


noteworthy because the greedy method is asymptoti-
cally as good as the optimal matching [16].

Tables 3 and 4 highlight the contrast between H11
and the method of [7], showing minimum, maximum
and average values for both total wirelength and skew.

As noted in [9], any set of approximation heuristics
induces a meta-heuristic which returns the best solu-
tion found by any heuristic in the set; we also imple-
mented this as H13, which returns the minimum-skew
result from H1 through H12. Interestingly, in our expe-
rience H13 always returns a perfect pathlength balanced
tree, i.e., for each problem instance, at least one of the
heuristics H1 through H12 will yield a zero clock skew
solution (while HO never does). This is very useful, es-
pecially when the heuristics are of similar complexity.
For example, we can solve the Primaryl benchmark us-
ing all twelve methods in less than two minutes on a
Sun-4/60 workstation.

Finally, we tested our algorithm’s performance on the
Primaryl and Primary2 benchmarks, using the same
layouts as in {7]. Figures 4 and 5 illustrate the output of
variant H11. Table 5 compares the results of H11 and
the results of [7] which were provided by the authors
[17]. H11 completely eliminates clock skew while using
5% - 7% less wirelength.

5 Conclusion

We presented a heuristic method based on recursive
matching which constructs clock tree routings with ex-
tremely small skew. The method uses total wirelength
that is on average within a constant factor of the wire-
length in a minimum Steiner tree, and in the worst case
bounded by O(y/n) for n terminals in the unit square.
We verified our algorithm on numerous random exam-
ples as well as on industry benchmark circuits; results
show near-zero average clock skew while using total
wirelength that compares very favorably with previous
results.

Pts HO H1 H2 H3 H4 HS5 H6
4 1197 1155- 1136 1140 1129 1129 1130
8 2136 2075 2032 2031 1990 1990 1992
16 3506 3582 3409 3527 3343 3326 3343
32 5598 5922 5481 5788 5342 5277 5326
64 8377 9184 8526 9048 8100 8032 8068

128 12276 13793 12632 13656 11912 11728 11976

256 17874 20765 18625 20354 17573 17024 17768

512 25093 30443 27055 29618 25341 24548 23720

1024 36765 44304 38688 42750 36444 35086 37056

Pts H7 H8 H9 H10 H11l H12 H13
4 1125 1125 1125 1125 1125 1125 1125
8 2027 2028 1994 1971 1979 19800 1960
16 3502 3416 3428 33333 3322 3329 3268
32 5860 5628 5577 5329 5273 5304 5151
64 9226 8794 8748 8076 7982 8047 T844

128 13997 3318 13159 11871 11697 11914 11566

256 21307 19611 19713 17487 16955 17629 16919
512 31646 20175 28688 25188 244685 25483 24480
1024 46417 42110 41540 36276 34968 36814 34992

Table 1: Average tree costs for the various heuristics.
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Pts HO H1 H2 H3 H4 HS Hé
4 112.31 3.98 15.52 0.00 0.00 0.00 0.00
8 186.10 45.79 76.71 4.26 0.66 0.66 0.66
18 234.72 70.93 141.22 19.47 4.01 3.54 3.66
33 262.61 143.85 200.33 28.29 8.14 T.85 6.14

64 329.15 179.83 273.04 51.36 6.93 8.65 5.29
128 201.55 226.61 314.05 64.86 11.52 1°.18 11.26
256 183.28 286.90 324.57 85.10 17.25 13.85 15.04
512 153.90 321.23 399.29 85.46 14.79 15.26 15.73
1024 125.34 339.34 402.59 89.75 17.14 16.71 15.35%

Pta HT7 H8 H9 H10 H1l H12 H13
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8 3.38 0.12 0.00 0.00 0.00 0.00 0.00
16 1.80 3.80 0.12 0.00 0.00 0.00 0.00
32 3.53 8.64 0.00 0.00 ©.00 0.00 8.00
€4 13.17 27.69 1.26 0.00 0.00 0.00 0.00

128 20.79 40.34 3.18 0.00 1.02 0.24 0.00
256 41.79 51.87 T.49 0.00 0.92 0.00 0.00
512 76.38 90.66 13.51 0.39 0.62 0.39 0.00
1024 75.92 94.99 16.62 0.44 0.08 0.38 0.00

Table 2: Average skew values for the various heuristics.

Pts HO HO HO H11 H11 H11
min ave max min ave max

4 656 1197 1823 555 1125 1668
8 1039 2136 2943 1123 1979 2810
16 2341 3506 4221 2793 3322 3993
32 4813 5598 6216 4695 5273 5866
64 7624 8377 9266 7372 7982 8556
128 11439 12276 13136 11052 11697 12243
256 17220 17874 13549 16379 16955 17543
512 25093 | 25666 | 26291 23866 | 24465 | 25325
1024 36126 36765 37561 34231 34965 36179

Table 3: Minimum, average, and maximum total wirelength val-
ues for H11 and the method of [7].
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Pts Ho HO Ho H11 | Hi1 Hil

min ave max min ave max
4 2 112.31 379 0 0.00 0
B8 46 186.10 407 0 0.00 0
16 86 234.72 416 0 0.00 ]
32 118 | 262.61 540 1] 0.00 1]
64 141 229.15 337 1] 0.00 0
128 120 | 201.55 232 0 1.02 30
256 127 | 183.28 250 0 0.92 46
512 103 153.90 203 0 0.62 31
1024 94 125.34 167 0 0.08 4

Table 4: Minimum, average, and maximum skew values for H11
and the method of [7}.

Ho Ho Hi1 H11 skew cost

|] skew cost skew cost impr { % impr
Prim1 0.29 161.7 0.00 153.9 0.29 4.8
Prim2 " 0.74 | 406.3 || 0.00 | 3767 || 0.74 7.3

Table 5: Comparison of H11 and the method of {7] on Primaryl
and Primary2 benchmarks: “skew” denotes standard deviation of
path length; “cost” denotes total wirelength.
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Figure 4: Output of variant H11 on Primaryl benchmark layout.

Figure 5: Output of variant H11 on Primary2 benchmark layout.
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