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Parallelization of Boltzmann Machine Using Redundant
Internal Representation

Dan Xut and Itsuo Kumazawat

If multiple units in the traditional Boltzmann Machine are updated simultaneously, the
property that the minimum energy state will appear with the highest probability no longer
holds. In this paper, a method using a redundant internal representation of the problem
is shown for parallelizing the Boltzmann Machine. A simulation for the Traveling Sales-
man Problem using this method is shown. In our model, if multiple or even all units are
updated simultaneously, the property that the minimum energy state will appear with the
highest probability still holds, and the average calculating time for finding the minimum
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can be sharply reduced.
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TS BEIICDOWT, BRNES (BTt ¢
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Table 1 The coordinates of the cities of
every placement.

BEs | REI | REI | B&II
(2.0,1.5) | (0.0,0.0) | (1.0,0.0)
(8.0,3.0) | (2.0,0.0) | (3.0,0.0)
(6.5,2.0) | (4.0,0.0) | (4.0,0.0)
(7.0,5.0) { (0.0,2.0) | (0.0,1.5)
(1.5,2.0) | (1.3,2.0) | (1.5,2.0)
(2.5,7.5) | (2.6,2.0) | (2.5,1.5)
(4.0,4.5) | (4.0,2.0) | (4.0,1.5)
(9.0,6.0) | (0.0,4.0) | (1.3,3.0)
(5.0,9.0).| (2.0,4.0) { (3.0,3.0)
(6.0,2.2) | (4.0,4.0) | (6.0,2.2)
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7 a4 AAREEE LTH-THS. U, 2okl
HBE ZEMOBMAE YA 7 VERERT LTS, R
13E2IRINTV A, FhoEBOKFIZ 1000000
LIS, BEEE LTERZRELEORENEN
FEALBALTOBRHIDESITE-TNS. T
ORREH B E, BRI VES, LIEHI
BREFCUREOIH A LS. g DEBKELA
BioNT, BFEHROBIEIRECERER LR

U]
(I o
o (1

M 3 #WiEOmE &£ oRERK. ZN3BHD
HXHIE T, ARIRERETHS.
Fig. 3 The relative placements of the cities (left)
and the correspondent shortest paths (right).

£ 2 ERFRCBNT, SWFIETEy VT -7 %
1000000 44 7 VEHE S B 7R DERBEICK IS
A RAED HBEEL
Table 2 The numbers that the states correspond-
ing to paths appeared when the traditional
model was performed 1000000 cycles using
different g(pracement I).

BEHROE S | 26.38 | 26.78 | 26.90 | {b#ERs
g=0 885 | 566 | 442 | 15872
g=0.1 600 | 524 | 374 | 14429
£=0.2 267 | 245 | 337 | 10733
g=03 168 | 138 | 136 | 6365
g=0.4 11| 44 | 41 2811

g=0.5 14 | 47 | 15 872
g=0.6 5 0 4 176
g=0.7 2 0 0 30
5=08 0 0 0 0
g=0.9 0 0 0 0
g=1.0 0 0 0 0

NBEROTEACIEZRNVY ==Y Y OBFEEFIL 849

512D A. g=0.5Ti, TixF¥—-F/NRED
HEBRERNER LIS ZHEREBEDON TS, T/ 9=
0.8 DLETIZ, dRIPLEHERDD ZEBICHIGT 5 KE
FER .

Hig, gORBEIROVT, YRFLEEEIHER
EBhs, #heh 50 EEEIET, REicR/IMNMREE
EEOGBETOVA 7 VAT THI.. BRIEE
BICRANTIVS. ¢=0 FBRRMWFROBEERT.
Max & Min B2 hEF U BNEEF-BEL RO
BEAL—BRELR2UKRBEADO VM 7 VETH 5.
Mean 38/NEAROT B3 FTOEEY 1 7 VITH
Y, S0EDORITOVHEE-TdDTH 3.

wic, BIECH LB RE A0 TEFIES
BTFHBBLCONTENTAI. 7, EEIRDL
T, %FIEE ¢=0.01, 0.02, 0.03, 0.04, 0.05, 0.10,
0.15,---,0.95,1.00 ORMEIC L, Thv¥—EHOEK
WyDEH A, BELEEIHEYTZ ADEEELLH
SEBR L. #heh 50 QR ZHHRE, S HE
LTy 4 7 vEIRZAVE —B/NREFRHETHE
WS EERENTbODNRATD B.

Rickz kD i, EROZTZEBICIRESEH
T2 & XB/NEPBROEREICHET 5720,
| dzis| OfEANSIL TRCENMBETHB. TDE
BARERT DI, B4TR, ¢OEERELSTS
oI T, BEADHEBREL LT 3.

%5113, ¢g=0.05, 0.25, 0.50, 0.75, 1.00 DED
DEAICENENR » I 7 — 7 &WFYIC 50000 A 7
NEIEXRTz & EORREBICHIST 5 RAED KK
AR HoIE, XDEOEBICHST SREDH
BEHNLDELB>TS, zvd—FEEEZLD
&, FROEBREESINERELZEZLEAICDES
N2ITTH B B2 CHENT, BrhHHEEICT

% 3 ERAFRCBVT, SWFETREREKE
R29EToRK Max), F/ Min),
T (Mean) ¥4 7 VE
Table 3 The maximum, minimum, and mean
numbers of cycle that the shortest
path was found firstly when the tradi-
tional model was performed using
different g(placement I).

g Max Min Mean

0 1135022 | 12530 | 266022.3
0.1 131143 | 977 | 25305.8
0.2} 87526 39 24799.6
0.3 1 152111 82 33011.5
0.4 |- 268362 | 3006 | 53992.4
0.5 | 1406764 | 1270 | 207500.3




850 BROBEZ2RE

R4 NEMLEAY bY—2T, BBELICHLT, &
YHE TRIEREE RN TETORK (Max),
o (Min), Sty (Mean) 44 7 V3%

Table 4 The maximum, minimum, and mean
numbers of cycle that the shortest
path was found firstly when the model
with a redundant representation was
performed using different g(placement
1)

Al B A g Max | Min | Mean
5.0 3.0 10.040| 0 [474779 11484 | 45239.5
5.0 3.1 |0.042|0.01 | 11564 | 607 | 2680.2
5.0 132 10.0441002 10773 | 504 | 1685.7
5.0 | 3.3 10.046 | 0.03 |' 3900 121 960.2
5.0 3.4 10.0480.04| 2763 115 | 903.5
5.0 3.5 10.050|0.05| 2186 75 741.7
5.0] 4.0 ] 0.060|0.10 | 1968 137 486.2
5.01 45 10070015 1324 84 498.4
5.0 |7.25]0.0900.20 | 2360 116 | 771.2
5.0110.0(0.110 | 0.25 [ 2068 63 627.7
5.0 104 70114] 030 2315 59 547.9
5.0110.8{0.118|0.35| 1629 112 563.5
5.0]11.2]0.122|0.40 | 2109 88 624.4
5.0]11.6]0.126 | 0.45 | 2423 53 513.2
5.0112.0]0.130 | 0.50 | 2271 33 560.7
50112410134 |0.55| 2044 42 578.7
5.0]12.8]0.1380.60| 2647 15 587.4
5.0113.2{0.142| 0.65 | 2202 56 493.3
5.0113.6]0.146 | 0.70 | 1867 65 488.3
5.0]14.0]0.150 | 0.75 | 2979 68 545.2
50114410156 | 0.80 | 1859 38 497.4
5.0 114.810.162 | 0.85 [ 2658 21 535.4
5.0[15.2]0.168 | 0.90 | 1630 34 492.4
5.0115.6|0.17410.95| 1675 114 658.5
5.0]16.0 1 0.180 | 1.00 | 3692 76 921.7

ANVF—BINRERBLNTH B C Ena3ns.
IANF-BNEER DO THEEAR TS 3
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HRBULTA 25 &, S 2 EHeEsig, s
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BIC—FBHL, T 0BER . chkD, HERRE
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Table 5 The numbers that the states correspond-
ing to paths appeared when the model with
a redundant representation was performed
50000 cycles using different g(placement I).

BEBORES | 26.38 [ 26.78 [ 26.90 iR
g=0.05 7243 | 3365 | 1686 1259
£=0.25 6171 | 1455 | 647 3348
£=0.50 6068 | 2261 | 2051 2670
£=0.75 11947 | 4993 | 1411 3585
g=1.00 3613 | 1805 | 1071 1286
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£6 WEMLUIRy b7 -2 T, EBILEIYLT,
WHIE TRERBERNIET ETOREK (Max),

£/ (Min), E# (Mean) ¥4 7 VI
Table 6 The maximum, minimum, and mean
numbers of cycle that the shortest
path was found firstly when the model
with a redundant representation was
performed using different g(placement

).

AlB A g | Max | Min | Mean
3.015.010.0510.25} 575 | 38 {207.0
3.0 |6.0]0.06[0.50 388 | 35 | 145.2
3.01.7.0|0070.75 | 1765 | 57 | 454.7

7T ARLIcAY bU-2T, EBIICHLT, &
WHE TRERBKEROZT I TOREK (Max),
&/ (Min), i Mean) 44 7 vE
Table 7 The maximum, minimum, and mean
numbers of cycle that the shortest
path was found firstly when the model
with a redundant representation was
performed using different g(placement
).

Al B A g Max | Min | Mean
2.54.0 | 0.04|0.25 | 6264 113 | 1097.1
2.5(501]0.05(050]3559[ 51 | 883.8
25(6.31006|0.75]6344| 75 | 1387.2

1000 ¥4 7 VIEEETREREEZRODUHT C L IKK
LTV 3.

EBRMREALZE, LTLOWTIENEL LB 1Z
&, BPRERSR2GON 5D TIRISNT b5
» 5. WFIEHET E B LA TEEORENBE SN
R7E->TLES. WIESETES L [d2i] K
LI ZTAHEENHT T, BRI 3 vF—F/NMR
BANOPRARIET &L 5. EQOXSBAFET
BHEIB/NEBEDFHE ZOH, BREICIIRS
Do THLYT, BRBRICK-THEELZTIERESE
V.

MOBEEEZ 5 &, MRS —DFTDERIITIR
BAEHT A LRV, TNTOHBENERICR
BEEHTICEEDVABOOT, KOBSICHE
ST E R - TV B, RIITERENT N CEE
TEHEEZLNTVS. FhRMSHNIKESD 7 0
v 7 TREEHATS. b 20ROREFEFIIF 10K
Do THWRNS b, MOMBITIREEFR A1) BF
BESD 5. HARINCER Lick &, REEHET
S TWABRTFOEMMBS B3 THAS. 20EMENE
OREFFORy Va2 — Y v iCBY 2845 U, &%
AN, ARXOFEE, MOWIEEOBREEF

ABEXHEOLECLBEEVY = v=Y VY OBIELTL 851

NEI>TW5B. N=FY=TOEREEZTSH, T
D& S IEIERENEEFRICE, 79y FV ISR F—L
(clocking scheme) MUBETIZENDT, LDEHEL
PTNEEZLNB.

.&bhHbHIC

RROENY = v =YV TR, BRICEROZETO

REAZEHT 2L, BEHFRET 2V F—RDRD

HBERRBBRELZCEBFEINTHIE M- 7.

Ufets= T, BEHESNSHT 28AKd, BT

OREE—DFTOBRRINCEFH L TR TNELS

T, WIHEETHI T EHBTEE T
KHXTIR, 7, HfoRry=v=v U/ TRYE

FIBEM T E R OVERIC DV THIA L. B TER

BRRTI2HEE LT, ABEROTE/ic X 28

WFULFEABREL, Rtk BERZL SIS

>N A FREEAEBRICOR L.

#wET, KAe—r2w v EEERELT, BA
WIS TR B EAFIEEZBED 25> 0T
L, $RAEII L 3BEEIHEOREE Y I a b —
VaVICRORIEL7. 10 M ORKE £ —vze v
BB T2 Y al—ya vORERCXE, BE
LW FUbEEAB OB &, Fry=v=yvdDe
EFARBICREEF LTS, BEHERET, =50
F—B/NMREED HERMRIF R E 12 3 EE RN S
T EWHELD ST,

Hic, RELTEALcdic, BFENHEZ,
TR BB OHESNBIIEZEDT A Y v bIE
U3d, ThiEfHOEBIROLIEAY v BN
BT EHHEE L. PTIRT O, A3xtiucib~ie
10 HHOKE L ~ v 2= Y EEBER & Ul 7 —
2TH 5.

e FHIN— N . TEHNBEEA, TEMACIOET
Hudk 10 f5&730, IR EERHEDI DD
BRIS A= F o 2 TOSRBELILE. ULb LSS,
BERERCIETEITORME (3147080 &, #
FHAREE~N, #1560 EEIh 5.

o BB LU ILFREBRVHER ETY I 2L —
P AEAID, EFRIVBELLBRHEREEZROE
T EMNTE B, BAMCE, RXHOKBEOTT
HERMRB2501 LT
10 O E £ — V2 = VBRI X 3 5 EBRER

7207, REERETEBECENTH S E8HRTS

CERFBHRTHE. 4ROFEELTE, KRXTE



852 BROBERRGE

ELIHBEROTEICLERLV Y2y 2 ¥ Y DF)
PEEFME e U, &0 BRI & RIS REE
ERETHIDEND 5.

B O WEE, WERTE AN
B, RECECERENHBERAZHOCEZEOHICR
#HolUET

2 £ X B

1) BRERER: =a—Fvixy MEBLE, EER
# (1988).

2) Hopfield, J. J. and Tank, D. W.: Neural Com-
putation of Dicisions in Optimation Problem,
Biol. Cybern., Vol. 52, No. 3, pp. 141-152
(1985).

3) Hopfield, J. J.: Neural Networks and Physical
System with Emergent Collective Computa-
tional Abilities, Proc. Natl. Acad. Sci. USA,
Vol. 79, No. 8, pp. 2554-2558 (1982).

4) Hinton, G. E., Sejnowski, T.J.: Optimal Per-
ceptual Inference, Proc. IEEE Conf. on Com-
puter Vision and Pattern Recognition, Wash-
ington D.C., pp. 448-453 (1983).

5) Kirkpatrick, S., Gilatt, C. D. and Vecci, M. P. :
Optimizing by Simulated Annealing, Science,
Vol. 220, No. 4598, pp. 671-680 (1983).

6) Aarts, E. and Korst, J. : Simulated Annealing
and Boltzmann Machines, Wiley, Chichester,
pp. 136-151 (1989).

7) Takeda, M. and Goodman, J. W. : Neural Net-
work for Computation: Number Representa-
tions and Programming Complexity, Applied
Optics, Vol. 25, No. 18, pp. 3033-3046 (1986).

8) Derthick, M. and Tebelskis, J.: ‘Ensemble’
Boltzmann Units Have Collective Computa-
tional Properties Like Those of Hopfield and
Tank Neurons, Neural Information Process-
ing Systems (ed. Anderson, D.Z.), American
Institute of Physics, pp. 223-232 (1988).

9) fERMBR: BEN =2 -5y b7—70C&K

May 1993

LA ERIERELIcE ) A RERETE/NDON
BizDINT, {225 (D-I), Vol. ] 72-D-T, No.
10, pp. 1704-1712 (1989).

10) BERSBK : AREREZ TR Lic=a—F %
vy MCXB8E+ — vz < YEEORH, B
% (D-I), Vol. J 72-D-1, No. 10, pp. 1713-1722
(1989).

11) j(Eﬂ ]—%‘ibl gﬁ%:‘n—ﬂ oV Ea—24&,
{£%E:%, OQES87-174 (1987).

12) BREFR: =a—uff+3 v 72k 38
Bk, =a—mav¥a—20BREEE (HFR
R—EE, HAREEEER) pp. 140-168, 37 H
B (1990).

(EEL 448 5 24 AZA)
(EEX 54 1 A 18 H#83)

#® xS

AR 38 £ELE. HAAD 61 SErpEFE
BRRFHEBMEEE EREF
R TERFRERBR T FERE
THREET. TERL BE @

P Y e DRI =2 —5
X v bY—7 OWFRICRE. BETHREEES MR
HEF2E2E.

BER ik (ELRE)

1959 £E4. 1981 HEHFT¥EKRE
TEHERETTEREE. 19864
RRZERELREET. RERAT
FEERT AT, 1990 £ A%
BRELIHREET. AERKTEEE
HITEMBF. 1090 FRFNEBEE. 2 -3,
BEEERLE, =2 —5 iy b T —7 OBFFRICREE.
T¥E+ BEFHBEREEFES BEE=x2—-5ri v b
77— 7 ¥ L& L& B, E-mail : kumazawa@cs.titech.
ac.jp.




