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A Testability Evaluation of Balanced Reconvergence Structures
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Based on Partial Scan Design

TOSHINORI HOSOKAWA,* TOSHIHIRO HIRAOKAt*
and MITSUYASU OHTAt

We define a balanced reconvergence structure that makes ATPG for sequential circuits dif-
ficult. We compared an approach that reduces the number of paths of balanced reconvergence
structures (path reduction approach) with an approach that reduces the depth of balanced
reconvergence structures (depth reduction approach) for practical acyclic sequential circuits
the fault efficiencies of which are not enough high. Experimental results show that the path
reduction approach is more effective than the depth reduction approach because fewer scan
flip-flops are required to achieve a high fault efficiency (99%). The results also show that
the path reduction approach is more effective than a conventional sequential depth reduction
approach.
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Fig.1 Balanced reconvergence structure.
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Fig.2 An example of ATPG for balanced reconvergence
structure.
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Fig.3 A circuit which FF1 and FF6 are replaced with
scan FFs.
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Table 1 Properties of experimental circuits and ATPG results.
circuit | #PI | #PO | #FF | #Gate | #Scan | SR (%) | FE (%) | CPU (s)
#1 131 105 1127 10814 22 1.95 91.26 2188
#2 189 105 861 12998 144 16.72 83.90 2019
#3 81 22 502 16618 279 55.58 86.81 25932
#4 342 11 1550 21190 145 9.35 95.55 3891
#5 336 376 1710 31095 724 42.34 94.65 18922
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Fig.6 An example of a balanced reconvergence structure
with large sequential depth.
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Table 2 Experimental results of depth reduction
approach for #1.

maxd SR FE | CPU | SD | #BRS | maxp
1 1.95 | 91.26 | 2188 | 2 285 16
-0 91.13 | 100.00 | 292 | 1 0 0

®3  #2 OFHEINMEEOBRIE WIRT 2 EBEE
Table 3 Experimental results of depth reduction
approach for #2.

maxd SR FE | CPU | SD | #BRS | maxp
7 16.72 | 83.90 | 2019 8 3977 619
3 39.49 | 99.50 872 5 272 37
2 54.70 | 99.83 791 5 91 28
0 71.54 | 99.84 577 5 0 0

T4 #3 OVHEIUEBIEEO B WK 5 EBRER
Table 4 Experimental results of depth reduction
approach for #3.

maxd SR FE CPU | SD | #BRS | maxp
3 55.58 86.81 | 25932 7 6994 2400
0 77.29 | 100.00 475 5 0 0

K5 #4 OFHHINEHEEOBRIE BT 5 LB R
Table 5 Experimental results of depth reduction
approach for #4.

maxd SR FE | CPU | SD | #BRS | maxp
20 9.35 95.55 | 3891 20 | 130168 | 65448
10 14.58 97.49 | 2144 11 19817 | 24121
9 20.77 98.78 940 11 11324 793

45.87 99.18 418 11 740 6
1 49.68 99.18 424 9 198 6
0 54.71 | 100.00 154 9 0 0
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Table 6 Experimental results of depth reduction
approach for #5.

maxd SR FE CPU | SD | #BRS | maxp
9 42.34 | 94.65 | 18922 10 35044 3637
8 48.65 | 98.97 4743 8 6129 84
7 49.18 | 99.05 5017 8 4261 76
6 51.58 | 99.76 1529 8 2325 72
5 53.22 | 99.82 1414 8 1467 72
3 56.84 | 99.86 1373 8 889 33
2 58.54 | 99.94 1177 8 396 30

HEER, FHBNSEEORBREEIIRT 27 70—
FIZBT A EBRE b, HERBAIRD 99.90%2 & T
L2, TI3EEPICEE RSS2 BB ET
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Table 7 Experimental result of paths reduction approach

for #1.
maxp SR FE | CPU | SD | #BRS | maxd
16 1.95 91.26 | 2188 2 285 1
15 5.68 94.98 1699 2 285 1
10 17.75 95.07 | 2387 2 285 1
9 25.82 99.89 845 2 285 1
8 34.07 | 100.00 901 2 285 1

£8 #2 OTFHHRINEMHEORIEE L BT & FEKR

Table 8 Experimental results of path reduction approach

for #2.

maxp SR FE | CPU | SD | #BRS | maxd
619 16.72 | 83.90 | 2019 8 3977 7
177 19.16 | 86.27 | 2504 8 1927 5
112 29.38 | 94.07 | 1566 7 842 5
92 30.20 | 99.03 | 1102 7 801 5
49 35.54 | 99.39 | 1515 5 562 5
30 44.60 | 99.41 | 1141 5 342 4
20 52.73 | 99.65 | 1416 5 171 2
10 57.49 | 99.83 | 1162 5 116 1

1 69.92 | 99.84 888 5 0 0

RO #3OFHHINEHEORBEE HIRY 2 LB R
Table 9 Experimental results of path reduction approach
for #3.

maxp SR FE CPU | SD | #BRS | maxd
2400 | 55.58 | 86.81 | 25932 7 6994 3
1800 | 61.35 | 93.87 | 19521 5 2333 3
1440 | 61.95 | 97.36 8156 5 2333 3
1000 | 62.75 | 99.31 3591 5 2333 3
450 63.75 | 99.78 1786 5 2333 3
230 64.34 | 99.92 1083 5 2333 3
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Table 10 Experimental results of path reduction
approach for #4.

maxp SR FE | CPU | SD #BRS | maxd
65448 9.35 | 95.55 | 3891 20 | 130168 20
9625 16.97 | 97.99 730 18 22291 17
498 23.87 | 98.85 505 17 10922 12
23 31.03 98.91 369 13 3599 7
12 33.81 98.94 333 13 2920 7
10 40.77 | 99.57 259 12 2113 7
8 42.65 99.66 264 12 1611 7
5 48.77 | 99.93 146 12 327 7
F11  #5 OTFHHIKHEEDRBEE BB 5 EERHE R
Table 11 Experimental results of path reduction
approach for #5.
maxp SR FE CPU | SD | #BRS | maxd
3637 42.34 | 94.65 | 18922 10 35044 9
100 47.43 | 98.83 6557 8 9287 8
68 49.01 99.56 2249 8 6877 8
50 50.88 | 99.58 1644 8 4899 8
37 52.11 99.61 1699 8 4188 8
30 55.56 | 99.77 1295 8 1482 7
20 58.19 99.93 1585 8 582 6
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Fig.8 Comparision of experimental results for #1.
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Fig.9 Comparision of experimental results for #2.
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Fig.10 Comparision of experimental results for #3.
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Fig.11 Comparision of experimental results for #4.
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Fig.12 Comparision of experimental results for #5.
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Table 12 Experimental results of sequential depth
reduction approach for #1.

SD SR FE | CPU

2 1.95 | 91.26 2207
1 2.22 | 91.26 2432

K13 #2 ONEFRE> HIET 2 ZBRER
Table 13 Experimental results of sequential depth
reduction approach for #2.

SD SR FE | CPU
16.72 | 83.98 2948
23.46 | 86.12 1941
30.30 | 90.67 1367
34.49 | 91.90 1220
53.08 | 91.19 1101

- N W ot

®14 #3OHFRELHIRT 2 LBER
Table 14 Experimental results of sequential depth
reduction approach for #3.

SD SR FE CPU
7 55.58 86.81 | 259392
4 55.78 85.55 | 132258
3 70.52 99.97 422
2 70.92 99.96 422
1 77.89 | 100.00 386

T15  #4 OFFFREL HIRT 5 EEEE
Table 15 Experimental results of sequential depth
reduction approach for #4.

SD SR FE | CPU
20 9.35 | 95.55 3891
10 14.26 | 96.12 1922
5 25.61 | 96.70 1028
3 33.87 | 97.75 767
2 51.68 | 99.92 170

®16 #5 OIFRELHIET 2 LR
Table 16 Experimental results of sequential depth
reduction approach for #5.

SD SR FE CPU
10 42.34 | 94.65 | 23765
5 54.21 | 96.07 | 11433
3 58.13 | 97.63 4783
2 77.54 | 99.88 414
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