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Test Sequence Compaction Methods for Acyclic Sequential Circuits Using a Time

Expansion Model

Toshinori HOSOKAWAT, Tomoo INOUE'T, Toshihiro HIRAOKAT*,
and Hideo FUJTWARAff
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Fig.1 Acyclic sequential circuit: S.
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Fig.2 Time expansion model of S: C(S).
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Table 1 Test sequences for S.

(a) Test sequence Ty (b) Test sequence Ty

Time Time
ooogp pr1 PI2 PI3 ooogp pr1 PI2 PI3
0 0 1 0 0 0 0 1
1 1 X X 1 1 X X
2 X X X 2 X X X
3 X X X 3 X X X
4 X 1 X 4 X 0 X
5 X X 0 5 X X 1
6 X X X 6 X X X

000000000000 (PI1(0), PI2(0), PI13(0),
PI1(1), PI2(4), PI3(5)) = (0,1,0,1,1,0) 000
00 PIi(t): 000 t000000000 P00 M
00SOO0000000PNDOOO 0000 00 PI2
000 100000 PI3000 0000 10 PI1OO
0100040 PI2000 1000 50 PI300O0 0
00000000000 SO00000000 1(a)0
0000000000000000

2.2 0O 0

0000000 ¢($) 0000000000000
000 ¢ =(0,1,0,1,1,0), t2 = (0,0, 1, 1,0, 1)
00000000 SO000000000000000
000000000 7,7, 000000000 7, 0
01()0000000 7,00 1(b)0000O0
000 7300000 (X)OOoOoooOooooooo
0000 7000000 7, 0002000000
000000000 200000000000 T, 0
T, 0000000000 7000000000000

00000000 73, 700000000000
00000 000 1000000000000 X O
0000000000000000000000000
000000000000D000D000000000
000000D0D00000000000000000
000000000D000000000000000
000000D000000000000000000
00000000000D000000000 3.00
ooo

0200000000 7000000000 X
0000000000000 30000000X0
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Table 2 Compacted test
sequence: 7.
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Table 3 Test sequence after
setting 0 or 1 to Xs

Time inT: T'.
ooogo| prr P12 PI3 Time

0 0 1 0 oood| pr1 PI2 PI3

1 1 X X 0 0 1 0

2 0 0 1 1 1 0

3 1 X X 2 0 0 1

4 X 1 X 3 1 1 0

5 X X 0 4 0 1 0

6 X 0 X 5 1 0 0

7 X X 1 6 0 0 0

8 X X X 7 1 1 1
8 0 0 1
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oooooo ¢g(S)ooooooooooooooo
oooOoooOooooUoooUooooo oS oo
odoooooooouoooooboooobobooo
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Table 4 Operation N..
ne | b X
b|e b
X |b X
T T T’
bbb 12 b b b
b X X b X X
X X X bbb bbb
X X X b X X b X X
xb x| le|xxx| = |xbx
X X b X X X X X b
X X X X b X X b X
X X b X X b
X X X X X X

03 0ODO0O00 20000000
Fig.3 Example that T is compatible with skew 2.
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0002000000 0000 (P, Pi,..., Pu_1)
000000000000000000 Ty, 7,00
000wOOOOODOMmMTy, 7000000000
0oooo L,lL 00007, 7,000 t000000
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000 (0<i<w)00000000000000
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Table 5 Primitive template for Fig. 2.

Time
oooo|pi1 PI2 PI3
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Fig.4 Compatibility graph for Table 6.

06 OOOODOOOD
Table 6 Primitive template.

Time
oooo| pi1 PI2 PI3

=W N = O

KT KM KT
KoK T KXo
TOH AR K KT

ot
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Cl0O Cc20000000000000000O00
00odooooogooocec20 cioooogoo
oooo0oo0oOoO0O0|0DoLO000 —0DO0oDoOOo
0|00000000C10 |7-0[,C20 [2—0/0
gooooooOoOooooooooce2n0 c3ood
gooooc20000OoU0oooOooooooog
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— 000000 |0b0bbO0oobbOOoooooooDo
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3.3 0DOOoOoOoUpoooooooo
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O00000oooooooUoooooooooooo
goooo0ooooOooooooooooooooo
oooooooooooooooooo (we) OO0
00000000 D0O000000 w(u,w) OODO
000000000 w,v00O0O0OO0OOO nbr(u),
nbr(v) 00 Onbr(u)—v, nbr(v)—w 00000 A, B
0000000O0JAUB| — [ANB| 000 w(u,v)
poooooobboobboobd w,vogooog
0000000000 w,v000000000O0O0OO
oooooUoooooOooooooOoOooooooo
Os5000000000000O0O0O0DOOODOO
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0 5000 Extractmax_clique0 00000000
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Extract_max_clique(G)

{

*G=(V, E, t)*

C={vs.tt(v)==0})
while((S = Candidates(C)) ! = ¢ X
v=Best_vertex(S,C) ;
C=CU (v}
}
return C ;
}
Candidates (C)
{
S={vIvVEV-C AVu€ C 3 @Vv)E E)
/* S is a set of vertices s.t. any vertex in C is compatible with them */
return S;

}
Best_vertex(S, C)
{
V1={vIZ w(u,v)is minimuminS,u € C};
V2 = {vlInbr(v)l is maximum in V1};
V3 = {vIt(v) is minimum in V2};
return (one vertex selected from V3);

¥

05 0OD000O00O0O0O0O0OO00OODOOOOOODOOO
Fig.5 Heuristic algorithm of a template generation.

/* heuristics */
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Fig.6 Compatibility graph for Table 5.
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XXb | x XX XXb
XXX XXX XXX
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Fig.7 Template generated from Fig. 6.
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Test_generation_acyclic(S)

{

Generate a time expansion model corresponding to S.

Generate a template for a test sequence compaction.
(compacted N primitive templates)

n= 0.

for (undetedcted fault f & F)

{

Select a fault f from undetected fault set F.
Generate a test pattern for f in the time expansion model.
Perform fault simulation for the time expansion model

with the test pattern.
Remove detected faults from F.

Transform the test pattern into a test sequence with a test
sequence compaction using the template.
n++;
if (n==N)
{
Extract test patterns by a reverse transformation.
Perform fault simulation for the time expansion
model with the test patterns.
Remove detected faults from F.
n=0;

08 ODOOOO0OOOoOoOOOOOoOOOOOOOOO
ooooooooo
Fig.8 Test sequence generation algorithm including
static and dynamic compaction.
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000O0000000000000 15000000
god0OO0oObOO0O 40000000000O0O000
XOOOooDOo o00 100dpooooo o000

(%';ﬁ) PI1 PI2 PI3 | Simulation
0 0 1 0 |OK
1 0 X X
2 X X X
3 1 1 0 ]|OK
4 0 0 X
S X X 1
Valid length | 6 1 0 1 |OK
EWR) |70 1 X
8 X X 0
9 0 0 0 |oKk  Extraction boundary
10 0 0 X
11 X X 0 . s
2l x X x Valid length of primitive template -1
BX 0 X FERT TV — POEHE-1)
ot X X_0 4 ___.
5] X X X

09 O 7rO0O0O00O0O0O0OO0OOOOOO
Fig.9 Example of compaction using the template of

Fig. 7.
(Tl;i;"gj) PIl PI2 PI3 | Simulation
0 [0 1 0 |oK
1 |Ilo] [o] [o]
2 0 o 1
31 1 o m
4 o o o
Valid length | 5 | @ . Extract 000101
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10 0 0 1 Extraction boundary
nmit o o
2|1 o 1
B]1 0o 1
IR I I S R R
5] x X X
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Fig.10 Example of extraction of a test pattern for a
time expansion model.
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Table 7 Properties of experimental circuits.

000 | #P1 | #PO | #FF | SR(O) | #GATE
#1 97 16 176 0 4687
#2 113 16 272 0 4706

#3 342 11 1550 61.9
#4 673 487 3744 72.5

11682
51135

08 OO0OOOOOOOOOO0OOO
Table 8 Experimental results: Template generation.

00 | NV | CPU | VL | NP TL CR
#1 8 0.01 12 3 984 | 4.00

15 0.02 18 5 864 | 3.60
114 1.16 | 119 37 738 | 3.22
171 6.54 | 176 56 720 | 3.14
200 8.35 | 205 66 708 | 3.11
#2 11 0.01 16 3 | 1616 | 5.33

21 0.02 29 5| 1762 | 5.80
153 1.50 | 162 30 | 1635 | 5.40
200 4.66 | 209 39 | 1622 | 5.36
304 | 25.70 | 314 58 | 1638 | 5.41
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Table 9 Experimental results: Heuristic algorithm.

00 | HVL | HNP | HCR | OVL | ONP | OCR
#1 206 66 3.12 205 67 3.06
#2 209 39 5.35 208 39 5.33
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Table 10 Experimental results: Compaction method
using a template.

oo NC TC 3TC

TL CPU TL TR CPU TL TR
#1 1589 8.85 708 | 44.56 6.08 910 | 57.27
#2 3030 4.58 | 1622 | 53.53 5.86 | 1821 | 60.10
#3 1140 | 13.17 584 | 51.23 9.98 572 | 50.18
#4 | 13740 8.86 | 7573 | 55.12 | 5137.75 | 6791 | 49.43

011 0OO000O0O0OooOoooOooO0oOoooooooon
oo
Table 11 Experimental results: Compaction method
using reverse transformation fault simula-
tion.

oo TC TCRF

CPU TL CPU TL TR1 TR2
#1 215.88 708 136.92 287 | 40.53 | 18.06
#2 138.24 | 1622 74.57 803 | 49.51 | 26.50
#3 44.32 584 51.54 351 | 60.10 | 30.79
#4 | 1150.23 | 7573 | 1525.21 | 4792 | 63.28 | 34.88

12.10 SPECfp950 183 TLO O OO0 DOOOOOO
TRO NCOOOODOOODOOOOOO TCOO 3TC
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