572 SIREBXNC|EE =2X] M3 X 35(96.5)

EG5AD A 3 FREAEA S 2]

BB
5 5 8
2 of

2 2 IPMTH Y FE2045 P8-S A L5, IPMTHS] 28 SAS AMS £33 29 AELA
el 5] 71 2@k IPMTH o A 2] 43 MHimage computation)X] o & Agke] We 2 6 NS 25
7] Adte, FEAPAAS £U8] H2E EFET 29 L IPMTHO ST 6| AEHH S S}, A4

€ A% 20 TYEF AL s K- E S HmeEa H({binary decision diagram)= T8 2
el eEg] 77] o7 gr) B UES o] 48] SCASBM A2 2] ta] 4P A, B IPMT
BN 100%2] 2RHEEE 22 & ANUH 344, 5349, 54209 vhel 20% ] REAWOZ 100%] THAL
E8 YA, 14230} el A& 0% ¥ E AW 2 100%9] ZHALEL A} '

Test Generation for Partial Scanned Sequential
Circuits Based on Boolean Function Manipulation

Hoyong Choi '

ABSTRACT

This paper describes a test generation method for sequential circmits which improves the application limits of
the IPMT method by applying the partial scan design to the IPMT method. To solve the problem that the IPMT
method requires enormous computation time in image computation, and generates test patterns after the partial
scan design is introduced to reduce test complexity. Scan flip-flops are selected for the partial scan design accord-
ing to the node size of the state functions of a sequential circuit in their binary decision diagram representations.
Experimental results on ISCAS'95 benchmark circuits show that a test generator based on our method has
achieved 100% fault coverage by usc of either 20% scan FFs for 5344, 5349, and $420 or 80% scan FFs for
51423. However, test generators based on the previous IPMT method have not achieved 100% fault coverage for
those circuits.
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main()
{
select partial scan FFs according to BDD size of
state functions;
replace the output of the scan FF with PI and the
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Y={(r, )} Py=F;
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ifig = null) sequentially redundant ;
else ouput a TP sequence w(0), (1), w(k):

i

i
)
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if ((a. ) exist s.t. De(a, 0)=1 for 6 € @)
) =a:
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if{d; | # null) {
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return(8);

h
return (null);

}
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Circuit | #PI #PO | #DFF | #GATE | #Faults AL & mn, aAAEHolde FLA L& A
527 4 1 3 10 32 ¥ A] SBDD2] Hullle == 220(=~ 1050 2 &)
5208 n 2 8 9% 25 AYEAE (E ) (F Dol el (E e 2
5298 3 6 14 119 308 FRAEEFH H2E4PNE, (E X g2
5344 9 i1 15 160 342 4742l SBDD2| Hujx=49 Hjo] HAEAY
$349| 9 11 15 161 350 deol& HESHT FCe A &E, Time? H2E
a5 3 p o 158 299 AN N Bl 2E A4 A 2] SBDDE] HrjeS4,
o . " p 59 54 L% Hrj 2] Eﬂ‘&E%ﬂ%%lo}% vepd o), o271, 2
™ ; . o o 6 HEEL F&323T + DD EZAS)/#Faults x

100%%, si= 28, h= AL Jepdt)
“0) 1 2] 16 16 40 PSSTAROI M= 2 o892 ois) 100%9] 177
aanal I 6 2 181 474 B85S LU 32 5344, 5349, 54209 3] 4 STAR
8510 19 7 6 211 564 dAE an 2] BsiA] SBDDO] wT 227} 208
S%n| 3| 6] u| 14| 583 2357 B2 100%) THAESS AL 4 ¢
5526 3 6 21 193 555 A9 Zofl Hl&] PSSTARMNAE B 5 100%9] 7147
s641 35 24 19 379 467 SEL 42 F UL ol Ry 2gld) o B
713 35 2 19 393 581 EA A 8 k=) 1057 o3tz o= 9]
$820 18 19 5 289 850 wjFolck 32 s1423& STARONA = gjugel 17
5832 18 19 5 287 870 o s A SBDD] =47} 208 234y HAE
953 »” 7 2 2951 1079 BN L) 20A14E Z s B 2EHA 0] Brls}
1196 | 14 14 18 59| 1242 A& ¥ ) PSSTARIA & 80%20 22 1412 W)
s1238 | 14 14 13 508 | 1355 o 100% nRABEE L & AU 208 =
51423 17 5 74 657 1515 ETS ASEABNGL, A =g, AU EAY
o " " p pv i dol7t hF ZAEUT}. HAERYA ] QeiA
FELWE 20%2] 739 oF 108), 40% 9] ¢ 36+,
si4] 8] ¥ 6] 6] 1506 80%¢] % 78080 9] T&TE APALL o= 27
(¥ 2) 1REEEY HAEMMAIZIS| H|m
{Tahle 2} Comparison of fault coverage and test generation time
PSSTAR
Circuit STAR 20% 40% 30%
name FC TIME FC TIME FC TIME FC TIME

27 100% 0.10s 100% 0.0s 100% 0.0s 100% 0.0s

5208 100% 15.1s 100% 465 100% 2.3s 100% 0.7s

5298 100% 22.1s 100% 15.8s 100% 71s 100% 0.7s

$344 93% 0.51h 100% 208.4s 100% 18.65 100% 1.5

5349 92% 0.55h 100% 213.9s 100% 27.9s 100% 1.7

) $382 100% 0.92h 100% 360s 100% 18.4s 100% L4s
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$386 100% 4.50s 100% 265 1 100% 1.95 100% 1.0s
5400 100% 0.96h 100% 32975 | 100% 19.1s 100% 1.5
5420 87% 8.60h 100% 17.2s 100% 107.4s 100% 34s
5444 100% 1.13h 100% 318.9s 100% 30.7s 100% 1.8s
$510 100% 1.8%h 100% 641.1s 100% 12.58 100% 2.65
55260 100% 1.45h 100% 460 85 100% 86.0s 100% 2.7
$526 100% 1.13h 100% 465.15 100% 50.4s 100% 28s
s641 100% 0.87h 100% 102.65 100% 21.0s 100% 12.85
$713 100% 0.9%h 100% 71.0s 100% 24.3s 100% 9.4s
5820 100% 58.95 100% 12.7s 100% 7.4s 100% 3.9s
832 100% 59.0s 100% 13.0s 100% 775 100% 4.0s
5953 100% 037h | 100% | -1134s 100% 27. 8s 100% 7.45
51196 100% 0.25h 100% 343.3s 100% 233.0s 100% 13.9s
51238 100% 0.26h 100% 483.55 100% 322.7s 100% 20.3s
s1423 - - 27.1% 13.88h | 40.35% 9.07h 100% 0.92h
s1488 100% 76.55 100% 26.3s 100% 17.7s 100% 8.3s
51494 100% 77.8s 100% 19.1s 100% 17.6s 100% 8.4s
{E 3) FHof et 20] HASH S0 s713| 197601 S| 3452| 5| 856/ 5| 103 2
{Table 3) Comparison of max. node number and max. 820 1671 12 213 7 316 4 60l 3
test sequence length
8320 167| 12| 213 7| 316] 4| 60| 3
PSSTAR : ;
- 53] 59100] 12{ 9068 1857] 3| 179 2
Circuit STAR 20% 40% 30%
name s1196| 102408| 3| 9201 3| 3937 2| 319] 2
N || N~ |L| N |L|N]L
s1238] 115401] 3| 12460| 3| 4283) 2| 03| 2
27 36 21 220 2| 22| 2 6
51423 —| —|238125| 3|158027| 3| 36552 3
$208 a8 18 36| 18 30| 17 9
si488|  114| 23] 253) 7| 26| 5| 48 3
298| 2799 20| 7210 15]  256| 15| 78
s1494]  114] 23] 149 7| 226| 6| 48| 3
s344| goR172| 7] 76460| 7{ 14852) 7| 34

5349 898280| 7| 76460 7| 18244] 7| 18
$382| 376481| 133 13117) 18| 1117| 18] 186
38| 85| 9| 90| 4| 76| 4 33
s400| 435935| 133 13144| 18] 1102| 18| 183
4200 75| 18] 88 18] 69| 18] 86
s444| 254079| 133| 12029] 18| 2051| 18] 292
510| 40| 48] 49| 21| 70| 5 17
s526n| 273698| 133 6439| 30{ 2696| 18] 75
s526| 273532| 133| 6419 30| 2378| 18| 75
s641| 19758| 5| 3450] 5| 804| 5| 103

g}o) 2)5] SBDDE] Al =o) A9 H2EAE
Zol7t At 2 A FANA AtFe] Fded 7
olgtt}. 53 RE AR s k=Fe Favt A
252, ¥ 2EAGZ7t FolAE FotE 5 E
g 2B QA A 7he] B&= Q0o

rE o

5 E

pwlolo|w{iw|luw|lw|lw|lw|s|s|[wijuv|w

B AT dE rEanuy e S g 44




#g Zolm, [PMTH S 2§ WS 2ol
2 Aokt 27 FFe) Adosne
Hare) o] ERARIAL 27 2o A

2 wyg o] &8 ISCAS89H R vl E =] i3]
5 An = IPMTHAA 100%s] 1FAE
A 4 gAY 5344, s349, s420°1 & 20% =]
Ao 100%S] TAAREES Atk £ H
A el 37%5&‘&‘:4 514234 rﬂ%ﬂ/ﬂc 80%2] ¥
BAog 100%e] TAREES UG HAEER

Al zhe]] glojA # ‘”-ﬂlg 20%9-1 2% oF 104,
40%<] 735 g6ull, 80% <] 75 780ue] m&StE 4
“Agch

2% BAE, 2ot & AR 2 A2 tieiA =
¢ st BAZE o WFEHZE PMT
k] 24%"‘ g Rz BEie A4ste g
2 uH e 4 Uk B3 o} §85<¢ BDD £4
oy g A7she 3ol FL35c '

Yo My
M M te o rie

l

s

2

HaEd

Ho

[1] M. Abramovichi, M. A. Brever, and A. D.
Friedman, ‘Digital Systems Testing and Testable
Design’, Computer Science Press, 1950.

[2] P. Goel, “An Implicit Enumeration Algorithm to
Generate Tests for Combinational Logic Circnits,”
IEEE Trans. Computer, Vol. C-30, No. 3, pp.
215-222 Mar. 1981.

[3] H. Hujiwara and T. Shimono, “On the Acceler-
ation of Test Generation Algorithm,” IEEE Trans.
Computer, Vol. C-32, No. 12, pp. 1137-1144,
Dec. 1983.

[4] M. H. Schultz, E. Trischler, and T. M. Sarfert,
“SOCRATES: A Highly Efficient Automatic Test
Pattern Generation System,” IEEE Trans. on
Computer-Aided Design, Vol. CAD-7, No. 1, pp.
126-137, Jan. 1988.

[5] W. T. Cheng and T. J. Chakraborty, “Gentest:
An Automatic Test-Generation System for
Sequential Circuits,” IEEE Computer, Vol. 22,

-No. 4, pp. 43-49, Apr. 1989.

sgEgRiol est SeAUERR 2 HIAEMM 579

[6] H-K. T. Ma, S. Devadas, A. R. Newton, and A.
Sangiovanni-Vincentelli, “Test Generation for
Sequential Circuits,” IEEE Trans. on Computer-
Aided Dcéign, Vol. CAD-7, No. 10, pp. 1081-1093,
Oct. 1988.

[71 A. Ghosh, S. Devadas, and A. R. Newton, “Test
Generation and Verification for Highly Sequen-
tial Circuits,” IEEE Trans. on Computer-Aided
Design, Vol. CAD-10, No. 5, pp. 652-667, May
1991. :

[8) H. Cho, G. D. Hachtel, and F. Somenz, “Fast
Sequential ATPG Based on Implicit State Enu-.
meration,” in Proc. Int. Test Conf., pp. 67-74,
Oct. 1991.

[91 H. Choi, T. Kobara, N. Ishiura, and ‘I.
Shirakawa, “Test Generation for Sequential Circuits
Based on Boolean Function Manipulation,” in
Proc. 1992 Joint Technical Conf. on Circuits/
Systems, Computers and Communications, pp.
248-253, July 1992.

[10] &8s, AR, BE, B, FE, “REREERIC
ESVRIEFESRO 7 A P ERE,” BFHEHRE
1558-& 5 s, Vol. J76-A, No. 6, pp. 835-843,
June 1993 4£ 6)51 (in Japanese).

[11] H. J. Touati, H. Savoj, B. Lin, R. K. Brayton,
and A. Sangiovanni-Vincentelli, “Implicit State
Enumeration of Finite State Machines Using
BDD’s,” in Proc. IEEE Int. Conf. on Compuler-
Aided Design, pp. 130-133, Nov. 1990.

[12] K. T. Cheng and V. D. Agrawal, “A Partial Scan
Design for Sequential Circuits with Feedback,”
IEEE Trans. Computer, Vol. C-39, pp. 544-358,
Apr. 1990.

[13] S. Minato, N. Ishiura, and S. Yajima, “Shared
Binary Decision Diagram with Attributed Edges
for Ffficient Boolean Function Manipulation,” in
Proc. 27th Design Automation Conf., pp. 52-57,
June 1990.

[14] &=, - “:ﬁﬂtﬁétli in Proc. 6th Karuizawa
‘Workshop on Circuits and Systems, pp. 155-160,
April 1992 (in Japanese).



580 @EQEX{EIE@FE—II Hl3d X 35(96.5)

[15) F. Brglez, D. Bryan, and K. Kozminski, “Com-
binational Profiles of Sequential Benchmark
Circuits,” in Proc. Inl. Symp. on Circuits and
Systems, pp. 1929-1934, June 1989.

19803 A&igtm Hzlzetn
EAEA

1982@ sEaEr|ed A7 2
HAF &= (F 84 A

1994 L& 9 9 A7 8 o)
@ HAAzsetsge
gFAD

19824 ~19851d  AHARtE R d74 A7

19859 3E~gA RAFYulsnw Z']Z}“‘“'lj'-]‘ A

% A

kv
Pk VLS H2E, VLSI 44



