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TWO-DIMENSIONAL SYMBOLIC DYNAMICS AND

CELLULAR AUTOMATA

ABSTRACT

Cellular automata (CA), introduced by John von Neumann in 1950s, are mathe-
matical models in which time, space and state are discrete. In the representation of
patterns, cellular automata are discrete dynamical systems. Trough different local rules
designed, cellular automata exhibit all kinds of varieties and complexities, and produce
complicated phenomena of dynamic interaction and self-duplicating. Even elementary
cellular automata (ECA) with very simple local rules have rich dynamical behaviors
and have parallel information process structures that are suitable to being realized in
VLSI. Since cellular automata came into being, they have been widely applied in the
research of sociology, economics, strategics, science, etc. Especially, cellular automata
provide an effective model for studying the global behaviors and complex phenomena
in the theory of dynamical system, such as ordering, turbulence, chaos, asymmetry,

fractality, etc.

Symbolic dynamics is an important tool for mathematical analysis. In recent
decades, an investigation of the complexity of the models, e.g., those proposed in the
research of biology, chemology, engineering, physics, has always related to the theory
and methods of high dimensional symbolic dynamics, particularly two-dimensional.
For different continuous maps under the same symbolic space, if the homomorphisms
can been found to establish the relationship of topological conjugacy, then these con-
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ABSTRACT

tinuous maps can been classified. Different maps belonging to the same equivalence

class have qualitatively the same dynamics and can be viewed as one system.

Firstly, this paper rigorously proves that 8 shift maps defined on the two-dimensional
symbolic space are topologically conjugate. In addition, it is shown that one-dimensional
symbolic dynamics and two-dimensional symbolic dynamics are semi-topologically
conjugate. Based on this work, Chapter 3 studies the topological conjugacy classifica-
tion of global maps of two-dimensional binary cellular automata (2D CA) with Neu-
mann neighborhood. In this chapter, 22 = 4294967296 global maps corresponding to
local rules of two-dimensional binary cellular automata are defined in two-dimensional
symbolic space. By employing four homeomorphisms, all global maps are classified
with the perspective of topological conjugacy. Meanwhile, an algorithm is developed
to implement this classification, and it is pointed that the number of equivalence classes
obtained in this paper is minimal. Chapter 4 discusses the dynamics of global maps
of cellular automata. In this chapter, the complex dynamical behaviors of elementary
cellular automata rules 18 and 56 are characterized in the bi-infinite symbolic sequence
space. Then, the semi-topological conjugacy between the two-dimensional binary cel-
lular automata and elementary cellular automata is established, and 24 universal two-
dimensional binary cellular automata local rules are found via this relationship. Fur-
thermore, some numerical simulations of universal local rules are given, which are
different from those of the well-known “game of life”. Finally, Chapter 5 makes a brief

summary on this thesis, and prospects for future studies.

KEY WORDS: Cellular Automata (CA); Two-Dimensional Symbolic Dynamics;

Universality; Topological Conjugacy; Neumann Neighborhood; Global Map
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[fo o T (2)]ij = @i(—j) ® Ti(—j1)-
Ha AT AT o fr = foo T, KA RS £ fo R dR Fh LB
(d) WS fsr R fsy 40 0S80 . ] R T, W (i, 5) € 22,

. .
[fsr 0T (7)]ij = 755 © T(j31)i;

D

[T © f54(x):|7,] = Ty S5 L(j+1)i-
ML IEAT" o fai = fir o T7. BAILA R fo M for AL AMSEHTRY.

Fefltth, FIFTAR f2 R0 fs6, foRl foa, [T fos 20l PN ILHUM. £ L TIR, A5 H#k

_ D
2 T 2 T
gz L~ , gZ SZ2 T SZ2 T_) SZ2

o e o .

Z2 T ZQ LR Z2 T ZQ TD Z2
54 — 5 S S — S

T
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3 YA A s LI

D = UD
Sz2 T 522 T SZQ T

ml f57l fﬁl fsl fssl

D _ UD _
522 T 522 T Sz2 T Sz2 T Sz2

JAT. JH:fG» frs fss fos [54, [55, f56$uf57ﬁjf A — P M ILHESE 2R, R,

-
sS4

%32 64N AmiA A Bkt ty 18/4F6 A RSN £

i | ISR NRAERB | SFNER TR | S

1 fo  fe3 J1 2
3 fe2 fo f3 fa fs 4
: Jos Joo Jeo Jou §§4 f} 55 f8f 56f9 [57 6

fio fiz fiz fis
7 fus foo far fs fuiu fia fiao fs2 8

9 fie fio fo1 fau far faa faz f39 10

& fao  Jo J38  fas 12

13 ]}17 ]}18 ]}22 ];%3 f40 f41 f45 f46 14
26 27 J29 30

b f3s faa f36  far fas [ 16

17 f31 Faa 15

IR PYAS R RRET, T, T URITT ARACET 00 i i [ Sh AL 4 R e it
AT AN 28, T HOC AR 4R 40 B E Sh AL A R B A E ). R A A
WL B BHALITT E, SCI70]1 T8 I P A [F] IR SR K256 4 JR i 55 43 24 884 41 $h AL 5
SR, HUb SN A H /MR F15E E, FRATR AL A BRA BE A1 ) 14 4%
BN M A B 4, T 256N KN 4 88 T [RIFE, AT THE AT
3B SLHE AN A H 2 /. AR, BT ] ek I Ath e e B SR 58 1T
FERI 2 2R, 1B I Neumann&l 35 (¥ 1 45 ¥ AT, 777, TR i J LA 7% X
AT ERNAS o 3 1T DY AN B 2 AR B ).

3.3 T2t

O [ RS T, 777, T " F0T" W4 T AT 4 40 M [ ShL 4 ) i )k
TR MRS 25, SR, A SO 1 40 B B B HLIE £ H 42949672961, H &
I3 VRN T EAT 325, 76 1 E S A 2 2 K. Rl b, 645 2 11— AN )
SR, Bl ] ] B PRI b R 1) 5 AN U W2 Ay ik, AR R LB S
FRIATRE P T, IR BB 2500 52K,
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3 AN A s PLI I3

AT EE’J%JLDHJN, ,ﬁﬁ/J\u%ZEﬁi%jJ[ﬁo, +, Bso, Ba1). WIAFAERL N,
A7 4 JR) W SR T RN Ty P 308 5 50 SR AN 77 Y AT sl S e 4 Hh R B ¢ &R T
[T oTy =TyoT, %&?%TN/ = (T)' o Ty oT. IXFE, TATT HFMIN I HAE LA
FIRN T FALLRN [Bars Bagr -+ Bo)s LT = 0,0 = LRIN' = 301 Bay, - 20
I

[ﬁ07 e aﬁ307 631] L [E?)l?BBO’ tee ,BO]. (35)
[F] 2

[50; 5307 531] [ﬁlo? 5217 e 75’[31]7 (36)
Hrft g i, -+ is) = {0, 16,2, 18,4, 20, 6,22, 8, 24, 10,26, 12, 28, 14, 30, 1, 17, 3, 19,
5,21,7,23,9,25, 11,27,13,29, 15, 31}.

LR

[607 U 75307 531] [ﬁlo? ﬁzla e 7ﬁi31]7 (37)

Hob {ig, i1, a5} = {0,1,8,9,4,5,12,13,2,3,10,11,6,7, 14, 15,16, 17, 24, 25, 20,
21,28,29,18,19, 26, 27,22, 23,30, 31}.

[50, o, Bo, ﬁzﬂ] T—> [ﬁim ﬁm T ,52'31], (3-8)
Horf{ig, iy, - iz} = {0,8,16,24,4,12,20,28,1,9,17,25, 5,13, 21, 29, 2, 10,
18,26, 6,14, 22, 30,3,11,19,27, 7,15, 23, 31}.

ST DA [7 JUR LS55 (1 ot B I 2 TR R O R, BT AT

ik 3.2

(D) MHET e {T,7°°, 7", 7"}, HT2 = 1d, T =T, AT o T =ToT,
o Ty 1 S5 g

O T 0 T — T o TP T o T° — 77 o T** T o T — 7" 0 77

UEBH: i PUAS [ RS 1 7 SCRT AN (D) 55 (2)# BT TIE5E.

FA T = B YA [ R S 2 ) 2 ﬁT 517, TSR A e, [N, iy
322047 o T =T o T 5 T o T = T o TV” Wior, A1 X 863 2
=K, oKk

3.3 1d, T, 7", T AT ar i s $E s o Bl — MG, Hon s
MR 16.

e, A1 XA BT TR, AN go = Id, g1 =T, o = T
gz = TLR, gy = TD,g5 :ToTUD,gG :ToTLR,g7 :ToTD,gg — T o™
go=T" 0T go=T"0T", gn =ToT" " oT", gy =ToT"oT",
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3 YA A s LI

913 =ToT"" OTD,914 =TT oT” » 915 =ToT"" oT" oT”. THRIAS
B AR S TR BERAE QT

SEFE 3.2 WIFEIRBLEET, 777, T RIT" %k — 4 40 Ja 2 ZhpL )= 3B 00 & SAE
FE5 23 18] S7° 1 (K4 JR i S 4 M B 00 2K, RN 2K T Z A BN, 8, 4,
281,

EB . AT R YAl M B sh AL RN, A R R B B R oy =
(B0, » Bs0, Ban], WA R FNIN ) IL LN, | A | P ICE AN B,
gp(y) = y. HXVi € {0,1,---,15}, gi(y) L AMEE, WA | = 16. AR, A7
fEi,j € {0,1,- - 15T gi(y) = g;(y). FHERMNITT EHECT, = 1200363, £
W 400 22 20(3.5)—(3.8), ATl B vH 27 58 Ot il B A2, 1 T AT TE £ DA
FRFPE S5 Gh HIE .

@ g1 (y) =y, Wy @325 9:(y) = g5(v), 95(y) = 96(y)> 94(y) = g7(y),
98(y) = g1 (¥), 9o(¥) = g12(¥)> 910(y) = G13(¥)> 91a(y) = G15(y). FERHF A
()0 2K Jek /D 8. SR AT LANE I, 250 € {1,2,3, 4ME 15 g: (y) = v, WA #Ks sk
8.

) Egs(y) = y. War(y) = goly). MTTF AR I3 250 192 R, 4 go(y) =
98(y)s 97(y) = g10()> 9o(y) = G15(y)> 93(y) = gu(Y), g12(y) = g1a(y), 9aly) =
g13(y). EFEAN I IC R WK I8, AL v LLUERH, 370 € {5,6,7,8,9, 10 M
Hgi(y) = y, WA FBF gk >8A4~.

© #gu(y) =y, Wagi(y) = gs(y). HAE32MH95(y) = 93(v), 96(y) = 92(v),

97(Y) = g1a(y)> 912(y) = g10(y)> 913(Y) = 90(y)> 915(y) = ga(y). WA HFITCFORE I
D8AN, R AT LINE R, 20 € {11,12,13, 14 Mt g:(y) = v, WA #R kD84,

) Zgis(y) =y, Wowu(y) = a(y). NTiHgis(y) = g2v), g12(y) = g3(y),
g11(y) = 94(v), 97(y) = 9s(¥), 96(¥) = 90(v), g5(v) = gro(y). WA I TCE K ik
8/ .

EHE, WA —X, 5 € {0,1, - 1M1 g:(y) = g;(y), WA 1870 20K ik
DA BET, #IEAFAE Ty — X, j R g0 (v) = g5 (y), WA B IC R KG9
DA IRHE. 25 Bk, AT H| 7116, 8 4, 2, 5E1. UEEE.

SEB] I R 3.1 B R R W Ny = 4210689285, HoAT /R bR B L (H %
Hhy = 1[1,0,1,0,0,0,0,0,1,0,1,0,0,0,0,0,0,1,0,1,1,1,1,1,0,1,0,1,1,1,1,1]. J
Hys(y) = y. N g6(y) = g1(y), 9s(y) = 92(y), 910(¥) = 914(¥), 95(¥) = 911 (y),

97(y) = 912(¥)> 99(y) = 94(¥), 913(¥) = 915(v), Ho1(v), 92(v)s 95(y), 9a(v) 95(y),
g1(y), gro(y) Flgys(y) IPIASAHEE .l BE3.240, 5 NoJ& T 17— 4 M L a5 0 25 1

»

>
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3 AN A s PLI I3

FRIUAT 84, FA 7K eR AR 23 50l A
91(y) =10,0,0,0,0,1,0,1,0,0,0,0,0,1,0,1,1,1,1,1,1,0,1,0,1,1,1,1,1,0, 1, 0;

~[1,0,1,0,0,1,0,1,1,0,1,0,0,1,0,1,0,1,0,1,0,1,0,1,0,1,0,1,0,1,0, 1;
- [1707 1707 07 07 07 07 1707 1707 07 07 07 07 07 ]'707 17 17 ]'7 ]‘7 1707 ]'707 17 17 ]'7 ]‘7 1];

(v)
(v)

g9a(y) = [1,1,0,0,0,0,1,1,0,0,1,1,0,0,1,1,1,1,0,0,0,0,1,1,0,0,1,1,0,0, 1, 1];
(y) =[0,1,0,1,0,1,0,1,0,1,0,1,0,1,0,1,0,1,0,1,1,0,1,0,0,1,0,1,1,0, 1,0];
(y)

=[0,0,1,1,0,0,1,1,0,0,1,1,1,1,0,0,0,0,1,1,0,0,1,1,0,0,1,1,1,1,0,0;

g(y) =[1,1,0,0,0,0,0,0,0,0,1,1,1,1,1,1,1,1,0,0,0,0,0,0,0,0,1,1,1,1, 1, 1];
(

y) =1[0,0,0,0,0,0,1,1,1,1,1,1,1,1,0,0,0,0,0,0,0,0,1,1,1,1,1,1,1,1,0,0].
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4 MBI HFITA

41 ZEMEBE VB FHER

XF—4EA i A S AL, MIRATPCIRESE NS = {0, 1}, AT F12r = 10,
VU)K A 58 40 J 8 sl ML T, A DU ) A OR R BB 3R T R OR R4 N
ﬁﬁ%)‘(%ﬂf—fﬂiﬂ’@E@MH’J%%B%ENU%%% N = Z;Oaj -2, a5 € {0,1},5 =
0,1, AR, 354722 = 256 R BRI AT i BLE R4 1T i X 25644 Rk
4. %J@?n‘us, 0 H x40 A AU N 4 Ja ek, o2, BRIS6:E X
A SR Hs 9170 v € 52,

[H56< )] =Tj—1" Iz@xz 1% - SL’ZJrl,VZEZ (41)

&A1 3 mie @ VI 69 A R AL ALK

Li—1 L Ti+1 Yi
0 0 0 (%))
0 0 1 o
0 1 0 (65)
0 1 1 (6%
1 0 0 Qg
T 0] 1 [as
1 1 0 (6753
1 1 T | ar

H155 40 M E B AL 4 Ja IR B AT 5 30 ) 22 AT A BT S8 AE & 7 T4 3 T K RE,
R LR Bl an, ST . W, &5 4 (equicontinuous). 1Y IK
[¥](positively expansive) L & B # [¥] (permutive) 4l Jid H s ALK ) J1 27247 4 43 BT A
Xof LU 2 5 4146, 50, 53, 58601 L ATy SRATVF 22 4% JR WL IR 135 5 8 ) 24 AT ik 2.
Fb, JUHGE R HAT 8 & P 40 i A 0L R A —RE 2, H20024 LK,
L.O.ChuaZ§ #7255 N\ &5 G- AT 4 i #2819 285 R B0 0 1 R FH AR G Pk 3 0 27 1 SR
X Wolfram (1 T HHUR L 45 R4h T T — R 515 b1t 20 6267 g Kb tEzh 7 A
AHEBEE gk — 28 0155 40 i B Sh AL 5. etk dE il b, SC[71-751\ %558 )
FAR PETEAN M ) T BernoulliBE W K180 ) 2 P BURITR MR, Rz TR 2
G Es e, TR W, DL Ik £ E 1 R S S8 T B A 4 R S HEAT
iR

firl 4.100 256N HIA5E AN L F S HL A R T 43 D 88/ P LA S 4 2
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4 41H A SHHLIIBY A2 AT
B 4.251530 ST SR 4N i B LB LS, 30, 45, 60, 90, 105, 106, 150,
15481170, Hosg 4 JR it 7657 LR &, Han MK To.
i 4,371 Bernoullifi N2, 3, 11, 37, 428156 Ho 5 X4 R it 26 57 41
HIREN T R4
N, FeAT11EGN M %) i Bernoulli K U 56 K14 44 Bernoulli B i) (Complex Bernoulli
rulel ) I8LERF 5 X101 SZ L8 J1244T M.

411 HsBIZh hFE MR

FEAT BRAC A L A4, SC16315 |41 E BT FiE pR 4 (characteristic
function) (1 HE & X256 MU HEAT T B B4, MK 1 TH SN &5 S 15 210
56547 W /> 1 Bernoul i A7 R 51 1. oA T B G Hb bt B AU 56 ) Bernoullifs
4‘1##& BAVEH T HE A EOLE41. E4.2. K43R1E4.4). ARI5KEAEN

JATEFF AT T UE WL E5 8, I 21 H 6 150 1 24 M .

B4.1 HLI 561 —Kk B4.2 HLU) 5645 H —
Jo 3 &) £ A% ) —1% 5 %) A 3 —Ax

B43 #A564E A T, £ E4.4 HLIS564E R T RAL
& 45 4548 iﬂzizfr%éi kAE G w0 T 5 IR AL
F(1,1)H K 2]

i 4.4 X TR Hee, £4E D THRAGA C 57, i35V € A,
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4 40 HBIHLIBN ATl
Tso(z) = o(x) 4 HAN AV e A, Vie ZH

Tli—1,i4+1] S {(0, O, O), (O, 1, 0), (O, 1, 1), (1, 0, 1), (1, 1, 0)}

WEE: () BRAFEA C SZMifFe € AT Hsg(x) = o(x), Bl[Hse(2)); =
lo(2)]; = @is1, Vi € Z. W@ DA Hlz_q - T @ Timy - @ - 1 = Ty, Vi € Z.
WHe, = 0, Wa,y = iy WHRx, = 1, Wa,_y - 2y = 0. B, Tli-1,i4+1] €
{(0,0,0),(0,1,0),(0,1,1),(1,0,1),(1,1,0)}, Vi € Z.

(FEHHE) BRAFAEA C SAME#Vr € A, Vi € Z,H w1411 € {(0,0,0),(0,1,0),
(0,1,1),(1,0,1),(1,1,0)}. Aifn, B RINS6H) A /R #R £ EAH K 7T 43 [Hse(2)]; =
Tiv1, Vi € Z. L, [Hse(x)]; = [0(2))i = i1, Vi € Z. Wl Hsg(z) = o(x), Vo € A.
HEEE,

FLF ] 15

W 4.5 4T A RIS Hye, 7245 — AN FHREAN C 57, ffif5 Ve € A,
Hso(r) = o(x) 4 HA Ve € A, Vi€ Z

x[i—l,i—i—l] € {(0, 0, O), (0, 0, 1), (O, 1, 0), (1, O, O), (1, 0, 1)},

Hpo(x))i = mims WAL WU,
P iy 4. 4 K04y @i4.5 ] 15
EF 41 A=A A = A H B 7R A, Ho

< ={(0,0,0),(1,0,1),(1,1,0)}

F
% ={(0,0,0),(0,1,0),(1,0,0), (1,0,1)}

I3l EATHIRE R 4.

EA1e% = {(0,0,0),(0,0,1),(0,1,0),(0,1,1),(1,0,0),(1,0,1), (1,1,0)},
RS 61 A1 7K bR B LA 2 W] %0

51# 4.1

(WA UAz C Ag;

Q) WHEf [z € SZ, Hse(x) € Ay

(3) XMAEfTx € Ay, #7(0,0) £ 2, W € Ay £(1,1) £z, Wz € Ay.

H R U] 56 1) i = T 1 (1 4.3 81 ] 4.4 7] 511

28



4 M AZIBLINBI 24T N

EF 42 Ay | Agrt Hs 25517, BV HE(S?) = Ay U A

n>0
UEW: H g B4 AT R, BHIEA U Agde Hse M2 R 511, FATRHIEXHE
iz € Ay, 47(0,0)FI(1, 1) # 22 5, Wt Hss FIAEH MR R TA, U Ag. B9
PR DL 1
(@) (0,0) 25— ANHBLE (1, D) 22U AR —Rerk, Bk

T(1,2n+4] = (07 Oa 17 07 T ]-7 07 17 1)
~———

2n

i d 4. AR A 4.5, 25 5 BiE
1

[Hs6(2)| k) = § (1,0), #

%

AL, ﬁiﬂ‘]ﬁ(l, 1) A [Hgﬁ(x)][1,2n+4]-
(b) (0,0) 25— ANHILAE(L, DAL A%

T[1,2m+4] = (17 17 OJ 17 e 707 17 07 0)7

2m

WA [Hse (2)] pesr) = (0,1), k=2, -+, 2m~+3. AT (1, 1) A [HE(2)]3-n.2m+2+n]
JXRIAH lim Hi(r) € Ay UAs.

R 25 251 HE4.12), AT RMEM 2 € 57, lim Hig(x) € Ay U A IERE.

BT HygfEART A L1302 47 0 S5 THIRB FBAL A = A M
N = A8 J32EAT g, BT LR T B T8 33 5 AN PR R A7 1 3 g 27 1 ik
201 Hso 7EART A5 324 5

i 4.6

(1) SA AN IERER28 PR AL WS 7 B R

s

I
o o o o -
o —- o o o
o~ o o o
—_ o O = O
o o~ o o

(2) HsefEA o EARRIME S
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L N EEIIN e DA N

(3) HsefEA, EHIFFME Alog %(1 +/5) &~ 0.4812.

UEBH (1) R T R L2 AN HERS B 5 A MBI 28 T AL 1 2
BT B

s

I
|
o o o
o = o o o
o = o o o
_ o O = O
o o~ o o

| O
(2) 53 00, ST IE R R AT AP IR — AT IG 2R (1,0, 0,0, 0), W A f2.2(2) 1
HsoEA , EAERINE A
(3) 4TI S SR GEEAT ARt 98, 4B AR B Al
U ﬁE{EjJ S +f),%Eﬁa&iz2(1)?%%?Bﬁzﬂﬁz{mﬂﬁ@m%ﬂalog5(1+\/5).
T, Eafaf@ AR HA, 1?%'&H56TAMJ:E‘J%?I‘TFW\710g1(1 +V5) ~ 0.4812. iEEE,
W B14.6, HaglEA,, IR IR 2 maf%/\sz;ﬁ 5.0, W g S
MR AT, SR ©0) = (- ,0,0,0,- ). HI L, Ay = Ay \ {(O)}, Hrher’ =

{(0,1,0),(0,1,1), (1,0, ),(1,1,0)} M5 FRALA o LG 28 TR A7 (1) e 75
0 010
il A = 2 ? 8 é SV, Mn > 6, (ARG R E AL [,
0010
RN MR I 25 Flog %(1 +V3).
GEES
v 4.7

(1) 5 A RN ICHUMI2BY T R AL (13 A2 T3 B

Sy
I
I 1
o = O O
o~ O O K~
_ O O = O
o o~ o o
o o~ o o
L ]

(2) HsfEA 5 FIHNME S
(3) HsE Az LIRFHEME Hlog %(1 +/5) ~ 0.4812.
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4 A A SN AT N

B fmld.65 iy 4.7, TA AT g

EH 4.3

(1) HsefEHA W17 FAERMES

(2) HsofEH AR 1 BRI MR K T0.

FH 37 1E 0 18 2 0 25 Li- Yorke 55 SR TR, 1046 FME S 1 2 i 2 A X
N R, fiDevaney i SR (KR FILi- Yorke it SCF IVRTAS 4, 25 TR, A5

SE B 4.4 HsofE 1 5 GiA o M5 L BE B A Li-Yorke & N TR, X H A
Devaney = X R VRVE. [RII, HsefEHL 4R 51 ¥ L B A Li-Yorke & ST 3.

n“ﬁ

4.1.2 HisBIsh hFMHER

WIZE A0 0 ShA LI 185 UG4S SR Wit Hygtin R ifve € S%,

[(His(2)]; = & - (x50 © 25-1), Vi € Z. (4.2)

At 4.8

(DXVy € SZ, %7 (1,1,1) <y, WHEH s Py IR %;

Q)Xvy € 52, X?T*ﬁéﬁz[lﬁﬂf = [i, /|3y, = (0,1,1,0,---,0,1,1,0),
WIFEHs Py A i %, H Z ye(mod 2) = 1.

k=i+4
UEBH: H A D8 A 2K bR 2 L AE R AT (DL, R I AT IR V45
2 (2)t AT
ke € SZ?JEEyEI’Jr%i AR — e, W = [0,n), Wyjps) = Yp-sn =
(0,1,1,0) 41 Z yr(mod 2) = 1. I8 IE KT x5 = Tp—sn = (1,0,0,1).
[l It EE(42)fjf
( _ _
Yo =T -T1 B Xo-T3
Y3 = T3 T2 D T3 - x4
......... 4.3)
Ypn—3 = Tp—3 Tp2®Tp_3 Tp_y

{ Yn—2=Tn-2" Tn-3DTp-2" Tp-1.

n—4
PRl i, ﬁdl]ﬁz yr(mod 2) = Z yr(mod 2) = 1. EER T 2,07, -1, = 7; &

Mz ®x; = O TE'J:T% 7 (4. 3)5’]5@%;:5*93[”5‘ To 1 BT2BTy_2DTy_2 Ty =0,
XFET . UEEE.
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4 A ASIHLINEY S E AT R
w49 Xy e S7, #(1,1) Ay, WHEH ;s Fyff £ — DI ZRe € S7d
3(1,1,1) £ .
WEH]: BT, 1) Ay, Frlly, = LEWA -1 = v = 0. NI, Hap_140) =
(1,0,0)5(0,0,1). AR —HtE, FTAME Ky = (1,0,---,0,1), n > 1. B,
N—_——

n

zi-11) = (1,0,0) HA Yz 049 = (0,0,1). BLA507% 18

(@) #rz iy = (1,0,0). Wap1ng = (1,0,--+,0,1), WA [His(2)]jont1y =
Yjo,n+1]-

(b) Fz1y = (0,0,1). Rap, LA F(1,1) M0, 0)#A BB, W W] 4
WE[His(@)]jon41] = Yoty BEMT, 7E LR FE LT, (1,1,1) £ 2iingg. &
I, XIVy € S%, 45 (1,1) A y, ATty MR R aA015(1,1,1) £ o UEHE.

TR T A, DA iy 4815 B T WA IR S 1 A AR A A
BA9R K0, #7(1,1) A y, WAEH ;g FyM RS AR 2, JudL & nr LLfF 28] — A i
T, 0)F1(0, DRI R S, i f3e € A EARTT FHHE S, itA = 57 — A,
AT AR —ANTFEE, AR P A

EBL 4.5 Hig(S7) = A, BIAR Hig 4 /W5 1.

FIAk, 76148 H A0 4 i 51 AR AR e

0 — (0,0)
{ (10, (4.4)
DU R0 18 4% FH otk e 1) W R 45 21 1) 25 B4 21 55 T 0k B0 H — k45 21 1
gh RO, FRATSE R B A S A 18157, I AR bR ) b SCEE B O (2.1),
1S = {00,10}. AN MR T2 — R BTASILF Iz € SZA IS
@) P20 G2k + 140, k= 0,1,2,---3 (2) AR, Hz = 0; 3) fA45], 1
1FL (oo ) HE 41 400) T RSATQ), 75— DR RAQ2).

W) e i 4915

Al 4.10 (A, Hig) (S, His) T R 4.

BT LYW sss BRURE LS RN

B: §2 —, §7

Ll',’l—)y

4.5)
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4 M AZIBLINBI 24T N

00, 45 z; = 0

by, = [B(2)]; = {

R: 82 — N

y _— Z

(4.6)

E¢%:m@m={o e

5 DLWLSFT BRI RAR & [RI IR BES. [R] s, P AR e (4.3) Al 41
411 FEAA

, HA' = R(5§%) C §7.

SZLSZLA/

Hgol J/Hfg

SZAS'ZLA/.

MM

B 4.6 (N, Hig)'5(S7, Hoo) 4N,

H1 T Hoo 13N 1125447 CAR BRI, £33 TV 234, &
i (4.2) ] 4

EH 4.7

(D Hle'f/\'J:%ﬂ‘?ﬁ's%;

(2) HisfEN ERIFH MRS T log 2;

(3) His e 4 R 51 7 A_ B IME AN Tlog 2.

4.2 —HMREB s8I sh hF R

e B2 40 5 53 RS (7 o) 5 — AR S RE(S?, 0) 2 18]
NI, 3T U AR Tk, AR T RGN I 3 B AL 4 R S )
AN SAL 4 R 2 ] R0 b L BE ) O R Ak, FRA T SO S an

hy: S — §%

(zij) +— (205) @D

F

2

hg . SZ — SZ

4.8)
(zij) +—— (Tog—))-
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L N EEIIN e DA N

EE A8 AN B LA R W S A S B A R B
ok B o AN IR R,

WEBT: R, 0 KA T 5 B4 I E W) 7 v A, P M S 1
B, FUE: AR S A0 B L4 T, T R R Ay 2 S A
4 LA R 52 b, Ay € SZ, i Thoh S WAEfEr € SP A8
Py = h(e). W5 X2 Rt H b

H: §¢4 — 5%

4.9

Herpy; = [hy o Ty(2)];, V) € Z.
H T A SR FINeumann € 5, BT DL HH(4.9) & SCH ISR H R A AN 55 40 i 1
SIHLJRI U S () 4 SR Wi . A, R B A A k.

SZQ T; SZ2

| |

sz M, gz

L.

JSE B 20 AN 1 S RN 1 ED L 7, TS (1 SO — 4
A1 LI Q0T 50, 20700 FRGENG B ) B S50 AT e o 1 5
., TS BT R o B RS OR. — A 2 S o W MR R, 2
EHANIE ARG R ASI . B LS00 P A S BCR 5, 303 2%
7T AR —HE, (04 1 4 F T 8RR T LU R S S 4 R
APE L, 5 AR TR T 105 SCI7713138 T WA e e, AT
DLAES 78 AR BN F R G0, & 5 1R T PR S AT SCO78 I il i e 7
VAN LIRS RGO AE A, A, LTI E. woM R,
i 5 S ) 13 7R, TR, 9 4.8, 1R 1 SR 0% el
A LA R TS R I, 1 T4 0 00 (9 B LA W s 1
EL TSR T, B0 b — 4R LA R O IR T Bk 7
fi.

FERATTHEA A LS by PO BRI A L, T4, Ry 4 3
HEW. e, 5t LS 7 THE A

Ay = {z = (2i;) € S7° | xij = wo;, V(i j) € 2%}, (4.10)
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Ay ={z = (z) € S7 | xij = @o(j—i), V(3,7) € Zz}- 4.11)

Wt

AL 412 hy [, Ao n, #8HE [FI RIS

I, BATHOT LIS A B S R (K3h ) 2 R AL ()45 1) 4
A B ShpL A RIS 1) Bl 1 27 R 5.

Sl 5 BRI E S LA 18, e P48 ] 4 JR A

2

T1 : SZ — SZ2

(zi5) = (@4 - (T(41); © T-1)5))

(4.12)

F
T,: S8 — §7
(i) +— (Zij - (Tig+1) © T(iv1)5)
I 55 Hy R 32 L0 . B8 i B4 1295 (A, T R (Ao, To) 50 59 5 (S%, Hyg) A2 i
FHILHL. X FE E B4 7 S5 8 AE (A, Ty) R (Ag, To) 0 58 4 7. R ) b,
(S7°, 1) 5 (57, T) M AR/ Flog 2.

(4.13)

4.3 EiEipa B zhAlHL

FAE19304FAR, NIRRT T % Mt 5 3R Ge 2 18] BT 0] LUAH ADoK 1)
M. TR, AMVERRYE AR — V)T A S AR B B R A
BT BT fi A (3 B IX AN AR AR b Fr %5 — & R 18 8 (Church-Turing Thesis)[™ 80,
B: AFAR]—Fhn] G vk S Rt A2 B R AL AT o S R o R, 18 R AL AT o
SR RO B E L R ARAT— AN SR R A AT DR B R AR5, B A
MNATT YRR B R — AT Sl o Sk, i PR I i R 46 B4, AR AT — 2R ] A
P B R LT R it 2 — 2R A 535G VE ) &R Si(universal computation). 3%
PR AN MRS, B S AR R GE R A BT b R A AN G
3.

TEA0 M H B HLIX AN R 2R BLTH, A7 724 M5 40 i 5 sh L, e oA id B R
ML TR RE ), 5 B R AL, 2 U045 7€ 1d& 4 A IR 45 1, & RERS AIUAT ]
— P ENL Horb, E AR IE AR A S AL A Conway T 197045 42 H 1 A= A iy
#143)(game of life), ‘& f&— A 4E4 M [ B L. A= dw ekt B =R 2 A K E R
ARG R AN B SIHLELAL, BRe A E . Al E R, X E R
HIIRFEARL

35



L N EEIIN e DA N

2R AR R, 4 A S SR RS OB,

5 R A RACE R b, g0 BB S A BR IR AR A TR A R RS OBAR), #%
F 44 AR L Il (<TG T (blinker) (1 Bl 4.5 57 7%);

= R RN, B T 2 AR FOIRS OB R 24, &2 T8 Az ),
e 4 AR 2 iR 1T FIML (glider) (4N 81 4.6 T 7%).

B N T s B I UEFRF TEAS IR S48, AL BE NS A0 A dr I v 3 T A4 326 T
T BEfE AN AL AR A il xR, ARG E R W S A S T AR ) D)
RE, TS IRif A7 55 4% 3 A2 AR s AL T ) B AR AIE, 2 R — & o AL
BAAY. [FIFEHE, Conway R H, "CAT B FANL W] LAAEAG O I A SR AL TG, W FH
B i AR ML 2P (0 45 &, (8 R] LIRS 3 5. 490 i R L PR Al 43 A =4
TABE ], NP A SN, TGS S R A Y, Conway FH 205 24 iF B AR iy
TR 4R b, A LU RS 2 AT B v LI 2 D e,

HEE  —

B4.5 A A RIEA T —FF A AT, BP 4 B B2 69 8 AT K

B H — BN
H— B |

B4.6 A G arRIE T —FP I A, B % B 412044 7 317
K, B &) 7 444976 T A RATIE
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WA, AE WA i 3 3h AL, Wolfram[1) B F+Mathew CookilF B TECA#
W 1072 H A7 % 38 PR 10, 3X & H AT oA 1k 5 ] 5 1 S R S v A R A AR
RS UE BRI 1102 38538 1 7 R AR AT 8 G I I B 538 1 1 7 32
A MR 2 R D) AR, 7T s 208 sk U 5 0 D0 1 103 Bt I AE 80 B IR R HR O ).
b, 3 P S SR AE A, M R IAE B J7 vk, R R R T 11046 — A~ bf
LRI UG 440 R s A i i, W47, I AL B vh ol LA e e K2k
ABLHT FIAL (glider-like) ¥ &5 14, AT 5 B 7 2 1 5 ot & — 28 e B (3 R RS AL
XAy FIHLLE [R]— AN S5t (ether, WKL) AT R ), Horp K84y 1) 2285 8).
T EATTRE Bl 1 T ) R BE AN AR [R], B BA2s H BILAR 22 fill 4 (collision). 1X 4L Ailf
FEAT 10 S EBOHIE AL A B, A R T soh T 40, SRR 4 f R 2 A
AR T A PR B B I 2 R — <l PR (glider gun). IXAE, KU1 10/ 10
AMEECAK MOAL AL L — -, BAMBZECAI NIS6HLAE L AT /e A7 B i RS A7, AN
RECARIN 136 S HFAE A0 B ) P HE T AUIRES.

4.7 ECAHLI 1104 8 f FALE 4204 tm i 5 5] 64 38 AL 1)
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4 M A SILIB) 14T R
4,139 )40 i B S LI 105 5 5E .
CLAETRL U 1O 4 SRy R IR K [H 1o (%)) = @i @ i1 @ 25 - Ti1 D Tyt - Ti - Tiga,
Vo € S%, Vi e Z. HE R4SV A, 7E —4EAN i B S AL IRAT AT LAk BN, 4
3TN 5 Hyoth #3550, E 20, FRATR S 440 1 A sh L4 R sk
T:. 8 — 87

r — T()

(4.14)

M

LT (2)]ij = w55 @ Tigi41) © Tij - Tigg1) B Tag-1) - Tij - Tag41), ¥ (0,5) € Z2.

T . §%° S§Z°
- (4.15)
r — T'(x)
/H\EP[T/(?U)L‘J‘ = 23 @ Tij41) D Tij - Tig+1) D Tig1)j - Tij - Tigi41), ¥ (4,7) € A

H1 (4. 14)FI(4.15) FT %01, 4 R WRE TRT () A 7% BR R BLARL 2 40 591 A
by =1[0,0,1,1,1,1,1,1,0,0,1,1,1,1,0,0,0,0,1,1,1,1,1, 1,0,0,1,1,1,1,0, 0]
F
by =[0,0,1,1,1,1,1,1,0,0,1,1,1,1,1,1,0,0,1,1,1,1,0, 0,0,0,1,1,1,1,0,0],

TAF R (IR N 2 54 Ny = 1023163644F1 N = 1010629884.

EH 4.9 YA E BN, = 10231636448 N = 1010629834H] 42 2 31 4
JfL B ZhAL.
UEBH W4 LR A /41207 45, (Aq, hi) (S, Higo) 2 # 4h LB i,
i = 1,2, RIS RET LLEER—/N RS, B 48410 i A 3L
N = 1023163644 F1 N = 10106298844 H A7 1 3& M. JiF e,
AT 5533 Fp sz il A0, AL RS T, 777, T AT 3R 1T LA £
5 IR 15 A0 M 40 i B S LR Fh SR B g R ). B, 1K 24N RS S
H
7 = {1023163644, 1072709616, 1515911930, 1600123120,

2694882725, 3234054339, 4026789891, 4042261765}

5 = {267452400, 268431600, 1010629884, 1061155056,

1526356730, 1609588720, 2054847098, 2088533116,
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2695209125, 2711724449, 3233858499, 3250700737,
4026593295, 4026920965, 4042260495, 4042261251}

EH 410 FH KA 5 A AIIHS S 4 TG4 B s HLN, $E244

4.4 FEHL

S e e O 3 40 E SN = 1023163644, A 35 40 3547 H 15
¥4, 3% H B 20 A o Mathematica 6.0. 18 78, A5t 45 B UL ik 5.
TYEAN A P AL R IR AR, A x AN AL K, BN AR IE ROy
G=1,---,m,j=1,-,n). Pril, {80 Ebdi i A shPLEE D A RS 2
—Mm x nFERE, IO = [ay, - 0]t Hba @mdE T mE, i =1,--- n. &
TR AT ARRRE T, AT ARFIRE 0 (LLE4.8). FAE ik B
“r = K" RIRAE DHTLAIR A BT Sk RS P 7 AR R B, bk IE 4K

1 2 3

T T T
e i .
* 3. .
T .

1 2 3 4

B4.8 —temie § Zpueg — Ak R &

WLEEL 003314 76 T 7 1] E A

(4. 1) AT A1, 40RO 72 F BRI IR T3 2 . AR G 5
gy FEBL RN, T 530 1. FRIAMABRTE X, XK an, - o S T A
SEA B HEAEA 0 AR T, R LR F ATy AR, T
Ji T E AR FHROLIE.9). SR, th TECA ML 105 3 1, 112 1 T 9% 3 el 2
B A 20 B BB N 17 52 S A7 25 R B SR 96 47
U BLRIIAT VS A T RV ).
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12 3 4 s & 7 8 9 1 2 3 a4 s & 71 8 9 12 a3 a4 s & 1 8 9

HE |, EEE @, HNEEEN
s ——— > s ——>

Tz 3 4 s & 7 & 9 Tz 3 4 s & 7 & 9 Tz 3 4 s & 7 & o

@49 a1, Og, ="+, Oég—‘(]\a’] E#E]Ziiﬁ//f’ /f“?”fJC, .E_Z:':[;;HL

MREE2 LT BAT [ 58 S M R 4 T A

FERIZEANAE A S AL, KT 1O e — ANB) s D REAS Al ML AR EBCIR &R0, Hi
S5, A N (REEACERE b, R AN A2 B A REAES B A A KA
A2 RN, S BATE B ARIRES C R A Al I, FL A 2 R U sh i BB
AW 5 T SE A CIL T 4.10). AT, ZEHE SR AR5 A2 i iy R 10 TN D6 AT A F L
JUBE FEHEA T3 1) A4, 10 AN R] e = 3 A 2 A4 g .

H EEEEN N EEEEN N EEEEN EEEEN EEEEN EEEEN EEEE § EEEEN H EEEEE EH N
H EEEEE B EEEEE B EEEEN EEEER EEEER EEEER SEEE B EEEEE B EREEE B B
H EENEE B EEEEE N EEEEN - =144 E EEEEN HEEEN HEEEEN s 7_:9 EEEE N EEEEN N ENEEE BN N
=7
EE N ENE N EENE N EN N EN E ENE N EENE N EEN N 0 EEE || ] | [} EEE
EE R R R AEE mmE HE W BN EEE mmm HE | EEM  mEm  mem
l T=1
EEEN EEEEN EEEEN ||
HEEN RHERE HEERM R
o ANEE SEEEE EEEEN EEEEE N
& & & &
l T=2
E == E == | En | E == E == E ==
| SNBSS G5 SE & I8 | 5 NES BN GEN BN
| [ [ ] | [ ] EEN | [ [ SEd H EN N EN N ENE N EN
HES | EEE  mEm  mam i EEE SRR EmE A
l T=3 T T=6
EE EEE EE EEm R Emm | | EuEEE B EEEEE R HEmmm = |ER  EEmmE  EEEmm  E=m
HE EEN BN EEN NN EEN-- T:4 s HHEEE § ENEEE N EEEEE B =5 r Il EEEEN EEEEN En
— —
EE N EN N EN N EN B HEEEN EEEEN EENEE EEEEN o | [ [ ] EEN | [ ] | |
HE R BN mmm mmm AEEEE EENEN mEmEE mmmms | EEE__EEE _ SEm _ EE

B4.10 AN NpAE A F R A4 R &, LRl £ T
$azh i R, R e K o g sl LU EsbidAz
JBl HA14464 FEER 45 A
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M3 RIS

HH B4 100 50, TS IRZS TP B o BB 8 T I1X AR 51 A (basin tree), i
PRk A0 e A1) B R S R R g B, 6)—— 693K s 4 i A1) s 38 I R
M1 10ZEAR — IR 5 B4l M 7 51 so. DRI, ZEIEAR T — 52 B Z1, A0 K B0 L4 B0
% (ILE4.12).

@-%@5
|
G.%Q

-
\

@%@’

®
—G@)
é-

@ =0 =0

L @=@®
of~ok-0}~oj-a}
@

>

-%@E% 8 :
®

O =Oi=@
S

ol —

G

D= @)
ej=cl-o

B4.11 ECAFLI 11045 tm e K B A4 1089985 ¢

M4 RN A

FERIUIRZASC R, 35 o o J T PIRRAN[R] IROWR 5 1B, DU C D S SR A T e )
TX P BRI 5 1B ) 3 1R e K A5 B (WL I14.13). 5 4h, ECARR U 1107F) i J 22 IR M\ 7t
TR, U RO 1D Fo] S0 A 5 A A e A
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N uan ae /AEEE EEE W [AEEEE EEN
| - — — - | —— -
e EE | =2 N e  7=5 | e .
T E emm | ——— =S n

N - -

E4.12 s R &S ‘:POél, a3, asFrae, Ozgfl:lﬁ/f)ﬁsu}l)ééj\
AAREB|F) S, B s TR I

s s

il BN N o BN EEEE
‘N EEEEEN i n

F4.13 ZECAHLIN 10 A T, axty B E A3, ast
BAAT, I An4s IR 25 C AP NpAE R T R 1421

E4.14 AN Ny £ A 46 5514 T 9810 B
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X, BRATVRE 23 Sl 2 HE R0 N R AR i i AR 7T B AL 46 4% 240 1038 A BT L
K4 14F1 E14.15). X T A Al xR, Wi Oy w8, v SENLBE 3 s B E & Fhah 1E,
UG 2B L — TR T 3 A T DL B R E P —FE. TR TR, v BALE B &F
B R A T A B CR AT, R G B B e B IR U SR T
85, IR, A P LF BT P — ke [ 7% 5, A A 175 400 PR LA ] 1)
T SV Tk B e, AR AT S AT R 2 AR [ A SR H B (R AL, LA R LA S R AN )
FE A AT TP LGB RO AR NP A5 AR, FRATTI S5 06 BIHEAN BT AN 1R T AR
H, AL LT AT AR I G WA Rk, IR R v, 340 g
H ZHLAK P A A2 A% 3.

i‘r:198 T=327T
" =276 | i
— w5 i sl e

BW4.15 A4 iR A4 T 4R
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5 BHEERE

51 B4

AR B A 75 3 ) RS AR T VRO T A4 i A S LA SR A
BE Ay 2 5 S AN A S HLEO R 3. AR A1 g5 h, AT SR T4 S B
AN A SHLSEA BS RO 5 BUIR. Bl S, ZESR25erp, AT TEE T 45 5 5)
T R G 8P B AT Wit 2 TR 1R 3 0 L HE5C R, VEAN A 9T T Hesh 2k i, U
SEUEW] T HAR M N oo, HILIEN] 45 S h ARG 45 S8 REE
PR AN FF 5 30 ) R IR, BATHEIEN T X P R G2 A2 e ¢
2. T DL R AR g8, AT H A Neumann SR8 RR AR 4240, 11 4640 i B
PR AVERE TN 5. FER3 5, AT e 08 e g i B ML S - 4E 55 2 T g T
BER, & X T 2% = 4294967296442 WS, Bl J5, B ATTHR 3 Neumann &l 355 1) - i
ZE R AN AR E S LI RS 5, A3E T DUASRIRRBE T, 777, 7T, i e 1S
T FE AR (40 #6000 2. 3t —20, AN B3k 4 2Rt i L et H
SEdR /ML AR SCHE 14 R B B R, N AT 43 R 35 1 5
AR PR, 583370 AT EaRILHu o Kalt AT TR A v, AR R $2
f T A3 ISR R Hb, FATT] BA- - P R 21 5 45 e ) g T R — L AR 1
ARG E. FERATE T, ATH R T A SR (0 3h J1 SV, AT R a8 T T
W10 M E SIHLIE 2 4538, JENFES 3 1124 1 A0 B A A T 155 40 i F s L
WIS6FN 18K 5h Jy 2 . e, AT T 4R 40 A ShHL 5914 40 B shbl
)30 P2 LI SC R BRI 0 LB AN B BUR L, I8 S 2847w LUOKAH
P lE, AHAESR A1 LB 41 T AR R 7T DAOR KR ZR G0 0 3 24 AR AR E, U3
TR AMEANT 1. 55— 07 10, BTG4 W12 40 i B sl i1 A JR st 1)
AR S BT S B AL T, IXFEFRZS Ak v 4R AN B B4 R B B H R R
TR T . AE R, FATE S FH 2 L0 ) AR, 8L A - L s 19 21 7244
YN TEAN M SN I, BATT L T AN 3 U] () B AL 4
RIS L5 25 4 (R Al xR R AN [,

52 RE

XS TR 53 ARS8, NI ey 5 3 ) RSEMsh 1 At it 5 e
ANTE I, Bk sl Rt B A5 2 5L, LRI R 3. AR S5 RIE MBI, 14
A KR E AR DTG, JC AT IR T R A 40 FM v S el i o 41
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1, %Pﬁﬁ%%ﬁﬁi%ﬁﬁv( 1 ; )Hﬂ‘, Fh HC I T BRI TR B 4 80 T

MR AT R, 7E /T 5 3) ) KRG 32 AR 22 1n) A 2 E & TN AE
(1), s b — e T DL R AR AE. R, A8 —4ERT 53 ) R g, H A5 i il
KB A R L) 1) /8, JCHE — e AL 2 g 2 P o ) Z) .

ASCELIL T P A SR R R 0 LR 42, S I ) S5 4 1 B AL 4 R L
(2N 27 1k PR S A3 A TE T R4 i B ShAL 4 RS (30 g 2 . H g, AT
SENIRGME, A Bz G40 A LA R R B ) 22T N 4 e
IR/, RIS, PERTSE 40 M B B HL, J A5 4 SR WL 1 8)) 0 2 PR A R g . 16
u, EERUN10, HAFF 530 ) R e e g v, DRk, el dE — 2D 2 4 X 26 4 J
WL R 8 3 S S L A . SR TRV HIR S R — AN IER B X
HOUEWEP G 28, 46, RS2 T 24415 40 i B ShL, AT T 30+
AL BATTRIUEEN Ny = 102316364454 F4715 EALBE () 68 7, {H & Wferks 2 e
I TSR B B I A il — 2P R AT
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