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Abstract— This paper reports the efficient designof Pseudo-
Random Pattern Generator ( ������� ) with linear time complex-
ity. The PRPG is developed around the regular structur e of
non-linear Cellular Automata ( 	�
 ). The application of proposed
������� is demonstratedin designingon-chip TestPattern Gener-
ator ( ����� ) for VLSI circuits. The quality of the ����� is asgood
as that designedwith the existing schemes,employing maximal
length linear 	�
 incurring 
�������� complexity.

I . INTRODUCTION

The ��������� aretraditionally implementedwith ����� � or
maximal length linear !�" [2]. It hasbeenestablishedthat
themaximallength !�" is thebetterchoicefor ������� [1, 2].
However, suchadesignsuffersfrom thefollowing drawbacks:#%$'&

To generatean ( ) cell maximal length !�" we needto
find an ( ) degreeprimitive polynomial. This operationin-
volvesexponentialcomplexity.

#%$*$'&
Thedesigncomplexity of

an ( ) cell maximallength !�" from theprimitive polynomial
is also + # (-, & [4].

#.$/$*$'&
Further, thelist of ( ) degreeprimitive

polynomialis availableonly for (10325464 [3].
In thisbackground,themajorcontributionsof thispaperare:#%$'&
A schemehasbeenproposedfor synthesisof an ( ) cell

!�" based������� with + # ( & time complexity.
#.$/$'&

An ana-
lytical framework hasbeenprovidedto characterizenon-linear
!�" rulesgeneratinga ������� of excellentquality.

#.$*$/$'&
The

quality of randomnessof the proposednon-linear !�" based
������� , is asgoodasthatof maximallengthlinear !�" based
������� involving + # (-, & complexity.

I I . CELLULAR AUTOMATA

For a 3-neighborhood1-dimensional!�" , eachcell having
two states- 0 or 1. Thenext stateof cell

$
is

� 7%8:9; <>= ; # � 7;%? 9A@ � 7; @ � 7; 8:9
&
.

The � 7;.? 9 , � 7; and � 7; 8:9 arethepresentstatesof theleft neigh-
bor, self andright neighborof the

$ 7.B cell at time C . = ; is the
next statefunction. If = ; is expressedin the form of a truth
table, then the decimalequivalentof its output is denotedas
therule D ; . Threesuchrules90,150,and75 areillustratedin
Table I. Therules90 and150employ EF+�� logic. Theseare
linearrules[1]. On theotherhand,rule 75 is a non-linearone.

The set of rules that configurethe cells of a !�" is the
rule vector D <HG D 9 @ DJI @LKMKLK�@ D

;
@MKLKLKM@ DJNPO . If all D ;

(
$ <RQ @

S
@MKLKMKT@ ( ) are linear, the !�" is a Linear !�" , other-

wise it is a Non-Linear !�" . Characterizationof linear !�" is
reportedin [1]. A new analyticalframework to characterize
non-linear!�" rulesis reportednext.

TABLE I
TRUTH TABLE FOR RULE 90, 150 AND 75
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Definition 1 A rule is Balanced if it containsequalnumber
of 1sand0sin its ��) bit binary representation;otherwiseit is
Unbalanced.

The rules shown in Table I are the balancedrule. On the
otherhand,rule171(10101011)with five1’s is unbalanced.

Fromtheview point of Switching Theory, a combinationof
thepresentstates(asnotedin Q�� 7 row of TableI) canbeviewed
asMin Termof a 3-variable( � 7;.? 9 @ � 7; @ � 7; 8:9 ) switchingfunc-
tion. Therefore,eachcolumnof thefirst row of Table I is re-
ferredto asRule Min Term ( ����� ). Column011in thetruth
table(TableI) is the ����� 3. Thenext statescorrespondingto
this ����� is 1 for rule 90 & 75,and0 for rule 150.

The statetransitiondiagramof a group !�" containsonly
cyclic states,whereasa non-group !�" containsboth cyclic
andnon-cyclic states.If all the statesexceptall 0s state(for
linear !�" ) lie in asinglecycle,thenit is amaximallengthCA;
otherwise,thegroup !�" is anon-maximallength !�" [1].

Thesynthesisof maximallength !�" , with + # (-, & complex-
ity, hasbeenreportedin [4]. We proposea ������� synthesis
schemeemploying non-lineargroup !�" in + # ( & time.

I I I . SYNTHESIS OF PRPG WITH GROUP CA

Local Randomnessin !�" cell: A !�" cell shows local ran-
domnessin its statesif thestates(0 and1)areequallyprobable.
Following propertiesguidethedesign.

Property1: A !�" cell with a balancedrule displaysgood
quality of randomnesscomparedto anunbalancedone.

Property2: Thenext statevaluesof a rule correspondingto
each����� of thepairs(0 & 1), (2 & 3), (4 & 5) and(6 & 7)
shouldbedifferent.Rule90& 150(TableI) obey Property2.

Property3: Thenext statecorrespondingto each����� of
the pairs(0 & 4), (1 & 5), (2 & 6) and(3 & 7) of a !�" rule
shouldbedifferent.Rule90& 150alsoobeysProperty3.

Property4: A linear !�" configuredwith 90/150,generating
largecycle,displaysgoodqualityof pseudo-randomness.

Further, a larger lengthcycle (of order
S N ) ensuresthat the

probability of occurrenceof a global stateof an ( ) cell !�"



approachesthe value ���� . So the bestpossiblechoicefor a�������
is themaximallength ��� .

GlobalRandomnessof a CA: Theearlierdiscussionssettlede-
signissuesfor the

�������
displayingglobalrandomness.

� � : ��� rulesshouldbebalanced.
� � : ��� rulesshouldsatisfyProperty2 andProperty3.
��� : The ��� shouldhavesufficiently largecycle length.

For a large � , an � -cell ��� having largecycle length( � �'� )
andits rulessatisfyingcriteria � � and � � suffice to maintain
high quality of pseudo-randomness.Thenext subsectioncon-
centrateson identificationof suchnon-linearGroup ��� .

A. Non-linearGroupCA

Definition 2 A rule is a Non Group Rule if its presencein a
rule vectormakesthe ��� non-group.A rule is Group Rule if
it is not a non-grouprule.

Theorem1 An unbalancedrule is a non-grouprule.

Example 1 The ��� cell ��� with rule
vector ��� �m¡�¢L��£m£¤¢M��£A��¢]£6¡¦¥ is a group ��� . Therefore, all
the four are group rules. However, �§�M�m¡�¢L�A£6£¤¢M��£¨�6¢]£6¡©¥ is
a non-group ��� . Thepresenceof rule 171(10101011)makes
the ��� non-group. That is, 171is a non-grouprule. Therule
171is an unbalancedone. Thenumberof 1’s in 171is 5.

Thereare ª ��«�¬�£5� balanced��� rulesin 3-neighborhood.
However, out of these70, only 62 arethegrouprules. To de-
sign a group ��� , all the rules in the rule vectorshouldnec-
essarilybegrouprules.However, thesequenceof grouprules
doesnot imply thatthe ��� is agroup ��� .

Example 2 The ��� with rule vector �­� �m¡�¢L��£5��¢M��£6£¨¢]£6¡®¥ is
a non-group ��� eventhoughall therulesaregrouprules.

Example 3 The ���­���M�m¡�¢L�A£6£¤¢M��£5��¢]£6¡¯¥ and �­� �m¡�¢L��£m£¤¢
� ¡6°�¢��6�5�±¥ are group ��� . But �­� �m¡�¢L��£m£¤¢M��£6£¨¢'²³«�¥ is non-
group, where ²³« is any rule. Rule177 after the sequence�
�M�s¡¨¢L�A£6£´¥ leadsto the ��� as non-group. Therefore, rule
² � ¬ 177of ���M�s¡¨¢L�A£6£¨¢'² � ¢LµMµLµL¢~²J¶©¥ allowsonly a specific
setof rulesas ² � for group ��� .

Building Rule Sequenceof Group CA: To constructa group
���·�¸² � ¢'² � ¢LµLµMµL¢~²J¹~¢~²J¹Zº � ¢LµMµLµ�¢~²J¶»¥ , we concentrateon
a pair of rules ²J¹ and ²J¹`º � . Let ¼ denotesthesetof all ���
rules.Correspondingto each²J¹ , thereexistsa subsetof rules
¼½¹�¾3¼ suchthat if ²J¹`º � ¾¿¼-¹ , thenthe ��� remainsgroup.
The ¼½¹�¾»¼ correspondingto a ²J¹ formsa class. It is found
thatthereis only six suchclasses[5]. TableII dictatestheclass
of ² ¹`º � from theclassof À*Á.Â cell and ² ¹ . This consideration
enablesselectionof a rule ² ¹ ( ÀÃ¬Ä�¨¢�°�¢LµMµLµT¢Å�©�¿� ) in therule
vector. The rules ² � and ² ¶ (first andthe last rules)arese-
lectedasfollows.
First and Last Rule Tables: Thereare � �ÅÆ ¬Ç� È effective
rulesfor left most( ² � ) andright most( ² ¶ ) cells.The

��É�Ê
s

4, 5, 6 and7 areasthe don’t carefor ² � . So thereareonly
4 (0, 1, 2, 3) effective

��É�Ê
s for ² � . Similarly, theeffective��É�Ê

s for ²J¶ are0, 2, 4 & 6.

Corollary 1 If �»² � ¢~² � ¢LµMµLµM¢'² ¶ ¥ is a group ��� , then ² �
and ² ¶ mustbebalancedover their effective4

��É�Ê
s.

TABLE II
CLASS RELATIONSHIP OF Ë�Ì AND Ë�Ì`ÍÏÎ

Classof ÐÏÑ ClassofÐÏÑ ÐÏÑZÒ¤Ó
I 51,60,195,204 I

85,90,165,170 II
102,105,150,153 III

53,58,83,92,163,172,197,202 IV
54,57,99,108,147,156,198,201 V

86,89,101,106,149,154,166,169 VI
II 15,30,45,60,75,90,105,120,135, I

150,165,180,195,210,225,240
III 15,51,204,240 I

85,105,150,170 II
90,102,153,165 III

23,43,77,113,142,178,212,232 IV
27,39,78,114,141,177,216,228 V

89,101,149,166,169 VI
IV 60,195 I

90,165 IV
105,150 V

V 51,204 I
85,170 II
102,153 III

86,89,90,101,105,106,149,150,
154,165,166,169 VI

VI 15,240 I
105,150 IV
90,165 V

TABLE III
FIRST RULE TABLE

Rulesfor ClassofÐ Ó Ð Æ
3, 12 I
5, 10 II
6, 9 III

TABLE IV
LAST RULE TABLE
Ruleclass Ruleset
for Ð � for Ð �

I 17,20,65,68
II 5, 20,65,80
III 17,20,65,68
IV 20,65
V 17,68
VI 5, 80

Thereare « � � ¬ÔÈ rules,out of 16, thatarebalancedover
their effective 4

��É�Ê
s. Table III identifiesthe ² � s andthe

correspondingclassfor the rule ² � . Similarly, the balanced
rulesfor rule ² ¶ areenlistedin TableIV.

Example 4 : Synthesisof 4-cell group CA: Consider, rule 9
is selectedas ² � . Therefore, the class(obtainedfrom Table
III ) of ² � is III. FromTableII rule 177is selectedrandomlyas
² � . Theclassof ² � is thenV. We select170as ² � fromTable
II . Theclassof last cell is, therefore, II (from TableII ). Rule
65 is selectedrandomlyfor ² « fromTableIV . Therefore, the
group ��� is �»Õ�¢L�A£6£¤¢M��£5��¢ÅÈs¡�¥ .

B. ThePRPG

Thealgorithmto synthesizethe
�������

is next presented.

Algorithm 1 PRPG-Synthesis
Input : Ö ( ×�Ø size),TablesII , III andIV.
Output : A Ù�Ú�Ù�Û .
Step1: Pick up thefirst rule Ü Î randomlyfromTableIII that holds
Property2 andsettheclassof ÜÞÝ .
×3ß à Classof Ü Ý ( ×¿á±â I, II, III ã of TableIII ).

Step2: For ä:ß àæå to ÖÞçFè repeatstep3 andstep4.
Step3: FromTableII pick up Ü Ì thatobeysProperties2 & 3 for × .
Step4: Find class × for next cell rule usingTableII .
Step5: Pick up Ü�é (TableIV ) thatobeysProperty3 for class × .
Step6: Formtherule vector.

Thecomplexity of thealgorithmis clearly êìë%�îí .
RandomnessQuality of PRPG: Therandomnesspropertyof
the synthesized

�������
, for differentvaluesof � , arestudied

basedonthemetricproposedin DiehardC. Eachtestcontainsa
setof ï ðbï values.A testsucceedsif the ð valuesarein between
0.025and0.975.Theresultof aparticularexperimentation,for



TABLE V
RANDOMNESS TEST I

Nameof Test MaxlengthCA ProposedPRPGñ val status ñ val status
Overlappingsum .261047 success .718341 success

Runs 1.0000 failure .976141 success
3D Spheres .237987 success .863510 success
ParkingLot .199333 success .325202 success

BirthdaySpac .170012 success .183236 success
Count-the-1’s 1.0000 failure 1.0000 failure

BinaryRank6x8 1.0000 failure 1.0000 failure
BinaryRank31& 32 .624139 success .613167 success
Count-the-1’s in 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

òôó¸õ6ö , is shown in TableV. Theresultsof extensive experi-
mentationestablishthattherandomnessqualityof thepatterns
generatedby non-linear÷�ø basedù�ú�ù�û is asgoodasthatof
maximallengthlinear ÷�ø . Sucha ù�ú�ù�û is employedasTest
PatternGenerator( ü®ù�û ). Thefault efficiency of the ü®ù�û is
testedon a largenumberof ISCASbenchmarkcircuits.

Table VI comparesthe fault coveragefiguresshown by the
maximallengthlinear ÷�ø (Column4) andtheproposedü®ù�û
(Column5). The ý�ý sof sequentialcircuitsareassumedto be
initialized to 0. It canbe observed that in mostof the cases
(marked with *) the fault coverageof the proposedü®ù�û is
sameor betterthantheresultsobtainedwith maxlength÷�ø .

IV. CONCLUSION

This paperintroducesthe conceptof non-linear ÷�ø in de-
signingthe ù�ú�ù�û . Thedesignschemerequiresþìÿ ò�� time.
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TABLE VI
COMPARISON OF TEST RESULTS

Circuit # # Test FaultCoverage(%)
Name PI Vector Max Len �����
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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