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Maximum sensitivity to update schedules of elementary cellular
automata over periodic configurations

Kévin Perrot - Marco Montalva-Medel - Pedro P. B. de
Oliveira - Eurico L. P. Ruivo

Abstract This work is a thoughtful extension of the ideas sketched in [I0], aiming at classifying elemen-
tary cellular automata (ECA) according to their maximal one-step sensitivity to changes in the schedule
of cells update. It provides a complete classification of the ECA rule space for all period sizes n > 9 and,
together with the classification for all period sizes n < 9 presented in [I1], closes this problem and opens
further questionings.

Most of the 256 ECA rule’s sensitivity is proved or disproved to be maximum thanks to an automatic
application of basic methods. We formalize meticulous case disjunctions that lead to the results, and patch
failing cases for some rules with simple arguments. This gives new insights on the dynamics of ECA rules
depending on the proof method employed, as for the last rules 45 and 105 requiring (0011)* induction
patterns.

Keywords Synchronism sensitivity - Elementary cellular automata - update digraph

1 Introduction

Cellular automata (CAs) are discrete dynamical systems (both in time and space) where each cell of a
lattice is given a state from a finite set. States evolve according to local interaction rules among neighbors.
The neighborhood and rule are uniform, they can be described as a set of relative positions and a function
giving a new state for a cell from states on that set of relative positions. Even with basic local rules,
cellular automata may display very complex global behavior: well-known binary cellular automata rules
such as the game of life [8] and rule 110 [4] are known to be capable of simulating Turing machines.

Classically, CA cells are updated synchronously at every time step: the state of a cell at time t +
1 is a function of its neighbors’ at time ¢ [9]. However, the introduction of variations in the schedule
(order) according to which cells are updated has been gaining attention in recent years, unveiling richer
behaviors. This has been observed both on the dynamics and problem-solving ability, and regarding the
simulation of real-world phenomena; see [7] for a comprehensive review. The present work focuses on
deterministic evolution, i.e. introduction of variations in a deterministically followed update schedule, and
not a stochastic one. In this context a basic question to answer is: given a CA, how much do changes in
the schedule of cells update carry changes in its dynamical behavior? We approach this qualitatively by
the notion of maximum update schedule sensitivity and the classification that follows.

In the more general framework of automata networks, Aracena el al. [2BI[I] gave a relevant notion of
equivalence classes of update schedule, with a constructive characterization of the equivalence relation.
We base our work on an application of this characterization to elementary cellular automata (ECA), and
measure the sensitivity to update schedules as the number of different dynamics obtained over the set of
update schedule equivalence classes. Given two non-equivalent update schedules A # A’, the two obtained
dynamics differ if and only if they differ on at least one configuration x, that is if there exists a cell ¢ such
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that the update of & according to A and A’ lead to different states for cell 4. This notion of difference in
dynamics may be called one-step sensitivity, as we look at the direct successor of a configuration. This
is of course a key step towards the more general understanding of k-steps sensitivity for any & € N, and
even for the limit behavior k = w.

This paper considers deterministic update schedules over periodic configurations (of given size n). We
believe that the notion of update schedule sensitivity is ground stone to the possibilities to study classical
problems in the CA litterature under new perspectives. For instance, in the standard setting of fully
synchronous updates, it has been shown that no single CA rule is able to solve the density classification
task [B]. It is still an open question to know whether there exist a solution under another deterministic
update schedule (though it is possible in the stochastic setting [6]). One may agree to the intuition that a
CA rule presenting many different dynamics due to distinct update schedules offers more possibilities to
tackle the problem.

The paper is organized as follows: in Section [2] we define the notion of sensitivity to update schedules
on ECA, and in Section [3| we present a serie of results in order to classify the whole rule space of ECA
for any size n > 9 according to the sensitivity definition proposed in the above section. A precise table of
content for Section [3]is provided. It first contains general considerations, such as a count of the number
of different update schedules of size n and the introduction of a notation for sequences of updates, second
is a study of non-max-sensitive rules, and finally a step by step classification of every ECA. Basic ideas
are meticulously formalized and generalized until all remaining rules are proven to be max-sensitive to
update schedule changes. Section [3] ends with a summary of the results. Finally, in Section [d] we present
the paper conclusions and perspectives.

2 Definitions

Cellular automata are discrete (both in space and time) and deterministic dynamical systems. We will
consider the family of elementary cellular automata (two states and radius one neighborhood in dimension
one) on periodic configurations. Let us introduce the classical definitions where the evolution is considered
under the parallel update schedule, and then introduce other update schedules for the purpose of studying
the sensitivity to synchronism.

2.1 Cellular automata

Given a dimension d and a finite set of states S, we consider the set of configurations st which associates
a state to each cell of a d-dimensional lattice. For convenience, the state of cell ¢ in the configuration x
will also be denoted z; (instead of z(z)).

A cellular automata dynamics is described by the parallel application of a local rule. The nieghborhood
N is a finite tuple of d-dimensional vectors (elements of Zd), and the cellular automata local rule is a total
function from SV to S which gives the new state of a cell according to the states of its neighboors. The
rule is then applied in parallel at every lattice position, during discrete time steps.

Definition 1 A cellular automaton (CA) is a 4-tuple (d, S, N, f) with

— d € N the dimension,

— S C N the finite set of states,

— N C Z% the finite tuple of neighbors,
— f: 8N — S the local rule.

The parallel dynamics F' of a CA on the configuration space SZd is given by

F(z); = f($i+N[1]7$i+N[2]7 s 1’1’+N[k])

with k = |N| and N[j] the 5" element of the tuple.

2.2 Elementary cellular automata

Elementary cellular automata are the family of cellular automata in dimension one, with Boolean states
and von Neumann neighborhood of radius one.
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Fig. 1 ECA interaction digraph Gy, (left) of size n = 6 (loops removed). Update digraph G, a (right)

the update schedule A = ({4},{3,5},{0,1,2}) (remark that it also corresponds to ({4},{3},{5},{0,1,2})
({4}, {5},{3},{0,1,2}) = A). For the local functions given by Wolfram rule number 2, i.e., f(x;—1,%i, Tit+1)
i1 N\ Txy A Tit1, We have FA((O, 0,0,0,0, 1)) = F({S,S},{O,l,Z} ((07 0,0,0,1, 1)) = F({O,l,Z})((07 0,0,1,1, O))
(0,0,1,1,1,0) (in the parallel update schedule Fapar((0,0,0,0,0, 13) = (0,0,0,0,1,0)).

,_.,
s

Definition 2 Elementary cellular automata (ECA) are the cellular automata with d =1, S = {0,1} and
N = (—1,0,+1). An ECA will therefore be identified by its local rule f.

The 256 local rules of ECAs may also be described by their Wolfram number [13] given by

W(f) — Z f(x]_,ZEQ,$3)222$1+21x2+20$3-
(z1,x2,23)€{0,1}3

2.3 Finite periodic configurations

A one-dimensional ECA configuration x is periodic when there exists a period n € N such that z; = ;45
for all 4 € Z. An ECA evolving from a periodic configuration can be described as elements of S™, and the
parallel dynamics F' is given by

F(m)z = f(xifl mod ns i Li+1 mod n) for all i € [[O,n - 1]]

where [a;b] = {i € Z: a < i < b}, for any integers a and b with a < b.

In the rest of this paper we restrict our study to ECAs on periodic configurations iden-
tified with elements of {0,1}", and call n the size of the configuration.

2.4 ECA interaction digraph

It captures the general interactions given by the neighborhood (—1,0, +1). For an illustration see Figure
(left).

Definition 3 The FECA interaction digraph of size n is G, = (Vn, An) such that Vi, = [0;n — 1] is the
set of cells and
An=|J A{Gi-1 modn),(ii),(i,i+1 modn)}.
1€[0;n—1]
Note that it does not depend on the local rule. In Section 2.7 we will motivate the removal of loops in
this ECA interaction digraph, regarding synchronism sensitivity.

2.5 Update schedule

In the previous subsections we defined ECAs under the standard parallel update schedule. Let us now
introduce some variations on the order according to which cells are updated during one time step.

Definition 4 A fair and periodic update schedule of period n for ECAs (update schedule for short) is
simply defined as an ordered partition of [0;n — 1], denoted A = (A4, ..., Ap).
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The image of a configuration z € {0,1}" under update schedule A = (Ay,...,Ap) is then defined
recursively, as

F(AJVAJ'-FI’“-’AP)(:E) = F(Aj+1a-~~7Ap) (FA7 (1:))

and F(y(x) = x, with a substep defined as

f(zi—1 mod n,z;,zi41 modn)ifie A;

Vi € [0;n — 1], FAj (x)z = {l"z otherwise

The image is also denoted Fa(z) for simplicity. In this context, the parallel update schedule is AP# =
([0;n — 1]), and an ordered partition made of n singletons (which can also be seen as a permutation of
[0;n — 1]) is a sequential update schedule.

2.6 Transition digraph and dynamics

Definition 5 Given an ECA rule f of size n and an update schedule A, we define the transition digraph
Gtn,A = (Vn, An) as the digraph where V, = {0,1}" is the set of configurations, and there is an arc
(x,2') € Ay if and only if Fa(z) = 2.

The digraph Gy, A is thought as an object catching the dynamic of rule f under A.
Definition 6 We define the fair periodic dynamics (dynamics for short) of a rule f as
D(f,n) ={Gfn A | A fair periodic update schedule}.

The dynamics is the set of every dynamic (as captured by the transition graph) that we can obtain
by varying the update schedule, for an ECA rule f of size n.

2.7 Update digraph and equivalent update schedules

There are natural equivalence classes of fair periodic update schedules for ECAs of a given size n. In fact,
it only matters to know the order of update among neighbors automata. This subsection is inspired by
the developments introduced in [3] on the notion of update digraphs build upon the interaction digraph
of automata networks, and applies them to the ECA interaction digraph. In [3] a fair periodic update
schedule A = (A1,...,Ap) is defined as a function such as ta : [0;n — 1] — [1;p] with ta(¢) = j if and
only if i € Aj, i.e. ta(i) = argjepy,p) (¢ € 4;) tells the time step j at which cell i is updated (note that
t A is well defined since (A1, ..., Ap) is a partition of [0;n — 1]). In the rest of the paper we will use both
A and tp.

Given an update schedule A, we define the label function lab, A : An — {®, 6}, with A, the loopless
subset of Ay, i.e. An = {(i,i') € An | i #i'}, as follows:

@ ifta(i) > ta(i)

V(i) € An. - labya((0) = {@ iftA(i) < ta(i).

A © label on the arc from i to i’ means that ¢ is updated strictly prior to i’ during every time step.
In other words, during the computation of Fa(z), at the substep when we apply the local function at
position 4’, the state of ¢ may not be x; anymore.

Definition 7 The update digraph of A is the labeled digraph Gy, o = (Va, An, laby A).
Definition 8 We denote by U/(n) the set of update digraphs for ECAs of size n:
U(n) = {Gy A | A fair periodic update schedule}.

Let us now remark that loops would always be labeled &, hence they would have add no information
to update digraphs. Also note that some label functions on A do not correspond to any update schedule
(for example if two arcs (s,s’) and (s’,s) are both labeled ©), and that different update schedules may
lead to the same label function. We say that a label function laby, : An, — {©,®} is valid when there is
an update schedule A such that labn, = laba ,. Aracena et al. gave an exact characterization of the valid
label functions.
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Theorem 1 (J2]) A label function laby : A, — {®, 6} is valid if and only if there is no cycle (io,i1,. .., ix),
with io0 = iy, of length k > 0 such that:
—forall1<j<k, ((ij,ij11) € An Alab((ij,ij41)) = @)
or ((ij41,45) € An Alab((ij11,75)) = ©),
— exists 1 < j <k, lab((ij41,%5)) = ©.
In words, the multi-digraph where the labeling is unchanged but the orientation of negative arcs is reversed,
does not contain a cycle with at least one negative arc (forbidden cycle).

Update digraphs can be seen as equivalence classes of update schedules (A = A’ if and only if
lab, A = lab,, ar): those always giving the same transition digraph (dynamic), whatever be the ECA local
rule.

Theorem 2 (|3]) For all f, n, A, A', if lab, A = laby Ar then Grp A = Grp o Ar-

Thus |U(n)| is the number of non-equivalent update schedules on the ECA interaction digraph. For
an illustration see Figure [1| (right).

2.8 Update schedule sensitivity

The number |/ (n)| can be thought as an upper bound on the number of different dynamics of an ECA
of size n (note that it does not depend on the rule). In contrast, |D(f,n)| depends also on the local rule,
and is the actual number of different dynamics of ECA f.

Definition 9 We are interested in the sensitivity to synchronism of ECAs, as measured by the quantity

L _ [D(f,n)]
sensitivity(f,n) = U

The sensitivity to synchronism is the proportion of different dynamics relative to the number of
equivalent classes of fair periodic update schedules, for a given size n.

We obviously have m < sensitivity(f,n) < 1, and an ECA is as much sensible to synchro-
nism as it has different dynamics as the update schedule varies. The extreme cases are, an ECA f with
sensitivity(f,n) = Wln)l has always the same dynamic Gy, a for all update schedule A, and an ECA
f with sensitivity(n, f) = 1 has a different dynamic for each non-equivalent update schedule A (for all

A# At has Gr o n # Gn,ar)-
Definition 10 An ECA f such that
Ing € N:Vn > ng : sensitivity(f,n) =1
is called (ultimately) max-sensitive to synchronism.
Note that a rule f is max-sensitive for a given size n if and only if

VA #£ A3z e {0, 1}" cdi e [[O;n - 1ﬂ : FA(LE)Z' * FA/(l‘)i. (1)

2.9 Symmetries among ECAs

Instead of studying the whole ECA rule space, one may consider only a representative of each dynamical
equivalence class. Two rules are dynamically equivalent if they have the same dynamics up to conjugation
(swapping 0s and 1s), reflection (swapping left and right) or conjugated-reflection (reflection and conju-
gation). More formally, two local ECA rules f and g are dynamically equivalent if one of the following
holds:

fla,b,¢) =1—g(1 —a,1—b,1—¢) forall (a,bc) € {0,1}> (conjugation)
f(a,b,¢) = g(c,b,a) for all (a,b,c) € {0,1}3  (reflection)
fla,b,e) =1—g(1 —¢,1—b,1—a) forall (a,b,c) € {0,1}> (reflected-conjugation)
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The ECA rule space is partitioned into 88 classes of dynamically equivalent rules:

0,1,2,3,4,5,6,7,8,9,10,11,12,13, 14, 15, 18, 19, 22, 23, 24, 25, 26, 27, 28, 29, 30, 32, 33, 34, 35,
36,37, 38,40, 41,42, 43, 44, 45, 46,50, 51, 54, 56, 57, 58, 60, 62, 72, 73, 74, 76, 77, 78,90, 94, 104,
105, 106, 108, 110, 122, 126, 128, 130, 132, 134, 136, 138, 140, 142, 146, 150, 152, 154, 156, 160,
162,164, 168, 170, 172, 178, 184, 200, 204, 232.

An ECA, its conjugation, reflection and conjugated-reflection, all have the same interaction digraph,
and their respective transition digraphs for a given update schedule are isomorphic, hence they are equally
sensitive to synchronism.

2.10 Previous results on ECAs

In [11I] we gave a classification of the ECA rule space according to their maximal sensitivity to synchronism
for n equals 3 to 9, and noticed that for n from 7 to 9 the classification is stable. The present work completes
the characterization for all n > 9. It starts as a continuation of the idea sketched in [10], and eventually
greatly extends them.

3 Characterization of max-sensitive ECAs

As mentioned in the previous section, in the rest of the paper we concentrate on the sensitivity to syn-
chronism of

— ECAs designated by their Wolfram rule number,

— up to conjugation, reflection and conjugated-reflection,
— on periodic configurations of size n > 3

— under fair periodic update schedules.

This will only be fully recalled in the sum-up Section We may omit to mention moduli n for clarity,
and will also assume that ECA interaction digraphs are loopless.

Contents
3.1 Counting update schedules for ECAs| . . . . . . . . . . o o o oo 6
3.2 Rules with non-effective interactions (10 rules)| . . . . . . . . . ... ... ... ... ... .. ... 7
3.3 Properties of non-equivalent update schedules| . . . . . . . . .. ... o000 8
3.4 A useful notationl . . . . . .. ... 9
3.5 Finite counter-example to max-sensitivity (6 rules)| . . . . . .. ... ... . o000 10
3.6 Inductive counter-example to max-sensitivity (3rules)| . . . .. ... ... ... o000 11
3.7 Finite proof of max-sensitivity (55 rules)|. . . . . . . . ... o o oo 11
3.8 Inductive proof of max-sensitivity (12 rules)| . . . . . . ... .. ... o 00000 15
3.8.1 Using the reflection (6 rules)| . . . . . . . . . . .. 33
3.8.2  Using the reflection symmetricaly (2rules)|] . . . .. ... ... ... ... ... ... ... 35
3.8.3  Minor improvements (3 rules)|. . . . . .. ... o o Lo 37
[3.9  Particular inductions (2 rules)|. . . . . . ... 38
13.9. Rule 451 . . . . . o e 39
BOZ RUETO8l. - o o v oot et e e e e e 40
13.10 Summary of the results| . . . . . . . . Lo 41

3.1 Counting update schedules for ECAs

We can count the number of equivalence classes of update schedules for ECAs, that is the number of valid
labelings of the ECA interaction digraph presented on Figure[T]

Lemma 1 For any ECA of size n, we have [U(n)| = 3" — 2" 1 4 2,

Note that this result is also present in [I0] with a different proof.
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Proof There are at most 4" labellings (2n arcs, see Figure7 out of which we will remove the invalid ones.
First remark that we can only have forbidden cycles of length 2 or n. Let Aa denote the set of labellings
with at least one forbidden cycle of length 2, and A ; denote the set of labellings with exactly ¢ forbidden
cycles of length 2. Similarly, let A, denote the set of labellings with at least one forbidden cycle of length
n, Ay c,; denote the set of labellings where a clockwise forbidden cycle of length n has a maximum of j
negative arcs, and A,, z ;7 denote the set of labellings where a counterclockwise forbidden cycle of length
n has a maximum of j' negative arcs. There are 4" —|As U Ay, | valid labellings. With & the disjoint union,
counting gives:

n n .
o] = | an | = £ ot —an e
1=1 =1
n n n . n n ,
[An| = | Anci U W Angy| =23 (52— 30 > (HAffj=4)=23"-1) - (2" - 1)
j=1 =1 j=1 j=1j=1
n n n
|A2 N An| = L—lj A27«L’ M L—lj An,c,j @] L—lj An,E,j’
i=1 j=1 j/=1

s
R

n n n
= Agin W Apcj| = [A2iN W AN Y An,c,j')
i j=1 j=1 =1
n n n\/m—i n n n n
= Zl Zl(i)(jﬂ-)*(i) =203"-2")-(2"-1)
1= j=

so that |[Aa U Ap| = |Aa| + |Ap| — [A2 N Ap| =47 3" + 27T 2. O

Lemma ] counts the number of equivalence classes of updates schedules for ECAs. This number equals
the number of dynamics for (and only for) max-sensitive ECAs, it is at the bases of numerical simulations
conducted in [II] for small values of n

3.2 Rules with non-effective interactions (10 rules)

The ECA interaction digraph is the same for all ECA rule, and we compute the number of equivalence
classes of update schedules from it. However one can easily notice that for some rules such as rule 0, arcs
of the ECA interaction digraph do not correspond to “effective interactions”. This is a classical notion
in the framework of automata networks, where the interaction digraph of rule 0 would have no arc [12].
Changing the order of updates of cells not effectively linked (& or ©) has no consequence on the dynamic,
therefore rule 0 cannot admit 3" — 27! 42 different dynamics, and is not max-sensitive. In this subsection
we formalize this intuitive observation.

Given a configuration z € {0,1}" and a cell i € [0;n — 1], we denote Z' the configuration where only
the state of cell ¢ is flipped, i.e. Ez =1—2x; and f;:/ =z for i’ #i.

Definition 11 An interaction (i,1’) is f-effective if and only if there exists a configuration = such that

F@)i # fla).

The idea is that cell i effectively influences cell i’ when there is at least one case (a configuration x)
such that the state of cell ¢ may change the state of cell 7.

Given an ECA rule, some arcs of the ECA interaction digraph (Figure may be non-effective. In this
case the ECA cannot be max-sensitive, as stated in the following lemma.

Lemma 2 If there exists a non-f-effective arc (i,i') € An then rule f is not maz-sensitive.
Note that Lemma [2] also directly follows from Proposition 5 of [I].

Proof 1t is straightforward to notice that in this case for any size n there exist two non-equivalent update
schedules giving the same dynamics, hence contradicting Formula . Without loss of generality let us
suppose that i =i+ 1 and i < n — 1. Consider A an update schedule such that lab, A(a) = @ for all
arc a, and A’ such that lab,, A’ equals lab, A everywhere but on arc (4,4’), for which lab,, a/((i,4')) = .
For simplicity we take A = ([0;n — 1]) and A" = ([0;4], [¢ + 1;7 — 1]). Then for any configuration = we
have:

1. Vj#i+1: FA/(J:)j:f(.rj;hxj,xj_;,_l):FA(x)j7

2. Far(z)ivr = f(f(@im1, @i Tig1), Tig1, Tiv2) = f(®iTig1, Tiv2) = Fa(z)ip1 where the central
equality follows from the fact that arc (i, 4+ 1) is non-effective.
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That is, the negation of Formula holds. O
Indeed, A simple exhaustive search in constant time for each rule gives the first classification.
Theorem 3 Rules 0,3,12,15,34,51,60, 136,170,204 are not maz-sensitive for any n.

Proof By application of Lemma[2] according to the following observations:
— for all i the arc (i + 1,4) is non-r-effective, r € {3,12,15,60},
— for all i the arc (4,7 + 1) is non-r-effective, r € {34, 136, 170},
— for all ¢ the arcs (i 4+ 1,4) and (i — 1,4) are non-r-effective, r € {51, 204}.
O

There are 78 ECA rules with 2n effective interactions (all arcs of the ECA interaction digraph): 1, 2,
4,5,6,7,8,9,10, 11, 13, 14, 18, 19, 22, 23, 24, 25, 26, 27, 28, 29, 30, 32, 33, 35, 36, 37, 38, 40, 41, 42,
43, 44, 45, 46, 50, 54, 56, 57, 58, 62, 72, 73, 74, 76, 77, 78, 90, 94, 104, 105, 106, 108, 110, 122, 126,
128, 130, 132, 134, 138, 140, 142, 146, 150, 152, 154, 156, 160, 162, 164, 168, 172, 178, 184, 200, 232.

3.3 Properties of non-equivalent update schedules

In this case, for any two non-equivalent update schedules A # A’, we have by definition that

dig : labnyA((io,Z‘o + 1)) =DA labn,A/((io,io + 1)) =6
or labmA((io + 1,io)) =5PA labn,A/((io + l,io)) =6

Let us consider in more details some properties of the second case,
Hig : labn’A((io + 1,i0)) =6hA labn’A/((io + 1,i0)) =5 (2)

(the first case is symmetric). Please keep in mind that when we want to prove a formula VA # A’ (such
as max-sensitivity) then we have to consider the two symmetric cases, and when we want to prove that
JA # A’ for a formula (such as non-max-sensitivity) then we only have to exhibit such update schedules
in one of the two cases. This will be recalled in the statements of Lemmas and Theorems when we say “a
rule and/or its reflection’.

Definition 12 We say that ig is ¢-right-bounded in A when

labnyA((io + 1,i0)) =6A--- /\labn’A((io +lig+ £ — 1)) =6
labn,A((io + 441,40 +€)) =@

and symmetrically ig is (—m)-left-bounded in A when

labn,A((iO —m— 1,149 7m)) =&
laby, A((i0 —myi0 —m+1)) = A--- Alaby, A((i0 — 1,40)) = ©.

We also say that i is (—m, £)-bounded in A.

Property 1 For all A # A’: there exist ig,m,m’, ¢ :
O<m<n)A0<m <n)AA <l <n)A +m <n)A W +m < n)

and such that ig is (—m,0)-bounded in A, and ig is (—m/, £')-bounded in A’.

Graphically, for A (above) and A’ (below), Propertystates

® S S S] S
2'0777’7,7]. Z’ofm ’Lvoferl 2'071 io io +1
52 S] S] S S]

S © S © @

io—m'—1 ig—m' ig—m'+1 ip—1 1o i+ 1 o+l =1 Qg+l dpHl+1



Max sensitivity of periodic ECAs 9

Proof If one of the three first inequalities is not fulfilled then there is a forbidden cycle of length n in A or
A’ (with n © labels). If the penultimate inequality (¢’ +m’ < n) is not fulfilled then there is a forbidden
cycle of length 2 in A’ (where the left and right boundings of ig overlap).

For the last inequality, suppose it does not hold, i.e. ¢/ +m > n, it means that the left bounding of
io in A strictly overlaps the right bounding of ig in A’. We can deduce that the update digraphs of A
and A’ differ on the label of the arc (ig — m + 1,i9 — m): we have lab, A((io — m + 1,i9 —m)) = &
(because lab, A((ip —m,ip —m + 1)) = &) and lab,, a((io — m + 1,ip — m)) = & (because £’ +m > n
so £/ +m —n > 0). As a consequence there exist ig —m, 0,0, £ +m — n verifying the property: ig — m is
(0,0)-bounded in A" and (0,¢ + m — n)-bounded in A’. O

Property [1] will be useful to prove max-sensitivity using the ig, m,m’, ¢’ given for each pair of non-
equivalent update schedule. The next property will be useful to prove non-max-sensitivity using the A, A’
given for each ig, m, .

Property 2 For all ig,m,£: (0 <m<n—-1)A(1<£f<n—-1)A(l <f+m <n), there exist A £ A’
such that ig is (—m,0)-bounded in A, and ig is (—m, £)-bounded in A’. Moreover, we can choose A, A’
such that their update digraphs differ only on the labelling of arc (iop + 1,40) (laby,A((i0 + 1,i0)) = @
and labmA/((’L'o + 1,i0)) =0).

Proof If one simply chooses all other labels (not yet fixed by boundings or the last condition) to be @,
then both update digraphs are valid. O

Also note that for each arc (4,7 4+ 1) labeled ©, the arc (i + 1,7) is necessarily labeled @, otherwise
there is a forbidden cycle of length 2.

3.4 A useful notation

To prove or disprove the equality of F(z) and Fa/(z), we will often compute the images on one cell g of
configuration = updated under two update schedules A, A’. If i is (—m, £)-bounded in A then the value
of Fa(z);, depends only on

(xi07m717 Tig—ms -y Ligs - Lig+ls xio+€+1)7
as will be proved in Lemma [3] by using the following notation.

For m > 0,4 >0,

O (@ —me 1, Tig—ms -« s Tig s - - Tyl Tig4041))
is defined as
f ( FTmEE 0T (24 1, Tig s Tig—1,Tig)) s Tig s LT T (@i, Tig 1y - Tig 40y Tig1041)) )
themselves defined inductively as
F77 @bty Tat1)) = F U 7U(F(Tambo1, Ta—bs Ta—bi1)s Ta—bi1s- - - Tat1)) for a <0
fm_b((xa—h cee 755a+b+1)) - faﬁb_l((wa—h ey Tag4b—1, f(xa+b717xa+b7 CUu,+b-‘,—1))) fora>0

with base cases
P (30, 0s1)) = 70 and 2 (201, 7)) = 70
corresponding in particular to
X (®a-1,%a,zat1)) = f(Ta—1,Za, Tar1) for X € {0 = a + 0,0 = a,a + 0}.

This notation corresponds intuitively to an update schedule of the form
(‘ . {io — 3,10 + 3}, {’io — 2,00 + 2}, {’io — 1,49 + 1}, {Zo})

Lemma 3 If ig is (—m,£)-bounded in A then for x = (xo,...,zn) € {0,1}" we have

- 3 14
FA(x)ZO = f e ((xio—m—17mi0—ma sy Ty e 7‘Tio+f7mig+[+1))'

Proof Let A = (A1,...,4p). Since ip is (—m,¥f)-bounded in A, we have two sequences of substeps
Jem < Jem41 < --<j—1 <joand jo>j1 >---> je_1 > je¢ such that for all ¢ between —m and ¢ the
cell 49 + i is updated during substep j;, that is io +4 € Aj,.
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It just remains to unfold the notation on both sides. Let us present the left side, the right side being
symmetric. By induction on m we can get

f_erl_)iO_l((infm*l’ s i) = Fr(x)ig—1

with I' = (A1, ..., A;_,) and so even I = (A1,...,Aj 1), from the base case

fﬁm—‘rl*)i(]il(('xio—m—l’ LR ,l'ig)) = fﬁm+24}i071((f(xi0—m—17xig—maxio—m—‘rl)axio—m—‘rl; cee 7xig))
= [T TN (P (@)ig—ms FP(@)ig—mt1s- -, Fr(@)ig))
with I' = (Ay1,...,4; ), and induction for m’ < m as

f_m/—’_l_ﬂo_l((FI’(J»’)io—m’—lz s ,Fp(a?)io))
:f_ml+2_ﬂ0_1((f(FF(x)iO*m,*l’ Fp(m)iofm/y FF(l’)io*m/-l-l)y FF(IE)’L'o*m/J,-L ey FF(x)io))
:f‘m’+2—>i0‘1((Fp/ (@)ig—m’» Fr(2)ig—m+15 - - Fre(2)i,))

with I' = (Ay,...,4;_, ) and I'" = (A1,...,4;_ ). The proof is finished by combining both sides
and applying substep 4, as follows,

O (@i mme 1y Tigs s iy te41)) = FEP(@)ig—1, Fr(@)ig, Fr(2)ig+1)

= F[v (a:)

20

with I" = (Al,...,Ajo,l) and I'' = (Al,...,Ajo,l,AjO) soeven I = A. O

3.5 Finite counter-example to max-sensitivity (6 rules)

According to Formula 7 given a rule if there exist two update schedules A # A’ having identical dynamic
(i.e. identical transition digraph: for all configuration x we have Fa(z) = Fa/(x)), then the rule is not
max-sensitive. This is our strategy in this section, using two update schedules given by Property [2}

Lemma 4 Given a rule f or its reflection, if there exist m > 0,0 > 1 :
V(Z—m—1,--.,%0,...,%s11) € {0, 1373 e have

f—m—>0<—0(( _ f—Tn—>0<—€((

T—m—1,T—ms---,T0,T1)) 1, Ty T0s - -, T, Yot1))

then rule f is not maz-sensitive for any n > m + £.

Proof Let A, A’ be given by Property (with all other labels @) for cell 0 and the m, £ existing above, i.e. A
and A’ differ only in the labeling of arc (1,0). Then for all y € {0, 1}" we will prove that Fa(y); = Fa/(y);
for all 4.

For all i # 0 we directly have that 4 is (a,b)-bounded with the same a and b in both A and A’. As a
consequence of Lemma for all 4 # 0 we have Fa(y); = Fa/(y);. We have that 0 is (m,0)-bounded in
A, and (m, £)-bounded in A’; so Lemma gives

Fa()o=f""""""((y-m-1,9-m:---,y0,y1))

- ¢
= f mooe ((y*m*17y*ma s Y0, - 7y57y£+1)) = FA’(y)O

where the middle equality comes from our hypothesis. We can conclude that A, A’ witness non-max-
sensitivity according to Formula (1)), and such A, A’ must be defined on a state set of size n > m + £ to
prevent forbidden cycles of length 2. O

Note that the hypothesis of Lemma [4] takes a time O(mf2™ ) to check, for a countably infinite
number of m and ¢. Some unintensive computer tests give the next theorem.

Theorem 4 Rules 8,28,32,44,140,200 are not max-sensitive for any n.

Proof The hypothesis of Lemma [4] have been tested for all pair of 0 < m < 5 and 1 < ¢ <5, and for the
two symmetric cases of Formula (equivalently, the hypothesis of Lemma |4 have been tested for a rule
and its reflection). Lemma |4| can be applied as follows.
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— Rule 64
— Rule 28

reflection of 8) for m =1 and £ = 1.
reflection of 70) for m =0 and ¢ = 1.

— Rule 32 (reflection of 32) for m =1 and £ = 1.

— Rule 44 (reflection of 100) for m = 0 and ¢ = 1.
Rule 196 (reflection of 140) for m =0 and ¢ = 1.
Rule 200 (reflection of 200) for m = 0 and £ = 1.

o~~~ —

O

3.6 Inductive counter-example to max-sensitivity (3 rules)

Note that when n = m + £ then we have the additional constraint —m = ¢ (with appropriate modulo). As
a consequence the V(z_y—1,...,2¢41) of Lemma [4| becomes V(z_m—1,...,2¢_2) and we have z;_; =
Tom—1, T¢g = T—m, Ty+1 = T_m+1. However this test is valid only for the given n = m + ¢, and in order
to have a result valid for any n we need an induction step. In this section we close this gap for rules 128,
160, 162 (the rules to consider were guessed from exhaustive tests for small values of n in [I1]).

Theorem 5 Rules 128,160,162 are not maz-sensitive for any n.

Proof Instead of rule 162 we will consider its reflection, rule 176, so that the three rules all have the same
“orientation”. We recall the definition of their local function, with column abc € {0, 1}3 representing the
value of f(a,b,c).

111{110(101{100{011{010({001|000
rule 128 1 (0| O | O | O | O] O|O
rulel60f 1 |0 |1 |O0O|O0O|O0O|O0|O
rulel76| 1 | 0| 1| 1][0]|O0|O0]O

We consider the same update schedules as in the previous section: let A, A’ be given by Property
(with all other labels @) for 0 and the m, ¢ existing above, i.e. A and A’ differ only in the labeling of arc
(1,0). Then for all z € {0,1}" we will prove that Fa(z); = Fas(x); for all i.

For all 4 # 0 we still directly have that i is (a,b)-bounded with the same a and b in both A and A'.
As a consequence of Lemma [3] for all i # 0 we have Fa(x); = Fa/(z);. Now let us consider cell 0. For
any m > 0, a straightforward induction gives the following:

if3k: (—m—1<k<1)A(zp =0) then Fa(z)o = Fas(z)o = 0.

Consequently, for A, A’ given by £ = 1 and m = n — 1, this means that for all € {0,1}" such that
x # (1,...,1) we have Fa(z)o = Fas/(z)o = 0. Since furthermore another straightforward induction
gives FA((1,...,1))0 = Fa/((1,...,1))o = 1, we have the same transition digraph (dynamic) for rules
128,160, 176 (reflection of 162) under update schedules A # A’. O

3.7 Finite proof of max-sensitivity (55 rules)

According to Formula , given a rule, if for all A # A’ we can prove that there exist a configuration x
and a cell ig such that Fa(z);, # Fa/(x)i,, then the rule is max-sensitive. This is our strategy in this
section, using Property [I] for each pair of non-equivalent update schedules. We recall that we present the
reasoning in the case of Formula (as it is presented in Property , but we will have to consider the
two symmetric cases to prove max-sensitivity.

The following lemma is kind of brute force: it looks for some finite upper bounds to the bounding of
ip in A and A’, so that whatever the m,m’, ¢’ given by Property [1| we can always ensure that there exist
a configuration z and a cell ig such that Fa(z);, # Fas(z);,.- Depending on the values of m, m’, ¢ given
by Property [1| compared to the m, 7 of the following lemma, we will fall in one of the eight cases, and the
formula for each case ensures that it is possible to construct one such x in this case. Such a proof has been
sketched in [10] for rule 1.

Lemma 5 Given a rule f and its reflection, if there exist m > 0,0>1 satisfying the 8 formulas
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Vi < rh,m/ < ﬁ% 1 < e/ < 2: H(mimax{m,m’}*l’ .. .71'(1)7 .. .71'%/_;'_1) :
— —m/ ’
f m—>0<—0((x17m717 - .733(1)73;%)) =1-—f ™ —0¢¢ ((acl_m/_17 ...
Vim < m,m/ <7 a(xzmax{m7m,}_1,...,x%,...,x%) :
f—m—>0<—0((x27m717 cee ,1‘%715%)) =1- f—m/—>0<—€((x27m/717 e
, .
—1_ f—m _>0<_é((322_m/_17~~
VYm < m, 1 Sé’<2:H(mim,~--,$8,~--»$§"+1):
3 5 /
Fm00 (B el ad)) =1 — 0 (0,22 4,
5 /
_ 1_f m—0</¢ ((L-T:‘:ﬁ’w'“
Vm<m:a(x‘im,...,xé,.--,w;%):
O ) =1 0 (o
—1 f_m_m(_z((l,xéim,
-1 f—fn—>0(—2((07$‘im7
—7 ?
—1-f Mm—0<— ((Lx‘iﬁw
vm' <, 1</ <f:H(mim,~~,1’g7-~:1’?/+1):
FO (0,1 ah)) =
e (C R ) EE B i (CLaT
Vm/ <ﬁl:3($gm7---7$87--'7‘1}2):
f_m—>o<—o((o7mtim“”,xgw‘li)) =
— - ' ¢
FT0(1,2% a8 a8)) = 1 O (@
, R
—1_ f—m _>O<_€((x(im/_1,~--
Vi<t <@ a(xim,...,a:é,..-,d/m :
f—m—>0<—o((07l,7_ﬁw o ,x%,x{)) =
= 5 ’
P (0T e alia])) = 1= O (0,27
—1_ f—ﬁL—>O<—Z ((1,907_7%7---
3(158_7;“ ,x87 7'1‘?)
f—'fn—>0<—0((o7xs_rh7 . 7x871-51;)) =
F (e ad) = 1 - T (0,28
—1 f—m—>0<—€((1’ 8_1;“
—1 f m—>0<—é((07m§m7
=1 [T (1,0,

1
» 20,

2
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Proof Let A # A’ according to the case of Formula . Then, according to Property I 1| there exist some
i0,m,m’, ¢'. Depending on the order of m (resp m', 0 ) compared to m (resp. m, é) we fall in one of the
8 cases above (for example if m > i, m’ < 1, ¢’ > ¢ then we are in case 6), let us denote it ¢ € [1;8]. We
use the fact that cellular automata are shift invariant: what is claimed at cell 0 in the hypothesis can be
applied to cell ig. Lemma can be used (the left (resp. right) side of equalities corresponds to A (resp.
A")) to conclude:

3z € {0,1}" (with z; = xf where z° is defined) : Fa ()i, # Far ()4, -

Indeed, when m (resp. m’,#’) is strictly smaller than (resp m E) then there is no spec1a1 consid-
eration, and when m (resp. m’,£') is larger than 7 (resp. E) then Whatever the result azlo 1 (resp

;U 1L Z+1) of substeps updating the state of cells ig —m to ig —m — 1 (resp. ig —m’ to ig —m — 1,

io + € to ig iy 1) we have

T

FA(m)io = f_m_n‘m_o((wfiofmflv R xin?xio—i-l))
= f_m_ﬂO(_O((xéo—ﬁL—ly Iigf’rﬁm e 71:i07 xig+1))

ffmﬁigea(( /

(resp. Fa/(z)i = Tio—siv—1> Tig—rins - s Tigs - - s Tig+a+1)) for any a,

_ p—a—ig«d ’
Far(z)iy, = f ° ((miu,a,l,...,xiu,...,mio_i_é,mio_i_é_i_l)) for any a)
and the Lemma claims that whether x%o_m_l =0or m%o_m_l =1 (resp. :c _m—1=0or xZO 1 =1,

/ . . .
T i1 = Oorz i ib1 = = 1) do not matter to have different images at io.

In order to be always able to use z¢ to construct x, we require n > m + [+1. O

Note that the hypothesis of Lemma [5| takes a time O(m222m+‘) to check, for a countably infinite
number of 7 and f. Also note that taking different 7 and M’ for A and A’ would also work with
accordingly detailed considerations, and would give qualitatively similar results when tested on the family
of ECAs. Some unintensive computer tests give the next theorem.

Theorem 6 Maz-sensitivity is achieved by

rules 1,4,5,6,19,22 23,24, 27,36,37,46, 50, 54,126,152,178,184 for any n > 3,

rules 9,14, 18,29, 35, 38,43, 56,57, 58,74,94,110, 132,142,146, 156, 172 for any n > 4,
rules 7,11,26,62,72,73,78,108,122,134 for any n > 5,

rules 33,41,76,77,164,232 for any n > 6,

rules 13,25,104 for anyn > 7.

Proof The hypothesis of Lemma have been tested for all pair of 0 < m < 5 and 1 < i< 5, and for
the two symmetric cases of Formula (2]) (equivalently, the hypothesis of Lemma |5 I have been tested for a
rule and its reflection). As an additional witness to the values of 7 and ¢ for a rule and its reflection, we

also give an z € {0, 1}erHl satisfying the 8" and last formula (this case represents asymptotically a
hundred percents of update schedules).

— Rule 1 (reflection 1) passed all 8 tests for 7 = 1, = 1, with 2® = (1,0,1).

— Rule 4 (reflection 4) passed all 8 tests for m =1, /=1, with z® = (0,1,1).

— Rule 5 (reflection 5) passed all 8 tests for 7 = 1, = 1, with xg =(0,1,1).

— Rule 6 (reflection 20) passed all 8 tests for m =1, ¢ =1, with x =(1,1,1).

— Rule 20 (reflection 6) passed all 8 tests for m = 1, = 1, with ® = (0,1, 1).

— Rule 7 (reflection 21) passed all 8 tests for i = 1,¢ = 1, with mg =(1,1,1).

— Rule 21 (reflection 7) passed all 8 tests for 7 = 0,/ = 4, with m =(0,0,0,1,1).

— Rule 9 (reflection 65) passed all 8 tests for m = 67: 1, with a: =(0,1,1).

— Rule 65 (reflection 9) passed all 8 tests for m = é 1, with 2% = =(0,1,0,1).

>

>

T e — DT
M)—‘O

— Rule 18
— Rule 19

passed all 8 tests for = 1,4 = 2, with x = (1,0,1,0).
passed all 8 tests for m = 1,/ = 1, with 2% = (0,0,0).

reflection 18
reflection 19

>

( ;
— Rule 11 (reflection 81) passed all 8 tests for i = 3,7 = 1, with 2% = (1,0,0,1,1).
— Rule 81 (reflection 11) passed all 8 tests for m = 0, f: 1, with 2% = (0, 1).
— Rule 13 (reflection 69) passed all 8 tests for i = 3,/ = 3, with 2% = (0,1,0,0,0,0,1).
— Rule 69 (reflection 13) passed all 8 tests for m = 0, ¢ =3, with 2® = (1,1,1,0).
— Rule 14 (reflection 84) passed all 8 tests for m = 1,7 = 2, with 2% = (0,0,0, 1).
— Rule 84 (reflection 14) passed all 8 tests for m = 0 li: 2, with xs = (1,0,0).
( )
( )
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Rule 22 (reflection 22) passed all 8 tests for i = 1,/ = 1, with :c8 =(1,1,1).

Rule 23 (reflection 23) passed all 8 tests for 7 = 1,/ = 1, with m = (0,0,0).

Rule 24 (reflection 66) passed all 8 tests for m =1, 0 =1, with 2® = (0,1,1).

Rule 66 (reflection 24) passed all 8 tests for i = 1,/ = 1, with 2% = (0,0, 1).

Rule 25 (reflection 67) passed all 8 tests for i = 0,4 = 2, with z°® = (0,1,1)

Rule 67 (reflection 25) passed all 8 tests for i = 3,/ = 3, with 2% = (1,1,0,1,1,1,0).
Rule 26 (reflection 82) passed all 8 tests for m =1, ¢ =2, with 2® = (1,0,1,1).
Rule 82 (reflection 26) passed all 8 tests for i = 2,/ = 2, with 2% = (1,1,0,1,0).
Rule 27 (reflection 83) passed all 8 tests for i = 1,/ = 1, with 2® = (0,0, 0).

Rule 83 (reflection 27) passed all 8 tests for = 1,/ = 1, with xs (0,0,0).

Rule 29 (reflection 71) passed all 8 tests for m = 0, ¢ = 3, with :v = (0,0,0,1).
Rule 71 (reflection 29) passed all 8 tests for i = 0,4 = 3, with z° = (1,1,1,0).
Rule 33 (reflection 33) passed all 8 tests for o = 1,4 = 4, with z® = (1,0,0,0,0,1).
Rule 35 (reflection 49) passed all 8 tests for m = 2,/ = 1, with 2% = (1,0,0,0).
Rule 49 (reflection 35) passed all 8 tests for = 1, = 1, with 2% = (1,0, 1).

Rule 36 (reflection 36) passed all 8 tests for i = 1,0 = 1, with 2® = (1,1,1).

Rule 37 (reflection 37) passed all 8 tests for m =1, 0 =1, with 2® = (1,1,1).

Rule 38 (reflection 52) passed all 8 tests for m = 0,/ = 3, with 2% = (0,0,1,1).
Rule 52 (reflection 38) passed all 8 tests for i = 1, = 1, with 2® = (1,1,0).

Rule 41 (reflection 97) passed all 8 tests for = 1,¢ = 2, with z° = (1,0,1,1).
Rule 97 (reflection 41) passed all 8 tests for 1 = 2,/ = 3, with ms =(1,1,0,0,1,0).
Rule 43 (reflection 113) passed all 8 tests for m = 2,¢ = 1, with ﬂc =(0,1,1,1).
Rule 113 (reflection 43) passed all 8 tests for m = 2,7 = 1, with {E = (0,0,1,0).
Rule 46 (reflection 116) passed all 8 tests for 1 = 0,4 = 2, with z® = (0,0,1).

Rule 116 (reflection 46) passed all 8 tests for 7 = O,é: 1, with mg = (1,0).

Rule 50 (reflection 50) passed all 8 tests for m = 1,0 =1, with :v = (1,0,1).

Rule 54 (reflection 54) passed all 8 tests for 7 = 1,¢ = 1, with a: = (1,1,0).

Rule 56 (reflection 98) passed all 8 tests for 7 = 2,/ = 1, with ac =(1,0,1,0).
Rule 98 (reflection 56) passed all 8 tests for 7 = 0,7 = 1, with x = (0,1).

Rule 57 (reflection 99) passed all 8 tests for m = 1,0 = 2, with :v =(1,0,1,1).
Rule 99 (reflection 57) passed all 8 tests for m = 1,¢ = 2, with z° = (0,1,0,0).
Rule 58 (reflection 114) passed all 8 tests for m = 1,0 = 2, with :v =(1,0,1,1).
Rule 114 (reflection 58) passed all 8 tests for m = 1,/ = 1, with 1: = (0,1,0).
Rule 62 (reflection 118) passed all 8 tests for 7 = 2,¢ = 2, with x =(0,1,0,0,1).
Rule 118 (reflection 62) passed all 8 tests for 1 = 0,4 = 1, with x = (1,0).

Rule 72 (reflection 72) passed all 8 tests for m =1, é 3, with % = (0,1,1,1,0).
Rule 73 (reflection 73) passed all 8 tests for m = 1,@2 3, with #® = (0,1,1,1,0).
Rule 74 (reflection 88) passed all 8 tests for 7 = 1,¢ = 2, with z® = (0,0, 1,0).
Rule 88 (reflection 74) passed all 8 tests for m = 1,/ = 2, with z° = (0, 1,0,0).
Rule 76 (reflection 76) passed all 8 tests for m = 2,/ = 3, with 2% = (0,1,1,1,1,0).
Rule 77 (reflection 77) passed all 8 tests for m = 2, ¢ =3, with 2® = (0,1,1,1,1,0).
Rule 78 (reflection 92) passed all 8 tests for 7 = 1,¢ = 2, with z® = (0,0,0,1).
Rule 92 (reflection 78) passed all 8 tests for m = 2752 2, with % = (0,1,1,0,0).
Rule 94 (reflection 94) passed all 8 tests for i = 1,/ = 2, with 2% = (1,0,0,1).
Rule 104 (reflection 104) passed all 8 tests for = 2,/ = 4, with 2% = (0,0,1,1,1,0,0).
Rule 108 (reflection 108) passed all 8 tests for /i = 2,7 = 2, with 2% = (1,0,1,0, 1).
Rule 110 (reflection 124) passed all 8 tests for m = 0,/ = 2, with % = (0,0,1).
Rule 124 (reflection 110 ) passed all 8 tests for 7 = 2, = 1, with = = (1,0,1,0).
Rule 122 (reflection 122) passed all 8 tests for m = 1, é: 3, with 28 = (0,1,0,0,0).
Rule 126 (reflection 126) passed all 8 tests for 7 = 1,7 = 1, with 2% = (0, 1, 0)
Rule 132 (reflection 132) passed all 8 tests for 7 = 1,/ = 2, with 2® = (0,1, 1,0).
Rule 134 (reflection 148) passed all 8 tests for m = 1,/ = 3, with z® = (0,0,0, 1,0).
Rule 148 (reflection 134) passed all 8 tests for 7 = 1,/ = 2, with 2% = (0, 1,0,0).
Rule 142 (reflection 212) passed all 8 tests for 7 = 1,/ = 2, with 2% = (0, 0,0, 1).
Rule 212 (reflection 142) passed all 8 tests for 7 = 1,/ = 2, with 2® = (0, 1,0, 0).
Rule 146 (reflection 146) passed all 8 tests for i = 1, = 2, with 2°® = (1,0,1,0).
Rule 152 (reflection 194) passed all 8 tests for 7 = 0,/ = 2, with 2% = (1,0,0).
Rule 194 (reflection 152) passed all 8 tests for 7 = 1,/ = 1, with 2® = (0,0, 1).



Max sensitivity of periodic ECAs 15

— Rule 156 (reflection 198) passed all 8 tests for m = 1,/ = 2, with z® = (1,1,0,0)

— Rule 198 (reflection 156) passed all 8 tests for m = 1, /=2, with a:s = (0,0,1,1).

— Rule 164 (reflection 164) passed all 8 tests for 7 = 2,/ = 3, with 1: =(0,0,1,1,0,0).
— Rule 172 (reflection 228) passed all 8 tests for m = 1,7 = 2, with 2% = (1,1, 0, 1)

— Rule 228 (reflection 172) passed all 8 tests for i = 1,/ = 2, with 2% = (1,0, 1,1).

— Rule 178 (reflection 178) passed all 8 tests for m = 1,/ = 1, with z® = (0,1,0)

— Rule 184 (reflection 226) passed all 8 tests for 7 = 0,7 = 1, with 2® = (1,0).

— Rule 226 (reflection 184) passed all 8 tests for 7 = 0,7 = 1, with xs = (0,1).

— Rule 232 (reflection 232) passed all 8 tests for 7 = 2,/ = 3, with 2® = (0,0,1,0,1,1).

3.8 Inductive proof of max-sensitivity (12 rules)

In this subsection we follow the same idea as in the previous subsection, but we refine the condition on
z¢ in each case ¢ € [1; 8], so that it also allows inductions with z of the forms

y ,...,0,$_m,...71‘i0,,..

(0,0
(1,0,...,0,37,,,;“..,,:El'o,...
(0,1
(1,1

— — — —

P N B N TSR
L1, 0,0, 5, T, -
i9g—m—1

(until lab((io — m — 1,40 —m)) = @ on the left side), and similarly for the right side. The idea of such
proofs has been sketched in [I0] for rule 2 (with some missing considerations related to overlaps of the left
and right boundings, as configurations are periodic).

In the case we want to consider inductions on one or both sides of z, it requires a more careful
consideration of how the two sequences of labels © (left and right) meet and overlap (if they do). To give
an idea, let us consider two update schedules A # A’ and the ig,m,m’, ¢ given by Property [1} In the
case that we want to prove the existence of

(-Tiofmflv vy Ly e e ,Iio+e'+1)

then we have to consider the two last inequalities of Property telling that it may be possible with A, A’
that cells are identified as in one of the four following cases

Tig—m—1 = Tjg+/—1 N Tig—m = Ligrer N Tig—m41 = Tig+0/+1
Or  Tig—m—1= Tig+&' N Tig—m = Tig40/41
O Tig—m—1 = Tig+£/+1

or no identification of cells. This depends on the A, A’, and we have to prove that in any case there exist
an z and g such that F(z);, # Fas(x);,. It is clear that only configurations of the form

(0,0,...,O,LL‘_m,...,Iiw...,...71'2,07...,070)
or (1,1, 1, @ iy oo Tigyenyee ey g 1,000, 1,1)

can satisfy the first case (and consequently, all four cases).

The following lemma includes Lemma as for each case we consider (if applicable) inductions on both
sides, one side only, and no induction. It is again a kind of brute force analysis of rules, but this time it
requires a more careful consideration of the case disjunction. Though the number of cases is important (71
in a naive decomposition, reduced to 48 with basic analysis), the way it is decomposed is easy to validate,
and each case is thereafter straightforward to investigate.

Though it simply formalizes the above reasoning, the next statement is long. It is basically a tedious but
well structured case disjunction, as argued in the proof (which may guide the reader through predicates).
It is marked with an emphasized color and formatting in order to ease the reading.

Lemma 6 Given a rule f and its reflection, if there exist m > Oj > 1 satisfying the 8 predicates below
(for clarity predicates are given explicit names which are only syntactic), then VA # A’ : 3z € {0,1}" :
Jig : Fa(x)i, # Far(x)i,, for anyn > m+ L+ 1.
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1. Predicate T(m < m,m’ < m, ¢’ <), defined as

A ;5 1 1 1
VYm <m,m <m,1</¢ <€:ﬂ(x_max{m’m,}_l,..,,xo,..,,xe,_i_l):

_ _ ’ ’
f m_>0<_0(('r1*m7174 o 755})) =1- f ot ((xlfm'fla R I >x%’+1))

2. Predicate Z(m < m,m’ < m, ' > 1), defined as
I(m < m,m’ <, 0 >0, right finite)

VI(m < m,m’ <m,l > 0, right induction)

with T(m < t,m’ < m, ' > I, right finite) defined as

Ym < m,m < m: H(xzmax{m,m,},l, oz 2d)
Fm (@, ad) == TN (@, 2,0))
- J
=1-f" —oe ((x2—m/—17 e 71"%7 1))
and Z(m < m,m’ < m, /> é, right induction) defined as
I(m < m,m’ <m,t > 0, right induction, ®)
AZ(m < 7, m’ <, € > 0, right induction, @)
AL(m < ,m’ < i, 0 >0, right induction, D)
where
@ is max{m,m'} +¢ =n
@ is max{m,m'} +¢ =n—1
@ is max{m,m'} +£ =n—2
with Z(m < t,m’ < m, ' > I, right induction, @) defined as
(where @) is max{m,m'} +¢ =n)
Ym < m,m’ <1 3($Q—max{m,m’}—17‘“75”%7‘“75”%_1) :3Ja,b e {0,1}:
fla,a,b) =0
0@, ad)) = - O (@R R Lah))
L_ max{m,m’}—1 = @
2
L_ max{m,m’} = @
2
L_ max{m,m’'}+1 = b
and Z(m < m,m’ < m, /> 2, right induction, @) defined as
(where @ is max{m,m'} +¢ =n—1)
Ym < m,m < : EI(xQ_max{mm,}_l, - A ’x§71) :3Ja,b € {0,1} :
fla,a,b) =b
0@, ad)) = - 0N (@R 2 ah))
2
L _ max{m,m'}—1 = @
2
T_ max{m,m’} — b
and I(m < m,m’ < m, 0’ > I, right induction, D) defined as
(where @ is max{m,m'} +¢ =n —2)
Ym < m,m’ <1 3($2—max{m,m’}—17‘"75”%7“’7@%_1) :3Ja,b e {0,1}:
fla,a,b) =1
0@, ad)) = - TN (@R R Lah))
2 _
L max{m,m’}—1 = b
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3. Predicate I(m < h,m’ > m, ' < {), defined as

I(m < m,m’ >, 0 <0, left finite)
VI(m < m,m’ >m, ' < 0, left induction)

with Z(m < t,m’ > m, 0 < I, left finite) defined as

Vm<ﬁz,1gﬁ'<2:H(xim,...,xg,...,x?/+1):

SO0 ) = 1= O (0,02, 2 )

=1- fﬁm%oe[((]ﬂmiﬁu e x?’+1))

and I(m < m,m’ > m, 0! < i, left induction) defined as
I(m < m,m’ >m,l < 0, left induction, ®)
AL(m < 7,m’ >, 0 < 0, left induction, @)
ANZ(m < 1, m’ > 1, € < 0, left induction, D)
where
@ism +0 =n
@ism +0 =n-1
Qism +0 =n-2
with T(m < m,m’ > m, ¢ < 2, left induction, ®) defined as
(where @) ism/ + ¢ =n)
Vm <im,1 <0 <i: H(.Z‘?im+1,...,£8,...,LE?/+1) :3Ja,be {0,1}:
f(bya,a) =a
Fm00(@B e = 1= T (b2t g, 2d)

(if m =m — 1 then a1 = ZC3_m = a)

3

IZ’—&-l =a
3 _
Tyr = a

l’?/_l =b

and I(m < i, m’ >, 0" < I, left induction, @) defined as
(where @ ism/ +0 =n—1)

Vm<m,1§£’<é:El(xim_i_l,...,xg,..,,:Eg‘url):Ha,be{o,l}:

f(bya,a) =a
fﬁm%oeo((mi’rn—l7 cee ,ZE?)) =1- fﬁm%oee ((bv a, xirh—i—la s 7m%’+1))
(if m =1 —1 then z°,_1 = 2° 5, = a)
.’17?/+1 =a
(E?/ =b
and I(m < m,m’ > m, 0’ < i, left induction, D) defined as
(where @ ism/ +0 =n —2)
Vm<m, 1< <0: 3(m§m+1,...7x8,...7x§’/+1) :3Ja,be {0,1}:
f(ba0)=a
0@ ) = 1 0 (bay 2 7))
(if m=r—1 then z°,_1 = 2° 5, = a)

m?/+1 =b



18

K. Perrot et al.

4. Predicate T(m < w,m’ > m, ¢ > 1), defined as

Z(m < m,m’ >m,l > é, left finite, right finite)
0, left finite, right induction)
VI(m < m, m >m, 0 > @ left induction, right finite)

, left induction, right induction)

with T(m < m,m' > m, ¢ > l, left finite, right finite) defined as

Vm<ﬁ1:El(mfm7...,mg7...,m§) :
F0 (@, ah)) = 1 T (0,2t 5, 2} 0))
:1—f_m_>0<_€((1,$4im7. ,x%70))
=1 f_m_>0(_€((07 xzifru 7x2}7 1))
=1 TN (0t 2 1)

and I(m < m,m’ > m, ¢ > I left finite, right induction) defined as

"> 1, left finite, right induction, @)
"> 0, left finite, right induction, (D)

Z(m < m,m’ >, l
NL(m < im,m > m, ¢
where

Q@ism +0 =nAm' =m
Qis(m' +0 =n—1Am' =m)v(m +0 =nArm' =m+1)
with Z(m < m,m’ > 1, 0/ > 1, left finite, right induction, @) defined as
where @ ism/ +0 =nAm' =m
( )
Vm<m:El(mfm,...,:c%,...,xz%il):Ela,be{o,l}:

f(a,a,b) =b
Fm0 (@t ad)) = 1= O (0,0t 2t ash)
=1- fﬁmaoeé((i,x‘im, e 795;%,1:“7 b))
s =a
xim+1 =0
and I(m < i, m’ >, 0" > I, left finite, right induction, D) defined as
(where @ is (m' + 0 =n—1Am' =m)v(m' +0 =nAm' =m+1))
Vm<fn:H(mfm,,..,x%,...,x;{l):Ha,be{o,l}:
fla,a,b) =b
FmO (@t ad)) = 1= O (0, 2t a,h)
=1- fﬁmaoeé((i,xfﬁl, e 7952%,1:“7 b))
mim =b

and Z(m < m,m’ > m, 0/ > I left induction, right finite) defined as

> 0, left induction, right finite, @)
> 0, left induction, right finite, D)

Z(m < m,m’ >m, 0
AZ(m < m,m’ > 7m0 >
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where

@ism/—l—é/:n/\élzg

Dis(m +0 =n—1A0=0v(m +0 =nnl =0+1)

with Z(m < 1, m’ > m, ¢ > I, left induction, right finite, @) defined as
(where @ ism/ +0 =n Al =1)

Vm<m:El(xfm_i_l,...,xé,...,xz}):Ha,bG{O,l}:

f(bya,a) =0b

FTmO0 (@t e =1 — O (ba, et

1_ f—fn—>0<—l7(

(if m=r—1 then z*,,_1 = 2%, = a)
4_
T, =a
4 _
332_1 =b

and Z(m < ,m’ >, €' > 0, left induction, right finite, D) defined as
(where @ is (m' +0 =n— 1AL =) v (M +0 =nAl =0+1))

Vm<fn:El(m‘im_i_l,...,xé,...,xﬂ:Ha,bG{O,l}:

f(bya,a) =0b

FTmO (@t e =1 — O (ba, et

—1_ f—fn—>0<—l7(
(if m=r—1 then z*,,_1 =22 = a)
x? =b

and T(m < m,m’ > m, ¢ > é, left induction, right induction) defined as
m <
m <
where

Q@ism' +0 =nAm =m

@ism +0 =nAl =10

with Z(m < m,m’ > 1, 0/ > 0, left induction, right induction, @) defined as
(where @ ism/ + ¢ =nAm' =m)

Vm<7h:3(m§m+1,...,xé,...,m§71):Eae{o,l}:

fla,a,a) =a

SO ad) = 1= 0 (a2t

(if m =1 —1 then z*,,_1 = 2%, = a)
4 _
T 41 —

and I(m < m,m’ > m, ' > I, left induction, right induction, D) defined as
(where @ ism/ +0 =n At =1)

Vm<ﬁ1:H(mfm_,_l,...wé,...wg_l):Eae {0,1}:
fla,a,a) =a
FTmO0 (@ e ) =1 — T (g, a2t g,

(if m =1 —1 then z*,,_1 = 2% = a)

2 =a
-1

4
(bya, 41,

4
(bya, 241,

,77,0))

4
,1’2, 1))

,7,0))

4
,1’2, 1))

m,m’ > m, 0 > 2, left induction, right induction, 2))

m,m’ >, 0 > 2, left induction, right induction, (D)
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5. Predicate Z(m >, m’ < m, 0 <), defined as

Z(m >m,m <m,t < 0, left finite)
VI(m > m,m’ <m, ' < 0, left induction)
with Z(m > 1, m’ < m, 0 < I, left finite) defined as
vm' <m, 1<l <0 A s T )
F00(0,2% 5, 2d)) =

FTO0( D)) == T O (@)

and Z(m > m,m’ < m,l' < 0, left induction) defined as
Z(m > m,m’ <, 0 <, left induction, @)
AZ(m > 1, m’ < i, 0 < 1, left induction, @)
AL(m > 1, m’ <, 0 < 0, left induction, D)
where
@ ism+ ! =n
@ ism+ =n-1
D ism+ /'=n—-2
with Z(m > m,m’ < m, 0 < I, left induction, @) defined as
(where @) is m + £ =n)
vm' <m, 1<l <@ El(a:im+1,...,xg,...,x?,+1) :Ja,b € {0,1}:

f(bya,a) =0
F00 (a0 D) = 1= O (@ )
(if m' = — 1 then mim/,l = xS—m =a)
552'4-1 =a
) =a
x?/_l =b

and I(m > m,m’ < m, 0’ < i, left induction, @) defined as
(where @ ism+0 =n—1)

vm! <, 1<t <0 H(xim_H,...,m87...,m2’,+1) :3a,b e {0,1}:
f(b,a,a) =0b
FT0(baya® g, ad)) =1 — T (@S ah)
(if m' =1 —1 then 2, = 2° 5 = a)
x?/+1 =a
SC?/ =b
and I(m > m,m’ < m, 0 < I, left induction, D) defined as
(where © ism+0 =n—2)
vm! <, 1<l <0 3(xim+17...,m87...,m2’,+1) :3a,b e {0,1}:

f(b, 0,7 G,) = b
FTO(byas0% gy, 0f)) = 1= SO (@ )
(if m' = —1 then x5_m,_1 — 455—m =a)

$2/+1 =b
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6. Predicate T(m > rm,m’ < m, ¢’ > 1), defined as

T(m > 1n,m’ <, € >0, left finite, right finite)
VI(m > m,m’ < m,t > 0, left finite, right induction)
VI(m > m,m’ <, >0, left induction, right finite)

VI(m > ,m’ <, >0, left induction, right induction)

with Z(m >, m’ < m, ' >0, left finite, right finite) defined as

vm' <328, .28, 28)
Fm00 (0,28 L 2h)) =
F00 (4,08, ) == O (@828, 0))

— 1= (@S 1)
and I(m > i, m’ <, €' > 0, left finite, right induction) defined as
Z(m > m,m’ <m,l > 0, left finite, right induction, @)
AZ(m > 1, m’ <, € >0, left finite, right induction, D)
where
Qism+l =nAm=m
Qis(m+l =n—1Am=m)V(m+€ =nAm=m+1)

with Z(m >, m’ < m, ' >0, left finite, right induction, @) defined as
(where @ ism+{ =nAm=m)

vm/ <ﬁ1:H(mfim,.“?:cg,“%:cg_l) :3Ja,be {0,1}:
fla,a,b) =b
F00(0,28 s a8)) =
F00 (a8 ) == TN (@l ash))
:E(im =a
1‘6,7;1_‘_1 =b

and T(m > m,m’ <, ¢ > 0, left finite, right induction, D) defined as
(where @ is (m+£ =n—1Am=1m)

vm' <328, .28, 28 ) 3a,b€{0,1}:

l—1
f(a,a,b) =0b
fm0000, 28 L 2%)) =
f_m_m(_o((l,xﬁ_m, L)) =1 _>O‘_E((x6_m/_1,...,x?71,a, b))

and Z(m >, m’ < m, 0’ > 0, left induction, right finite) defined as
Z(m > 1n,m’ < m, € >0, left induction, right finite, @)
AZ(m > m,m’ < m,t > 0, left induction, right finite, D)
where
Qism+l =nnl =0
Dis(m+0 =n—1AL =0V (m+C =nAl =0+1)
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with Z(m >, m’ < m, ¢ > I, left induction, right finite, @) defined as
(where @ ism+0 =nAl =1)

. 6 6 6
Vm/<m:3(x7m+1,...,aso,...,acé):Ha,be{o,l}:

f(bya,a) =0
i o i
f mi}ogo((b7aaxi7ﬁ+la"'7‘27(1;)) :17]0 mooe ((xﬁ—m/—lv"wxgao))
=1 (@0, 2 1)
(ifm =i —1 then a®,,,_; =2%,; =a)
6
SCé =a
w?—1 =b

and Z(m > m,m’ < m, /> l left induction, right finite, D) defined as
(where @ is (m+0 =n— 1AL =)V (m+0 =nAl =(+1))

Vm’<m:El(x6_m+1,...,m8,...,x?):EIa,bE{O,l}:

f(bya,a) =0
FO(ba,28 g, 2)) = 1= O (@8 28,0))
— 1 (@S a81)

(if m =v—1 then 2%, _; = 2%, =a)
x? =b
and I(m > m,m’ < m, 0 > I, left induction, right induction) defined as
Z(m >, m’ <, >0, left induction, right induction, )
AZ(m > 1n,m’ <, € >0, left induction, right induction, D)
where
Qism+l =nAm=nm
@ism+l =nAl =7

with T(m > m,m’ <m, ¢ > 0, left induction, right induction, @) defined as
(where @ ism+{£ =nAm=m)

vm! < El(x6_m+1,...,:c8,...,x?71) :da € {0,1} :
fla,a,a) =a
s - 7
f mi}oeo((ava‘vwim—‘rlv' . 7‘7;?)) =1- f e ((mgm/flv . '>xg_1aa‘7a))

(if m' =m—1 then 2%, _1 =2%; =a)
6
T+l = a

and I(m > m,m’ <, € > 0, left induction, right induction, D) defined as
(where @ ism +0 =nAl =1)

v/ <7h:3(m§m+l,...,x8,...,xl§_l):ﬂae {0,1} :
fla,a,a) =a
. ) i
F0 (0,2 g, 28)) = 1= TN (@ 2 aa))
{—1
(if m' =m—1 then 2%, _1 =2%; =a)
6 _
Tig =@

7. Predicate T(m > m,m’' >, ¢’ < 1), defined as
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)

"< 0, left finite)
< 0, left induction)

with Z(m > 1, m’ > m, 0 < I, left finite) defined as

Vlgﬁ’<2:H(xim,...,mg,...,mg’,+1):
FmO0(0,8 ) =
Fm00 (e a])) =1 — 0 (0,2,

—1_ f—r"n—>0<—£’((1’x7

—r e

and I(m > m,m’ > m, ¢ < 0, left induction) defined as

I(m>m,m >m,l < 0, left induction, m = m’)
AZ(m > m,m’ >, 0 < I, left induction,m > m)
AZ(m > 1n,m’ >, € < 0, left induction,m < m')

o~

with T(m > m,m’ > m, € < £, left induction,m = m') defined as

!

I(m>m,m >m,l < 0, left induction,m = m’, ®)
AZ(m > ,m’ > 1, 0 < 0, left induction,m =m’, @)
AZ(m > 1n,m’ >, 0 < 0, left induction,m = m’, D)

where

@ism+l =n
Qism+l =n-1
Qism+0 =n-2

with Z(m >, m’ > m, ¢ < I, left induction,m =m', @) defined as
(where @) is m + £ =n)

VQSE/<é:H(mzm_i_l,...,xg7...,xz/+1):3a7b€{0,1}:

f(b,a,a) =b
—7 — 17 Zl
i mﬁoeo((b,a,:czm_s_l,...,QZI)) =1 fTm0e ((b, a,:v7_fn+1,
.CL‘Z/_;’_l =a
T _
Typr = a
ZCZ/_l =b

and I(m > m,m’ > m, ¢ < 0, left induction,m = m’, @) defined as
(where @ ism+{¢ =n—1)

V1<l <0:3(2" g, xlyq) s 3a,b € {0,1}:

f(b,a,a) =b
F00(bya,a g, 2])) = 1 - F0 (b, LI

LUZ/+1 =a

xZ/ == b

and I(m > m,m’ > m, ¢ < 0, left induction,m = m’, D) defined as
(where @ ism+{¢ =n—2)

zjr41))

7
l’z'ﬂ))

e ,xZ/+1))

b))
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VlSE’<é:H(xzm_l_l,...,xg,...,xz/_i_l):Ha,be{o,l}:

f(bya,a) =0
f_m—ﬂ)(_o((b, a, "Ezm_;'_l, ceey ZEI)) =1- f_m_>0(_£/ ((b7 a, x7_fn+1, e ,[EZ{+1))
:L‘Z/_;’_l =b

> 1, 0 < 0, left induction, m > m') defined as
m > m,m’ >, 0 <0, left induction,m > m’, ®)
AZ(m > ,m’ >, ¢ < 0, left induction,m >m’, @)
m m' >, 0 < I, left induction,m > m’, D)
where
@ism+l =n
Qism+l =n-1
Qism+0 =n-2
with Z(m > m,m’ >, 0! < I, left induction,m > m', @) defined as
(where @) is m + £ =n)
V2< it <0 a(meH,...,xg,...,mz/ﬂ) :Ja,b € {0,1}:

f(bya,a) =10
fla.a,a) =a fla.a,a) =0
fﬁm%o{io((b? a7mzm+17"'7x’{)) v fﬁm%oeo((b7aaxzﬁz+la"'
=1- fﬁm%oee,((a, a, meH, .. ,xzurl)) =1 fﬁmﬁoezl((b, a, meH, ..
7
x5/+1 =a
.’IZZ/ =a
J,'Z/_l =b
and I(m > m,m’ > m, ¢ < é, left induction,m > m’, @) defined as
(where @ ism+{¢ =n—1)
Vi< <i: El(x7_m+1,...,1:8,...,1:;,4_1) :3Ja,b € {0,1}:
f(bya,a) =0b
f(a,a,a) =a f(a,a,a) =b
f_m_m(_()((l% a, $Zm+1, cee 7'TI)) v f_m_>0<_o((b7 a, x7—ﬁz+1: cee
=1- f—m—>o<—e ((a,a, 337_m+1, .. ,xZ/_H)) =1- f_m_>0<_e ((b,a,xzm+1, ..
7
xg/+1 =a
{EZ/ = b

and Z(m > m,m' >, 0/ < I, left induction,m > m’, D) defined as
(where @ ism+€ =n—2)

v1 Sé’<é:El(x7_m+1,...,:cg,...,xzurl):Ela,be{(),l}:

f(bya,a) =10
fla,a,a) = a fla,a,a) =b
FT0 0 (bya,a" gy, 2]) v R (R T
=1- ffﬁl%()(—f'((ay a, Z'Zm_;’_l, e ,ZEZ/+1)) =1-— ff'r”h,*)O(f[l ((b, a, x7_m+1, .

.CL‘Z/_;’_l =b

'ale+1))

1))

~7$z'+1))

7$Z’+1))
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and I(m > m,m’ > m, 0’ < i, left induction,m < m') defined as

Z(m > m,m’ >, ¢ <0, left induction,m < m’,®)
AZ(m > m,m’ >, 0 < I, left induction,m < m’, @)
AZ(m > m,m’ >m, ' < 0, left induction,m < m/, D)

where

@ism +0 =n
Q@ism +0 =n-1
Qism +0 =n-2

with T(m > m,m’ > m, ¢ < 0, left induction,m < m/, ®) defined as
(where @ ism/ + ¢ =n)

Vi<V <i: El(x7_,;L+1,...,1:5,...,1:;,4_1) :3a,be {0,1}:

f(bya,a) =0
fla,a,a) =a fla,a,a) =b
f*ﬁ%HOHO((a’m mzm—‘,—lv"'?xz)) N fﬁm%oeo((b7a7x7—fn+l7"'
=1- fﬁm%oez’((b, a, meH, . 75UZ’+1)) =1- fﬁmgoe@l((b, a, meH, .
SUZ/+1 =a
T _
Typr = Q
CL'Z/_l =b
and Z(m > m,m’ > m, 0 < 2, left induction,m < m’,@) defined as
(where @ ism/ +0 =n—1)
Vi<{? <i: El(x7_m+1,...,xg,...,xzurl) :3Ja,b € {0,1}:
f(bya,a) =10
fla,a,a) =a fla,a,a) =b
fﬁm%ogo((a, a, meH, . ,a{)) \4 fﬁm%oeo((b7 a, meH, ..
=1- fﬁmﬁo{;el((b? a, xzm—‘rl? s 71"5/4»1)) =1- fﬁm%oey(((% a, ‘rz’ﬁl—‘rla s
$Z/+1 =
.’EZ/ =b
and I(m > m,m’ > m, ¢ < 0, left induction,m < m/, @) defined as
(where @ ism/ +0 =n—2)
vi<de <4 El(x7_m+1,...,1:8,...,1:;,4_1) :3Ja,b € {0,1}:
f(bya,a) =10
fla,a,a) =a fla,a,a) =b
f*ﬁ%ﬂOHO((a’m xzm—‘,—lw"?xz)) v fﬁmaoeo((b7a7l’7—fn+l7"'
=1- fﬁm%oezl((b7 a, mzm_,_l, . 7$Z’+1)) =1-— fﬁm%ogzl((b, a, xim+1, ..
.CL‘Z/_;’_l =b

8. Predicate I(m > 1, m’ > m, ' > 1), defined as

,21))

a$Z'+1))

7xZ/+1))

,z7))

"$Z'+1))
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I(m > 1n,m’ >, 0 >0, left finite, right finite)
VI(m > 1n,m’ >, 0 > 0, left finite, right induction)
VI(m > 1n,m’ >, 0 > 0, left induction, right finite)
VI(m > m,m' >m, l > 0, left induction, right induction)

with Z(m >, m’ > m, 0 > I, left finite, right finite) defined as

H(mim,...,a:g,...,x%):
FIm000,48,, .. 2b)) =
FO (08 s af) = 1= O (0,8 1, 0))
(e a2,0)
— 1 o0l 8 ,73,1))
— 1 o0l 8 ,73,1))

and Z(m > m,m’ > m, 0/ > A left finite, right induction) defined as

"> 0, left finite, right induction, )
"> U, left finite, right induction, (D)

> m,

>m,
where

@ is max{m,m'} + ¢ =n Amax{m,m’'} =m

D s

(max{m,m'} + ¢ =n — 1 Amax{m,m'} = m)
V (max{m,m’'} + ¢ =n Amax{m,m’'} = m + 1)

with T(m > m,m' > m, ¢ > l, left finite, right induction, @) defined as
(where @ is max{m, m'} + £ = n Amax{m,m'} =m)

El(mfim,...,xg,...,:ciil) :da,b e {0,1}:
fla,a,b) =b
F00(0,2% 5, 1Y) =
—1m—04-0 8 8 —m—04+£ 8 8
f mehe ((fo'rh?'”?wl)) = 1_f e ((O,w,m,...,xl;_l,a,b))
=1 TN (1,08, 28 ash)
8
T_p;m —a
8 _
T_m+41 =
and Z(m > m,m’ > i, 0 > 0, left finite, right induction, D) defined as
(where @ is  (max{m,m’} +£ =n — 1 Amax{m,m'} =m) )
V (max{m,m'} + ¢ =n Amax{m,m’'} =m + 1)
H(mim,...,mg,...,mﬁil) :3da,b e {0,1}:
f(a,a,b) = b
F00(0,2% 5, 2Y)) =
—7 —n i
P08 ) =1 — e ((O,wsim,...,m?_l,a, b))
0 i
:17f mi}oe ((1’x8—m7"'7x§717a7b))
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and I(m >, m’ > m, 0’ > 0, left induction, right finite) defined as

Z(m >m,m’ >m,l > 0, left induction, right finite,m = m’)
AZ(m > ,m’ >, ¢ > 0, left induction, right finite,m > m’)
AZ(m > 1n,m’ >, € > 0, left induction, right finite,m < m’)

with Z(m >, m’ >, 0’ > I, left induction, right finite,m = m') defined as

" > 0, left induction, right finite,m = m’, @)
" > U, left induction, right finite, (D)

where

@ ism+l =nnl =10
DQism=m/,(m+0 =n—1Al =0)V(m+l =nnrl =0+1)

with T(m > m,m’ > m, ¢ > 0, left induction, right finite,m = m/, @) defined as
(where @ ism+L0 =nAl =1)

3(x§m+17...,x87...,x§) :3a,b e {0,1}:

f(bya,a) =0
f—fn—>0<—0((b7 a, $8_m+17 . LEEI;)) =1- f_m_>0<_é((b7 a, 378—7h+17 s ,JJ?, 0))
=1 f_m_m(_z((b, a, $8_m+17 ce. »l’?: 1))
8 _
l‘lg =a
8 _
L1 = b

and I(m > m,m’ > m, ¢ > 0, left induction, right finite,m = m/, D) defined as
(where @ is (m+ € =n—1AL =0V (m+ =nAl =0+1))

H(xS_erl,..‘,xg,..,,x;):Ha,bé{o,l}:

f(b,a,a) =b
F00(b, q 2 it ,2d)) =1 F0 (b, LR ,x?, 0))
=1- f_m_m(_é((b’ a, m8—m+17 T ’x; 1))

x? =b
and I(m > m,m’ > i, 0! > 0, left induction, right finite,m > m') defined as

> 0, left induction, right finite,m > m’, @)
" > 1, left induction, right finite,m > m’, (D)

where

@) ism—i—é/:n/\élzg
Dis(m+0 =n—1Al=0)V(m+l =nAl =i+1)

with T(m > m,m’ > m, ¢ > 2, left induction, right finite,m > m', @) defined as
(where @ ism +0 =nAl =1)
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3(w§m+17...,x87...,m§) :3Ja,b e {0,1}:
f(bya,a) =10
fla,a,a) =a fla,a,a) =b
f*ﬁl*)O(*O((l%a,xSierl,.“’x§)) v fﬁmgo{;o((bvaaxgm-&-la---71’?))
=1 ]‘_ﬁl_>()<_e((cl7 a, .IIS_erl, .. ,x?, 0)) =1 f_m_)m_e((b, a, x§m+1, o x?, 0))
-7 2 -7 2
=1- "% (a,a,2% 5p 1, ,1:2, 1)) =1 "7 (b a, 2 e, ,x?, 1))
m? =a
8 _
wé—l =b
and I(m >, m’ > m, 0 > 0, left induction, right finite,m > m’ defined as
( = ) = ’ = Xy f y 19 .ﬁ ) 7@ .ﬁ
(where @ is (m+0 =n— 1AL =)V (m+L0 =nAl =(+1))
3(x§m+17...,x87...,x§) :3a,b e {0,1}:
f(bya,a) =10
fla,a,a) =a fla,a,a) =b
Fm00 (b, 0,02 g, aY) y FTm0 (b, 0,02 g, aY)
=1-— f_m_>0<_e((117 a, xi,;url, .. ,x?, 0)) =1 f_m_w{_e((b, a, $8_m+1, ol 1’2, 0))
— 1 (g,a,2% 28 1)) — 1 — T (a0 2 1)
33? =b
and Z(m > i, m’ >, €' > I, left induction, right finite,m < m') defined as
I(m > i, m’ >, 0 >0, left induction, right finite,m < m’, @)
AZ(m >, m' >, 0 > (f’ left induction, right finite,m < m/, D)
where
. / / / 0
@ism +0 =nAl =/
Dis(m +0 =n—1AL=0v(m +0 =nnl =0+1)
with T(m > m,m’ > m, ¢ > 0, left induction, right finite,m < m/, @) defined as
(where @ ism/ +0 =n Al =1)
H(xS_erl,..‘,xg,..,,x;) :3a,b e {0,1}:
f(bya,a) =10
fla,a,a) =a flaa,a) =b
F 0% (00,02 g2 Y)) F00 (b, a0 g, aY)
=1 760,22 5040, 23,0)) =170 (ba, 2% 0, 23,0))
— 1= T (a0 0 1) — 1 0 (0,0 2 1))
x? =a
8 _
1'2771 =b

and I(m > m,m’ >, ¢ > 0, left induction, right finite,m < 721/, @) defined as
(where @ is (m' + 0 =n— 1AL =0 v (M +0 =nAl =0+1))
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3(w§m+17...,x37...,m§) :Ja,be {0,1}:

f(bya,a) =0
fla,a,a) =a f(a,a,a) =b
FT0(a,a,0% 0, 7)) FT00 (0,0 gy 7))
=1 70 (b,a,22 540, 2,0)) =1 7N (60,2 2 F,0))
=1- f_ﬁl_)O(_Z((bv a, x§m+17 B 1;7 1)) =1- f_m_>0<_e((b,a7x8—ﬁl+l7 ceey JZ’?, 1))
8 _

and I(m > m,m’ >, € > 0, left induction, right induction) defined as

I(m > m,m’ >, 0 > I, left induction, right induction, @)
AZ(m > m, m' >, 0 > 42 left induction, right induction, D)

where

@ is max{m,m’'} + ¢ =n Amax{m,m'} =m

@ is max{m,m'} +0 =nAl =1

with T(m > m,m’ > m, ¢ > 0, left induction, right induction, @) defined as
(where @ is max{m, m'} + ¢ = n Amax{m,m'} = m)

H(mierl,...,mg,...,x;_l) :Ja € {0,1}:
f(a7a/’a) =a
i —n 2
f m%OHO((avavxS—Thﬁ»lv---7I§)) =1 _f mooe ((a,a,ng_7;,+1,...,x?il,a,a))
8

LTom+1 = a

and I(m > m,m’ > m, ¢ > 0, left induction, right induction, @) defined as
(where @ is max{m,m'} +¢ =nAt =1)

EI(inerl,...,xg,...,xZiI):ElaE{O,l}:

f(a’7ava’) =a
i 0t
f mi)o{io((aﬂch :CS—T?L+17 e ,17?)) = - f mo0e ((CL,CL,l'B_m_;'_l, . '7$§715a7a))
8
xé—l =a

Proof Let A # A’ according to the case of Formula . Then, according to Property |1| there exist some
ig,m,m’,¢'. We use the fact that cellular automata are shift invariant: what is claimed at cell 0 in the
hypothesis can be applied to cell ig. Let us now argue that Lemma [3| can always be used (the left (resp.
right) side of equalities corresponds to A (resp. A’)) to conclude:

Jz € {0’1}n FA(x)io # FA’(x)io' (3)

This proof basically consists in a tedious case disjunction (71 cases), each precise case being straight-
forward to prove given the hypothesis of the lemma. There is a first case disjunction according to the order
of m (resp. m’,¢') compared to 1 (resp. m, ), consisting of 8 cases (left side of the following list), and
for each of these 8 cases we have to argue that Formula holds, which is ensured by the conjunction of
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the following 8 predicates (right side of the following list, one for each case):

m<mAm <mAl <i Z(m < i,m’ <, l' <0)
orm<mAm <mAl >0 AZ(m < 1n,m! < m, € > 1)
orm<mAm >mal <i AZ(m < 1n,m’ > m, 0 < 1)
orm<mAm >mAal >0 AZ(m < ,m’ > m, ¢ > 1)
orm>mAm <mAl <i AZ(m > 1,m’ < m, l <0)
orm>mAm <mAl >0 /\I(mzm,m/<fn,6/22)
orm>mAm >mAal <@ /\I(mzﬁz,m/zm,€/<f)
orm>mAm >mAl >0 AI(mzm,m/Zﬁl,ﬁlzé)

Case 1: m < mAm’ < m ALl <. In this case predicate Z(m < m, m’ < m,l < 2) ensures that Formula
holds, with an argument analogous to Lemma

Case 2: m < mAm' < ALl >{. We consider two subcases. Since predicate I(m < m,m' <m, ¢ > E)
holds, either predicate Z(m < m,m’ > 7, £’ < £, right finite) or Z(m < 1, m’ > 1, ¢ < £, right induction)
hold.
- IfZ(m < m,m >ml < Z, right finite) holds, then Formula holds with an argument analogous
to Lemma
— IfZ(m < m,m' >m, ¢ < é, right induction) holds, then we will build a configuration z (with z; = 1’12
where 22 is defined) with an induction of the form a, ..., a, b on the right side (until the right bounding
of ig in A’, i.e. Zj,+¢/+1), which may overlap the left bounding of ip in A or A’ This overlap depends
on the value of max{m,m’} + ¢ as follows (recall that from Property We have max{m,m'} +£ < n):

n then @, _m—1 =i, 4¢—1
ATig—m =Tig+e/

) , , NTiy—m+1 =Ljo+0/+1
if max{m,m'} +£ = n—1 then x;,_m—1 =T 40
NZjg—m =Tjy4e'+1
n—2 then ;) _m—1 = Tj, 141
< n —3 then there is no overlap

and we have to prove that in any case Formula (3) holds. The conjunction of predicates

Z(m < m,m’ >, < I,right induction, max{m,m’'} + ¢ = n)
AL(m < m,m’ > m, l' < #,right induction, max{m,m'} + ¢ =n—1)

AZ(m < 7, m’ > 1, ¢ < 0,right induction, max{m,m'} + ¢ =n — 2)

respectively ensures that Formula holds in the three first subsubcases (the proof by induction is
straightforward with f(a,a,b) = b), and the construction for the fourth subsubcase derives from any
of the three first cases (since there is no overlap hence no constraint, an x with additional constraint
is still valid to prove Formula )

Case 8: m < m Am' > m Al < (. This case is symmetric to case 2 with an induction on the left side
and m’ 4+ ¢ in place of max{m,m'} + ¢ (note that in case 3 we have m’ > m). An additional detail is
that if m = m then we have to set m?im,l = m:im = a to be coherent (because z2 . is not part of the

m
existential quantification on the configuration).

Case 4: m < m A m > mALl > 2. This case is a bit more involved because we want to consider an
induction on the left side only, on the right side only, or on both side. We want that at least one such
construction of x leads to a proof of Formula , hence the disjunction among the four predicates.
— If Z(m < m,m’ > m, ¢ > 7, left finite, right finite) holds, then Formula holds with an argument
analogous to Lemma [f]
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- If Z(m < m,m’ > m, 0 > é, left finite, right induction) holds, then we will build a configuration x
(with z; = x} where x* is defined) with an induction of the form a,...,a,b on the right side (until
the right bounding of ig in A’, i.e. Tj,4+¢'+1), which may overlap the left bounding of i in A or A
The overlap on cells on the left of ig — ™ do not matter, since the Lemma claims that whether the
result m;()7m71 of substeps updating the state of cells 59 — m’ to ig — m — 1 equals 0 or 1 do not
matter to have different images at ig. The overlap we have to consider therefore depends on the value
of m' +¢' and m’ as follows (recall that from Property [I| we have m’ + ¢ < n, and that in case 4 we
have m’ > m):

ifm/—|—€/:n/\m/:ﬁzthenxio_m:aAmio_erl:b
(m' +0 =n—1Am' =m)
if , , , then x;,_.; = b
Vim +0 =nAm =m+1)
m +0 <n-2
if \/m/zﬁ1+2 then there is no overlap
vim' + ¢ =n—1Am' =m+1)

and we have to prove that in any case Formula holds. The conjunction of predicates
Z(m < i, m’ >, € <1, left finite, right induction, @)
AZ(m < m,m’ >m, ' < 7, left finite, right induction, D)
where
Qism +¢ =nAm =m
Ois(m' +¢ =n—1Am' =m)v(m +0 =nAm' =m+1)

respectively ensures that Formula holds in the two first subsubcases (the proof by induction is
straightforward with f(a,a,b) = b), and the construction for the third subsubcase derives from any
of the two first cases (since there is no overlap hence no constraint, an = with additional constraint is
still valid to prove Formula (B)).

— I Z(m < 1, m’ >, ¢ > 0, left induction, right finite) holds, then Formula (3)) holds with an argument
symmetric to the previous subcase, with an induction on the left side and m’ in place of ¢'.

— IfZ(m < m,m’ > m, ¢ > é, left induction, right induction) holds, then we will build a configuration
z (with z; = x? where z# is defined) with an induction of the form a,...,a,a on the right side (until
the right bounding of ig in A’, i.e. Z;,+¢+1) and an induction of the form a,a,...,a on the left side
(until the left bounding of ip in A, i.e. Tjy—m/—1), which may overlap. If this overlap occurs away
from 4o — M and i + £ then we are left with coherent values a and we do not need to pay particular
attention to it. The overlap we have to consider with care depends on the value of m’ + ¢ (so that
there is an overlap), m/ and ¢ (so that the overlap affects z?) as follows (recall that from Property
we have m’ + ¢ < n, and that in case 4 we have m' > m):

ifm'+¢ =nAm =m then Tig—rn = AN\ Tjy—m41 = G
(m'+0 =n—-1Am' =m)

if then z;, 5 = a

(\/(m/JrZ/n/\m/ﬁerl)) 0

ifm/+£/:nA€/:£thenxiu a A a
.f<Oﬁ+ﬂ:n1A[

1 ~
v(im' + 0 =nnl =0+

TN T

0)
1)) then T, = a
m 4+ <n-2
it [v(im' >m+2na0 > 0+ 2) then there is no overlap
Vim' 40 =n—1A(m =m+1ve =i+1))
and we have to prove that in any case Formula (3]) holds. The conjunction of predicates
Z(m < m, m' > 1, ¢ > 0,left induction, right induction,m’ + ¢ =nAm’ = m)

AZ(m < 7, m’ > 1, €' > 0, left induction, right induction, m’ 4+ ¢ =n Al = 1)
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respectively ensures that Formula holds in the first plus second and third plus fourth subsubcases
(the proof by induction is straightforward with f(a,a,a) = a, and note that case two (resp. four) just
removes one constraint of case one (resp. three)), and the construction for the last subsubcase derives
from any of the four first cases (since there is no overlap hence no constraint, an x with additional
constraint is still valid to prove Formula (3)).

Case 5: m > m Am’ < A < {. This case is identical to case 3 with m in place of m’.
Case 6: m > m Am’ < A > 0. This case is identical to case 4 with m in place of m’.

Case T: m>mAm >mAl > . This case is similar to cases 3 and 5, with an additional consideration
of the order on m,m’ (m =m’ or m > m’ or m < m/), so that
— we can identify which of m 4+ ¢ or m' + ¢/ must be considered to measure the overlap among the left
and right boundings of ig (if equals n then three cells, n — 1 then two cells, n — 2 then one cell, and
smaller or equal to n — 3 then no overlap),
— we consider identical (if m = m/) or differentiated (otherwise) inductions for the left bounding of i in
A and A’. Each formula then allows one possibility for the induction relative to the greatest of m,m’

(of the usual form b, a,...,a), and two possibilities for the induction relative to the strictly smallest
of m, m':
— either f(a,a,a) = a and the base case is =7 with a,a on the left (induction of the form a,a,...,a
in the update schedule corresponding to the smallest of m,m’),
— or f(a,a,a) = b and the base case is z7 with b, a on the left (induction of the form b,a,...,a in

the update schedule corresponding to the smallest of m,m’).

Also note that in the cases m = m’ and m > m’, when m + £ = n (three cells overlap) we do not need to
consider ¢ = 1 (the corresponding predicates are stated for all 2 < ¢/ < é) because in the corresponding
case of ip,m, m’, £ it is supposed to solve, there exists of a forbidden cycle of length n in A (hence there
is no corresponding case to solve so it is not needecﬂ)

CQQ@QQQ

ig—1 i+ 1
(laby, A((i0 + 1,40)) = @ according to Formula )

Case 8: m>mAm >mAl > £. This case is similar to cases 4 and 6, with the additional consideration
of the order on m,m’ that appeared in case 7 (in the case where we have an induction on the left or
(exclusive) right side of ). O

In Lemmalf]we could have dissociated the construction of z on the left side for the two update schedules
(one finite and one inductive), but if such a dissociated construction works (i.e. verify the corresponding
formulas), then the proposed construction with the same induction on the left side for the two update
schedules also works.

Note that the hypothesis of Lemma |§| (which can be further factorized and reduced at the cost of

clarity) takes again a time in O(7n 2y 2m+€) to check (with a bigger constant than Lemma |5 , for a
countably infinite number of m and ¢. Also note that taking different m and M’ for A and A’ would
also work with accordingly detailed considerations, and would give qualitatively similar results. Some
unintensive computer tests give the next theorem.

Theorem 7 Rule 154 is maz-sensitive for any n > 5.

Proof The hypothesis of Lemma |§| have been tested for all pair of 1 < 7 < 5 and 2 < £ < 5, and for the
two symmetric cases of Formula (2) (equivalently, the hypothesis of Lemma |§| have been tested for a rule
and its reflection). As an additional witness to the values of m and { for a rule and its reflection, we also
give the configurations satisfying the 8™ and last predicate (this case represents asymptotically a hundred
percents of update schedules).
— Rule 154 (reflection 210) passed all 8 tests for mm = 1,7 = 2, with predicate Z(m > m,m’ > m, ¢ >
f, left induction, right induction) satisfied as follows:

1 it turns out that this point is important to prove the max-sensitivity of some rules.
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— predicate Z(m > i, m’ >, £’ > 0, left induction, right induction, @)
with 28 = (0,1,1), a =0, b= 1,

— predicate Z(m > i, m’ > 1, £’ > £, left induction, right induction, (D)
with 28 = (0,1,0), a =0, b = 0.

— Rule 210 (reflection 154) passed all 8 tests for m = 2,2 = 2, with predicate Z(m > m,m’ > m, ¢’ >
la left induction, right finite) satisfied as follows:

— predicate Z(m > i, m’ > 7, ¢’ > 0, left induction, right finite, m = m/, @)
with 2% = (0,0,1,0), a =0, b = 1,

— predicate Z(m > m,m’ > m, ¢ > 17, left induction, right finite, m = m’, D)
with 28 = (0,0,1,0), a =0, b = 0,

— predicate Z(m > i, m’ >, £’ > 0, left induction, right finite, m > m’, @)
with 2% = (0,0,0,1), a =1, b =0,

— predicate Z(m > i, m’ > 1, £’ > £, left induction, right finite, m > m’, D)
with 2% = (0,0,0,1), a =0, b =1,

— predicate Z(m > m, m’ > m, ¢ > ?,left induction, right finite, m < m’, @)
with 2% = (0,0,0,1), a =1, b =0,

— predicate Z(m > i, m’ > 1, £’ > £, left induction, right finite, m < m’, D)
with 2% = (0,0,0,1), a =0, b =1,

O

3.8.1 Using the reflection (6 rules)

We can notice that some rules “almost” passed the tests of max sensitivity corresponding to the hypothesis
of Lemma@ In particular, 9 rules passed the tests only in one of the two symmetric cases of Formula ,
as stated in the following proposition.

Proposition 1 For rules 2,10,42,130, 138 and any n > 4,
for rules 86 (reflection 30), 40,106,168 and any n > 5,
we have for all A # A’ such that Formula @ holds : 3z € {0,1}" : Jig : Fa(x)i, # Far(x)i,-

Proof The hypothesis of Lemma EI have been tested for all pair of 1 < m <5 and 2 < i< 5, and for the
two symmetric cases of Formula (equivalently, the hypothesis of Lemma |§| have been tested for a rule
and its reflection).
As an additional witness to the values of 1 and £ for a rule so that it satisfies the hypothesis of Lemma
@ we also give the configurations satisfying the 8" and last predicate (this case represents asymptotically
a hundred percents of dynamics).
— Rule 2 (reflection 16) passed all 8 tests for m = 1,/ = 2, with predicate Z(m > m,m' > m, £ >
7, left finite, right finite) satisfied with % = (0,0, 1,0).
— Rule 10 (reflection 80) passed all 8 tests for m = 1,¢ = 2, with predicate Z(m > m,m’
0, left finite, right finite) satisfied with % = (0,0, 1,0).
— Rule 86 (reflection 30) passed all 8 tests for m = 1,¢ = 3, with predicate IZ(m > m,m’ > m, ¢ >
é, left finite, right induction) satisfied as follows:
— predicate Z(m > m,m’ > m, ¢ > 2, left finite, right induction, @)
with 2% = (0,1,1,1), a =0, b = 1,
— predicate Z(m > i, m’ > 7, £’ > 0, left finite, right induction, D)
with 2% = (0,1,0,0), a =0, b = 0.

v
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~
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— Rule 40 (reflection 96) passed all 8 tests for m = 2,0 = 2, with predicate IZ(m > m,m’ > m, ¢ >
0, left finite, right finite) satisfied with 8 = (0,0, 1,1,0).
— Rule 42 (reflection 112) passed all 8 tests for m = 1,@ = 2, with predicate Z(m > m,m’ > m, ¢ >
0, left finite, right finite) satisfied with #° = (0,0,1,1).
— Rule 106 (reflection 120) passed all 8 tests for mm = 1,7 = 3, with predicate Z(m > m,m’ > m, ¢ >
é, left finite, right induction) satisfied as follows:
— predicate Z(m > i, m’ > 1, £’ > 0, left finite, right induction, @)
with 2% = (0,0,1,0), a =0, b =0,
— predicate Z(m > m, m’ > m, ¢ > 7, left finite, right induction, D)
with 2% = (0,0,1,0), a =0, b = 0.
>

— Rule 130 (reflection 144) passed all 8 tests for m = 1,7 = 2, with predicate Z(m > m,m’ > m,
{,left finite, right finite) satisfied with 2® = (0,0,1,0).
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— Rule 138 (reflection 208) passed all 8 tests for m = 1,7 = 2, with predicate Z(m > m,m’ >m, ¢ >
0, left finite, right finite) satisfied with % = (0,0, 1,0).
— Rule 168 (reflection 224) passed all 8 tests for m =1
7, left finite, right finite) satisfied with 2% = (0,1,1,0,
O

v
2
s,
v
2
v

,{ = 3, with predicate Z(m
).

It turns out that, when a rule (or its reflection) verifies the hypothesis of Lemma @ then a much
lighter version of the hypothesis of Lemma@ is required for the reflection (or the rule) to conclude about
its max-sensitivity. Indeed, in many cases the fact that the reflection verifies the hypothesis of Lemma [f]
can be exploited in the symmetric case of Formula , as stated in the following result.

Lemma 7 If a rule verifies the hypothesis of Lemma [6, and if furthermore its reflection verifies the
hypothesis of Lemma [f with

-~

Z(m < m,m’ >m, ¢ <0)=true

Z(m < im,m’ >m, 0 > ) = true

Z(m > r,m’ <m0 <) = true

Z(m < f,m’ >, ¢ > {) = true

I(m > m,m’' >m, 0 < i, left induction,m > m') = true

Z(m > m, m >m, 0 < 2, left induction, m < m/) = true

Z(m >m,m’ >m,l > 0, left induction, right finite, m > m') = true
I(m > m,m’ >m, 0 >, left induction, right finite,m < m') = true

then VA # A': 3z € {0,1}" : Jig : Fa(x)i, # Far(x)iy, for any n > i+ 0+ 1.

Proof Let us argue that the discarded predicates (set to true), used to prove the existence of z when
m # m’, are not required when the reflection of the rule verifies the (original) hypothesis of Lemma @
Indeed, when m > m’ or m < m’ then we have respectively

labmA’((iO . 1,i0 — m/)) =@ #0= labmA((io . 1,40 — m/))
or laby A((io —m — 1,i0 —m)) = ® # © = laby, A/ ((i0 —m — 1,ip —m))

hence we are in the symmetric of Formula , and we can use the fact that the reflection of the rule
verifies the hypothesis of Lemma |§| (with the new i being ig — m' or ig — m) to prove the existence of a
configuration x such that

FA(%)ig—m' # Far(@)ig—m: ot FA(®)ig—m # Far(®)ig—m
respectively. O
With equal time complexity we get the next theorem using Proposition [I]

Theorem 8 Rules 2,10,130, 138 are max-sensitive for any n > 4,
and rules 106,168 are maz-sensitive for any n > 5.

Proof The hypothesis of Lemma@modiﬁed as stated in Lemmahave been tested for all pair of 0 < m < 5
and 1 < ¢ < 5 on rules 16, 80, 30,96, 112,120, 144, 208, 224, for which Proposition states that their
reflection verifies the (original) hypothesis of Lemma @
As an additional witness to the values of 1 and £ for a rule so that it satisfies the hypothesis of Lemma
modified as stated in Lemma we also give the configurations satisfying the 8™ and last predicate (this
case represents asymptotically a hundred percents of update schedules).
— Rule 16 (reflection 2) passed all 8 tests for m = l,é = 2, with predicate Z(m > m,m’ > m, ¢ >
27 left induction, right finite) satisfied as follows:
— predicate Z(m > 1, m’ > i, > 0, left induction, right finite, m = m/, @)
with 2% = (0,1,0), a =0, b = 1,
— predicate Z(m > i, m’ > 7, £’ > 0, left induction, right finite, m = m/, D)
with 2% = (0,1,1), a =0, b = 1.
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— Rule 80 (reflection 10) passed all 8 tests for m = 1,@ = 2, with predicate Z(m > 7, m
f, left induction, right finite) satisfied as follows:
— predicate Z(m > m,m’ > m, ¢ > Z, left induction, right finite, m = m’, @)
with 2% = (0,1,0), a =0, b = 1,
— predicate Z(m > i, m’ > 1, £’ > £, left induction, right finite, m = m/, D)
with 28 = (0,1,1), a =0, b = 1.
— Rule 120 (reflection 106) passed all 8 tests for m = 1,7 = 2, with predicate Z(m > m,m
f, left induction, right finite) satisfied as follows:
— predicate Z(m > m, m’ > m, ¢ > Z, left induction, right finite, m = m’, @)
with 2% = (1,0,0), a = 0, b = 0,
— predicate Z(m >, m’ > 1, £’ > £, left induction, right finite, m = m/, D)
with 2% = (1,0,0), a =0, b = 0,

v
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~
v

— Rule 144 (reflection 130) passed all 8 tests for m = 1,7 = 2, with predicate Z(m > m,m’ >m, 0 >
E, left induction, right finite) satisfied as follows:
— predicate Z(m > m, m’ > m, ¢ > é, left induction, right finite, m = m’, @)
with 2% = (0,1,0), a =0, b = 1,
— predicate Z(m > i, m’ > 1, £’ > £, left induction, right finite, m = m/, D)
with 2% = (0,1,1), a =0, b = 1.
— Rule 208 (reflection 138) passed all 8 tests for m = 1,7 = 2, with predicate Z(m > m,m’ >, >
f, left induction, right finite) satisfied as follows:
— predicate Z(m > m, m’ > m, ¢ > é, left induction, right finite, m = m’, @)
with 2% = (0,1,0), a =0, b = 1,
— predicate Z(m > i, m’ > 1, £’ > £, left induction, right finite, m = m/, D)
with 2% = (0,1,1), a =0, b = 1.
— Rule 224 (reflection 168) passed all 8 tests for m = 1,7 = 2, with predicate Z(m > m,m’ >, >

£,left induction, right finite) satisfied as follows:
— predicate Z(m > m, m’ > m, ¢ > ?,left induction, right finite, m = m’, @)
with 2% = (0,1,1), a =1, b = 1,
— predicate Z(m > i, m’ > 1, £’ > £, left induction, right finite, m = m/, D)
with 2% = (0,1,1), a =1, b= 1.
The result of Proposition [I] proves the other part required by Lemma [7] to conclude. O

3.8.2 Using the reflection symmetricaly (2 rules)

It turns out that a similar argument applies to rules which are their own reflection. We cannot use as
such the fact that the reflection verifies all predicates, therefore the statement has to be weakened in that
sense, but also strenghened precisely in the sense that we do not require that the reflection verifies all
predicates.

Lemma 8 If a rule and its reflection verify the hypothesis of Lemma@for m > 0 with

/

I(m>m,m >m,l < 0, left induction, m > m') = true
I(m > m,m’ > m, ¢ <0, left induction,m < m') = true
I(m > m,m’ >m, 0 >, left induction, right finite,m > m') = true
Z(m > m,m >m,l > 0, left induction, right finite,m < m') = true

then VA # A’ : 3z € {0,1}" : Jig : Fa(x)i, # Far(2)iy, for anyn > i+ 0+ 1.

Proof The proof is identical to Lemmalﬂ, with one additional argument when we consider m > m’ (resp.
m < m'). If furthermore M > 0 then m > m' > m > 1 (resp. 1 < m/ < m < m') in the considered cases,
and we are in the following situation around cell ig —m’ (recall that n > 3):

ob S}
ig—m’

(On this picture there is one label per arc for both A and A’, or two labels where the left is A and the right is A’.)



36 K. Perrot et al.

In the above picture all labels are fixed by definition except two:

— laby A((io —m' +1,ip —m')) = & (resp. lab, A((io —m + 1,ip —m)) = ®);

— laby, A ((io + m' + 1,ip — m')) = & (resp. laby, A/ ((io + m+ 1,i0 — m)) = @),
otherwise there is a negative cycle of size two in both cases because labn’A((io —mig—m' + 1)) =0
and lab,, ar((io +m',iog —m' + 1)) = © (from the fact that m,m’ > m’ and ig is m-left-bounded in A
and m/-left-bounded in A’, and m > m’ > m > 1 (resp. 1 < m <m < m')). Consequently, in any case
of A, A’ and ig such that m > m’ (resp. m < m’) and m > 0, we can consider the symmetric case of
Formula corresponding to the reflection of the rule, and apply predicate

I(m < m,m’ <m0 <)

or Z(m < i, m’ <, 0> 1)
to conclude that there exists a configuration = such that
FA(®)ig—ms # Far(@)ig—m:  (resp. FA(Z)ig—m 7 FA/(€)ig—m)
since ig — m’ is O-right-bounded in both A and A’. O
Lemma [§| allows to conclude for rule 90, as stated in the next theorem.
Theorem 9 Rule 90 is maz-sensitive for any n > 7.

assed all 8 tests corresponding to the hypothesis of Lemma |§| modified as

Proof Rule 90 (reflection 90) p
3, ¢ = 3, with predicate Z(m > 1, m’ > m, £ > £, left induction, right induction)

stated in Lemma form =
satisfied as follows:

— predicate Z(m > 7, m’ > 1, £’ > 0, left induction, right induction, @)
with z® = (0,0,0,0,1), a = 0,

— predicate Z(m > m, m’ > m, £ > 7, left induction, right induction, D)
with 2% = (0,0, 1,0,0), a = 0.

Remark that rule 90 proves predicate

I(m > m,m’ >m, ¢ >10)
with
Z(m > m,m’ >m,t > 7, left induction, right induction)
and not

I(m >, m’ >, ¢ > 0,left induction, right finite),

hence Lemma is (as may have been expected) striclty stronger than necessary. 0O

Rules 150 (reflection 150) needs a little help for predicate

!/

I(m < 1, m’ <, € >, right induction, @) and m = m’ = 0

so that we can apply Lemma Recall that @ is max{m, m/} + ¢ = n in this case.
Theorem 10 Rule 150 is mazx-sensitive for any n > 5.

Proof 1If we discard the following case then rule 150 verifies the hypothesis of Lemma [8] so let us argue
that it can be avoided.

Case to avoid. In the case that the ig, m,m’, ¢ given by Property [1| are such that m < m, m’ < m,
¢ < 0, max{m,m'} +¢ =n and m = m’ = 0, we have laba/((io + 1,i0)) = © (as usual). Moreover
we have £/ = n, consequently ig is n-right-bounded in A’ which implies labas ((io +n + 1 mod n,ip +n
mod n)) = labas((io + 1,40)) = @, a contradiction. As a conclusion we can discard this case.
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Test with discarded case. We can now check that the hypothesis of Lemma [§| are verified by rule 150
(reflection 150) for 7 > 0 without considering m = m’ = 0 in the universal quantification of predicate
Z(m < m,m’ <m,f> Z, right induction, @). Note that all the arguments in the proofs of Lemmas |§| and
are still valid with this ad-hoc modification.
Then rule 150 (reflection 150) passed all 8 tests for m = 2, = 2, with predicate Z(m > m,m’ >
m, 0 > f, left induction, right induction) satisfied as follows:
— predicate Z(m > 7, m’ > 1, £’ > 0, left induction, right induction, @)
with 2% = (0,0,1), a = 0,
— predicate Z(m > m, m’ > m, £ > 27 left induction, right induction, )
with 2% = (0,0,1), a = 1.
O

3.8.8 Minor improvements (3 rules)

Rules 96 (reflection 40) and 112 (reflection 42) need a little help for predicate
Z(m > 1, m’ >, ¢ < 0,left induction, m = m')

so that we can apply Lemma [7] More precisely, it needs a hand for

"> 1, 0 < 0,left induction, m = m/, @) and ¢ = 1.

Z(m >m,m
Theorem 11 Rule 42 is maz-sensitive for any n > 4,
and rule 40 is maz-sensitive for any n > 5.

Proof If we discard the following case then rules 96 (reflection 40) and 112 (reflection 42) verify the
hypothesis of Lemma [7] so let us argue that it can be avoided. Recall that rules 40 and 42 appear in
Proposition [T}

Case to avoid. In the case that the ig, m, m’, ¢’ given by Property are such that m >, m’ > m, ¢/ < l,
m=m' and also m +¢ =n —1 and ¢ =1, then A, A’ must be as follows:

© o @ © ©
e ’1 1@@ OO
19— 10 0

(On this picture there is one label per arc for both A and A’, or two labels where the left is A and the right is A”.)

In the above picture all labels are fixed by definition except two:
- labn’A((io,io + 1)) = @ otherwise to solve this case we can consider the symmetric case of Formula
i.e. rule 40 or 42 which already passed the hypothesis of Lemma@
— labp, A((i0 + 2,40 + 1)) = © otherwise there is a forbidden cycle of length n in A.
We can therefore use ig + 1,0,0,1 in place of respectively ig,m, m’, ¢, which corresponds to predicate
I(m < m,m’ <, <) if i >1and £ > 2 (which will be the case thereafter).

Test with discarded case. We can now check that the hypothesis of Lemma [7] are verified by rules 96
(reflection 40) and 112 (reflection 42) for 7 > 1 and ¢ > 2, without considering ¢ = 1 in the universal
quantification of predicate Z(m > m,m’ > m, ¢ < é, left induction,m = m’,@). Note that all the
arguments in the proofs of Lemmas |§| and |Z| are still valid with this ad-hox modification.
Then rule 96 (reflection 40) passed all 8 tests for m = 2, ? = 2, with predicate Z(m > m,m' >m, ¢ >
Z,left finite, right finite) satisfied with z® = (0,0,1,1,0).
And rule 112 (reflection 42) passed all 8 tests for m = 1, 0= 2, with predicate Z(m > m, m
é, left induction, right finite) satisfied as follows:
— predicate Z(m > m,m’ > m, £ > 7, left induction, right finite, m = m/, @)
with 28 = (1,1,0), a =0, b =1,
— predicate Z(m > i, m’ >, £’ > 0, left induction, right finite, m = m/, D)
with 2% = (1,0,1), a =0, b = 1,
O

!/

Y]

m, 0 >
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Rules 30 (reflection 86) needs a little more help for predicate
Z(m > 1, m’ > m, ¢ <1 left induction, m = m’)
so that we can apply Lemma [7] More precisely, it needs a hand for
I(m >, m’ > m, ¢ < 0,left induction,m = m’, @) and ¢/ = 2
Z(m > 1n,m’ > m, ¢ < 0left induction,m = m’, @) and ¢ = 1.

Theorem 12 Rule 30 is maz-sensitive for any n > 6.

111/110|101{100|011{010{001|000
rule30f 0 O |O |1 |1 ]|1|1]0

Proof If we discard the following cases then rule 30 (reflection 86) verify the hypothesis of Lemma [7] so
let us argue that it can be avoided. Recall that rule 86 appear in Proposition [T}

First case to avoid. In the case that the ig,m, m’,¢ given by Property [l| are such that m > m,m’ >
m, £ < £, m =m' and also m+£ = n and ¢ = 2, then we provide the following configuration = € {0,1}"
such that Fa(x);, # Far(x)i, (we recall that n > 3):

S S @ S S
0— 20 20

(On this picture there is one label per arc for both A and A’, or two labels where the left is A and the right is A’.)

In the above picture all labels are fixed by definition except two:
— labp, A((i0,i0 + 1)) = @ otherwise to solve this case we can consider the symmetric case of Formula
(2) i.e. rule 86 which already passed the hypothesis of Lemma @
— lab, A((i0 +2,i0 + 1)) = & otherwise there is a forbidden cycle of length n in A.

At the end laby, A = laby, A/ everywhere but on (ip + 1,i0), and we have
FA(m)io =1 7é 0= FA/(CC),L'OA

Second case to avoid. this case is identical to the case to avoid for rules 96 (reflection 40) and 112 (reflection
42), and the same argumentation applies.

Test with discarded cases. We can now check that the hypothesis of Lemma [7] are verified by rule 30
(reflection 86) for m > 1 and ‘> 2, without considering £ = 2 in the universal quantification of predicate
Z(m > m,m’ > m, 0 < 0 left induction,m = m’, @) and without considering ¢ = 1 in the universal
quantification of predicate Z(m > m,m’ > m, £ < ?,1eft induction, m = m’,@). Note that all the
arguments in the proofs of Lemmas [B] and [7] are still valid with this ad-hoc modification.
Then rule 30 (reflection 86) passed all 8 tests for m = 2, { = 3, with predicate Z(m >m,m' >m, 0 >
é, left induction, right finite) satisfied as follows:
— predicate Z(m > m,m’ > m, £ > 27 left induction, right finite, m = m’, @)
with 2% = (0,0,0,1,0), a =0, b = 1,
— predicate Z(m > m,m’ > m, £ > é, left induction, right finite, m = m’, @)
with z® = (0,0,0,0,1), a =0, b = 1.
O

3.9 Particular inductions (2 rules)

It remains to characterise the sensitivity of two ECA rules: 45 (reflection 101) and 105 (reflection 105).
The following proofs of max-sensitivity both make use of inductive patterns different than 0,0,...,0, or
1,0,...,00r0,1,...,10r 1,1,...,1 for the left side, or different than 0,...,0,00r 0,...,0,10r1,...,1,0
or 1,...,1,1 for the right side. For rule 45 we will use the right side inductive patterns 0,...,0,0 or
0,...,0,1 depending on the parity of ¢, and for rule 105 we will use the left side inductive pattern
...,1,1,0,0,1,1,0,0. It naturaly raises a question: do rule 45 and 105 necessarily require such evolved
inductions? And if the answer is yes, then what makes them unique regarding max-sensitivity? Note that
applying the technic that follows for different 0-1 values rather than those “guessed” below leads to the
same consideration of particular inductions for rules 45 and 105.
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3.9.1 Rule 45

The reflection of rule 45 is rule 101.

111(110(101{100|{011|{010|{001|000
rule4b 0| O |10 1 |1]|0]|1
rule 101| 0 1 1 0|0 1 0 1

Let us first consider rule 101 for the cases given by Formula , and then rule 45 for the cases given
by Formula ([2)), which together cover every cases.

Lemma 9 We consider rule 101. Let A # A’ in the case of Formula (@ and ig,m,m’, £ be given by
Property . Ifn > 4 then for all € > 1 we have 3z € {0,1}™ : Fa(2)i, # Far()s,-

Proof For £/ = 1 and £/ = 2 the result is straightfoward to obtain: consider respectively (x;,, Tj,+1, Ti—0t12) =
(1,1,1) and (4, Tig41, Tig4+2: Tig+3) = (1,1,0,1), then regardless of other values of z € {0,1}" with
n > 4, this ensures that Fas(z);, =17 0 = Fa(z),-

Let us consider the situation ¢ = 3, as pictured below:

DO S, S} ©
10 19+ 1 19+ 2 v ig+ 4

(On this picture there is one label on arcs where only A’ is fixed, or two labels where the left is A and the right is A’.)

Now remark that

- (xioﬂxio+17xio+27xio+37mio+4) =(1,1,0,1,0) implies FA/(x)io =1#0= FA(:E)Zh?

— (Tig Tig+1> Tig42s Tig+3, Tig+4) = (1,1,1,1,1) implies Fas(z);, =1 # 0= Fa(z),,
regardless of other values of z € {0,1}". We can remark that there exist (z;,,Ziy+1,%io+3) = (1,1,1)
such that, for any value of z; 14 € {0,1}, there exists z;,42 € {0,1} such that Fas(z);, # Fa(z);,. As
a consequence, if we consider any ¢ > 3, we can fix the values (z;,, Z;,+1, Tiy+3) = (1,1, 1), fix arbitrary
values to other cells different from ig + 2, and consider the updates in A’ of cells greater or equal to
index 49 + 4 (which are all determined). If the update of cell ig + 4 gives Fas(z)i,+4 = O then we set
Zio+2 = 0, and if it gives Fas (x)i0+4 = 1 then we set x;,42 = 1. As assessed by the two items above, this
algorithmic process always constructs a configuration = € {0,1}" such that Fa/(z);, =1 # 0 = Fa(2)4,,
which finishes the proof (note that ¢ > 3 implies n > 4, and there is no conflict in the reasoning even if
the left and right boundings overlap). O

Theorem 13 Rule 45 is max-sensitive for any n > 4.

Proof The reflection of rule 45 is rule 101. We first consider some cases of rule 45 with A # A’ in the case
of Formula , and second we use rule 101 and Lemma@l to conclude in all other cases.

Rule 45. Let us consider A # A’ in the case of Formula and ig, m,m’, ¢’ given by Property [l| Remark
that, if we denote xZAO/_l and xiAO_l the state of cell i9 — 1 when cell ip is updated, then we have

— for ¢ =1 and (%, iy 11, Tiy12) = (0,0,0),

— for ¢ =2 and (%, iy 41, Tig+2, Tig+3) = (0,0,0,1),

— for ¢ =3 and (x4, Tig+1, Tig+2, Tig+3 Tig+4) = (0,0,0,0,0),

— for fl =4 and (min,xin_,_l, Tig+2) Tig+3) Tig+4, Iio+5) = (07 0, 0, 07 0, 1)7

— for ¢ =5 and (w4, Tig 11, Tig+2> Tig13> Tig+ds TigL5s Tig+6) = (0,0,0,0,0,0,0),

— for ¢/ =6 and (@, Tig+1, Tig+2s Tig+3s Tig+ds Tig+5s Tig+6s Tig+7) = (0,0,0,0,0,0,0,1),

that

. . A A
Far(z)i, # Fa(x)i, if and only if @j 1 = 7,1

because the update of ig will be respectively given by f(mfolfl, 0,1) and f(;rl-Ao,l, 0,0). We will use this

observation to conclude when m = m’ (which directly implies :L‘Z-AO/,l = mﬁ,l), but before we need to
consider possible overlaps between the left and right boundings of 4¢.
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Overlaps. Recall that we consider m = m' only. The overlap may create a conflict between the values
of z;, and z;,4¢ 11, only when ¢ is even and £ = n — 1 (when £ is odd the values that overlap are
compatible, and it is not possible that ¢/ = n otherwise there is a forbidden cycle of size n in the update
digraph of A’). Furthermore, if there is another arc e € An,e # (i0 + 1,ig) of the ECA interaction
digraph such that laby, A(e) # lab,, a(e) then we can avoid the present case £’ = n — 1 and conclude that
Iz € {0,1}" : Far(x)i, # Fa(z)i,- So we are left with the following case to consider:

¥ &b o ® ® ¥
-+ (e X e X e XLl ee L T e X X e X -
t9—1 ) 90+ 1
(On this picture there is one label per arc for both A and A’, or two labels where the left is A and the right is A’.)

In the above picture all labels are fixed by definition except (ig,i9 — 1) which is © otherwise there is a
forbidden cycle of length n in the update digraph of A’. Hence, to sum-up, we havem =m/ =1, ¢ =n—1
and n is odd. In this case (recall that we work modulo n),

- A= ({Zo — 1}, {io — 2}, ey {io + 2}, {io + 1,’L'0})7

- A= ({io — 1}, {io — 2}, ..., {io + 2}, {io + 1}, {Zo})
It turns out that for all odd n > 4 the configuration x with x;,—; = x;,—2 = 1 and 0 elsewhere updates
to

— Fa(%)z,, ; = Far(2)a;, ; =0if 1 <j <n—11is odd,

= FA(®)z,y; = Far(2)a;,, ; =1if 1 <j <n—1is even,

— and finaly FA(z)z,, =1 # 0 = Fas(x)a,,, which is our goal.
As a consequence, if m = m’ then we can conclude that 3z € {0,1}" : Far(z)i, # Fa(®)i,-

Rule 101. For m # m’ and for the symmetric of Formula , we can consider rule 101 and apply Lemma
[0 to get the result, again for any n > 4. O

3.9.2 Rule 105

Rule 105 is its own reflection.

111(110(101{100{011|{010|{001|000
rulel05/ 0 |1 |1 |01 |0 |01

The following reasoning is similar to the proof of Lemma [0 with an additional consideration of the
left-bounding of ig.

Theorem 14 Rule 105 is max-sensitive for any n > 9.
Proof Rule 105 has the following remarkable feature:

fla,b,e) # f(d' W, ¢) <= (a#d)@(c#)

with ® the exclusive disjunction. Let A # A’ in the case of Formula and ig, m, m’, ¢’ be given by
Property [Il In the following our goal is to construct a configuration x such that when ig is updated it
gives different images, and this will be achieved by inducing a change in the state of cell ig + 1 from A to
A’ while keeping the same state of cell ig — 1 for both A and A’.

Cell ig + 1 updates differently. Let us consider the situation ¢ = 3, as pictured below:

IS) © © ©®
10 to+1  dp+2 VA io+4

(On this picture there is one label on arcs where only A’ is fixed, or two labels where the left is A and the right is A’.)

Let xiAOJrl and xlAUlJrl denote the state of cell ig + 1 when cell i is updated according to A and A’

respectively. Our goal is to have %‘Ao—l #* xlel_l Now remark that

. . A A’
- (xioaxio+17xio+27xig+37 mig+4) = (07 07 07 07 0) 1mphes xiu—{-l =0 7& 1= xi0+17

. . A A
- (xioaxio+17xio+27mio+37$i0+4) = (07 170707 1) lmphes inJ,»l =1 ;ﬁ 0= xi0+lv
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regardless of other values of z € {0,1}". We can remark that there exist (z;,,Zi 42, %iy+3) = (0,0,0)

such that, for any value of z;, 44 € {0,1}, there exists z;,41 € {0,1} such that :ciAn+1 #* $¢A0+1~ As a
consequence, for any ¢/ > 3 we can

1. fix the values (z,, Zig+2, iy +3) = (0,0,0),

and then, given arbitrary values to other cells different from ig + 1 (the values will be given in the next
paragraph about the left-bounding of ig and cell ig — 1), we can

2. consider the updates in A" of cells greater or equal to index ig + 4 (which are all determined), and if
the update of cell ig + 4 gives Fas(z);,4+4 = 0 then we set z;,11 = 0, and if it gives Fa/(z); 44 = 1
then we set z;,41 = 1.

As assessed by the two items above, this algorithmic process always constructs a configuration x € {0,1}"
such that a:iAO+1 #* xﬁJrl.

A
0—

Cell i9p — 1 updates equally. Let :ciAO_l and xj _; denote the state of cell igp — 1 when cell i is updated

’

according to A and A’ respectively. Our goal is to have 55—1 = mfo_l. If m = m/ this is straightforwardly
the case (same left-bounding of 4o in A and A’, Lemma .
If m > m' (resp. m < m'), then by setting

(ig—m—1sTig—mys - - s Tig—ms) @ suffix of (1100)*
(resp. (Tig—m/—1,Tig—m’ - - - » Tig—m) & suffix of (1100)™)
we can ensure that $$—1 = mlel_l regardless of the values @;, /41 to &j,—1 (resp. Tiy—m+1 t0 Tjg—1)-
Indeed, in A (resp. A') the state of every cell from ig —m to ig —m’ — 1 (resp. from ig —m’ to ig —m —1)

is updated to its own value.

Conclusion. Note that, even when m’ = 0, our constructions of the right and left parts of the configuation
z are compatible with each other on cell z;,. Morevover, as soon as ¢ > 5 there is no conflict between our
constraints relative to the left-bounding (until cell ig —m — 1 or 39 — m' — 1) and our constraints relative
to the right-bounding (until cell ig + 3 set to 0) because m’ + ¢ < n and m + £ < n (recall that we work
modulo n). Therefore we can conclude, for any ¢/ > 3 and any m = m/, and for any £ > 5 and any m,m’,
that we have 3z € {0,1}" : x?ﬂ,l = xiAO/,l A xiAO_H # LL‘Z-AO;_l which implies Fas(z);, # Fa(z);, in the case
of rule 105.
Now to conlude the proof, we study the case ¢ < 4 and n > 9:

— if m,m’ < 4 then there is no overlap between our constraints relative to the left-bounding (until cell
io—m—1orig—m' — 1) and our constraints relative to the right-bounding (until cell ig 4+ 3 set to
0) still because m’ + ¢ < n and m + £ < n (recall again that we work modulo n);

— if m > 5 (vesp. m’ > 5) then we can employ the fact that rule 105 is its own reflection: consider
the same update schedules A, A’ but reverse the left and right of ig, we have two update schedules
verifying Property [1| with some new ¢ > 5 (equal to the previous m (resp. m’)). We can therefore
apply the reasoning above.

For any A, A" and n > 9, we have the desired configuration z such that F(z);, # Fas(z);, for some
cell i9. O

3.10 Summary of the results

We now sum-up the results obtained in Section [3] leading to a complete classification of ECAs, written
in Theorem [T5] and pictured in Table [T}

Theorem 15 Among the 88 equivalence classes of elementary cellular automata rules, for periodic con-
figurations under fair periodic update schedules, we have the classification:
— 10 rules have non-effective interactions and are not mazx-sensitive for any n > 3:
0,3,12,15,34,51,60, 136,170,204 (Theorem @,
— 6 rules have finite counter example to mazx-sensitivity for any n > 3:
8,28,32,44,140,200 (Theorem [f)),
— 8 rules have inductive counter-example to mazx-sensitivity for any n > 3:
128,160,162 (Theorem [5),
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— 55 rules have finite proof of maz-sensitivity for n > ng with various ng < 7:
1,5,6,19,22,23,24,27,36,37,46,50,54,126,152,178,184,9, 14, 18, 29, 35, 38,43, 56, 57,
58,74,94,110,132,142,146,156,172,7,11,26,62,72,73,78,108,122,134, 33,42, 76,77,
164,232,13,25,104 (Theorem @,

— 12 rules have inductive proof of mazx-sensitivity for n > ng with various ng < 7:

2,10, 30,40, 42,90, 106, 130, 138, 150, 154, 168 (Theoremsm @ @ @),

— 2 rules have particular inductive proof of maz-sensitivity, respectively for n > 4 and n > 9: 45,105

(Theorems [74).

All the result presented above are in accordence with the exhaustive experimental results for all n < 9
from [II]. We get the following interesting corollary.

Corollary 1 An elementary cellular automata rule is maz-sensitive for all n > 7 if and only if there
exists n > 7 such that it is maz-sensitive.

We conclude this section with Table [l

size non-max-sensitivity max-sensitivity
n>710,3,8,12, 15, 28, 32, 34, 44, 51, 60, 128, 136, | 1, 2,4, 5,6, 7,9, 10, 11, 13, 14, 18, 19, 22, 23,
140, 160, 162, 170, 200 and 204 24, 25, 26, 27, 29, 30, 33, 35, 36, 37, 38, 40, 41,

42, 43, 45, 46, 50, 54, 56, 57, 58, 62, 72, 73, 74,
76, 77, 78, 90, 94, 104, 105, 106, 108, 110, 122,
126, 130, 132, 134, 138, 142, 146, 150, 152, 154,
156, 164, 168, 172, 178, 184 and 232

(19 classes) (69 classes)

Table 1 Partition of the ECA rule space according to ultimate maximum sensitivity to synchronism, for periodic
configurations under fair periodic update schedules, for all n > 7.

4 Conclusion and perspectives

We have presented a classification of elementary cellular automata as maximal sensitive to update schedule
modifications or not, for all period size n > 7 (Theorem and Table. Together with the study presented
in [TI] for n < 9, this closes the problem. All proofs are constructive: either they provide a pair A #Z A’
such that the image of any configuration is identical under both update schedules, or for each pair A # A’
they provide a configuration x and a cell i such that the image of « under A and A’ differ at position i.

Let us comment the results of Table[I} Regarding the non-max-sensitive rules, there are 10 obvious cases
of rules having non-effective interactions. It is more interesting to underline that 9 non-max-sensitive rules
require the exhibition of a counter example (a configuration having the same image under two different
update schedules), which may be finite or require induction. Regarding the max-sensitive rules, there are
55 simple cases given by a straightforward proof search: rules for which any two update schedules are
distinguished on a cylinder of configurations (a finite size pattern is fixed and the rest may be arbitrary).
For 12 other rules the argumentation is analogous but requires an induction, meaning that no cylinder
of configurations distinguishes two update schedules (since it failed the previous test), but instead a
precise inductive construction is necessary. Finally, 2 rules required special attention to be classified. We
can remark that, as n grows, no rule alternate arbitrarily often between max-sensitivity and non-max-
sensitivity (Corollary . There is no obvious explanation for this classification: though non-max-sensitive
rules do not belong to the chaotic and complex intuitive classes of Wolfram [I3], we see that some fairly
simple rules (such as 4,40, 168) are max-sensitive. To reflect the long term sensitivity to synchronism and
maybe relate it to the “dynamical complexity” of ECAs, it may be interesting to pursue the present study
and extend it in order to measure the sensitivity to synchronism of asymptotic behaviors (attractors) for
example.

The notion studied in this paper is more accurately named one-step sensitivity, since it refers to the
direct image of a configuration under different update schedules. Stronger notions of k-step sensitivity for
any positive integer k, and even in the limit for k = w, are related to long term perturbations. They would
constitute fruitful directions of research in relation with solving new classification tasks, thanks to the
introduction of non-uniformity in the schedule of cells update.
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As the proof structure is more and more evolved, rules seem to be less and less sensible to update sched-
ules because it requires more work to point a difference in the respective dynamics under two non-equivalent
update schedules. A quantitative study of the sensitivity of ECAs to synchronism would give a much finer
view on the notion. A straightforward definition is given by the proportion sensitivity(f,n) = %.
More subtle refinements may also be given according to the (maximum/minimum/average) number of
configurations z and/or number of cells ¢ such that two dynamics differ under non-equivalent update
schedules.

The notion may be generalized to automata networks. Interestingly, in this general framework one
naturally defines the equivalence classes of update schedules on the interaction digraph of the network,
therefore Lemma [2] would not hold since there is no consideration of a single ECA interaction digraph. As a
concrete example, rule 0 would have no arc in its interaction digraph, hence one equivalence class of update
schedules (no arc to label), one dynamic (where the image of any configuration z is 0™), and consequently
be max-sensitive to update schedules. Though surprising regarding the family of ECAs, it makes sense
as a rule without interaction, hence without anything to be sensible to. This example underlines the fact
that the interplay between the set of discrete dynamical systems considered and the interaction digraph
plays a crucial role, that ought to be further explored.

Finally, some open questions.

Open question 16 Can we formulate the hypothesis of Lemmas[4) [3 and[f in an algorithmically termi-
nating way?

Open question 17 Is there a direct and shorter proof of Corollary[1?

A proof answering positively Question [17] may also provide a solution to Question

5 Acknowledgements

This work was partially supported by FONDECYT Iniciacion 11150827; CNPq; ECOS-CONICYT C16E01;
PACA project FRI-2015 01134; PEPS JCJC INS2I project CGETA; Young Researcher project ANR-18-
CE40-0002-01 “FANSs”; STIC-AmSud CoDANet project: 19-STIC-03 Campus France 43478PD and CAPES
88881.197456/2018-01; CAPES Prlnt project 88887.310281,/2018-00; and MackPesquisa Edital 2018.

References

1. J. Aracena, J. Demongeot, E. Fanchon, and M. Montalva. On the number of update digraphs and its relation
with the feedback arc sets and tournaments. Discrete Applied Mathematics, 161(10):1345-1355, 2013.

2. J. Aracena, E. Fanchon, M. Montalva, and M. Noual. Combinatorics on update digraphs in boolean networks.
Discrete Applied Mathematics, 159(6):401-409, 2011.

3. J. Aracena, E. Goles, A. Moreira, and L. Salinas. On the robustness of update schedules in boolean networks.
Biosystems, 97:1-8, 2009.

4. M. Cook. Universality in elementary cellular automata. Complex Systems, 15(1):1-40, 2004.

5. P. P. B. de Oliveira. On density determination with cellular automata: results, constructions and directions.
Journal of Cellular Automata, 9(5-6):357—-385, 2014.

6. N. Fatés. Stochastic Cellular Automata Solve the Density Classification Problem with an Arbitrary Precision.
In STACS’2011, volume 9 of Leibniz International Proceedings in Informatics (LIPIcs), pages 284-295, 2011.

7. N. Fatés. A guided tour of asynchronous cellular automata. Journal of Cellular Automata, 9(5-6):387-416,
2014.

8. M. Gardner. Mathematical games: The fantastic combinations of John Conway’s new solitaire game “Life”.
Scientific American, 223(4):120-123, 1970.

9. J. Kari. Theory of cellular automata: A survey. Theoretical Computer Science, 334(1-3):3-33, 2005.

10. M. Montalva, K. Perrot, P. P. B. de Oliveira, and E. Ruivo. Sensitivity to synchronism in some boolean
automata networks. In AUTOMATA 2017 Exploratory Papers proceedings, pages 69-76, 2017.

11. M. Montalva, K. Perrot, P. P. B. de Oliveira, and E. Ruivo. Characterisation of the elementary cellular
automata in terms of their maximum sensitivity to all possible asynchronous updates. Chaos, Solitons &
Fractals, 113:209-220, 2018.

12. M. Noual. Mises a jour de réseaux d’automates. PhD thesis, Ecole normale supérieure de lyon, Laboratoire de
I'Informatique du Parallélisme, 2012.

13. S. Wolfram. A New Kind of Science. Wolfram Media, 2002.



