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An LUT-based Multiple Error Diagnosis Technique
Using Symbolic Simulation with Truth Variables

MASAHIRO NUMA,t HIROSHI INOUE, "t TOSHIYUKI KAIMI,*
NoOBUTAKA KUROKI' and KEISUKE YAMAMOTOf

Rectification of four or more design errors in LUT-based circuits based on the EXL-
algorithm!) has been difficult due to processing time. For breaking through this problem,
we present an error diagnosis technique: EXLTy employing TV simulation, a novel symbolic
simulation method using truth variables to represent LUT contents. Based on the simulation
result, EXLpy reduces the number of error location sets efficiently. In addition, the result
is also used to reduce the number of BDD nodes needed for rectification of LUT contens.
The experimental results for LUT-based circuits including 3 design errors demonstrate that
TV simulation has reduced the number of combinations of LUT’s to be rectified to 3.1% of
conventional one. The number of BDD nodes needed for rectification is also reduced to 23%
by replacing truth variables by Boolean constants or other ones based on the results of TV
simulation. EXLry has shortened the processing times for rectification of 3 design errors to
about one-seventh of EXL. Moreover, EXLpvy has performed rectification of four design errors
within paractical processing time.
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Fig.1 Rectification of complex error types using LUT-

based circuit model.
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Fig.2 Overview of EXL-algorithm.
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Fig.5 Assignment of LUT function.
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01 ISCAS8 00000000
Table 1 ISCAS’85 benchmark circuits.

ooo oooo LUT O ooooo ooooo
C432 160 109 36 7
C499 202 94 41 32
C880 383 184 60 26
C1355 546 166 41 32
C1908 880 346 33 25
C2670 1,193 598 233 140
C3540 1,669 742 50 22
C5315 2,307 1,146 178 123
C7552 3,513 1,324 207 108
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Table 2 Results for multiple errors (m = 3).
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oooooo " 0oooooo (s) oo
oot Total EPI 60 TV | Final #Er 1st Total oooog (s)
C432 2.16 x 10° 922.1 29.5 1.27 1.23 23.0 1.5 1.6 5.7
C499 1.39 x 10° 129.3 90.9 | 1.24 1.24 10.7 4.1 4.5 26.6
C880 1.04 x 10 13.7 3.9 | 1L.73 1.34 30.4 1.1 1.2 7.7
C1355 | 7.63 x 10° 69.0 51.0 | 1.53 1.41 53.8 4.5 4.9 69.8
C1908 | 6.90 x 10° | 6,103 | 727.6 | 3.45 2.55 61.5 | 26.6 27.9 966.9
C2670 | 3.56 x 107 1,862 171.3 | 3.91 2.31 6,995 | 39.8 44.1 5,990
C3540 | 6.81 x 107 | 827.8 78.0 | 2.13 1.55 2,721 | 30.5 31.3 473.5
C5315 | 2.51 x 108 224.4 27.6 | 1.74 1.67 2,328 | 17.7 18.1 167.3
C7552 | 3.87 x 108 7,520 | 123.0 | 1.99 1.70 725.3 | 76.0 80.1 785.3
Ave. 6.95 x 10° 495.1 63.8 1.95 1.61 209.9 10.3 11.0 145.6
03 000 400000000000000m =40
Table 3 Results for multiple errors (m = 4).
gooooo m oooooo (s) oo
oot Total EPI 60 TV Final #Er 1st Total oooo (s)
C432 5.78 x 108 33,159 | 1,753 | 1.71 1.41 462.4 27.8 29.2 675.1
C499 3.19 x 10° 6,340 | 4,462 | 2.33 2.11 494.9 33.5 40.4 825.6
C880 4.73 x 107 45.9 10.0 | 1.43 1.23 35.6 6.1 6.2 20.5
C1355 3.13 x 107 936 | 651.4 | 2.49 2.49 2,889 19.7 23.3 1,402
C1908 5.80 x 108 77,505 | 1,430 | 4.21 1.71 10.6 333.2 335.8 43,909
C2670 5.31 x 10° 5,822 | 182.4 | 5.10 3.29 5,302 470.5 474.0 1,705
C3540 | 1.26 x 10'° | 2.93 x 10° 2,188 | 2.83 2.13 6,335 4,601 4,626 19,087
C5315 | 7.17 x 10 1,716 | 164.6 | 2.71 2.44 | 61,733 3,533 3,537 15,563
C7552 | 1.28 x 101! 1.57 x 105 | 2,783 | 4.07 1.37 3,495 | 11,322 | 11,344 59,809
Ave. 5.97 x 108 11,388 | 618.6 | 2.74 1.93 1,068 245.5 257.7 3,027
04 ODO0OO0OO00ODOOOOOOOOODOOOOOO
Table 4 Processing times for single to triple errors and ratios to conventional ones.
m 1 2 3
ooo oo [s)(0) oo [s)(0) 0o [s)(0) oo [s](0) oo [s)(0) oo [s)(0)
C432 0.5(0.17) 0.8(0.22) 0.6(0.18) 1.6 (0.28) 1.6 (0.26) 5.7(0.07)
C499 2.6 (0.33) 9.2(0.67) 3.4(0.13) 9.0 (0.01) 4.5(0.05) 26.6(0.01)
€880 0.9(0.27) 1.1(0.14) 1.0(0.20) 1.9 (0.17) 1.2(0.14) 7.7(0.12)
C1355 2.4(0.28) 5.7(0.40) 3.1(0.16) 5.5(0.004) 4.9(0.05) 69.8(0.01)
C1908 1.9(0.21) 2.8(0.23) 3.4(0.16) 35.9 (0.02) 27.9(0.04) 966.9(0.06)
C2670 6.7(0.46) 17.8(0.03) 14.0(0.16) 294.9 (0.02) 44.1(0.08) 5,990(0.16)
C3540 6.4(0.25) 7.6(0.17) 8.5(0.22) 54.4 (0.01) 31.3(0.27) 473.5(0.03)
C5315 5.3(0.36) 7.6(0.41) 7.0(0.37) 278.6 (0.63) 18.1(0.41) 167.3(1.03)
C7552 | 10.1(0.98) 29.3(1.81) 16.4(0.71) 59.6 (0.29) 80.1(0.57) 785.3(0.58)
Ave. 2.8(0.32) 5.4(0.27) 4.1(0.22) 22.4 (0.05) | 11.0(0.14) | 145.6(0.08)

i) 000000000000 00OD0DODD0O00ooDO

05 000000000000000 %0

oo Table 5 Percentage of processing times for each

i) 00000o00o0ooooooooooo LuT procedure.
000000 BDDOOOOOOOO m | 0000 | BPL | 60 | TV | 0000
) 1 65.1 | 20.0 2.8 | 3.1 9.0
)000000200 m=3000000000 9 519 | 176 | 98 | 46 131
oo “Tv’o0 “607”00 3.1%000000m=4 3 30.8 | 25.1 | 26.8 | 6.2 11.1
000003000 044%000000000000 4 5.6 ] 593 | 25.1 | 6.6 3.4
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Table 6 Maximum numbers of BDD nodes and ratios to conventional ones.

m 1 2 3 4
000 | 0000 (D) | 0000 (0) | 0000 (0) | 0000
C432 50 (0.88) 64 (0.57) 72 (0.15) 554
C499 | 434 (0.64) | 525 (0.35) | 719 (0.35) 2,703
€880 97 (0.66) 126 (0.32) | 151 (0.19) 161
C1355 | 322 (0.51) | 419 (0.29) | 479 (0.24) 1,900
C1908 | 161 (0.44) | 265 (0.24) | 356 (0.17) 961
C2670 | 301 (0.37) | 823 (0.21) | 946 (0.19) 2,028
3540 | 435 (0.78) | 717 (0.75) | 705 (0.36) 945
5315 | 170 (0.86) 176 (0.44) | 197 (0.22) 197
C7552 | 827 (1.17) | 653 (0.32) | 998 (0.25) 1,378
Ave. | 311 (0.70) | 419 (0.39) | 514 (0.23) 1,203
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