multi-v alued decision diagrams: Theory
andApplications; Multiple-ValuedLogic, 1988, Vol. 4,
No. 1-2,pp.9-62,1998.

C. Kim, L. Lavagno, and A. S-Vincentelli, “Free
BDD-basedsoftwareoptimizationtechniquesor embed-
ded systems, Design, Automationand Testin Europe
(DATE2000) Paris, pp.14-19 March 2000.

H.-T. Liaw, andC.-S.Lin. “On the OBDD-representation
of general Boolean function; |IEEE Transactionson
ComputersVol. 4, No. 6, pp.661-664,Junel992.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

P. C. McGeer K. L. McMillan, A. Saldanha,A. L.
Sangivanni-Vincentelli and P Scaglia, “Fast dis-
cretefunction evaluationusing decisiondiagrams, 1C-
CAD’95, pp.402—407 Nov. 1995.

S.Minato, N. Ishiura,andS. Yajima,“Sharedbinary de-
cisiondiagramwith attributededgedor efficientBoolean
function manipulatiori, Proc. 27th ACM/IEEE Design
AutomationConf, pp.52-57,June1990.

D. M Miller, “Multiple-valuedlogic designtools; Proc.
of International Symposiunon Multiple Valued Logic,
pp.2-11,May 1993.

S. Nagayama,T. Sasao,Y. Iguchi, and M. Matsuura,
“Representation®f logic functions using QRMDDS]
Proc. of International Symposiumon Multiple-Valued
Logic, pp.261-267,Boston,Massachusetts).S.A, May
15-18,2002.

S.NagayamaandT. Sasao;Compactrepresentationsf
logic functionsusingheterogeneoug!DDs,” Proc. of In-
ternationalSymposiunon Multiple-ValuedLogic, Tokyo,
JapanMay, 2003(acceptedor publication).

R.Rudell,“Dynamicvariableorderingfor orderedbvinary
decisiondiagrams, ICCAD '93, pp. 42-47.

T. Sasa@andM. Fujita (ed.),Repesentation®f Discrete
Functions Kluwer AcademicPublishersl 996.

T. Sasaoand J. T. Butler, “A method to represent
multiple-outpu switching functions by using multi-

valueddecisiondiagrams, Proc. of International Sym-
posiumon Multiple-ValuedLogic, pp.248-254,Santiago
de CompostelaSpain,May 29-31,1996.

T. Sasao Switding Theoryfor Logic SynthesisKluwer
AcademicPublishers1999.

T. Sasaoy.lguchi,andM. Matsuura; Comparisorof de-
cisiondiagramsor multiple-outputlogic functions; In-
ternationalWorkshopon Logic and SynthesisNew Or-
leansLouisianaJune4-7,2002,pp.379-384.

E. M. Sentwich et. al., “SIS: A System for Se-
qguential Circuit Synthesis,” Dept. of Electrical En-
gineering and Computer Science, University of Cal-
ifornia, Berkeley, CA 94720, 1992, http://www-
cad.eecs.berkgleedu/Software/software.html.

F. Somenzi;CUDD: CU DecisionDiagramPackageRe-
lease?.3.1,"“University of Coloradoat Boulder 2001.

S. Yang, Logic synthesisand optimizationbendmark
userguideversion3.0, MCNC, Jan.1991.

Y. Jiangand B. K. Brayton, “Software synthesisfrom
synchronousspecificationsusing logic simulationtech-
niques, Design Automation Confeence pp. 319-324,
New OrleansLA, U.S.A,Junel0-14,2002.



