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Compaction of Pass/Fail-based Diagnostic Test Vectors
for Combinational and Sequential Circuits

YosHINOBU HiGaMI,t KEWAL K. SALUJA,"* HIROSHI TAKAHASHI,
SHIN-YA KOBAYASHIt and YUZO TAKAMATSUt

Recently, it is getting more important to reduce the cost of test and fault diagnosis. Since
the cost of test and fault diagnosis depends on the number of test vectors, test vectors must
be compacted. This paper presents methods for compacting of pass/fail-based diagnostic test
sets or test sequences for combinational and sequential circuits. The pass/fail-based diagnosis
uses only pass/fail information of test vectors but not information on location of primary
outputs where faulty effects are observed. The proposed methods reduce the number of test
vectors while maintaining the original diagnostic capability. In order to compact diagnostic
test vectors, we must take care of a large number of fault pairs, which is the square number of
faults. The proposed methods introduce heuristics to reduce the number of fault pairs that are
handled at one time. The effectiveness of the proposed methods are shown by experimental
results for ISCAS benchmark circuits.
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Table 1 Fault detection table.
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d0oooog
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Table 2 Fault distinguishing table.
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{< fosfa >, < fo, fr >, < fa, fr >, < fs, fo >} O
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Table 3 Experimental results by DCOMP-C.

np = 100,000 | n, = 10,000 | n, = 1,000

ckt cov pair undis | vect % | vect % | vect %
c432 97.52 1.30 * 10° 93 68 93.4 72 93.0 71 93.1
c880 97.52 4.45 % 10° 104 63 93.8 65 93.7 70 93.2
cl355 98.57 1.25 * 108 878 88 91.4 88 91.4 89 91.3
c1908 94.12 1.84 % 108 1,208 139 86.4 144 85.9 144 85.9
c2670 84.40 3.08 * 106 1,838 79 92.3 76 92.6 79 92.3
c3540 94.49 5.95 % 106 1,585 205 80.0 199 80.6 207 79.8
cb315 98.83 1.57 % 107 1,579 188 81.6 184 82.0 199 80.6
c6288 99.56 2.97 % 107 4,491 37 96.4 37 96.4 38 96.3
c7552 91.97 2.76 % 107 4,438 198 80.7 193 81.2 208 79.7
csb378 94.55 9.47 % 10 1,802 231 77.4 239 76.7 245 76.1
cs9234 73.86 1.31 % 107 6,798 246 76.0 256 75.0 261 74.5
cs15850 85.05 4.97 % 107 9,368 261 74.5 265 74.1 279 72.8
cs35932 89.81 6.16 x 108 16,655 91 91.1 94 90.8 96 90.6
cs38417 86.58 3.64 % 108 12,480 436 57.4 445 56.5 453 55.8
cs38584 90.60 5.41 % 108 31,607 509 50.3 529 48.3 537 47.6
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Table 4 Experimental results by DCOMP-C

(runtime (s)).

ckt | n, = 100,000 m, = 10,000 n, = 1,000
432 0.1 0.1 0.1
880 0.2 0.3 0.3

1355 0.8 1.1 1.3
1908 2.1 2.5 2.8
2670 2.8 2.7 3.9
3540 10.6 9.9 16.6
5315 15.4 14.5 25.1
6288 1,659 2,098 3,560
7552 33.8 32.3 110.5
cs5378 12.2 15.5 21.0
59234 36.1 41.7 100.6
cs15850 141.8 171.9 389.4
s35932 962.2 1,244 2,023
838417 1,848 2,572 7,021
cs38584 2,069 7,328 10,030
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Table 5 Example of a fault detection table.
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Table 6 Experimental results by DCOMP-S with random vectors.

ckt | cov. len  comp % pair undis | cpu(s)
s344 93.1 1,024 104 89.8 47,895 359 0.4
$349 92.7 1,024 100 90.2 49,770 379 0.4
382 12.3 1,024 26 97.5 1,176 253 0.0
386 64.3 1,024 86 91.6 30,381 290 0.3
s400 12.0 1,024 25 97.6 1,275 300 0.0
s444 11.2 1,024 25 97.6 1,378 309 0.0
526 9.4 1,024 23 97.8 1,326 760 0.0
s641 83.2 1,024 119 88.4 74,691 133 0.6
s713 79.4 1,024 129 87.4 106,030 384 0.8
s820 33.3 1,024 99 90.3 39,903 371 0.5
s832 32.4 1,024 98 90.4 39,621 371 0.6
51196 83.8 1,024 232 77.3 541,320 371 12.5
51238 79.0 1,024 239 76.7 572,985 481 14.5
s1423 36.8 1,024 187 81.7 155,403 2,049 6.0
s1488 55.3 1,024 106 89.6 336,610 1,667 3.0
s1494 54.2 1,024 106 89.6 332,520 1,637 3.1
s5378 64.5 1,024 847 17.3 4,241,328 3,193 942.1

07 HITECOOOOOOOOO DCOMP-SOOOO0OOOOO

Table 7 Experimental results by DCOMP-S with HITEC sequences.
ckt | cov. len comp % pair undis | cpu(s)
s344 95.8 127 82 35.4 50,721 367 0.3
5349 95.3 134 85 36.6 52,650 402 0.3
5382 78.2 2,074 846 59.2 48,516 1,806 16.4
5386 81.8 286 164 42.7 49,141 106 0.7
5400 82.6 2,214 845 61.8 61,075 2,343 24.9
s444 82.1 2,240 956 57.3 75,466 2,994 21.3
526 65.1 2,258 631 72.1 64,980 6,617 19.4
5641 86.5 209 123 41.1 80,601 129 0.7
s713 81.9 173 113 34.7 113,050 383 0.8
5820 95.7 1,115 745 33.2 330,078 284 33.9
5832 93.9 1,137 761 33.1 333,336 270 42.6
s1196 99.8 435 295 32.2 766,941 167 18.2
51238 94.7 475 316 33.5 822,403 191 22.9
s1423 47.7 150 134 10.7 261,003 3,823 4.9
51488 97.2 1,170 787 32.7 1,041,846 355 75.7
51494 96.5 1,245 772 38.0 1,054,878 411 106.2
s5378 70.4 912 594 38.0 5,064,153 5,912 1,017.4

gboobooooboobooooooboobooon
gboboboooooboobooooooboooon
gbooOooooboooooooobooooboooboon
gooobooooooboooooooooooooo
ODCOMP-LSOOOOOCOOOOODCOMP-LS O
OO0 bcoMp-SOOOOOOOOOOOOOOO
gooobobooooooobooboooooooo
00000000o00o0oooooono bCOMP-S
ooOO0T,00000000000000000000
goooobooooooooooooooooooo
oODCOMP-LSOOO0O0OOOOOOOOOOOO
O0ooOooobCcoOMP-LSOOOOOOOOOOO
O07T, 000000000 LOOODODOOOO0OO
gooooooooor.oooooocoooon To
oooo0Oo 7. 000000000000 FPyyg O
goboooboooooooooooooooboDbo

0 LO00D00000000000000000F Py
00000000000000000000000
0000000000O000FR,, 00000000

DCOMP-SO00O000D0000O00O00OO00O0
0000000O0DCOMP-LSO000000000
000000000000000000000

DCOMP-LS

/*T,00000000000 %/

/*w0T, 000000000000 */

1) T. = ¢0

2)v; 00 v, 000000000 7.00000

3)7,0 7.000000000000000000T

00000 7.00000000000000000

FP, 0000

4) DCOMP-S 0O 4)010) 0000000
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Table 8 Comparison of the results between DCOMP-S and DCOMP-LS with HITEC.

compacted vectors cpu(s)
ckt S % LS % S LS
s344 82 35.4 98  22.8 0.3 0.1
s349 85 36.6 111 17.2 0.3 0.1
5382 846  59.2 1,580 23.8 16.4 18.5
5386 164  42.7 233 18.5 0.7 0.6
5400 845 61.8 1,865 15.8 24.9 42.4
s444 956  57.3 1,648 26.4 21.3 34.4
5526 631 72.1 1,468  35.0 19.4 19.6
s641 123 41.1 177 15.3 0.7 0.4
s713 113 34.7 154 11.0 0.8 0.4
5820 745 33.2 940 15.7 33.9 19.1
5832 761 33.1 998 12.2 42.6 31.5
51196 295  32.2 366 15.9 18.2 12.5
s1238 | 316  33.5 398 16.2 22.9 17.7
s1423 134 10.7 145 3.3 4.9 2.6
51488 787  32.7 992 15.2 75.7 35.2
s1494 | 772 38.0 1,074 13.7 106.2 47.1
s5378 594  38.0 757  17.0 1,017.4  283.3

09 s35932000000 DCOMP-LSOOO0OOO
Table 9 Experimental results by DCOMP-LS for s35932.

% pair undis | cpu(s)

seq L(%) | cov(%) len | comp
H 90 89.28 496 496
H 80 89.28 496 496
H+R 90 89.34 546 535
H+R 80 89.34 546 543
R 90 70.08 1,024 928
R 80 70.08 1,024 863

0 | 6.090%10% 6.641 % 10° 4,170
0 | 6.090%10% 6.641 % 10° | 14,920
2.0 | 6.098 x10%  6.641 % 10° 2,360
0.5 | 6.098 x10®  6.641 = 10° | 24,163
9.4 | 3.753 % 10%  1.121 % 10% 3,853

15.7 | 3.753 % 10%  1.121 % 108 7,049

4.5 DCOMP-LSO0O00O0O0OODO

DCOMP-LSO CODOOODOOODOOOODO
ISCAS’ 89 D00 O0O0O0OoDoUOoOooOoooooo
O00000oo00ooOoOdoOooooo HITEC
gboooboobobooboobuooboobooobg
DCOMP-SO DCOMP-LSOOOOOOOOOOO
O0OO0ODCOMP-LSOOO0OO LOOODOOOOOOO
050%00000 80 000000000000 “S”0
“LS” 00 000000O0DCOMP-SO DCOMP-LS
gopooooobcoOMP-SOODOOO 700000
000000000 “compacted vectors” OO0 OO0
Oo0000000000O0OO0O0O*“% 000000
goooboobobooboooboobooobooboo
O000000000o0oooOoodO“pu(s)” 000
gbooooooooboboooooogooboo
ooobCcoOMP-LSOOOOOOOOOODOOOOO
ooooooobcoMpP-sOOOOOOOOOOO
00000O0DOO00OoOooOoooogDbCOMP-SO
0 10%00 72%0000000000000000
O000DCOMP-LSO0 3%00 35%0000000
goooboobooboobooobooobooboog

00000000 0O00o0oDoOoO0O0g DCOMP-LS

00000000000 s3820s4000 s4440 5526 O

O0000DCOMP-SOO0OOO00O DCOMP-LS OO

O00o0O0o0ooobCcoMP-SOOOOOOOOOO

oooooboooooocoboooooboobooooo

ooooboooooooooooooocoooooo

ooooooo

090s35932000000 DCOMP-LSOOOO

000000000 LOOO00Uoooog 80%0

0090%00000000000003000000

ooo0o

e HITECOOOIODODOOOOOOOOOOOODOO
OHOOOO

e HITECOOODDODODOOOOOODOOOO 00O
O0o0O000O0000000O000000 H4+R
oooo

e JO0O0OO0OOOOOLOOLODOCOOOOOODODOO
ooOoOO0 102400000000 RODODO

000 typeOUL(%)000000O0O0O0OOOODOOO

00 LO00000000Ocov(%)0lend compd %0

pair0undisOcpu(s) 000000 60000000



Vol. 47 No. €10 0OOO0OO0OO0DCOOOOOOOOOOOOOOOOOOOOOOODOOOOOOO 1637

O00000O0OO0OOOHITECODOODOODOOOOO
gooooboooooobooocoooooooobooo
OO0 HITECOOOODOOOOOOOOOOOOO0O
000000000000 0oO0UO0oOO0oOO 10%0
00 20%00000000000000000000
goooooooobooooooobooboooooo
00000 20%0000000000000000
0000000o0o0Oo 1B.7% 0000000000

goooooooodooooooooooooooao

OO00ODCOMP-LSODO 8359320000 60000
goooobooooooooooooooooooo
O0000O0oU0oO0ooooUoonD LO8%Oo
090%0000000000000000O0DU0OO
gooooboooooobooooooooooooon
ooo0o0o0ooooooO0O00oL00ooobO0O00o0
goooooboooooooooobooboooooo
gooobooooooobooooobooooooo

0000000000000 00000000OHITEC

goooobooooooooooooooooooon
ocoLoooooooobooooooooboooooboo
O00O00000o0oUoOooL=80% 0000
L=90% 000000000000 ooooooo

000000000000 00 L=80% 00O00n

gooooboooooooooooooooooooo
ooo0OO0LO0O0000O0OO0O000000DO0000
gobooooooooooboobDo Lbooo
gobooobooooobooobooboooon

5. 0 000

goboobooooooooooobocooooooo
gbobooocoobooooocboobooboooobooon
goooooboooooooooocoooooooo
gooobooooooooboboooooonoooo
gooobooooooooboboooooboobooobooon
gooooooooooooooooboooooooo
ooo

goooobooooooobooboooooooooo
goooboooooooboooooobooooooo
goooboboooooooboooooooooooon
goooobooooooooooooooooooo
gooooboooooooooooobooboooooo
goooobooooooooooooooooooo
goooooooooboooooooboooboonoooo
ooboooobooooo

00 OoOooooooooooboooooooo
OOOO0oOoOoogceoilssooo43coooooon

o o o o

1) o000oO0oU0oooooOoooOoooooo
0000000000000 000—-00000d
o0opo0o0oOooooooooooooooood
D-100 Vol.J87-D-1, No.3, pp.291-307 (2004).

2) 00 0O0O0OO0OOOOOODOOOOOOOOBIST
0000000000000 00oooooog
O00o0oOdooooOoooO D-IOVol.J88-D-1,
No.6, pp.1029-1038 (2005).

3) Boppana, V. and Fuchs, W.K.: Dynamic fault
collapsing and diagnostic test pattern genera-
tion for sequential circuits, Dig. Int. Conf. on
Computer-Aided Design, pp.147-154 (1998).

4) Guo, R., Pomeranz, 1. and Reddy, S.M.: On
speed-up vector restoration based static com-
paction of test sequences for sequential circuits,
Proc. Asian Test Sympo., pp.467-471 (Dec.
1998).

5) Hartanto, I., Boppana, V., Patel, J.H. and
Fuchs, W.K.: Diagnostic test pattern genera-
tion for sequential circuits, Proc. VLSI Test
Symp., pp.196-202 (1997).

6) Niermann, T.M. and Patel, J.H.: HITEC: A
test generation package for sequential circuits,
Proc. European Conf. on Design Automation,
pp.214-218 (Feb. 1991).

7) Pomeranz, 1., Venkataraman, S. and Reddy,
S.M.: Z-DFD: Design-for-diagnosability based
on the concept of Z-detection, Proc. Int. Test
Conf., pp.489-497 (2004).

8) Rudnick, E., Fuchs, W. and Patel, J.: Diagnos-
tic fault simulation of sequential circuits, Proc.
Int. Test Conf., pp.178-186 (1992).

9) Shao, Y., Guo, R., Pomeranz, I. and Reddy,
S.M.: The effects of test compaction on fault
diagnosis, Proc. Int. Test Conf., pp.1083—-1089
(1999).

10) Venkataraman, S., Fuchs, W.K. and Patel,
J.H.: Diagnostic Simulation of Sequential Cir-
cuits Using Fault Sampling, Proc. Int. Conf. on
VLSI Design, pp.476-481 (1998).

(00 170100 20000)
(00180 40 4000)



1638 goooooooo

o0 O0o0o0oooo

19 000000000000
goooooooooooooooo
goooooooooooooooo
1998 000oooooooooan
gooooooooooooooo
goooobooooooboooooboooooooon
O00000O0000O00IEEEODOODOOOODODOOM

0000 K.OOooogo

1967 00 O0O0DOOOOOOO
19720000000000000
oo0o0o01973 000000000
0o0oDO00o0ooobOoOOoOooooo
gooooooooooooooo
gbooobooboobobooboobobooo
gbobooobooobooboboboobobooboobooo
0oooooooooooovLsioooooooo
gooodoboooboobobooboobooobooo
goboobOoboooboobooooboobooo
go0obo0ooOoooOooOoooobooooobooo
goo0oooo0obOOooooobooooooooo
00o000o0Oo0ooOobooboooboooooboooo
J20000000000000000000O00O00O00O0O
0o0o00o0obO0obOO0obDbObOobOobOOoboooooooo
gooooobbobbbbooooooooboobooobo
IEEE Trans. on Computer 0 0 OO OJETTADODOO
00ooooOoJSPSOOOOOIEEEOOOODO

oo oooood

1988 000000000000
goooomoooooooon
goooooocooooooooo
goooooooooobzoc0000
oooooooooooooo?2000
gsb002010300000000000000OA0
gobo0ooOoooOoooboOomooobooooooon
gooooooooooooooobooooooom
OO0O0OO0OOOO0OIEEEOODOD

June 2006

o0 O0o0o0oooo
1985 000000000000
= gbooo1991o00o0oaoon
A 2. 4 gooooooooooooooon
\:4/‘ gobooobooooooooooo
v goooooooocobocooooo
gboooooooooobobogooooooa
gobOooobooooz20040000000200600
gobooooooboooooooboboooooooboo
goooOo9ed00oooooooooooonoo
gooogbz2o02020030000000000000
goboooooooooooobooooooboooa
goboooooooooboooooooooobooobod
O000OO0OOIEEEDACMOOOOO0OOOOOO
goomoooomooooo0O0o00o0 UNIXOoOo
goooooomooooad

o0 Oooooooo

1966 00 00O0OOOOODOOO
goobooooooocoooooo
i goooooooiesro 10000
goooooooooooooon
goboooooooooobooDo
0o00ooooooooooooooooooooobooon

goooobooooDOoDOO0O00O0oo0bOOb0UIEEE

Senior Member[]




