An Efficient Designof Non-linear C A BasedPRPG for VLSI Circuit Testing

SukantaDas DebdaDey

SubhayarSen

BiplabK Sikdar P Pal Chaudhuri

sukd@becs.ac.indebdasdey@redifmail.com subhayan@becs.ac.irbiplab@becs.ac.in ppc@becs.ac.in

ComputerScience& TechnologyB. E. College (a DeemedJniversity),Howrah,India711103

Abstract— This paper reports the efficient designof Pseudo-
Random Pattern Generator (PRPG) with linear time complex-
ity. The PRPG is developed around the regular structure of
non-linear Cellular Automata (C'A). The application of proposed
PRPG is demonstratedin designingon-chip TestPattern Gener-
ator (T'PG) for VLSI circuits. The quality of the T PG is asgood
as that designedwith the existing schemes.employing maximal
length linear C A incurring O(n®) complexity.

|. INTRODUCTION

The PRP@'s aretraditionallyimplementedwvith LE'SR or
maximal lengthlinear C A [2]. It hasbeenestablishedhat
the maximallengthC A is the betterchoicefor PRPG [1, 2].
However, suchadesignsuffersfrom thefollowing dravbacks:
(i) To generatean n—cell maximal length C A we needto
find an n—degree primitive polynomial. This operationin-
volvesexponentialcomplexity. (i7) The designcomplexity of
ann—cell maximallengthC A from the primitive polynomial
is alsoO(n?) [4]. (iii) Further thelist of n—degreeprimitive
polynomialis availableonly for n < 500 [3].

In thisbackgroundthe majorcontributionsof thispaperare:
(1) A schemehasbeenproposedor synthesisof ann—cell
C A basedPRPG with O(n) time compleity. (i) An ana-
lytical framewnork hasbeenprovidedto characterizeon-linear
C A rulesgeneratinga PRPG of excellentquality. (i74) The
quality of randomnes®f the proposednon-linearC A based
PRPQG, is asgoodasthatof maximallengthlinear C' A based
PRPG involving O(n?®) compleity.

Il. CELLULAR AUTOMATA

For a 3-neighborhood -dimensionalC' A, eachcell having
two states 0 or 1. Thenext stateof cell i is

Sf+1 = fi(SffpSfanﬂ)-
TheS!_,, St andSt, | arethepresenstatesof theleft neigh-
bor, self andright neighborof theit? cell attimet. f; is the
next statefunction. If f; is expressedn the form of a truth
table, thenthe decimalequialentof its outputis denotedas
therule R;. Threesuchrules90, 150,and75 areillustratedin
Tablel. Therules90 and150employ X OR logic. Theseare
linearrules[1]. Ontheotherhand,rule 75is anon-linearone.

The set of rules that configurethe cells of a C A is the
rule vectorR =< Rq,Ra, -+, Riy--+,Rp >. If all R;
(¢t = 1,2,---,n) arelinear, the CA is a Linear C A, other
wiseit is aNon-LinearC A. Characterizationf linearC A is
reportedin [1]. A new analyticalframework to characterize
non-linearC A rulesis reportednext.

TABLE |
TRUTH TABLE FOR RULE 90, 150 AND 75

Present state : 111 110 101 100 011 010 001 000 Rule

(RMT) M © G @ B @ 1 (9
(i) Next State : 0 1 0 1 1 0 1 0 90
(ii) Next State : 1 0 0 1 0 1 1 0 150
(iii) Next State : 0 1 0 0 1 0 1 1 75

Definition 1 A rule is Balancedif it containsequal number
of 1sandOsin its 8—bit binary representationptherwiseit is
Unbalanced

The rulesshown in Table | arethe balancedrule. On the
otherhand,rule 171(10101011)with five 1'sis unbalanced.

Fromtheview point of Switcing Theory a combinationof
thepresenstategasnotedin 15¢ row of Tablel) canbeviewed
asMin Termof a 3-variable(S!_,, S¢, St,,) switchingfunc-
tion. Therefore,eachcolumnof the first row of Tablel is re-
ferredto asRule Min Term (RMT). Column011in thetruth
table(Tablel) isthe RM T 3. Thenext statescorrespondingo
this RMT is 1 for rule 90 & 75, ando0 for rule 150.

The statetransitiondiagramof a group C' A containsonly
cyclic states,whereasa non-groupC' A containsboth cyclic
and non-gyclic states.If all the statesexceptall Os state(for
linearC A) lie in asinglecycle, thenit isamaximallengthCA;
otherwisethegroupC A is anon-maximalengthC A [1].

Thesynthesiof maximallengthC A, with O(n?®) complex-
ity, hasbeenreportedin [4]. We proposea PRPG synthesis
schemeemploying non-lineargroupC A in O(n) time.

I1l. SYNTHESIS OF PRPG wiITH GrRoOuP CA

LocalRandomnesin C' A cell: A C A cell shovslocal ran-
domnesén its statesf thestateg0 and1) areequallyprobable.
Following propertiegguidethe design.

Property1: A C' A cell with a balancedule displaysgood
quality of randomnessomparedo anunbalanceane.

Property2: Thenext statevaluesof arule correspondingo
eachRMT of thepairs(0& 1), (2& 3),(4 & 5)and(6 & 7)
shouldbedifferent.Rule 90 & 150(Tablel) obey Property?2.

Property3: The next statecorrespondingo eachRM T of
thepairs(0 & 4), (1 & 5), (2& 6)and(3 & 7) of aCA rule
shouldbedifferent.Rule 90 & 150alsoobeys Property3.

Property4: A linearC A configuredwith 90/150,generating
large cycle, displaysgoodquality of pseudo-randomness.

Further a largerlengthcycle (of order2™) ensureghatthe
probability of occurrenceof a global stateof ann—cell CA



approacheshe value 2% So the bestpossiblechoicefor a
PRPG isthemaximallengthC A.

Global Randomnesgsfa CA: Theearlierdiscussionsettlede-
signissuedor the PR PG displayingglobalrandomness.
C1: C A rulesshouldbebalanced.

Cy: C A rulesshouldsatisfyProperty2 andProperty3.

C5: TheC A shouldhave sufficiently largecycle length.

For alargen, ann-cell C A having large cycle length(215)
andits rulessatisfyingcriteria C; andC> suffice to maintain
high quality of pseudo-randomnes$he next subsectiorcon-
centrate®n identificationof suchnon-linearGroupC A.

A. Non-linearGroupCA

Definition 2 Arule is a Non Group Rule if its presenceén a
rule vectormalesthe C A non-goup. A rule is Group Rule if
it is nota non-gouprule.

Theorem1 An unbalanceduleis anon-grouprule.

Examplel The 4—cell CA with rule
vector < 105,177,170,75 > is a group C'A. Thesefore, all
the four are group rules. However, < 105,177,171,75 > is
anon-goupC A. Thepresencefrule 171(10101011)males
the C A non-gioup. Thatis, 171is a non-giouprule. Therule
171lis anunbalancedne Thenumberof 1'sin 171is 5.

Thereare®C, = 70 balanced” 4 rulesin 3-neighborhood.

However, out of these70, only 62 arethe grouprules. To de-
signagroupCA, all therulesin the rule vectorshouldnec-
essarilybe grouprules. However, the sequencef grouprules
doesnotimply thatthe C'A is agroupC A.

Example2 TheC A with rule vector< 105,170,177,75 > is
anon-goupC A eventhoughall therulesare grouprules.

Example3 TheC'A < 105,177,170,75 > and< 105,177,
153,204 > aregroupC A. But< 105,177,177, R4 > isnon-
group, whee R, is anyrule. Rulel177 after the sequence
105,177 > leadsto the CA as non-goup. Theefore, rule
Ra =1770f < 105,177, R3, - - -, R, > allowsonly a specific
setof rulesasR 3 for groupC A.

Building Rule Sequenceof Group CA: To constructa group
CA < Ri,Ro,---,Riy; Rig1,-- -, R >, We concentraten

apairof rulesR; andR;41. Let S denoteghe setof all CA

rules. Correspondindgo eachR;, thereexistsa subsebf rules
S; € S suchthatif R;41 € S;, thenthe C A remainsgroup.
The S; € S correspondindo a R; formsa class It is found

thatthereis only six suchclasse$5]. Tablell dictategheclass
of R;y1 from theclassof it* cell andR;. This consideration
enablesselectionof aruleR; (i = 2,3,---,n — 1) in therule

vector TherulesR; andR,, (first andthe lastrules)arese-
lectedasfollows.

First and Last Rule Tables Thereare2?* = 16 effective

rulesfor left most(R;) andright most(R ;) cells. The RMT's

4,5, 6 and7 areasthe don't carefor R;. Sothereareonly

4 (0,1, 2, 3) effective RMT'sfor Ry. Similarly, the effective

RMTsforR, are0,2,4 & 6.

Corollary 1 If < Ry, Ra, -+, R, >isagroupCA, thenR,
andR,, mustbebalancedovertheir effective4d RMT's.

TABLE I
CLASS RELATIONSHIPOF R; AND R;41
Classof R; Classof
Ri Rit1
1 51,60,195,204 1
85,90,165,170 M
102,105,150,153 T
53,58,83,92,163,172,197,202 v
54,57,99,108,147,156,198,201 v
86,89, 101,106,149, 154,166,169 VT
m 15,30,45, 60, 75,90, 105,120,135, 1
150,165,180,195,210,225,240
[ 15,51, 204,240 1
85,105,150,170 m
90,102,153,165 1l
23,43,77,113,142,178,212,232 v
27,39,78,114,141,177,216,228 \4
89,101,149,166,169 VT
Y 60,195 1
90,165 v
105,150 \
v 51,204 1
85,170 M
102,153 T
86,89,90,101,105,106,149,150,
154,165,166,169 Vi
VI 15,240 [
105,150 Y
90,165 \
TABLE IV
TABLE Il LAST RULE TABLE
FIRST RULE TABLE Ruleclass Ruleset
for Ry for Ry
RL,',Izeifm CI,;S;Of T 17,20,65,68
315 T 1 5,20,65,80
=10 | i 17,20,65,68
A " v 20,65
: \ 17,68
Vi 5,80

Thereare*C, = 6 rules,out of 16, thatarebalancedver
their effective 4 RMT's. Table lll identifiesthe R,s andthe
correspondinglassfor therule R,. Similarly, the balanced
rulesfor rule R, areenlistedin TablelV.

Example 4 : Synthesisof 4-cellgroup CA: Considerrule 9
is selectedas R,. Thekefore, the class(obtainedfrom Table
1) of Rz islll. FromTablell rule 177is selectedandomlyas
Rs. Theclassof R3 isthenV. We selectl70asR; fromTable
Il. Theclassof last cell is, therefore, 1l (from Tablell). Rule
65 is selectedandomlyfor R4 from TablelV. Theefore, the
groupCAis< 9,177,170,65 >.

B. ThePRPG
Thealgorithmto synthesizehe PRPG is next presented.

Algorithm 1 PRPG-Synthesis
Input: n (C A size),Tablesll, lll andIV.
Output: A PRPQG.
Stepl: Pick up thefirstrule R; randomlyfrom Tablelll that holds
Property2 andsettheclassof R.
C :=Classof Ra (C € {l, Il, Il } of Tablelll).
Step2: Fori := 2 ton — 1 repeatstep3 andstep4.
Step3: FromTablell pick up R; thatobeysPropertie & 3 for C.
Step4: Find classC for next cell rule usingTablell.
Step5: Pick upR,, (TablelV) thatobeysProperty3 for classC.
Step6: Formtherule vector

Thecompleity of thealgorithmis clearlyO(n).
RandomnessQuality of PRPG: Therandomnesgropertyof
the synthesized®? RPG, for differentvaluesof n, arestudied
basednthemetricproposedn DiehardC. Eachtestcontainsa
setof 'p’ values.A testsucceed# thep valuesarein between
0.025and0.975.Theresultof aparticularexperimentationfor



TABLE V

RANDOMNESSTEST |
Nameof Test MaxlengthCA Proposed?RPG
pval status pval status
Overlappingsum .261047| success| .718341| success
Runs 1.0000 | failure | .976141| success|
3D Spheres .237987 | success| .863510| success
Parking Lot .199333| success| .325202| success
Birthday Spac .170012| success| .183236| success
Count-the-18 1.0000 | failure | 1.0000 | failure

Binary Rank6x8 1.0000 | failure | 1.0000 | failure
BinaryRank31& 32 | .624139 | success| .613167 | success
Count-the-13in Byte | .650000| success| 1.0000 | failure

Bitstream .900000| success| .980250| success

Craps 1.0000 | failure | .956771| success|

Minimum Distance | .105987 | success| .433171| success
OverlappingPermu | 1.0000 | failure | 1.0000 | failure
DNA 1.0000 | failure | 1.0000 | failure
TheSqueeze 1.0000 | failure | 1.0000 | failure

n = 63, is shavn in Table V. Theresultsof extensie experi-
mentationestablishthattherandomnesguality of the patterns
generatetby non-linearC' A basedP R PG is asgoodasthatof
maximallengthlinearC A. Sucha PRPG isemployedasTest
PatternGenerato(T PG). Thefault efficiengy of the T PG is
testedon alargenumberof ISCASbhendimarkcircuits.

Table VI compareshe fault coveragefiguresshavn by the
maximallengthlinearC A (Column4) andthe proposed’ PG
(Columnb5). The F'F's of sequentiatircuitsareassumedo be
initialized to 0. It canbe obsenedthatin mostof the cases
(marked with *) the fault coverageof the proposedl’ PG is
sameor betterthanthe resultsobtainedwith maxlengthC' A.

V. CONCLUSION

This paperintroducesthe conceptof non-linearC' A in de-
signingthe PRPG. ThedesignschemaequiresO(n) time.
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TABLE VI
COMPARISON OF TEST RESULTS

Circuit # | #Test | FaultCoverage(%)
Name Pl | Vector | wmaxLen TPG
s1196 | 14 | 12000 | 94.85 95.25*
s1238 | 14 | 10000 | 89.67 90.04*
s967 16 | 9000 | 98.22 98.22*
s1423 | 17 | 15000 | 56.50 51.16
s1269 | 18 | 1200 | 99.18 99.56*
s3271 | 26 | 10000 | 98.99 98.99*
c6288 | 32 60 99.51 99.46
c1908 | 33 | 4000 | 99.41 99.41*
s5378 | 35 | 8000 | 67.63 68.06*
s641 35 | 2000 | 85.63 85.65*
s713 35 | 2000 | 81.41 81.24
s35932 | 35 | 14000 | 61.91 79.95*%
c432 36 400 | 98.67 99.24*
c432m | 36 | 4000 | 83.57 84.68*
c499 41 600 | 98.95 98.81
c499m | 41 | 2000 | 97.78 97.56
c1355 | 41 | 1500 | 98.98 99.24*
c1355m| 41 | 12000 | 92.23 92.23*
s3384 | 43 | 8000 | 91.78 91.95*%
s4863 | 49 | 8000 | 91.83 94.29*
c3540 | 50 | 3500 | 95.85 95.85*
c880 60 | 2500 | 99.47 99.05
s991 65 | 6000 | 95.06 94.95
s6669 | 83 | 4500 | 99.97 99.99*
c7552 | 207 | 12000 | 94.25 94.44*
€c2670 | 233 | 2000 | 84.60 84.57
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