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A Minimization Technique for BDD based on
Microcanonical Optimization

Min-Na Lee'- Sang-Young Cho''

ABSTRACT

Using BDD, we can represent Boolean functions uniquely and compactly. Hence, BDD have become widely used for CAD applications, such
as logic synthesis, formal verification, and etc. The size of the BDD representation for a function is very sensitive to the choice of orderings
on the input variables. Therefore, it is very important to find 4 good variable ordering which minimize the size of the BDD. Since finding an
optimal ordering is NP-complete, several heuristic alaorithmé have been proposed to find good variable orderings. In this paper, we propose a
variable ordering algorithm based on the #O (micro¢anonical optimization). £ O consists of two distinct procedures that are alternately applied :
Initialization and Sampling. The initialization phase is to executes a fast local search, the sampling phase leaves the local optimum obtained in
the previous initialization while remaining close to'that area of ‘search space. The proposed algorithm has been experimented on well known
benchmark circuits and shows superior performance compared to a algorithm based on simulated annealing.
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4748 EAE NP-complete EAo|ti24] whaly AF
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#A7A A<t gxnFE F /MY de <3 BDD &
& A daFos AXH(Sifting) ¢nE(7]e) Atk
ol dneFL 7 wFst A HH HJXE 2] 9
3 AH ¥re) fNE n@EY ZE HAXNE ¢
Yoz 1% 377t /M3 && BDD ¥4 &4 Folue
gz Foltth ANZY duFE MM dugFer ¥
3 AN X" (extension sifting) ¥2|E(8 9)0] leH, o] du

& Zzte] bE Y ol FATIE Ao] ohln =8
oz QFdolt Hir9 AVE Ze WA BWF(symmetry
variable)& 3ol 1FOE Fo] IFYEHE ol AT ¢
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a2 Z vlwsle] Hl&E BDD 2719 A%E 7HAEME A
3 A 258 4 &= pO(Microcanonical Optimization)
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ol Qe EUE A2dE ndch avBE Alade] A
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Nade BE 7PeE AHEL FUF SE2 £3He 9o
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(Es : System energy)& 9IP|@tth. Al2de] F ouixE H&
7 Al=g] Ui 2] ol (EroraL = Ep +Es), ¥EE9] 4
Yy AN " d A2 ouyR7t Wadae e
AEY AN A2"e] F WA} G 938 @
€ fFAg

A N2d Yol A2 duRe) o] ¥ random
transition)®] & o3& @A Feld 42 e o
A #}o|(AE =new Es - current Eg)oll wgl AR g & A
E7l d&d & ol 59 AAY, BE AREHAAL
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Ed A2, AE<0¥ H$E Ep- AF < Epvax¥ et A
2§ AgPo] wol Eo At A2 g ¢ Ho] W} E
o AW HEL Ep=Fp- AELE FAFHAY, & dF
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£0& %713 BA(Initialization Phase)9t 4&% oA
(Sampling Phase)?} 27}7] @AIZ T4 o] #RxHdo|
£ w7tz 9B APyt 2713 dAe 2L WE F
5 @4(local search) 7¥3l FH A FHE R Ao
o, &Y DAY 53L& 278 DA Y5 X F
A #E "ol 93 Creutz ¢RPFL2 2L duA ¢
€ Zte 894 ¥4 <dolA oA si(alternative solution)E
Ade Aotk aEg MY o) e d9e [Es-
Epmax + Ep, Es + Epjelth. dl&e] o3 Mz wigd &7
FEHAY, B AFED 7} go} 84 AW HE H
< N2 go® s3g

Es (1000)

- 499

Es~Eomax+Ep (300)  Es+Ep (1200)
a) Es = 1000, Ep = 200, Epmax = 300, Erora. = 1000 + 200 = 1200

Es (1100)

- gy

Es-Eomax+Ep (900) Es+Ep (1200)

b) el ¥ F Es= 1100, Ep = 100, Epmax = 300,
EroraL = 1100 + 100 = 1200

Es (950)

!

- Ckhil

Es-Epmax+Ep (900)  Es+Ep (1200)
c) ¥¢ ¥¥ F Es=950, Ep=250, Epmax = 300,
EtoraL = 90 + 250 = 1200

(38 3) EHAHY oMol glo| el mE o2,
Al2H oluix|et & oflLiX|e) 8t

(2 3L "E, A=d duA aga F fuxeg v
3E dehdn. o9 WEe 22 dux $E9] AT ©
MG QoA AHEojop WolEan, Yo W F o
34 N&d YA gl wgex F duRe do ¥e
A F94E ge Zeth (39 399 a)E 279 HEH
A2 oA goltt. (29 3)9) bE d9 HEFe o
23 29 Ay, 2z F ouvAe ot AE=
1100 - 1000 = 100 > 0°] 22 AE(100) < Ep(200) &zlo] ¢
3o do] W@ E PolSoln, HE g +4 (AE=200
-100=1000 €4 284 F AYAE 1100 + 100 = 12002
2 949 9g A3} FY3D (A 39 o A A @
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3 4eE Jeldg. AE=90-1100=-15%0<0012% Fp
- AE < Epmax (100 - (-150) = 250 < 300) Z7& wE3}]
Aol W2 wolgAN M2 dE Fe 100- (-150) =
2022 £AHY, F JUAE $B0+250=120022 49
U A3 3.
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2 ZdAxE BDDY 7] H4%E A% u0 ¢y
€ Aggt x0 dn2EL 2718 A8 AEY oA
o 2dAlZ TAEHA, Z aAdAE 999 #rl A¢d
o Ao d A PHe F d5Y AXNE M2 ags
£ Exchange transition, 3 ¥+& 999 ¢ 92 &A
¥ Jump-up transition, 2E31 ¥ WFE Y99 H ¢
X2 §7¥+E Jump-down transition o] ot ol
37HA] W& ol &3l Aol kA wWhiwre o] g A
Bt g $& 23§ 5 + dvHiol

(¥ 4% BDD9 7] #4318 A8 Agd «0 ¢x
gdFolth. ¢0 ¢ UFL 271F dAe AEy vA=R
TEHY, o] ¥ @A Aelgo] FE2PE V=Y Y7t
A 9g dYge 40 ¢ndEY dvetege 4847
F4E A8 F¥H o= HAHs€Ed BDDY %7 278
As7] A8 Yeje ¥4 £MF 24389 BDDE A
3tA gedh dustd g9 de &xE Hde ¢
BDDY] A4l 8715 & 4 itk 282g &9 AeH
d ganF 4%S st x7] BDDE AXH $yE o
£33t AAstn 1 271§ AXYL 2718 SAE nA
W olHe A o} wwsl o F2 3t AU
A o A3,

Procedure Microcanonical Optimization
begin
Sifting ;
rejected = 0
while(rejected < STOP_NUM) do
begin
Initialization ;
if (Cost{current_sol) < Cost(best_sol)) then
begin
best_sol = current_sol ;
rejected = 0;
end if
else rejected++ ;
Sampling ;
end while
end

(23 4) BDD 37| HASHE 3t «0 YT2|B

(24" 5 »0 ¢1dFY 2718 dAolth 273 @
E qdee] Agd §8 ALstn, AdE A9 H7+ |
A Huc o FHE HolwW Yoo HE welsUch
& ITF S-S d¥93e DAt 2718 dAdA Ad
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g HEe A48 gA9 dEe AN A4y dyen

procedure Initialization
begin
iter = 0;
while (iter < INIT_NUM) do
begin
iter++ ;
Propse_Move ;
if (AE < 0) then
begin
iter =0,
Accept_Move ;
end if
end while
end

(213! 5) X7(8 BAl

(2% 6)& 40 ¢nFY H&F DA HEY @
A oA 2713 GAldA 2 Ha &7t TR Had
A%7t douz ol& Hoiur] 1% FAoirh. AEY @
AE ANFs7 98 GiEed g Ao $& AAFv o
Ee od %713 AN AZE dod HE F 2 2
717k 7V Ae st o dgeR Ae HE T F 1
Zolg Adstd 271 Azt wHe ¥4 #&E I3
ARP. Joeo e HE Atsn, 44 A HA
#e) 7] Aol W& vlIET AE7F Y AEE
Ep- AE20¢ o ¢ 31§ @A 2 Wolsoln, AE7L
254 A$4E Ep- AE<Epmax¥d W 949 AE &4 &
2 PolEth 99 HE A H= PolEd de HES
Ep=FEp-AESZ2 FH§}

procedure Sampling
begin
Demon_Decide ;
Eomax = Ep * 25
iter = 0;
while ( iter < SAMP_NUM) do
begin
iter++ ;
Propse Move ;
if ((AE < Ep) and (Ep - AE < Epmax) ) then
begin
Accept_Move ;
Ep = Ep - AE:
end if
end while
end

(0% 6) Mg oAl
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AGE £0 gaeFe FEL CAE A3 eH, &
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9 SAMP.NUMe %7] BDD Zvlol HHESE 48,
AEY dAE F8 JF §E dojus Ao EHolnz
E 47t Bole Ade] & %S 73 gornz 2 AY
o4& BDD Z7|¢) wtet 5944 20 oliie] ez dAsd
o} d¥dgd 7 & 48E vXE Fe dEett b
ol Atin B4 43 Ajzko] @& Aol ohyH, dE
o] Aty Y4 FL HE FE AL olJr} 4 Ry
EAd g d&g AN oL FL2 #3E 78 + 4
oy B AgojMe RE 2o FAF ALHE oj43
o HlEg ZAt oA 273 @AM AHE ¢
o] HES AEs 1 AV A FAe #g o o
oz e 39 Aolg T F 7| A9 HHE A
F &g F3d dET AdH 8

<E 1> A" 40 2uFY d¥F Aol circuit
name¥d& 449 J29 oL e, inF out L 3
29 9129 9x9 £& 47 veidd, $3d daHF
& 713 de AHS-HE Rudells] A2" 4ueF[7], 244
HA WF £ 8 Fohie SA dandE101# E =8
A At x0 daddel +YEAt 4¥E%E £ o
pO ¢nelEe SA ¢zeEFa) vlasie] BDD 3iet A8
AZHA 95 4% Be AU

HA 7ol an B33 S2E vashd, C13659 C499,
C432 32+ SASH $Y¥ x= 49 BDDE AAsd 2
7] dolle YT 4TS Bion, 4PNEE SAET %
7} 26.33%, 24.06%, 46.01%7F AL HO As¥4d HAAE
g £§ C880 82+ BDD 27] Aol 003% F45
3, AYARE 205% ZAHAG. 28y Cl198 H2E
SARTH A8Ae FAxHUoY BDD 7|7t 618%
AR Adsol As=HUrt

Hlaa 277 Ax, ¥ B3 2 s 4¥EdAge B
W SAst vlisted BDD 279 AWAzte] hAZ ¥4d
A7 E Hal$t) apexd, apex7, b9, c8, cmB5a, cordic, des,
example?, i8 k2, too_large, vda, x1, x2, x3 3]2%& BDD
A7l Al 1542%~040%9] B5 F4E BFew, 43
A 7310%~480%9 7 4o AAE HeErh o
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E D a0 Y02E WA

circuit Sifting SA #0
Name In Qut Node Tipe Node Time Node Time
Cl¥5 41 2 075 2699 2866 1291206 25866 961245
CHH0 50 2 39780 62.85 23831 857440 23828 23R8
C1908 B % 7153 2152 5652 130413 8024 TI4.05
cap ¥ 7 1210 1.36 1209 14699 1209 79.36
C49 41 X 7B 24.47 25866 12960.47 25866 9843.00
CB30 60 % 7064 41.14 4054 1576.37 4053 12653.24
alu2 10 6 162 0.80 154 6.13 154 5.09
alu4 14 8 603 127 350 19.25 350 11.03
apex6 135 ) 641 1.8 556 17966 502 15672
apex? 49 37 ) 121 23 63.30 214 4T
bl 3 4 7 0.56 7 075 7 0.77
b9 41 2 110 0.75 10 1845 R 1557
B 2 18 83 0.77 81 7.89 80 2.8
cc 21 20 60 0.7 46 531 46 L5
cht 47 % 20 0.7 0 959 ) 168
cmli38a 6 8 18 071 18 131 18 0.9
cml0a 21 1 33 1.00 k3] 19.21 3 11.%4
cml5la 12 2 17 0.71 17 9.08 17 112
cml62a 14 5 31 0.65 30 417 £ 141
cml63a 16 5 2 0.66 % 360 % 1.14
" cmB2a 5 2 16 0.67 12 1.06 12 0.71
cmB5a 11 3 3% 0.69 31 3.3 2 2.06
cordic pA] 2 8 068 43 12.23 ) 329
count % 16 81 081 81 42 81 3.09
des %6 645 3054 2.13 037 1026.16 30%5 404.16
example2 5 66 295 1.05 270 63.32 26 2%5.80
i8 18 8l 2182 418 1300 3445 1276 300.43
K2 £ % 1304 9.24 1264 203.90 1246 153,02
lal % 19 86 0.74 67 9.3 86 2.09
mux 21 1 33 10.24 k<] 1884 <) 1113
my_adder 3 17 8 1368 7 39.70 2 15.10
parity 16 1 17 0.70 17 4% 17 117
rot 135 107 9678 65.20 8% 3353.05 3159 163117
1481 16 1 21 115 21 508 21 1.83
terml 3 10 163 1.07 84 271 7 207
too_large 38 3 652 6.2 315 102.94 308 84.27
vda 17 9 507 250 481 2444 478 2153
xl 51 kS 419 1.39 409 112.09 407 106.72
X2 10 7 37 0.7 2 3.06 3l 159
3 135 ® 641 2.00 555 11823 502 136.22
x4 94 7l 532 137 363 98.09 493 4915
24ml 7 4 17 0.62 17 153 17 0.86

T3 C1908, Ial, rot, x4 32+ SART BDD 7|94
A AdFol 4zt 6.18%, 22.1%, 10.58%, 26.37% H3t= Ht)
oj¢} & HIZE HEE oS A HH FL FIAE ¢
€ F U

<E >F AYU4AE YEEE ¥R Joltt v EA
£ A%el SART A3t A& v, - FAE k0
A7t SAS FYE ¥%E g WA BDD 27 9
oA 4174} WAelz 2 F 17709 27} BDD a7
#ae FAE 45 € Bolx, 2079 HEE SAS FY@
BDD Z7is] AAE xold, 4719 =zvwto] BDD AUV}
Z7hete] A%Asle] AE Btk AHA BANE 41
e 3z F 39719 327t APAte] FAHJeH, @

A 2709 g2 ko] APAgto] FrHAT ol ARE <
3te] O ¢AYFL SART HAANL oA T3 ¢
¢ 4%5& Zede Aol YFHAUT

A4 d¥dsz € ¢ Add ¢nYFe 727 An
B3¢ sz 49/ dF FaAY, 727 F31 ¥
B4 3=2+= BDD =79 AYAT & HoFo
a1 B&Hol FEAMT

6 =

BDDE 2 $43 94 HFd €2 A4 g2 §
d 7IYe=2A BDD 2719 Haxge W Fad 4o
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(& 2> SA%} £ 02 Y BlI(%)

circuit SA 40
Name Node Time N_@ Time
Ci355 25866 12912.05 25866 - %1245 26.33%
C3H40 23831 8574.40 23808 0.02% 4382.83 48.80%
C1908 5652 130413 6024 ¥ 6.18% TI406 40.65%
C432 1209 14699 1209 - 79.36 46.01%
C49 25866 12960.47 25866 - 9843.09 24.06%
CS80 4054 1576.37 4053 0.03% 1253.24 205%
aly? 154 613 154 - 5.00 16.97%
alud 350 19.25 30 - 11.03 271%
apex6 555 179.66 502 9.55% 1572 30.03%
apex? 3 63.30 214 15.42% “u7n 29.36%
bl 7 0.75 7 - 0.77 ¥ 260%
b9 110 1845 R 10.91% 1557 15.61%
8 81 7.89 80 1.24% 2.28 71.11%
cc % 531 46 - 175 67.05%
cht ) 959 €N - 1.68 82.49%
cml3Ba 18 1.31 18 - 096 26.72%
cml50a 3 19.21 3 - 11.84 38.37%
cml5la 17 9.08 17 - 112 87.67%
cml62a 30 417 30 - 141 66.19%
cml63a % 360 2% - 114 68.34%
cmRa 12 1.06 12 - 0.71 32.39%
cmBBa 31 3.32 2B 9.68% 206 37.96%
cordic 43 1223 4 2.33% 3.29 73.10%
count 81 2421 81 - 3.09 871.21%
des 3037 1026.16 3025 0.40% 404.16 60.62%
example2 270 63.32 26 1.49% %580 59.26%
i8 1300 30445 1276 1.85% 30043 7.41%
k2 1264 20390 1246 1.43% 153.02 24.96%
lal 67 9.35 86 v 2.10% 2.09 T1.65%
mux 3 1884 33 - 11.13 40.93%
my_adder 8 39.70 & = 1510 61.97%
parity 17 425 17 - 117 T2.48%
rot 2825 3353.06 3159 ¥ 1058% 163117 51.36%
t481 21 5.08 21 - 183 63.98%
terml 84 2671 75 10.72% 207 v 16.72%
too_large 315 102.94 303 3.81% 8427 18.14%
vda 481 24.44 48 063% 2153 1:.91%
x1 408 112.09 407 049% 10672 4.80%
X2 2 3.06 31 3.13% 1.59 48.04%
x3 555 17823 502 935% 136.22 23.58%
x4 363 98.09 493 v 2637% 015 49.90%
Z4ml 17 153 17 - 0.86 4380%
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