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Abstract . In th is p ap er we first der ive two norm al form construc
ti ons for cellular automata to t ransform any given (one-dime ns ional)
cellular automaton into one which is one-way an d/ or totalis t ic. An
encod ing of t his rest ricted type of automat on toge ther with any ini
tial configuration becomes the inpu t of our small universal cellular
auto maton, usin g only 14 st ates. This improves well-known result s
obtained by simulation of sm all universal Turing machines and also
some recent results on universal tot alistic cellular automata.

1 . I n t r o duction

Interest in cellu lar au tomata (CA) has been renewed since the ir ap plication
to the study of complex sys te ms [17,18) 9). In thi s context the universali ty
of C A was d iscussed in [191 an d open problems abo ut universal CA with a
small number of states were stated in 1201 . We give some results here.

A cellular automaton is said to be un£versal if it ca n simulate eve ry
Tur ing Machine (T M) or) even stronger, if it can simulate every CA of the
same d imension . T he first un iversa l cellu lar automaton was given in the
famous work of J . von Ne uman n on the simulat ion of se lf-reproduction .
He gave a 2-d ime nsional un iversa l and self-reproducing CA with 29 states .
T h is was improved to 20 states in 111.

Also well known is the work on small universal Tu ring Machines (cf.
[9,10,13]) . In th is case the goal is to mi nimize simultaneously the number
of states and the numbe r of tap e symbols. In 1101 it is shown that there is
a un iversal Tu ring Machine with eithe r 4 symbols and 7 states or with 6
sy mbols and 6 states. Smi th 1141has shown that any Turing Machine with
m symb ols an d n states can be simulated by a one-d imensiona l CA whose
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uniform cells has m + 2n states. Thus either one of the universal TM from
1101yields CA with 4 + 2 x 7 = 6 + 2 x 6 = 18 states . Here we improve th is
result and show that there is a universal one-dime nsional CA with 14 states.
We believe that some more effort in the detailed "low- level programming" of
OUf basic strategy can decrease th is by 2 or 3 states. However, the m inimal
number of states of a un iversal one-d imensional CA could still be much
smaller, since CA with 3 or 4 states a lready show astonishingly complex
behaviour.

T he well known "Game of Life" is a "semi-totalist ic" CA which means
that th e next state of a cell only depends on its own current state and the
sum of the states of its neighbors. S. Wolfram a lso introduced an even more
rest ricted type of CA, ca lled totalist ic . The next st a t e of a cell of such CA
dep ends only on t he sum of all the states in it s neighborhood , including
its own . D. Gordon [7] has shown that totali stic one-dimension al CA can
simulate every Tu ring Mach ine and we will s t rengthen this resu lt a nd show
that eve ryone-dime ns iona l CA can b e simu lated by a tot alis ti c on e. We
will use t his resul t in the cons t r uct ion of our small universal CA . We will
a lso use the resu lt that everyone-dimensional CA can be simu lated by a
one-way (unidirectional) one-dimensional CA [4 ,5 ,16J a nd that one-way C A
are equivalent to trellis automata [2 J.

We will show our results for CA with the t ransit ion funct ion de pendent
on the state of each cell and its immediate left and righ t neighbors (r = 1 in
[19]). However, our resu lts ca n easily be extended to larger ne ighborhoods.

2. P reliminaries

As we wi ll conside r only one-d ime ns iona l a nd hom ogeneous ce llu la r au
toma ta in t his paper we will res t r ict ourselves to t his spec ial case in t he
following definitions. For mo re gen eral te rm inology see [31or [151.

Intuitively, a ce llu lar automaton consists of a doubly in finit e a rr r ay of
cells . All cells are ident ica l copies of one single finite automaton. The local
transition function of each cell only dep ends on the ac tual states of it s left
and r ight neighbor and it self. Thus, a computation of a cellul ar a utomaton
can be defined in the straight forward way as t he synchronous application of
the local transition function at each level. The set of states al ways contains
a so-called quiescent state q with the property: if a ce ll a nd its left and right
ne ighbors a re quiescent at t ime t then this cell is quiescent at time t +1. As
we assume finite ou tput for t he cellular automaton this im plies that there
is a finite number of nonquiescent cells in the initial configuration and in
every subsequent configuration as wel l.

D efinition 1 . A (one-dimensional, homogeneous) cellular automaton is a
triple A = (Q ,d,q) where Q is a finite set oEstates, d is the local transition
[unction, d : Q X Q X Q ---+ Q where the arguments oEd are used in the [01
Jawing meaning d(sta te ot left neighbor, own state, state of righ t neighbor) ,
and q in Q is th e quiescent state, J.e. it holds d(q ,q,q) = q.
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D efini tion 2. A config urat ion of A is a mapping C : Z --+ Q, where Z
denotes the set of integer numbers such that C(i) = q (qu iescent s ta te) [or
all but finitely many i 's. The set of nonq uiescent cells of a configurat ion C
is caIled th e support of C.
D efinition 3. A comp utat ion of A is a sequ ence of config uraUons

CO,Cl ,C2 , • •• ,Cn , •••

whe re Co is the init ial config urat ion and each configuration Ci+t is gene r
ated by sim ultaneous in vocation of the transition function d for all cells of
A in configurat ion o..

3 . Simulation by one-way a u tomata

For our construction of a universal cellular au tomaton in subsequent chap
ters we will need an automaton wh ich is totalistic and one-way.

A cellu lar automaton A with se t of states Q and t ransit ion funct ion
d : Q X Q X Q -> Q is called one-way, if d only depends on the state of t he own
cell and the state of its r ight neighbor cell. T hus we can write the transi tion
function of a one-way cellu lar automato n in the form e : Q x Q --+ Q with
the convention that th e arguments of e con sist of the states of t he own cell
and those of its righ t neighbor.

In th is sec t ion we will ou tline a transformation of an arbit ra ry cellular
automaton t o a one-way cellular automaton in orde r to spe cify bounds
for the increase in the nu mb er of states and in t ime-steps nee ded in the
simulation.

In [16] a similar technique was used for the case of real-time cellular
automata , more general cas es were considered in [4] and [5].

The const ruct ion of the one-way automaton can be described br iefly by :

1. mer ging of eac h state with the state of its right neighbor

2. shift ing to the left dur ing t he state t ransit ion.

Let 8 1 ,82, • . . ,51:. be sta tes in a con figur ation, such tha t 5 1 f; q an d let
to, t l , .. . , t J:+l be the states after one t rans it ion as shown below

q q q 51 8 2 83

q q to t 1 t 2 t3

q q
q q

T hen it takes two time-steps in our simula ting au tomaton to produce the
t ransit ion :

q q q 5 1 52

q to t1 t2 t3

For the given cellu lar automaton A let Q be t he set of states and d :
Q x Q x Q --+ Q the transition function . As de fined ab ove, in the simulating
one-way cellu lar automaton A' t he transit ion function dl will con sider only
t he states of its own cell and its right ne ighbor cell.
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Let Q' = Q U Q x Q and define d' : Q' X Q' ~ Q' as follows

d'(u,v) = uv lor(u,v) i (q,q)
d'(q,q) q

d'(uv, vw) d(u,v,w)
d'(q,qu ) d(q,q,u )
d'(wq,q) = d(w,q,q)

for all u , v , w in Q.
T hus, the t ransit ion shown above is completed in two time-steps by A'

in the following way

5k- l Sit

Sk_lSk Skq

tk tk+ l

q q
q q
q q

The details of this construction are straight forward, so we can state the
following theorem :

Theo r em 1. For every cellu lar automaton A wit h k states there ex ists a
one-way cellular automaton A' which simulat es A tw ice slower and A l needs
at most k 2 + k states.

In the above construction of the simulating one-way cellular automa
to n one can de lay the given t ra ns it ions by "aging" the states in Q (e. g.
a, a', a" I am, .. .) to obtain slower expansion of t he nonquiescent eel T here
fore it is clear that the following corollar y holds:

C oroll ary 1. For every cellular automaton A with k states and for every
m ?: 1 the re ex ists a one- way ce11ular automaton A' which simulates A
(m + I) -times slower and A' needs at most k 2 + m k states .

Later, we will have to a pply th is coro lla ry for m = 3 in the construction
of a universal one-way cellular automaton .

4. Simulation by totalistic aut om a t a

In this section we will show that each ce llu lar automaton can be simu lated
(without loss of tim e) by a ce llular au tomaton wh ich has a totalistic tran
sition function and uses up to four times as many states as the original
au tomaton.

Defin it ion 4. A celJuJar automaton A wit h set of states Q and transition
function I : Q x Q x Q ~ Q is called totalistic, if Q ~ N (non-negative)
and there exists a funct ion f' : N ~ N such that I(x, Y,z) = f'(x + Y+ z)
[or a11 X,y ,z in Q.
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Figure 1: A configuration of cellular automaton A.

Figure 2: A configuration of the totalist ic CA simula ting CA A.

5

The t ransform at ion of an arb it ra ry cellu lar au tomaton whose states
ar e iden tified with non-negat ive integers is now accomplished by a cycl ic
"coloring" of cells. We use four different powers of a basis such th at in the
nu mber representation of the sum of three neighboring states left neighbor I

r ight neighbor and own cell ar e st ill ident ifiab le by the posit ion of a missing
entry.

Consider, for example , a cellu lar au to maton A with se t of states Q =
1,2 , . . . , n and t ransition function d : Q x Q x Q -l- Q and let the Figure 1
depict part of configuration of A.

Let B = n + 1 be the basis for t he coloring fact ors 10, 100 an d 1000 (in
B-ary notation). T hen the configuration in F igure 1 changes to th e one in
Figure 2.

Thus our new set of states is

Q' = {sm I s EQ, m E {I, 10, 100 , lOOO}}.

SO Q' contains 4n sta tes and we can define now the (part ial) to talistic
t ransition function f! : N --+ Q' as follows

d'(xyz)
d'(x yzO)
d'(yzx)

d'(zOxy)

10d(x, y, z)
100d(x, y, z )
1000d(x , y, z)
d(x ,y,z)

for all X,Y,Z in Q.
Again x y z , xyzO, yzOx , zOxy , 10 , 100, 1000 are to be interpreted as num

bers in the B~ary system.
It is now stra ight forward, that the cellular aut omaton A with set of

states Q' an d tota list ic transition function d' correct ly simu lates A without
loss of time and it the refore ho lds

T h eo r em 2. For every cellu lar automaton A th ere exists a totalistic cel
lular automaton A' which sim ulates A without loss of time and has at most
four times as many states as A .
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Figure 3: Th e unr olling (t ime-space diagram) of a one-way CA.

If only one-way cellular automata are cons idered , the above cons t ruc
t ion can be simplified using on ly three differe nt powers of B for th e coloring
of the cells, whereb y the one- way p roperty of the given automaton is pre
se rved.

C or oll ary 2 . For everyone-way cellular automaton A there exists a one
way totalistic cellu lar automaton A' wh ich simulates A without loss of time
and has at most three times as many states as A.

For t he more general case of an arbit rary (regu lar) sys tolic network
this techn ique of colori ng its un derl ying graph is used in 16] to show t hat
actua lly every sys to lic network can be transfor med into a totalistic one.

5. Inform a l descri p tion of con str u ction

In the previous sect ion we have shown that any CA can be simulated by
one which is one-way an d totalistic and such that the expansion of the
nonquiescent part to t he left can be delayed by any const ant fact or m . We
choose m = 3 to achieve expansion to th e left a t most at half-speed.

Ou r universal automaton U will simulate any given one-way totalist ic
cellular automaton A (which expands at most at half speed to the left )
with any given in it ial configu ration. We will encode this pai r as init ial con
figuration of the universal automaton U. A constant number (depending
on ly on the number of states of A) of steps of U is needed to simulate one
step of A. Four steps of the t ime-space d iagram (unrolling) of an one-way
automaton wit h a starting configuration of length 9 is shown in F igure 3.
T his unrolling is obvious ly computat iona lly equivalent to the t re llis struc
ture shown in Figure 4. We will use this obse rvat ion in ou r const ruction
of the universal cellu lar automaton U. Note that t he computations which
took place in one cell of the first au tomaton and t herefore be ing dep icted
in vert ical lines in the first figure, are now shift ing to t he right in each step.

Example : Let A be a totalistic one-way cellular automaton with set of
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~o
Figure 4: A trellis structure isomorphic to the encoding of a one-way
CA.

o 1 3 3 0 0

/ \/ \/ \/ \/ \/ \
\ /\/\/\/\/\/\
01 3 3 3 0 0

/ \/ \/ \/ \/ \/ \/ \
0 02 33 300

\/ \ / \ / \ / \ / \/ \/ \
/\/\/\/\/\/\/\/\

0 02 33 3 30 0

Figure 5: A computation of one-way CA A.

st ates Q :::: 0,1 , 2, 3, 4 and transition function d given by

i 1 0 123456
d(i) 0 0 1 3 2 3 3

7

Since A is one-way t he nonqu iescent states expand to the righ t only. An
example of a computat ion of A t ransformed in to th e t re llis shape is shown
in Figure 5. In the simulat ion of t he automaton A each of t he nonquiescent
cells of A will be encoded as a blo ck of con stant size of cells in U . This block
contains the given t rans it ion-table for the cells of A , an d by th e marking of
the appropria te t able-entry a lso the encoding of the cu rrent st ate of a cell,
i.e . if a transi t ion d(i+j) = k takes place in a cell of A , in the correspo nding
b lock the (i + j)th tab le-ent ry - wh ich ho lds an encoding of t he numbe r k
- becomes marked .

So in ou r automaton U the main actions to simulate one t ime-step if
the given automaton A will be gro up ed into three phases:

Phase 1: Send information about current state to left neighb or block.

Phase 2: Sen d information about current state to ri ght neighbor block .

Ph ase 3: Process information to look u p next state .
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block i
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block i + 1 block i + 2 block i + 3 block i + 4

phase 3

phase 2

phase 1

p hase 3

phase 2

phase 1

Fi gure 6: The flow of signals in t he adjacent blocks of t he universal
CA U .

6. Outline of construction

As shown above t he next states are a lways computed be tween the two
cells wh ose st ates are to b e considered for t he t able- look up. T he refore it
is convenient to use alternatively "activated" blocks and "empty" blocks
and to change the roles of both in the odd an d even steps (beats) of the
computat ion . T his is ach ieved by sending messenger signals over these
blocks where the signals have to complete various tasks dur ing the th ree
phases mentioned above .

Phase 1: Start fro m the righ t end of an ac tive block and find a table-en try
representing the curren t state ; activate a number of signals according
to the current state which are moving to the empty block to t he left;
continue to move to the left en d of the block.

Phase 2: Bounce at t he left end of the block and find once more the t ab le
entry representing the current state; accordingly acti va te signals which
are now moving to the empty block to the right ; while clearing all te m
pora ry marks cont inue to move to t he right end of the block, leaving
an empty block behind.

Phase 3: Cross over to the block to t he right ; wh ile moving to the right end
of this block process the signals which have been accumulated here
during the previous phases ; bounce at t he right end .

The flowing of messenger signals over some adjacent blocks during the
phas es of two consecutive bea ts is illustra ted in Figure 6.

Furthermore we have to take care that afte r each beat a new block at
the righthand end of the nonquiescent part can be activated to simulate a
possible expans ion to the right. T his is achieved by copying (at leas t) one
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complete block to the right during each beat and by activating on e new
block which starts in the encoding of the quiescent state.

By our construct ion we can assume that there is no expansion to the
left and so we on ly need to activate the leftmost blo ck at each second be at .
This is realized by a special block and messenger signa ls.

Det ails of these constr uctions and encodi ngs , the transition-table for U
and examples are found in the appendix.

Theorem 3. There exists a uni versa l automaton U with 14 states which
can simulate any given to talis tic on e-way cellular a utomaton A with any
ini tial configurat ion .

In [14]:Theorem 4 it is show n that any Turing mach ine T with m tape
symbols and n states can be simulated by a cellular automaton with m+2n
states. T hus either of the universal Turing machines with 6 symbols and
6 states or with 4 symbo ls and 7 states ([10]) yields a un iversa l cellular
automaton with 18 st ates.

We can now apply the normal form construction of our previous sect ions
to the universal cellu lar automaton U of Theorem 6.1 to generate universal
cellu lar automata which are also one-way and/or totalist ic.

Corollary 3 . For every uni versal cellular automaton U wit h n s tates there
exists a universal one-way cellular au tomaton U1 wi th n 2 + n s t a tes.

Corollary 4 . For every universa l cellular automaton U wit h n s tates the re
ex ists a universal totalistic cellu lar automaton U2 with 4n states.

Corollary 5. For every universal cellular automaton U with n states there
exists a universal one-way totalis tic cellular automaton Us with 3(n 2 + n)
states.
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Appendix

For the encoding of the given transition-table as a block of cells in U we
can assume without loss of generality that for the given totalist ic one-way
cellular automaton A the set of states Q is defined as Q = {3, 4, 5, ... ,k},
where 3 is identi fied with the qu iescent stat e in A .

Each block consists now of a sequence of 2k + 1 sub-bl ocks of the form

# z OOO.. . 000 111 . .. 111---.------.---
i - ti me", ; - time,
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and a b lock-endmarker #, where z is in {o.r} , i + j = 2k + 1, and if in the
given transition funct ion d we have d(m) = n t hen in the mth su b-block of
each b lock it ho lds j = n. For a ll other sub-blocks we have J" = 3. T hus a
blo ck consists of (2k + 2)' cells.

If a ce ll of the or iginal one-way totalistic automaton is executing the
t ransition d(r) = s , t hen in the corresponding block of U exactly in the
first r su b-blocks from the left we have z = 1 and in all other sub-blocks
z = o.

The computation of th e next transit ion in the simulating automaton U
t he n takes 3(2k + 2)2 + 7(2k + 1) t imes steps which const itute one "beat"
of u.

Example: Let Q = 3,4 ,5 be the set of states and the transi tion
funct ion d be de fined as

i 167 8910
d(i) 3 4 4 5 4.

Then a transit ion by d(9) = 5 corresponds to the follow ing situation in the
bl ock at the beginning of the beat :

#100000000111#1000000001 11# 100000000111#1000000001 11#10000000011 1
#100000000111 #100000001111#100000001 111#1000000111 11#000000001111
#0000OO0001aa# .

Here aa at the end of t he block shows that this block is act ivated and
that the new state 5 has to be sent to left and right neighbors.

It can also be seen eas ily that the trans ition-function has been extended
to i ll 2 3 4 5 6 7 8

d(i) 3 3 3 3 3 3 4 4

An inact ive, "empty" block then looks like

9 10 11
5 4 3

#000000000111 #00000000011 1#0000000001 11#00000000011 1#000000000 111
#000000000111#000000001111#000000001111#000000011111#000000001111
#000000000111#.

If a block is act ivated at the beginning of the beat, h is right neighbor
b lock will bec ome activated at the next b eat . In order to be able to expand,
it is therefore ne cessary to start a new act ivat ion fro m the left end at each
second beat. T his is done simply by sending a synchro nizing signal up and
down over a sufficient ly long sequence of l's. The firs t blo ck afte r this syn
chronizing left part conta ins only table-entries representing the qui escent
s tate. So each second beat the "quiescent block" at th e left end is act ivated
and no expansion to the left can occ ur .

At the right end copying of a b lock is performed by p ushing an encoded
form of a b lock to the right and simultaneously leaving an em pty b lock
be h ind , which will be activated later as repre senting the ori ginal qu iescent
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3 4

11

\/\
4 3

/ \ / \
3 4 3

Figure 7: A computation of one-way CA B.

qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqql l l l llllllllllll li l l 111111111111
111111 1111111111111111111111111111111111111111111111 11111 111 111 111
1111111111111 111111111111 .11111111111111 111111 1111111111111111111 1
111111111 1111111111111 11111111111111111111 111111111111111111 111111
11111111111 1111 1111111111111111111111111 1111 11111 11111111111111111
11111 11111 1111111 1111111111111111111111111 11111111111111111111111#
1#000 11111 111#00000111#0000000111#0000000111#0000000111#0000000111
#000000011 1#0000000111#00000001 11##10000001 11# 10000001 11#1000000 11
1#1000000111#10000001 11#10000001 11#0000000 111#0000000111 #00000001.
a# #000 000011 1# 00 00000 1 11 #0000000111#0 000000 11 1#000 0 0 01111# 0 0 000001
11#0000001111#0000001111#0000000111 ##1000000111 #1000000 111#1000000
111#1000000111#1000001111#0000000111 #000000111 1#0000001 111#0000000
1aa##100oo00111#1000 0001 11#1000000111#10 0 00001 11#1000001111 # 100000

0111#1000001 111#loo0001111#10000ooI11##10000 00111 #1000000fg1g0hOhO
hOglglhOhhhhhgggihOhOhOglglg0hhOhOhgggghhhOhOglglg0hOhOhl gglqqqqqq

Figure 8: The initial configuration of U which encodes the configura
tion 34 of B.

state. During one beat a little more than a complete block is created at the
right, but since act ivation of blocks is initiated from the left - synchronized
with beat - this does not affect the simulat ion of the nonquiescent part of
the original totalistic one-way automaton.

Example : Consider CA B given by the following transi tion-table

i 1 123456789
d(i) 3 3 3 3 4 3 4 4 3

Three consecutive configurations of B are shown in Figure 7. The three
snapshots of U corresponding to these three configurations are shown in
Figures 8, and 9. In this case one beat of U consists of 363 single transition
steps. Figure 8 shows the initial configuration of U, the configurat ions
after t he first beat (363 steps), and after the second beat (726 steps) are in
Figure 9.
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qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqlllllllllllllllllill111111111111
111111 111111111111111111111111111111111111111111111111111111111111
111111111111111111111111111111111111111111111111111111111111111111
111111 1111 11111111111 111111 111 111111111 1111 11111111 111111111111111
111111111g11111111 111111111 1111 11111111111111111111111111111111111
1111111111111111 11111111111111 111111111 1111111111111111111111111 1#
1#000111111 11#00000111#0000000111#1000000111#1000000111#1000000111
# 1000000 1 11# 1000000111#100000011 1##0000000 11 1#0000000111#00000001 1

1#0000000111#000000011 1#000000 0111#0000000111 #00000001 11#000000011
1##100000011 1#1000000111#10000001 11#1000000111#100000 1111#1000000 1
11#1000001111#0000001111#00000001••##0000000111#0000000111#0000000
111#0000000111#0000001111#0000000111 #00000011 11#0000001111#0000000
111 ##1000000111#1000000111#1000000111#1000000111#0000001111#000000
0111#00000011 11#0000001111#00000001••##1000000111#1000000111#10000
00 111# 1000000111#1000001111# 1000000111#1000001111#1000001111#10000
00 1I 1##10000001 I 1#10000001I 1#10000 00 111#bjchOhbglgghhhhhhlglglhOhO
hOhlglghhhhhhglglg0hOhOhlglglhhhhhhhglglhlhOjqqqqqqqqqqqqqqqqqqqqq

qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqll111111111111111111111111111111
111111 111111111111111111 1111111111111111111111 11111111111111111111
1111 111 111111111111111111. 1111111111111111111111111111111111111111
1111111111111111111 111 1111111111 111111111111 1111111111111111111111
111111111 11111111111111111 11111111111 11111111 111111111111111111111
111111111 11111111111 11111 111 111111 1111111111111111111111111111111#
1#0001 111111 1#000001 11#00000001 11#00000001 11#000000011 1#00000001 11
#0000000111#0000000111#00000001 11##1000000111 #1000000111 #10000001 1
1#1000000111#1000000111#1000000111#00000001 11#0000000111#000 0000 1•
• ##0000000111#0000000111#0000000111#0000000111#000000111 1#00000001
11#0000 001111#0000001 111#000000011 1##1000000111#1000000111#1000000
111#1000000111 #1000001111 #10000001 11#10000011 11#0000001111#0000000
11.##0000000111#0000000111#0000000111#0000000111#0000001111#000000
011 1#0000001111#0000001111#0000000111##1000000111#1000000111#10000
001 11#000000011 1#0000001111#0000000111#00000011 11#00000011 11#00000
00laa##1000000111#10000001 11#10000001 11#1000000111#1000001111#1000

000111#1000001111#10000011 11#1000000111##1000000111#1000000111#100
0000111# IOOOO00III#1000001IggghhhhOhOglglhOhOhOggggghhhOhOglglg0hO
hOhOgggghghhOhOhlglgOhOhOhOgglqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq

Figure 9: The configuration of U after the first beat (363 steps) and
after the second beat (726 ste ps), which encode configurations 43 and
343 of B.
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# 0 1 a b c d e f g h i ; q # 0 1 a b c d e f g h j q
1 1 - 1 - - - c 1 0

# 0 # 0 1 f 1 O b-IbO # ; - c a 0
# 1 # - # - - # q - c b - 0
# • # - # c d g
# b # b • 1

d . - 0 ; c f c - f
# c # • 0 c •# d d c h #
# e a ·- c 1
# f c .- d # h
# • # - b # d 0 d 0 h # -
# h # 0 1 e h 0 1 # ; d • • • h# 1 c - d h i • • h# j # a b 1 e # i
0 0 0 0 0 o - 1 0 e 0 c e • i -
0 1 0 1 0 0 1 o 1 1 0 e 1 e f
0 • b

• a
b 1 0 f # c - f i

0 b b b 0 ; f 0 # 0 0 c
0 c c 0 f 1 f - e •0 d c d 1 f •

• h0 f o 1 f h
• h0 • o 1 • h • 1 0 o q

• # # • 1 f b f h
0 h 0 h 1 0 ; -

• 0
d h • # - 0 • h

0 j 0 • 1 c h •1 # i
• h0 q o 1 1 0 o q • c d - . • - h i -

1 # # - 1 1 # • e h 1 # - • d f e ~ h
1 o # 0 1 0 0 -1 0 #;

• e ·-1 1 # 0 1 1 # 1 1 0 i g • h •• • h1 a # - • • # - - 1 - - - • h # h ·- • h1 b # b b c - -- .- #- • # - ·- •
Table 1: The first half of the transition table of our 14- state universal
CA. T he upper row shows the state of the considered cell and the
first two columns disp lay t he states of the left and right ne ighbor
cells. T he t ab le-entry "-" means that the combination neve r occu rs
during a simulat ion , thus an y of th e states could be entered ins tead
of the lC _" .
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q

q

q

q

#q

- ,

g
I

o

g -
g It 
- - #
g h #
g h #

g h
g h

g h
g h

d 0
d 0

g h
c

1 ,
. ,

f g h i

1 g h

1
1

1
g
I

, g

h g -

h - - 0
h g 1 a i

h g g h
h g h

h g -
h g - h

h g
h g

j
h 0 - h j

h ,

# O l a b c d e
g J
g q
h #
h 0
hi'
h c i
h g
h h
h
h j
h q

#
o
1
d
g
h

j 0
j 1
j b
j g
j h
j q
q 0
q 1
q •
q g
q h
q q

q

1

#
o q

e -

o

g ,-

g b

• b
• bb

1 b d

1 -·-·- 1·-

g I I
d - 1
- 1
- g

i- q l0 #-q
ql 0# i j

1 g l h# 
1 0
1 0

cde fg h

s
- h
g

.
1
1
1
1
I
1
I

.-

b

b

# 0 1 a b
1 c c a a
1 d c d-
1 e c
1 1 c
1 g #
1 h # 0
1 i # 
1 # 0
1 q q 

• # # -
aO #O - e #
al # - 11
a a

• ba ce-a -
a e
a f c 
a g # -
• h
b # #
bOO 0
bl O l i O
b a - b a
b b b
b c
b e b
b 1 0
'# - d
, 0# 0 11 0

Tabl e 2: The second hal f of t he transiti on table of our 14--state uni
ver sal CA. The upper row shows the state of the considered cell and
the first two columns disp lay the st ates of the left and right neighb or
cells. The t ab le-entry"." means that the combinat ion never occurs
during a simulation, thu s any of t he states could be ent ered inste ad
of the ".71.
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