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A number-conserving cellular automaton (NCCA) is a cellular automaton (CA) such
that all states of cells are represented by integers and the total number of its config-
uration is conserved throughout its computing process. It can be thought as a kind
of modelization of the physical conservation law of mass or energy. It is known that
the local function of a two-dimensional 45-degree reflection-symmetric von Neumann
neighbor NCCA can be represented by linear combinations of a two-ary function. In
spite of the number-conserving constraints, it is possible to design an NCCA with com-
plex rules by employing this representation. In this paper, we study the case that the
two-ary function depends only on the difference of two cell states, i.e., the case that
the function can be regarded as a unary one. Even under the constraint, it is possible

to construct a logically universal NCCA.

Cellular automata, logical universality, number-conservation

0 250


研究会Temp 
社団法人 情報処理学会　研究報告IPSJ SIG Technical Report

研究会Temp 
2003－AL－91　　(4)

研究会Temp 
2003／9／19

研究会Temp 
－25－


1 BFL®IC

L)L A= k2 v (CA) IZNFIEREDE T LD
DEDELTALHOSNT WSS, W4, AL, #
TG Z o7 CADHIZE I N B k) icizo 7,

AL 7 CA[9, 6] IFKIEE D H 47 CA TH D,
TRFE 72 CA(NCCA)[S, 2, 3, 7] 1351 )L DIREDEEEL
THRIN, WHOBORM»ESZE L TRL% CAT
b5, ZNSBFYHNZERPZ ALY —2HRET 2
EOHZFEDETNALEEZ 5N L DT, YHEBSR
DY Ialb—raviZAHeenTw» 528, Pk
WWHEHEXHI NS L) BEHRS AT 0TV ELE
AHTENTE, WHICERIKRET 25MHY A7 4
EDBRIIE SN T %, HIAIR, Frank 5 [4] I &
D, (KM EE N R DA 2 CA Mo 7 a
N YA TEENT B2 AL NTVWS, LaL, B
RERLCIX IS TH 5 2 EHBEE N2 S 2
3 ETAREMICRER 5 2 5 L3y, LaL,
HHD X v VU 7 DRI R REEE X § ¢l CMOS [l
PWIEAFERIEE [10] DIREHEZEBIT 2 LTHHE
PWRHDOOEDTH B,

IERAF—WEDD 7\ CA T A% 2 RS
2 ETod ) 0L DD S IZ BN O B X
TH3. CADWHFEITFDLDITIFTRTHORIIZZN
ZIGEBBIAINEE 22T 5, HIZE, —#A 2 Xt
J A4 = ViltfE CA DA, 5D RED S ROIRES
WET D70, 5EBDT—7VSRBINETH S

45 JERHEXHR 2 A ~ VEfE CA DA, Pt
BOHAY LD D 405D ) LEDOOE DL FIKET %
2 ZHBABOMIGHEATRE L Z LRI NTED [5],
ZNERAWCERETRE7Z NCCA 2 TE %5 2 £ 2%
o Tw5 [5|(ThbBILED 77— VI 2 #5322
LISTES) . ZOBAIIIRERE 22D T— 7
WL X > GEBHHIRRZ K TE 5 2 Lic
A

AFCTlE, Rl 2 2B oDV DIED 7
DARIKSET 2 BB L W 2581200 T
BT L, ZOHBAICY, Banks[1] I X 55z W
T, P2 E S )R O BEb o T
NCCA M TE&E 22 L2 T, Thbb, LILD#E
DIED HNAFE T 2 —ZEH D 7 — 7 IV &
DA X ) BHHANMEZ R T 2 2 L3 TE 5,

0 260

2 2RTEIL-A—RI RV EZDR
FRISRM

E& 2.1 REE 2 RT/AIYViEERIL - A—RT
VAl

A=(2%Q,fq),
TREINDL AT LTHD, 22T, ZIFLBED

HFE, Q ZFVOWHIREDERES, f:Q° = Q
IXBFRBEE E WEN 25U, ¢ € Q IZERIEIRRE & WL
NBIRET f(q,9,0.0.9) = q 27T,

Q FORMEEIZ o722 - Q B35HT, Q k
DFRCORMDESE Conf(Q) TET. Thbb,
Conf(Q) = {a|a:Z? - Q} TH 5.

DFTIRERDIMED CADAEEZSL, Thbb,
FHIEIREEDA D VOBIHIRTH % LT 5.

DT TERINSEE F : Conf(Q) — Conf(Q) %
A DOKIBEIEE V9.

V(z,y) € 2,

F(a)(z,y) fla(z,y),a(r,y +1),a(z + 1,y),
Oé(l‘,y - 1),a(x - 1ay))

ADDUT D272 TR, REATHS LV,

> {F(a)(z,y) - a(x,y)} =0 (1)
(z,y)€Z?

RIZWB L OO 5 &2 ERT S,
EE 2.2 CA A X2 DRFTEIEL f HSLUT D&% 7
TR, EEWIRTHZ L0,

Ve,u,r,d,l € Q, fle,u,r,d, 1) = f(e,r,d,l,u).
CA A 3 Z DRPTBIE f 23LLUT D520l 72 I,
45 EREBHMTH 5 L2 )
Ve,u,r,d,l € Q,
fle,u,ryd,l)
N2 CA A DRRFTBIEL f 25, S5 TF D%
frzilizz gy, MM TH2 L),
Ve, u,r,d,l € Q,
fle,u,r,d,l)

fle,l,dyryu) = f(e,r,u,l,d).

f(C,u7’l°,l,d) = f(C,’U,,d, T,l)
f(C,’U/,d,l,T) = f(C,U,Z,d,T)
f(C,U,l,’I’, d)


研究会Temp 
－26－


45 BERE TR 2 2 A = Vi CA DM TdH 2 72
O DB EMEIR I TS [5).

EIE 2.1 [5] Pt 2 Kot 45 BERERFR 2 A < v 356
)L -F—rebv A= (22Q,f q PRENTH S
720 DLEEAIT M E Z DRI f DU DA%
Wiy ETHB.

HQP:Q2_)Q7 vcﬂu’r7d7l€Q7

f(cv u,r,d, l) =c+ @(Q u) + (p(c, 7“) + <p(c, d) + @(Q l),

ple,u) = —p(u,c).

A, CAARZHATNIRICES Z LAREN
TWw3 [5).

ERE 2.1 1% 45 BEROE R 2 NCCA D= BIEUE A
FDRNDIEE 5 DDEHEDH DO E DD LD
DHRIEIFEL T, ZNo6DRNVETRZIFEL I NI
kD 5 2 BHEE o (MUT, REEELITES) OAT
REINDZZERZRLTND,

koT, H2HEEEHE T2 NCCA /LT 5720
i,

1. ERAMRREESR Q 2 ITEY, (2,y) € Q* ITOW
T, MR o(x,y) ZiGEHT 5.

2. Q RINRT 2 2 L TIRBES Q 20 5. Zhug,
(c,u,r,d, 1) € Q5 ITDOWT, JHBE%K f(c,u,r,d, 1)
DTRTOMEEGHHEEG Q' %KD, QUQ%Q &
TEILTRODZIENTES, FERELT, oD
EERIF Q 25 Q BRSNS, (ILED (x,y) €
(Q-Q)PIEo2VT p(x,y) =0TH3, )

KI5 2o DB T,

Bl 2.1 ¥ 112" L 7% NCCA A, 1374 Y —ROIRM
EZD hzfiiNnsETZ2HE L Tws, 74 =3k
fE2 ZFOIR 1 DML ThH S, E5I1FIREL &3
DZDODRNVTERINTED, 74 —ITih-> TGHRE 1
TN, 74 Y =0T (Tabb, Zo0kiRE
VI BEEE L 72 IRF) TR 5.

OTIRREED Qo 1E {0,1,2,3} D 4 IREET, ik
BB oo (2,9), (2,y) € Qea & (z,y) = (1,2),(1,3)
(687 (2,1),(3,1) TO&AR 0 A D% RS,
Per(1,2) =1, @es(1,3) =1 (B O T ey (2,1) = —1,
0ez(3,1) =—-1) T, B50BHzEIHL TWw5,

0270

1
PN
t 2131 (2]2]2
H
t+1 2121311212

1t Ay ICBIT 274 Y —LF55DRM (EHEVIZ
0).

TRTD (¢, u,7,d, 1) € Qeg WO TIRFTEIML fon %
AT 5 2 8T, REBEAE Qe = {-2,-1,0,1,2,3,
4,5} &%,

MEXD, A, 13 8IRRE/ £ = Wil NCCA A, =
(22, Qcar fex:0), Ty feo DIEBAEL ep(z,y) 3TN
TD (2,y) € Qex TEFEIN, 0 THWVEZ L Z2DIT 1
FEDLEDARTH 5,

ERD g, Y0 THWEEZ L2862/ L,
ez (T,y) 1X 2 2NDED RIS 2 BB
Ver(y—2) ZHOT e (1) = 1,10, (2) =1 DL ISP
KR T ZEWTES, LIAHD, ZOHL VLK%
MEBHE LTV L, ¢, (1) =128 (z,y) = (1,2)
DBELE T T, (2,y) = (2,3),(0,1) DEFAIC b
A3, 74— ROEEZBIEL LV, 74—
LIESOBEEZEHTAZI L3 TERL LS,

Bl 2.2 ¥ 2128 L 72 NCCA Aggo (ZFRIBEICT A ¥ —IR
DR E ZD LN DESEZFEBL TV, 74
T —I3RAEDS 20,10,20,25 Z#E DR TIE 1 DEifE 2L
THREINTWVS, B5RHEL L 2L TEESR, #
1 TY A Y —I2iho TSR CHIRT % 28, IREE
DB AT v 7T LT (2,28), (6,39), (22,23),
(21,9) D AFHD 9 b O—DOZIEFIC L 5.,

HOTIRFESED Qeao 13 {0,2,6,9,10,20, 21,22, 23, 25,
28,39} @ 12 REET, WMEPHE pera(z,y), (z,y) €
Qero ¥ 0er(2,28) = 8, 9ea2(28,25) = —14,
Pex2(6,39) = 14, 0ez2(39,20) = =3, pes2(22,23) = 3,
@ex2(237 10) =1, @ex2(2179) = -1, <Pe:c2(9a20) = -8
EZ2DIBET oL DfiE S,

ZOBITYH, Qepo(z,y) 1FH—ZEEIE era(y — )
ELT, Yea2(26) = 8, Yera(3) = 14, 1er2(33) = 14,


研究会Temp 
－27－


t 20| 2 [28[25/20(10[20 t+3 20(10(20|25[21| 9 [20

t+1 20[10| 6 |39|20[10}20 t+4 20[10]20|25/20| 2 |28|

t+2  |20/10[20[22|23|10[20 t+5 |20/10[20[25|20[10| 6

X 2: Ao ICBIT BT 4 Y — LEFDIRM.

Vez2(19) = 3, eza(1) = 3, Yez2(13) = —1, theg2(12) =
1, Yepa(11) = —8. DXIIWCKHTEILENTE 3,
Vea(y — ) 874 T —IROWiE & 1352 BT 5 b
BT 2IRD g & ABEOBIER T 20T, AT
ferr D e % heps TEEWMAZ I ENTES,

3 B—RHRERRzROmENHE
B NCCA

Banks[1] (ZinH 782 2 IRAE 7 A < vl CA % H
KLTwW3, Thbb, LED7—VNHEKEZDX)L%E
EHSIRM & U CHEDIA R, Z DBB AR % B3 2
ZEINTES,

Banks DE TNV 7 A4 Y —IROKEE EEBEICHIGT
M E RO, VA v — 3R L A B WlEE O
O N2 RS> 2 E23CTE, 561, ANLRES
SR TH L7y JET#FD, Banks i Eilo®E
FafD 2 RE /) 4 < ViEfE CA DAL 2 L3T
¥ %ML, ZLT, ZNoDEFEHAADLY
32 &T, K 3ITRL7 AND, OR, NOT & {25554
FIHRTEZZ 2R LTVS

AffiTcix, D Banks DIEAFZE T % 20 IREEDH
STIREEEE L TEREINIMEMEZ > 82 JRED
NCCA A, ICHDIAL 2 LS TEL 2 L ERT.

Ay 13 Ay = (2Z%,Qu, fu,0).

Q. = {—85,—71,—65, —50, —45, —44, —30, —25, —23, —20,
—-17,-15,—-10,-7,—6, —5,
12,14,16,17,18, 20, 21,22, 23, 24, 25, 26, 28, 29, 31, 32, 33, 34,
35,36,37,38,39,40,41,42,43,44, 45,47, 48, 50, 52,53, 54, 55,

59,61,62,65,70,72,74,77,80, 85, 86, 88,89,101, 107,113, 115,

142} TEHEIN, ZOWMREELES Q. 1&

—4,-3,-2,0,1,2,4,5,6,9,10, 11,

| branch AeB element I
B clock |
| A+B
L ) ] |
<\ - )
NOT AND
A _ A
i
AeB
B
OR
A
B A+B

Crossover (input A=B=1 is inhibited)
A

3: Banks I X B EAGHHEZEFDOREK.

Q. =1{0,2,5,6,9,10, 16, 20, 21, 22, 23, 25, 28, 37, 39, 40,
43,47,54,55) TH B, f. DV o 13K 4 1c
ARLIfEZED, TXRTD 2,y € Qu ITDOWVT
o(z,y) = —p(y,z) TH 5. 4 TEREINTORL
fEIZTRTOTH 5.

0u(2,28) = 8, @u(25,28)-14 ou(6, 39)__14
0u(20,39) = 3, u(22,23) = @u(lo 23) =
vu(9,21) =1, ©u(9,20) = —8, --(a)
0u(28,43) = —4,  ©,(20,47) = 3, @u(16,47)::
0u(23,37) = -3, - (b)
0u(9,47) = =8, u(2,55) = 35, @u@555)—15
wu(5,37) = 27, ©u(5,40) = 15, -+(c)

0u(5,54) =15,  .(6,54) = 14.  ---(d)

4: p, DA,

VIR (o, y) B ERMBTRT S EpiTE
3. Thbb V(n,y) € Qud 3, pult,y) = buly — )

0280

7


研究会Temp 
－28－


TH D, o, 13K 5 DEZFS, )y (x) = —ihy(x) 2
¥, REZBOMEIZTNTOTH 3,

Yu(1) = 3, Yu(3) =14, 9, (11) = =8,
%(12) =1, ¢u(13) =-1, ¢u(14) -3,
wu<15) =—4, 1pu(lg) =3, wu(26) =38,
Yu(27) =3, Pu(30) =15, ¢,(31) =4,
¥u(32) =27, ,(33) =14, ,(35) =15
Vo (38) = =8, 1, (48) =14, 1), (49) = 15,
¥y (53) = 35.
B 5: 1, DAH.

TAY— LRI A ERBRIEDS, X A(b) DB
ZEMTZIET, V74X —B3OEMAZROZ ENT
2. M6 IS TOREROEMERT. SEHD
LIV DIRFEIZ 43 TH 5.

20 20

10 10

t 20 t+3 23
21| 9 |20[43|20|10|20 20|10|20|37|23| 10|20

20 20

10 9

t+1 20 t+4 21
20| 2 |28[43|20[10|20 20(10|20(43|21| 9 |20

20 28

10 2

t+2 20 t+5 20
20[10|16|47|20| 10|20 20(10[20|43|20| 2 | 28

6: ST DR,

IAX—%N—7 I LTHENEZ 70y /%
FEBICTEs, K7TRABIDI vy 7 TH 5,

X 812 A - B i F-~D& AN T 2 5wBEE DIk
MERT, RS ADPD LD 4T DIRFEIZ T
5L TR E A-BRFLELTHVS I LDTES,
X 8(a) KA A=0,B=1D5&%77. o5&
AN ZBINT 2 Z LK HEBITE S, M 8(b) ICAN
A=1,B=0056%2xr7. M4DHH] (c)23A=1
DANEZEZMET 2 LDIBMEN TV, X §(c)

0290

22!
t 23

20{ 10
20

43

25
20

20[10;
23,

37,

t+4

20 20/10|20 20 23[10] 20,

25,
21

20{ 10
20

43

25
20
10,

20

21
43

t+1 t+5

20/10|20 20 20

25,
20

20{10]
20

43|

25
20
10

28[ 2
20,
43

t+2 t+6

20/10|20 20 28|

25/20|10] 39| 6|10

t+3 t+7

10{16|47|20| 10|20 10/20|49(20]

X7 Bonruay .

BATTA=1,B=1D5HTH5. ZOHAEITIIK 4
DOHHN (A) BAIEFDHED 7 DITBIMINT VW5,
PDEDZ Ens, 74Y—LE5, HlE, A Bl
FEFPEBTE, A, X VEED 7 —)VEEK%E Banks
DHFEIZ L >THTE DT, A, 3R ETH 3.
9, 10, 11 I 21 ¥4 NOT, AND, OR [AlEDw]
W Z R T,

4 &BLHIC

AT, W—EEEBERRT I ENTE SR
B X % 7 A <~ ViEfR RNV - A — b= b v T
MHHEZbDEMKTEL Z LR LT,

DY A TDREN I - F— k= b v OB
IR & B DED RIKFET % 7 — 7L S
HCHRTE %,

SE 3

[1] Banks, E. R.: Universality in cellular automata,
Proc. FEleventh Annual Symposium on Switching
and Automata Theory (1970) 194-215.

[2] Boccara, N. and Fuks, H.: Number-conserving cel-


研究会Temp 
－29－


(a) A=0, B=1 (a) A=1, B=0 (a) A=1, B=1
A
20 21 21
10 9 9
t 47 output 47 47
B |21 9 [20[25]20] 10|20 20[10[20{25/20[ 10[20 21| 9 [20[25/20[10[20
20 20 20
10 2 2
t+1 55 55 55
20| 2 {28[25(20] 1020 20[10[20{25|20[ 10[20 20| 2 [28[25/20/10[20
20 20 20
10 37 37!
t+2 47 5 5
20[10| 6 {39(20| 1020 20| 10{20{40|20[ 10[20 20[10] 6 [54] 20 10[ 20
20 20 20
10 10 10
t+3 47 47 47
20[10]23[22]23] 10 20 20[ 10[ 20| 25]20] 10[ 20! 20[10[20|25/20[10[ 20
20
10
t+4 47
20(10|20[25(21| 9 |20
20
10
t+5 47
20| 10[20[25[20] 2 |28

8 HANIINIET 2 A- B ibi# 1 ORM.

lular automaton rules, Fundamenta Informaticae
52 (2003) 1-13.

Durand, B., Formenti, E. and Roka, Z.: Number
conserving cellular automata: from decidability
to dynamics, Theoretical Computer Science 299

(2003) 523-535.

Frank, M., Knight T., and Margolus N.: Re-
versibility in optimally scalable computer archi-
tectures, Unconventional Models of Computation,
(eds., C.S.Claude, J. Casti, and M.J. Dinneen),
Springer-Verlag (1998) 165-182.

Imai, K., Fujita, K., Iwamoto, C. and Morita, K.:
Embedding a logically universal model and a self-
reproducing model into number-conserving cellu-
lar automata, Proc. the 3rd International Confer-

ence on Unconventional Models of Computation
(UMC’02), Kobe, LNCS2509 (2002) 164-175.

0 300

[6]

7]

25
20
10
47
25

25
20

20(10
20

43

¢D>\

20({10|20 20(10{20|25

9: NOT F¥DIRAM.

AeB 1

25
20
10
20
25
20
10
20
25
20
10
20
25

B

Ay

25
20
10,
47
25

25
20

20|10
20

43

20| 10|20 20[10|47|

10: AND FZF DR,

Margolus, N.: Physics-like models of computation,
Physica, 10D (1984) 81-95.

Moreira, A.:
number-conserving cellular automata, Theoretical
Computer Science 292 (2003) 711-721.

Universality and decidability of

Morita, K. and Imai, K.: Number-conserving re-
versible cellular automata and their computation-
universality, Theoretical Informatics and Applica-
tions 35 (2001) 239-258.

Toffoli,
versality of reversible cellular automata, Journal
of Computer and System Sciences, 15 (1977) 213—
231.

T.: Computation and construction uni-

[10] ANEFSE— AL, R (S I A e ]

%, f52# B VLD97-124, ICD97-229 (1998) 9-16.


研究会Temp 
－30－


Ay A+B*

25 25
20| 20|
25| 20| 10| 10| 10|
20) 20| 47| 20|
2 | 28| 43| 20| 10 20| 25| 20| 10| 20| 25| 20| 10| 47| 25| 2 | 20| 25|
47| 20 28| 20|
10) 10) 43| 20| 10|
20| 20| 20|
25 25 10
20 20 20|
10) 10| 20| 25
20
25

11: OR FT DR,

0310


研究会Temp 
－31－




