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(4), sincevl,; is ignored: [5] G. Gielen, H. Walscharts, and W. Sansen, “ISAAC: A symbolic sim-
H. o= 1 ulator for analog integrated circuits|EEE J. Solid-State Circuitspp.
=0 (15) 1587-1597, Dec. 1989.
His = 'J;f(;) [6] P.-M. Lin, Symbolic Network Analysis Amsterdam, The Netherlands:
9= Elsevier, 1991.
where [7] C.F. Kurth and G. S. Moschytz, “Nodal analysis of switched-capacitor
f1(2) = =CuCpCx + CaCrCx + 2*(—CaCuCa networks,” IEEE Trans. Circuits Systvol. CAS-26, pp. 93-105, Feb.
. : ) 1979.
+ CsCpCr +2CBCpCk — CaCrCk) 8] ___, “Two-port analysis of switched-capacitor networks using four-
4
-2 (CrCpCr+ CpCnClk) port equivalent circuits in the-domain,” IEEE Trans. Circuits Syst.
f2(2) = CaCpCh — CeCpCy — CaCrCxk + CaCpCy vol. (}AS-ZG, pp. 166-180, Mar. 1979. _ .
+:3(CCpCr+ CaCpCx — CaCBCL) [9] E. Hokenek amlj( G. 'S._I\fljo?_chytz,d “Analysis ofm%enelral slg\lntched-
9(2) = C3Cp — CaCrCr + 2*(CaCpCe capacitor networks using indefinite admittance matrdc. Inst. Elect.

; Eng, vol. 127, . 21-33, Feb. 1980.
—2C%5CH + CaCpCr — CuCpCr) > PP

=+ 24(C%CD + CpCpCr).

(16)
In the bilinear SC resistor simulation all the switches change position
twice for each input sample [1]. The transfer function is given by On Implementation Choices for Iterative
H(:) = Vin () H11 (27 4 27200, (2) Hya (2'7%) Improvement Partitioning Algorithms
o 'Uin(z)
. 1)2 - 1)2 Lars W. Hagen, Dennis J.-H. Huang, and Andrew B. Kahng
:f1(2 )+ f2(2777) 17)
g7
which gives Abstract—terative improvement partitioning algorithms such as the
FM algorithm of Fiduccia and Mattheyses [8], the algorithm of Krish-
H(z)=(CaCu — CpCy — CpCx + CaCy namurthy [13], and Sanchis’s extensions of these algorithms to multiway

~ ’ ’ y y partitioning [16] all rely on efficient data structures to select the modules

+2(=Cala + CpCr+ CpCr +2CpCx = CaClL) to be moved from one partition to the other. The implementation choices
— ZZ(CDCJ + CpCk))/(CsCp — CaClg for one of these data structures, thegain bucket is investigated. Surpris-
. 2 ingly, selection from gain buckets maintained as last-in-first-out (LIFO)

+2(CaCe = 2CCp + Calr — CpCr) + 27 (CrCh stacks leads to significantly better results than gain buckets maintained
+CpCr)). (18) randomly (as in previous studies of the FM algorithm [13], [16]) or as first-
‘ in-first-out (FIFO) queues. In particular, LIFO buckets result in a 36%

The exact analytic results produced by symbolic methods adreprovement over random buckets and a 43% improvement over FIFO
generally difficult to interpret due to the large number of termBuckets for minimum-cut bisection. Eliminating randomization from the

involved. Fortunatelv. we are able to approximate these expressi bucket selection not only improves the solution quality, but has a greater
) ys pp p WMpact on FM performance than adding the Krishnamurthy gain vector.

based on the magnitude of the individual circuit parameters. Thefge LIFO selection scheme also results in improvement over random
are several methods that can be used for the approximation procedhemes for multiway partitioning [16] and for more sophisticated parti-
[3], [5]. For example, CASCA truncates all terms that are some factipning strategies such as the two-phase FM methodology [2]. Finally, by
smaller than the largest term. cgmbmlng |nS|g‘hts from thg LIFO gain bL_Jckets with thg Knshnamt_lrthy
higher-level gain formulation, a new higher-level gain formulation is
proposed. This alternative formulation results in a further 22% reduction
VIl. CONCLUSION in the average cut cost when compared directly to the Krishnamurthy

. . formulation for higher-level gains, assuming LIFO organization for the
This paper presents a method that can be used to perform tirggm puckets. 9 9 9 9

discrete analysis using any symbolic analysis tool intended for

analysis of time-continuous networks. An equivalent analog circuit {'s'.ndex Terms—Fiduccia-Mattheyses algorithm, gain bucket implemen-
ation, hypergraph partitioning, iterative movement, Kernighan-Lin al-

used to describe the capacitors in the SC network and the inductijgithm, 'multiway partitioning, VLSI netlist partitioning.
transsusceptance is used to model the interaction between clock
phases. Simple variable substitutions allow us to model the time-

discrete behavior using only time-continuous network elements. The I. INTRODUCTION

nullor is used to model switches and ideal operational amplifiersin production software for circuit partitioning, iterative improve-
wher.e each nullor reduces the rank of the compacted nodal analyfignt is a nearly universal approach, either as a postprocessing
matrix by one. refinement to other methods or as a method in itself. Iterative
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Fig. 1. Average number of modules in the highest-gain bucket at each move during the first pass of FM for two, three, and four-way balanced partitioning
for test case Primaryl (833 modules). The average numbers were generated from 1000 separate FM runs.

improvement partitioning algorithms are typically variants of th@nlocked modules of in partitionU, unless there is a locked module
Kernighan-Lin method (KL) [11], [18] or its algorithmic speedup byof s in partitionT, in which case, (s) = co. Intuitively, the binding
Fiduccia and Mattheyses (FM) [8]. Examples of more recent methodsmber/j3;;(s) is a measure of how difficult it is to move netout
are due to Krishnamurthy [13], Sanchis [16], Dutt [7], Hoffmarof partition 7. The binding numbepBw (s) is similarly defined. The
[10], Dasdan and Aykanat [6], and Saab [15]. lterative improvemehth-level gain+, (v;) of modulev; € U is then given by
algorithms such as KL and FM start with a current feasible solution
and iteratively perturb it into another feasible solution, adopting the
perturbation as the next solution only if it improves the cost function. ~, (v;) = [{s € E | v; € 5, 8u(5) = k, Bw (s) > 0}]
The type of perturbatlon. (or “move”) useq determines a topology over s € E|v€sbuls)>0,8wis)=k—1}|.
the set of feasible solutions, known as@ighborhood structure=or
the cost function to be “smooth” over the neighborhood structure,
the pl)lertucjrtzleltlorll ”(also kFown agwalghbo[]hood o?eratF)rshouId .be" Each elementy (v;) in the gain vector corresponds to theh-level
tst?e]zanu?:berogfar{etl: antt 'Zt;?/g::'cr’:g\]/% rt;r?zztrrggggﬁgi:gt):gli:r?eygain of modulev;. Note that the first-level gain, (v;) corresponds
decrease in cut nets th,at would result from the move o the.gain used in t.h.e FM algqrithm.. .

Over the past decade, FM has become perhaps t'he single moé?tumvely, the |c_)05|t|_ve_term (i.e., first term) in the formula for
widely used and cited pa’rtitioning algorithm in the very large sca'%‘ couqt_s nets with binding _numbéfr— L that are “created" (for_
. - . . e partition that the module is moving “from”) by the move, while
Integration (VL.SI) CA.D area. T.he primary dlffer'ence between the Ktﬁe negative term (i.e., second term) counts nets with binding number
and_FM glgorlthms lies |n_the|r respectlve nelghborh_ood operato&,s._l that are “destroyed” (for the partition that the module is moving
KL iteratively mak.es a hlghest-galn swap of a par of_mod_ule 0") by the move. Krishnamurthy’s method uses lexicographic
between two partitions; FM iteratively makes a highest-gain shift ol

: " ) X rdering of the vectors~(, 2, vs, ) to break ties when an
a single module from one partition to anotfiérhis subtle difference FM gain bucket contains more than one module. Krishnamurthy

allows FM to achieve significant improvement in runtime with little ompared his FM plus higher-level gain (FNHL) algorithm with the

loss in solution quality. FM amortizes the cost of updating the module. . . X i -
gains, such that the total cost of finding the highest-gain modulegngmal FM algorithm and found that adding second- and third-level

O(p) per pass, wherg is the total number of pins. The enabling dat ins improved the average solution quality with otlykp) added

structure is an array of “gain buckets” which groups the modules 8?mputational expense, whekeis the number of values maintained
. " yor g ) . group in (i.e., the size of) the gain vector. This was confirmed by Sanchis
a given partition according to their gains.

Many works have investigated possible improvements and e[>%-6]' who extended FMHL (and thus implicitly FM as well) to

tensions to the FM algorithm. One often cited extension is that g}ultlway partitioning.
Krishnamurthy [13], which introduces efficient “look-ahead” into the
FM algorithm to improve tie-breaking when the highest-gain bucket
contains more than one module. Specifically, Krishnamurthy extends!l. TIE-BREAKING IN THE FIDUCCIA—MATTHEYSES ALGORITHM
the gain value of a module into a gaiectorwhich stores a sequence During a typical pass of FM, there are usually many ties (i.e.,
of potential gain values corresponding to sets of future moves. Givgfe highest-gain bucket will contain more than one module). Fig. 1
aU/W partition, Krishnamurthy defines th@inding numberdu (s)  shows the number of modules in the highest-gain bucket at each
of signal nets with respect to partition’ to be the number of

2The notation used for the Krishnamurthy formulas are adapted from [13].

1A passof each algorithm generates such moves until every module histe that in order to handle 1-pin nets correctly, the tgm(s) > 0 should

been moved exactly once, then adopts the prefix of this move sequence wighchanged t@; (s) > 1. However, 1-pin nets can also be eliminated while
highest total gain. When a pass results in zero gain, the algorithm terminatesding in the netlist, obviating the need for such a change.
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TABLE |
AVERAGE CuTsizE ResuLTs FOR100 Runs oF FM (CoLumN 3) AND KRISHNAMURTHY HIGHER-LEVEL GAINS (CoLUMNS 4-6) USING LIFO, Ranpbom, AnD FIFO
ORGANIZATION SCHEMES FOR THEGAIN BUCKETS. THE NUMBERS IN PARENTHESESGIVE THE MINIMUM CuTsizEs OBSERVED OVER 100 RUNS

Benchmark Method Pure FM 2nd-level Gain | 3rd-level Gain | Ath-level Gain
(#nodes) Ave.(Min) Ave.(Min) Ave.(Min) Ave.(Min)
industry?2 LIFO 757.09(401) T13.57(153) TTAT9(407T) 760.17(139)

(12637) random | 1670.58(1142) 1299.16(834) 1108.28(665) 977.26(H86)
FIFO | 1765.94(1432) | 1342.30(1113) | 1188.18(835) | 1020.79(554)
industry3 LIIMO 755.27(315) 798.68(361) 796.81 ('325\) 8]4.()‘()(338\)
(15433) random | 23%1.63(1381) | 1163.55(531) | 1011.66(424) | 952.48(344)
FIFO | 3285.25(1921) | 1452.46(598) | 1151.14(548) | 1151.22(456)
avq.small LIFO | 831.92(542) | 010.91(675) | 950.31(577) | 963.52(627)
(21918) random | 1507.03(1335) | 1403.37(1277) | 1383.65(1240) | 1387.77(1223)
FIFO | 1841.80(1681) | 1578.77(1111) | 1198.67(1318) | 1189.15(1279)
avq.large LIFO 1140.22(816) 970.67(598) 1011.70(545) | 1030.13(459)
(25178) random | 1836.89(1649) | 1582.17(1116) | 1527.13(1383) | 1510.19(1328)
IO 2192.99(2058) | 1867.08(1734) | 1767.62(1604) | 1741.74(1609)
Average Improv. | LIFO 51.37% 36.97% 29.10% 21.75%
vs. random random 0 0 0 0
IO 21.31% -14.66% -11.26% -12.07%

move throughout the first pass of FM for the Primary 1 test cadmave a relatively sharper decline, and stay at lower costs as it returns

in two-way, three-way, and four-way balanced partitioning (we pldiack to the initial cost.

the average over 1000 runs). Note that on average there are mor€olumns 4-6 of Table | show the effects of LIFO, random, and

modules in the highest-gain bucket during two-way partitioning thaAFO selection schemes on the Krishnamurthy higher-level gains

during three-way or four-way partitioning. [13]. Introducing second-levek(= 2) and in some cases third-level
From the figure accompanying the algorithm description in [§f = 3) gain seems to improve the solution quality for random and

one can infer that the Fiduccia and Mattheyses gain buckets functielfrO selection schemes. With regard to LIFO selection, we note the

as last-in-first-out (LIFO) stacks (remove at head, insert at heattllowing.

However, the gain buckets could just as easily function as first-« For constant:, the LIFO results are consistently better than the

in-first-out (FIFO) queues (remove at head, insert at tail) while random or FIFO results.

Supporting the same algorithmic complexity. Neither Krishnamurthy ¢ For each of the test cases, the= 1 (FM) results using LIFO

nor Sanchis points out any tie-breaking schemes for cells with selection are significantly better than the results for amsing

identical gains. In fact, both used randomized selection in case of random or FIFO selection. In other words, the gain bucket

ties. organization has a greater effect on solution quality than the
In the following section we compare LIFO selection with random  number of gain elements considered.
selection (used by Sanchis [16]) and FIFO selection (an alternatives For test cases industry3 and avqg.small, the: 1 (FM) results
organization which as far as we know has never been used before). gre petter than the > 1 results under the LIFO scheme. Recall
Our testbed is the code distributed by Sanchis [17] with appropriate that the Krishnamurthy gain formula favors a module in a net
modifications made for handling LIFO and FIFO selection. In all of that is locked to the side the module is moving to, and disfavors
our experiments, we assume the modules have unit area and constrain g module in an unlocked net having few modules on the side the
the partition sizes to differ by at most one. module is moving to. In some sense, the LIFO organization has
a similar function but with no penalty for moving a module that
belongs to unlocked nets. That Krishnamurthy gains occasionally
Ill. EXPERIMENTAL RESULTS FORMIN CUT BISECTION perform worse than LIFO FM suggests that following previously

Our first experiment compares tie-breaking schemes in (two-way) Mmoved modules (i.e., moving to the side to which a net is locked)
minimum-cut bisection. Table | gives the average and minimum iS more important than “staying away from the minority” (i.e.,
cutsizes for 100 FM runs using the three selection schemes (LIFO, nhot moving to the side having very few modules of the incident
random, and FIFO). The “Pure FM” column of Table | clearly nets).
shows the effects of the selection methodology. Surprisingly, the
FIFO scheme is much worse than random selection. The LIFO
scheme, on the other hand, gives considerable improvement over |\/. EXPERIMENTAL RESULTS FORMULTIWAY PARTITIONING
random selection. An explanation for this improvement may be

h - he buck h that the * I viei - We have also tested the LIFO, random, and FIFO selection
that organizing the buckets suc t aF the “most recenty_ V'S'_te_ chemes for three-way and four-way balanced partitioning using
modules are placed near the beginning of the buckets implici

iahborhood | £ modul b q anchis’s [16] extension to multiway partitioning of the FM algorithm
causes neighborhoods or clusters of modules to be move togetla% Krishnamurthy's higher-level gains. Tables Il and Il give the

Furthermore, since there are two bucket gain structures, one for e%grage and minimum cutsizes over 50 FM runs using the three

partition, it is possible for each partition to “pull” on different (:Iustersselection schemes. We measure cutsize as the number of nets cut
while maintaining the balance. If these clusters are noninterfering, i'Sy the partitioning. The results show that although LIFO gives
widely separated, more of the early moves will result in positive gain; '

enabling the current pass to reach a lower-cost point in the solutior |, pipartitioning, the cost at the end of the pass is exactly the same as the
space. In other words, within each pass the solution cost curve veidist at the beginning of the pass.
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TABLE I
AVERAGE Cutsize ResuLTs FOR50 RUNs oF THREEWAY FM AND KRISHNAMURTHY HIGHER-LEVEL GAINS (CoLuMNS 4-6) UsiNG LIFO, RANDOM,
AND FIFO ORGANIZATION SCHEMES FOR THEGAIN BUCKETS. THE NUMBERS IN PARENTHESESGIVE THE MINIMUM OBSERVED CUTSIZES

Benchmark Method Pure FM 2nd-level Gain | 3rd-level Gain | Ath-level Gain
(#nodes) Ave.(Min) Ave.(Min) Ave.(Min) Ave.(Min)
industry?2 LIFO 2316.12(2020) | 2126.39(1873) | 2103.59(1760) | 2083.083(1517)

(12637) random | 2482.34(2308) | 2182.02(1876) | 2119.28(1761) | 2121.90(1585)
FIFO | 2554.18(2346) 2159.51(1x13) 2124.80(1739) | 2136.78(1740)
industry3 LIIMO 3891.39(2718) | 3592.73(2852) | 3165.39(26241) | 3419.63(2102)
(15433) random | 4:393.32(4044) 3679.?\2(28()6) 3584.32(2869) | 3587.62(2789)
FIFO | 4574.50(3993) | 3793.00(2859) | 3567.18(2827) | 3655.98(3103)
avqg.small LIITO 263:4.36(2434) | 2498242 31—!) 2499 12(2343) | 2483.48(2331)
(21918) random | 2707.12(2562) | 2572.88(2448) | 2527.56(2390) | 2516.36(2375)
FIFO 2846.60(2659) | 2595.714(2435) | 2537.12(2416) | 2536.82(2361)
avq.large LIFO | 3000.82(2876) | 2721.34(2610) | 2702.34(2599) | 2709.92(2581)
(25178) random | 3031.514(2902) | 2776.88(2651) | 2733.76(2560) | 2738.39(2616)
FIFO 3132.34(2988) | 2801.14(2703) | 2742.04(2593) | 2733.66(2613)

Average Improv. | LIFO 548% 2.45% 1.58% 2.01%

vs. random random 0 0 0 0
110 -3.85%, -0.96% -0.12% -0.78%
TABLE 11l

AVERAGE Cutsize ResuLTs FOR50 RuNs oF FOUR-WAY FM AND KRISHNAMURTHY HIGHER-LEVEL GAINS (CoLuMNS 4—6) UsING LIFO, RanDoM,
AND FIFO ORGANIZATION SCHEMES FOR THEGAIN BUCKETS. THE NUMBERS IN PARENTHESESGIVE THE MINIMUM OBSERVED CUTSIZES

Benchmark Method Pure FM 2nd-level Gain | 3rd-level Gain | Ath-level Gain
(#nodes) Ave.(Min) Ave.(Min) Ave.(Min) Ave.(Min)
industry?2 LIFO 2624.50(2316) | 2441, 18(219 3) | 2115.48(2191) | 2387.90(1905)

(12637) random | 2778.54(2605) | 24R9.92(2254) | 2441.16(2185) | 2402.74(2047)
FIFO | 2829.68(2643) | 24485 (2294) 92415.08(2149) | 2399.70(2136)
industry3 LIFO | 4968.88(4506) | 4469.78(3575) | 4366.54(3437) | 4312.96(3594)
(15433) random | 5260.00(4885) | 4497.02(3780) | 4445.40(3676) | 4311.02(3559)
FIFO | 5529.56(5196) | 4575. 36(—1191) 4358.54(3590) | 4352.42(3520)
avq.small LIFO | 3247.94(3055) | 2021.18(2755) | 2900.58(2734) | 2889.34(2707)
(21918) random | 3443.82(3241) | 2086.47(28%9) | 2920.42(2782) | 2940.38(2817)
FIFO 3597.83(3386) | 3011.98(2877) | 2924.66(2817) | 2917.80(2776)
avq.large LIFO | 3573.78(3402) | 3223.38(3050) | 3154.78(3024) | 3166.92(3070)
(25178) random | 3771.10(3611) | 3261.08(3111) | 3175.18(30412) | 3167.34(3002)
IO 3909.34(3660) | 3298.88(3094) | 3169.58(3012) | 3130.94(3018)

Average Improv. | LIFO 5.50% 1.17% 1.04% 0.58%

vs. random random 0 0 0 0
FII'o -3.78% -0.55% 0.76% 0.27%
TABLE IV

AVERAGE CuTtsize ResuLTs FOR100 RuNs oF Two-PHASE FM FOrR MiniMuMm -CuT BisecTioN UsING LIFO, Ranpbom, AND FIFO
ORGANIZATION SCHEMES FOR THEGAIN BUCKETS. THE NUMBERS IN PARENTHESES GIVE THE MINIMUM OBSERVED CUTSIZES

Ave. (min) cutsize Tmprovement of
Benchmark LIFO ‘ random ‘ FHO LITO vs. random
industry2 | 419.16(260) | 153.69(301) | 451.21(301) RY
industry3 | 564.71(292) | 630.72(327) | 643. 31( 12) L10%
ava.small | 408, T()(Z()( ) IXU () H2TH) | 199.11(297) 153%
avqlarge | 615.63(-115) 35(-195) | 768.35(319) 13%

better results than both random and FIFO, the overall gain is mutttat having on average fewer modules in the highest-gain bucket
less than was observed for two-way partitioning. Furthermore, tfiecall Fig. 1) may reduce the importance of tie breaking. Another
Krishnamurthy higher-level gains appear to play a bigger part fobservation, which may help explain why the Krishnamurthy gain
multiway partitioning than for two-way partitioning. vector is more important for multiway partitioning, is that there are

Notice that there is much less variability in the multiway parnow several possible destination partitions for a given module; thus,
titioning results, i.e., the minimum is relatively close in value tahe direction in which a module may be “pulled” by previously moved
the average. One explanation for the lack of solution variance risodules is no longer unique.
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TABLE V
ResuLTs COMPARING OUR NEW MULTILEVEL GAIN FORMULATION WITH KRISHNAMURTHY'S MULTILEVEL GAIN FORMULATION USING THE LIFO ORGANIZATION
SCHEMES FOR THEGAIN BUCKETS. THE AVERAGES ARE BASED ON 100 RUNS; NUMBERS IN PARENTHESESGIVE THE MINIMUM OBSERVED CUTSIZES

Benchmark Method Pure FM 2nd-level Gain | 3rd-level Gain | 4th-level Gain
(#nodes) Ave.(Min) Ave.(Min) Ave.(Min) Ave.(Min)
industry2 Qurs THT.09(101) 618.82(331) (G23.16(333) 622.62(275)

(12637) Irishnamurthy | 757.09(-101) TA3.57(453) TTETOH0T) T60.47(139)
industry3 Ours 753.27(313) 702.92(300) 721.96(319) 710.97(312)
{(15433) Krishnamurthy | 753.27(315) TO8.68(361) T96.81(325) 81:1.60(:338)
avq.small Ours 831.92(512) 630.81(398) 632.72(116) G57.84(373)
(2191%) Krishnamurthy | 831.92(512) 910.91(675) 950.31(577) 963.52(627)
avq.large Qurs 1140.22(R16) 633.85(457) 752.06(475) 699.59(406)
(2517%) Krishnamuorthy | 11.10.22(816) 970.67(598) 1011.70(515) 1030.13(159)
Average Improvement 0 22.27% 21.49% 23.67%
TABLE VI

AVERAGE CuTsize ReEsuLTS FOR100 RUNS oF OUR NEw MULTILEVEL GAIN FORMULATION (CoLumNs 4—6) UsING LIFO, Ranpom, AND FIFO
ORGANIZATION SCHEMES FOR THEGAIN BUCKETS. THE NUMBERS IN PARENTHESES GIVE THE MINIMUM OBSERVED CUTSIZES

Benchmark Method Pure FM 2nd-level Gain | 3rd-level Gain | Ath-level Gain
Ave.(Min) Ave.(Min) Ave.(Min) Ave.(Min)
industry?2 LIFO 757.09(4101) 618.82(331) 623.16(333) 622.62(275)
(12637) randow | 1670.58(1142) | 808.59(354) | 682.66(327) | 691.73(292)
FIPO | 1765.94(1432) | 786.33(337) | 722.07(324) | 667.65(348)
industry3 LL.IIMO 755.27(315) 702.92(300) 721.96(319) 710.97(312)
(15433) random | 23%1.63(1381) | 739.81(336) | 706.63(307) | 679.79(34%)
FIFO | 3285.25(1921) | 719.90(303) | TI2.04(328) | T42.52(328)
avqg.small LIITO R34.92(H42) 630.81(39%) 652.72(416) 657.84(373)
(21918) random | 1507.03(1335) | 785.81(641) | 799.01(584) | 780.41(591)
FIFO 1841.80(1681) 862.82(663) 823.65(5H73) 814.61(631)
avq.large LIFO 1140.22(816) 683.85(457) 752.06(475) 699.59(406)
(25178) random | 1836.89(1649) | 961.01(769) 1031.63(81%) 951.25(802)
FIFO 2192.99(20568) 1114.02(935) T135.28(8841) 1053.71(840)
Average Improv. | LIFO 51.37% 19.31% 13.01% 11.89%
vs. random random 0 0 0 0
'O 21.31% -5.99% -4.84% -5.23%

V. EXPERIMENTAL RESULTS FORTWO-PHASE FM there is a noticeable difference among the three selection schemes.
Our third set of experiments tests the LIFO, random, and FIFEFO selection is consistently better than either random or FIFO

selection schemes within the so-called two-phase FM approach. Tvi§lection, with average improvement of LIFO over random being
phase FM [3], [9], which has gained attention recently due to mudt%. Furthermore, the LIFO two-phase FM results are 41% better
better results than “single-phase” FM, is essentially the state of tiin the LIFO resuits for single-phase FM. These results demonstrate
art in iterative partitioning (see, e.g., [5]). The method generatesti@t_t_he_bucket organization also plays a part within sophisticated
partition by running two FM phases on the netlist. In phase I, R@rtitioning approaches.
clustering of the netlist is constructed and FM is run on this clustered
instance, after which phase Il uses the “flattened” solution from phase
| as the starting solution for running FM on the original netlist.
Table IV gives the LIFO, random, and FIFO results for two-phase The observation in Section I, that it may be more important
FM using the recent WINDOW clustering of [2]As in Table I, to move modules which are incident to locked nets, suggests an
alternative multilevel gain formulation for two-way partitioning. If
“The balance constraint of the FM algorithm on the clustered netlist is $gtnet is cut, and only one partition contains locked modules incident
to half the total areat the size of the largest cluster. This “relaxation” of; {ic net, higher priority in moving should be given to the modules

the balance constraint is necessary to allow FM to find a good partitionm{g - . L .
solution of the clustered netlist. In phase II, which uses the clustered netlfdtthe partition having no locked modules incident to this net. Such

solution as the starting point, an initial set of greedy moves is performed & Objective can be achieved by increasing the gain elements of a
get a solution satisfying the balance constraints for bisection (half the tofalodule each time it is incident to a net which becomes locked to the
areatl). opposite partition. For instance, assume moduig being evaluated

thesTrr%(ZdWﬁZOgcggﬁtﬁgnf’o aa'lg(;gtehﬂCﬁ(?;tt?:g:?ggt‘?sn;_g;‘?a;ngr‘:ﬁggg ‘S’for a move from partitior’ to partition . If a net which contains
u i ifi ion functi u . B

dynamic programming to split the linear ordering optimally based on ﬂfﬁodulea has ,at Ieast_ onYe modu.le.locked inpartitigin, anq only
ciustering objective function. The orderings used correspond to the “scalé@e modules in partitiot/, we will increase allkth-level gains by
cost” (generalized ratio-cut) metric proposed by Cleaal. [4]. 1, for k£ > 2. We avoid changing the first-level gain since it should

VI. A KRISHNAMURTHY VARIANT FOR MIN CUT BISECTION
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Gain vector of module & - avg.small) our formulation leads to substantial reduction in the size
' . of the minimum cuts found.
according to according to
case 1: Krishnamurthy our formulation Table VI shows the LIFO, random, and FIFO results for our
e g ° 8 a (-1.0,0,0.1) (1.0.0.0.1) new gain formulation. Just as with the Krishnamurthy formulation,

the results using a LIFO selection scheme with our new formu-
lation are significantly better than the results using random or
FIFO selection schemes. Notice, however, that the second-level gain
results (column 4) using random and FIFO selection schemes show
(0,0,0,1,0) (0,1,1,2,1) significant improvement over the pure FM results (column 3) with
our new formulation. This is in sharp contrast to the results using the
Krishnamurthy formulation, which did not show much improvement
with higher-level gains using either random or FIFO selection. An
explanation for this might be that with our new formulation, the
higher-level gains are computed more carefully and tend to obviate
the need for a “good” selection scheme (i.e., the results for random
and FIFO will more closely mirror the results of LIFO as the length
of the gain vectors increases). Also, our new formulation explicitly
(0,1,0,0,0) 0.2,1,1,1) gives higher priority to the neighbors of moved modules, which is
similar to the effect of the LIFO selection scheme.

(0,0,1,0,0) 0,1,2,1,1)

VII. CONCLUSION

(1,0,0,0,0) (1,1,1,1,1) We have shown that implementation choices play an important part
for both the FM algorithm of Fiduccia and Mattheyses [8] and the
algorithm of Krishnamurthy [13]. In particular, selection from gain

. . ) ) . buckets based on the implicit ordering of a linked list representation is

Fig. 2. - Evolution of the gain vector for modulein a five-pin net (a, b, o4y antageous and will result in improved partitioning solutions. Elim-

¢, d, e) according to the Krishnamurthy level gain formulation and our new™ " . . .

gain formulation. inating randomization from the bucket selection not only improves

the solution quality, but has a greater impact on FM performance than
always reflect the “actual” gain resulting from a move of this modulé?l.OIOIing the Krishnamu_rthy gain ve_ctor. This reopens the question of

However, we add one to all the other gain levels so that the increasmt(?rpre“ng .SUCh seminal works in the Ilter_ature as [1.6.] and [13]‘.

R . : Whose studies used random bucket selection. Organizing the gain
priority is guaranteed to affect the tie-breaking. .
Our alternative gain formulation can be expressed as follows fblrJCkets as Ll.FO.StaCkS leads to a 36% improvement versus random
Blicket organization and a 43% improvement versus FIFO queues.
k> 2: ) . . .
We have also presented an alternative higher-level gain formulation,
v(vi) =|{s € E|vi € s,8u(s) =k, Bw(s) > 0} based on Krishnamurthy’'s approach, which incorporates some of the
—Hs €E v €s,8u(s)>0,8w(s)=k—1} intuition behind the LIFO organization. This alternative formulation

results in a further 22% reduction in the average cut cost when
compared directly to the Krishnamurthy formulation for higher-level
The first two terms are identical to Krishnamurthy’s formulatiomains, assuming LIFO organization for the gain buckets.
[13]. The third term is new and represents the “attraction” to We believe that a more detailed study is necessary to better
locked modules. Fig. 2 contrasts the evolution of Krishnamurthyiderstand the effect of choices in the FM implementation on the
gain vector against that of the gain vector resulting from our nesolution quality and runtime. Thus, our future work investigates not
formulation. Initially, an uncut net contains modules, ¢, d, ande  only further tie-breaking mechanisms, but also interesting effects that
and both gain vectors for moduteare (-1, 0, O, O, 1). After module result from the order imposed by the netlist representation and the
is moved to the other partition and becomes locked, the gain vectotlist of free module$.

modulee is changed to (0, 0, 0, 1, 0) in Krishnamurthy’s formulation,

but is changed to (0, 1, 1, 2, 1) in our formulation. When module REFERENCES

e is the only remaining module (case 5), the gain vectors are (1, (Ei] C. 1. Abert and A B. Kahna. ‘G i beddi for fast
: y : .J pert an . . anng, eometric embeaaings for taster
0,0, O)_and 111 1’_ 1) for Krlshnamurthy; and our formglatlon, and better multi-way netlist partitioning,” ifroc. ACM/IEEE Design
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+{s € E|vi €5,0<fu(s)<oo,fw(s)=occ}
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» Consider the case in logical and physical synthesis when only
one module is modified and the change in the delay needs to be
propagated through the entire design. A complete pass through
the design may be avoided, if for each combinational block we
can make available the delay between each input and output pair.

One such delay abstraction igalay matrixthat stores the delays
for each input-output pair for each combinational block. This requires
large memory space since it has x n entries, wheren andn are
the number of input and output terminals of a circuit. All entries
of a delay matrix have to be referred to during delay computation.
Large matrices make the delay computation task slower. Another
alternative is to use a network with the same topology as the original
circuit. Such a network is typically quite large, and it makes the
delay computation task much slower.

In [1], delay matrices are used as the timing model for high-level
synthesis. In [2], bipartite graphs equivalent to delay matrices are
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