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Pebble automata are at an intermediate point between finite automata, which can only read, and Turing machines:
pebble automata cannot write but mark the tape with pebbles, of which they have a finite amount. On the square
grid Z2, their ability to recognise figures and exiting labyrinths has been considered. Also, their ability to explore
the empty space was studied. Their power depends strongly on the number of available pebbles. Here we put our
attention on 2-pebble machines with 1 symbol, and we take the symbolic dynamics point of view by studying its trace
subshift, i.e., the set of sequences of ‘states’ and ‘views’ of the head during a complete execution. We prove that
the trace subshift can be recognised with a 2-counter automaton in real time, but not, in general, with a 1-pushdown
automaton.

Keywords: pebble automata, Turing machines, realtime recognition, symbolic dynamics

1 Introduction

Pebble automata were introduced by [Blum and Hewitt| (1967). A pebble automaton consists in a machine
that moves over the grid, has an internal state, can read the symbols over the grid, and has a set of pebbles
that it can use to mark the cells. In their seminal paper, they defined a hierarchy in the sets of bounded
figures, determined by the minimal quantity of pebbles needed by the machine to recognise them. There,
the machine moves on the finite rectangle where the figure is defined. In this context, they prove that the
hierarchy is strict and infinite.

Delorme and Mazoyer|(1999) continued this work by considering pebble machines over the whole grid
Z2. There, the hierarchy collapses, because a 3-pebble machine results to be Turing universal; then, it can
recognise all the recognisable families but, in order to do this, it needs to localise its pebbles at arbitrarily
large positions. They also considered machines with only one symbol. Their interest in considering this
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particular case is to determine its capability to “explore the world”. If we want a machine to be able to
explore the world, it must be able to do it independently on the pattern depicted on it. It must do it even
without taking into account this pattern, i.e., as if there were only one symbol on the grid. A 3-pebble
machine with one symbol is also Turing universal, thus it is also capable of exploring the world. 2-pebble
machines are strictly less powerful; Delorme and Mazoyer prove that these machines can only cover a
conical part of the grid, and that they eventually have a very regular behaviour. 1 and 0-pebble machines
are even less complex: they have an eventually periodic movement.

Pebble and Turing machines are particular cases of one-head machines. These machines have been
recently studied from the point of view of symbolic dynamics (Gajardo and Mazoyer| (2007); |Gajardo
(2008); |Gajardo and Guillon| (2010)). The idea consists in recording, for each initial configuration, the
infinite sequence of read symbols and internal states that the machine has through time. Such sequence
contains all the relevant information to recover the head trajectory and the part of the initial configuration
that has been visited by the machine. The set of these sequences is a subshift that we call t-shift.

The complexity of the t-shift of a machine reflects the complexity of the machine itself in a partic-
ular way. |Gajardo and Mazoyer| (2007)) remark that the t-shift of any one-dimensional machine can be
recognised in real time by a two-pushdown automaton, while the t-shift of some two-dimensional finite
automata cannot be recognised with a deterministic pushdown automaton with any number of pushdown
stores.

Machines with 0 and 1-pebble were already studied in this context in|Gajardo| (2008), where it is proved
that the associated t-shift is sofic, i. e., it can be recognised by a finite automaton. 2-pebble automata can
cover a two-dimensional part of Z?2, but they do it by zigzagging through the grid, as it is shown in[Delorme
and Mazoyer (1999). This suggests the main result of this paper: the t-shift of a 2-pebble automata can
always be recognised with a two-pushdown automaton in real time, more precisely with a two-counter
automaton.

When studying the complexity of t-shifts, we consider the hierarchy of real time recognisability. This
notion is defined in the context of formal languages (see, for example, |Wagner and Wechsung| (1986)).
The hierarchy defined by deterministic k-pushdown automata is infinite as shown in |Aanderaa (1974).
The same is valid for the hierarchy defined by deterministic k-counter automata in |Fischer et al.| (1968)).
Real time recognisability of languages extends in a natural to recognisability of subshifts: the automaton
receives exactly one symbol at each iteration. If at some point a word outside the language is received,
the automaton will reject it immediately, while a correct infinite word will induce an infinite computation.
Real time subshifts are studied by Kirka and Maass in [Kurka and Maass|(2000), where the hierarchy is
proved to be a topological invariant, and several key examples are developed.

In the next two sections, we give formal definitions and recall some useful results of [Delorme and
Mazoyer| (1999). In section |4} it is proved that a one-pushdown automaton is, in general, not enough
(section [) to recognise the t-shift of a 2-pebble automaton with 1 symbol. Section [5] establishes some
elementary facts about the geometry in Z2. The general 2-counter automaton that recognises an arbitrary
2-pebble machine is constructed in section [6]

2 Formal definitions
2.1 The pebble machine

We consider a pebble machine as the tuple M = (Q, J, A, k), where @ is the finite set of inner states, §
and )\ are the state transition function and the site transition function respectively, and & is the amount of
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available pebbles. We define the transition functions as follows.

At Qx{0,1}F x{0,1}F — Dx{0,1}*
(q,v,1m) — Mg,v,n) = (d,n*)

§: Qx{0,1}* x{0,1}* — @ x{0,1}F
(¢:vm) — 0(q,v,m) = (¢",v")

Here D = {(0,1),(1,0), (0,—1),(—1,0)}. The vector v represents the pebble currently charged by the
machine, while 7 represents the pebble on the ground under the machine’s head. The number of pebbles
is conserved and there is only one copy of each pebble, thus v + n = v* +n* < 1.

2.2 Formal languages

Given a finite set A, the set A* stands for the whole set of finite sequences of elements of A, called
words, including the empty sequence denoted by e. Given two words © = uj...u, and v = vy...0,,, their
concatenation is the word uv = uy...u,v1...Vy,. In the same way, u? denotes u concatenated i times with
itself. A word w is a factor of v (u C v) if there exist two words x, y such that xuy = v, and u is a prefix
of v (u X v)if z = e. We say that two words u, v overlap if there exist words z, w, y such that u = zw
and v = wy. A language in A is a subset L C A*.

Following [Kurka and Maass| (2000), we will consider the notion of realtime recognition by k-pushdown
automata. There it is said that a language is in Q(k) if it is recognized by a k-pushdown automaton in
realtime, and that it is in R(k) if it is recognized by a deterministic k-pushdown automaton in realtime.
R(0) = Q(0) is the set of regular languages, recognized by finite automata. Q(1) is the set of con-
text free languages, recognized by 1-pushdown automata. (R(k))xen defines an infinite hierarchy while
(QUk))ren = (QUR))F_-

A k-counter automaton is an automaton with a finite memory that can, additionally, store k integers,
being able to increment, decrement and test whether they are zero or not. Some authors consider that
counters can only contain natural numbers, but the sign can be easily implemented through the state set.
We will consider k-counter automata that can also reset fo 0 some of their counters. This automata can
be implemented with a k-pushdown automaton having a pushdown alphabet with two symbols. Thus,
languages recognized in realtime by a deterministic k-counter automaton with reset instruction are in
R(k). We give now precise definitions.

A deterministic k-counter automaton with integer counters and reset instruction is a structure
M = (A,Q,k,p,00, F), where A is the input alphabet, ) is the states set, k is the number of coun-
ters, ¢ : A x Q x {0,%}¥ — Q x {~1,0,1, reset}* is the transition function, oy € 2 is the initial state
and I’ C ) is the set of final states.

A configuration of the system is a tuple (g, 71, ..,nx) € Q x Z*. The automaton can only distinguish
if the counters are 0 or not, i. e., it only sees the tuple (g, s(n1), .., s(nx)), where s : Z — {0, %}, assigns
a 0to 0 and * to other numbers. Four actions are defined a1, g, a1 and apeger : Z — Z; the first three
consist in adding -1, O or 1, and the last one resets the counter to 0.

Thus, if the current symbol is a and ¢(a,q, s(n1),..,s(ng)) = (¢,a1,..,ar), then (g,nq,..,ng)
evolves to (¢, ag, (n1), .., Qay, (N1))-

The language Ly accepted in realtime by M consists of all words w in A* such that (go,0, ..,0)
evolves to a configuration with an accepting state (in F') by successively reading each symbol of w. We
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remark that exactly one symbol must be read at each time step; this is the reason to say that this is realtime
recognition.

2.3 Subshifts

Given a finite set A, the set A" stands for the one sided full-shift. It contains infinite sequences of symbols
in A, or infinite words. Concepts defined for words can be analogously defined for infinite words. Thus
we can concatenate a finite word with an infinite word, and we will say that u € A* is a factor of z € AN
if there exist two words z € A* and y € AN such that zuy = z. The shift function o : AN — AN is
defined by (0(2)); = zit1, for every i € N. Given a language L C A*, a set of infinite words can be
defined by

S(L)={2€ AV | (VuC 2)u € L}.

Also, given a set 3 C AN its associated language is

L(D)={ue A |(3zeD)uC 2}

In general S(£(X)) D ¥ and £L(S(L)) C L. If ¥ satisfies S(£(X)) = X, then it is called subshift.
We say that a subshift 3 is recognized by a k-counter automaton in realtime if its associated language
has this property.

2.4 Pebble machines and their associated trace

Given a k-pebble machine M = (Q, d, A, k), its associated dynamical system is (X, M), where

X = {(s,0.1,9) € ({0,119 x Q x {0,1}* x 22 | (vi € {1,..,k}) #{pls(p)i = 1} + v = 1} and
M is overloaded to also denote the transition function of the automaton.

Letm: X — Qx{0,1}* x {0, 1}* be defined by 7 (s, q,v, g) = (q,v,s(g)) and letp : X — (S x Q)N
be defined by ¢ (x) = (7(M™(z)))nen. The t-shift of (X, M) is Sy = ¥(X).

The set 1)(X) represents all the possible sequences of triplets (state, charge, view) that the machine can
produce when considering all the possible initial configurations. The associated language by L, is the
set of finite subsequences of S);.

3 Previous results

Delorme and Mazoyer| (1999) studied k-pebble machines. Their first result establishes that a 1-pebble ma-
chine has an eventually-periodic behavior, and it gives bounds for the transient, period and the geometry
of this movement. We recall some of their results in the next lemma, by giving a new proof.

Lemma 3.1 (Delorme and Mazoyer|(1999)) A one pebble machine with n states that start on a state q
always falls in an eventually periodic movement of transient time t,, and period p, such that t, +p, < n3,
and only one of the next four possibilities can happen.

1. The machine ignores the pebble and follows a preperiodic movement such that t, 4 pq < n.

2. The machine leaves the pebble and follows a periodic movement with p; < n.
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3. After a transient time, the machine follows a periodic movement with p, < n, where it permanently
carries the pebble.

4. The machine follows a preperiodic movement where it drops and picks the pebble an infinite number
of times and p, + t, < n®.

Proof:

[ If it ignores the pebble, it behaves as a O-pebble machine. In this case, the sequence of states is
completely determined by the initial state q. Thus, when some state is repeated, the machine enters
into a periodic phase. By the pigeon hole lemma, this happens at time ¢, 4+ p; < n.

[2I4I3] 1f the machine uses its pebble, it will alternately carry and drop the pebble. If some state is repeated
while the machine carries the pebble, a periodic phase begins. Thus, the number of time steps with
the pebble before this phase is bounded by n. In between, the machine can drop the pebble many
times, but always coming back to the position where it was dropped. The machine can stay more
than n steps in these rounds without the pebble, but in this case the movement will have a sort of
local transient of length say ¢ and a sort of local periodic phase of length j that it repeats [ times
before founding the pebble again. Clearly i + j < n, but we need a bound for /. In the transient
phase the head can go up to a distance at most ¢ from the pebble. During the subperiodic phase it
will move at least one unit each time, thus it cannot repeat this more than ¢ times. Thus the total
time is i + 45 < n?. Now, counting both the phases with and without the pebble, we conclude that
the global transient plus the period is less or equal than n3. If during the periodic part the machine
does not drop the pebble or it does not carry it, the period is bounded by n.

|

From this result, it is not difficult to see that the t-shift associated to a 1-pebble machine can be recog-
nized by a finite automaton, i.e., it is sofic. This is developed with detail in|Gajardo| (2008)).

2-pebble machines are more interesting, in the sense that they can present a non-eventually periodic
movement, because the head can oscillate between its two pebbles by putting them each time farther away.
An example of this is developed in section[d] where the machine is not following a periodic movement but
a very regular one. Delorme and Mazoyer showed that any 2-pebbles machine either falls into a behaviour
like this or into a periodic one.

4 One stack is not enough

In this section we use the pumping lemma for Context-Free Languages (CFL) to prove that the t-shift of
a 2-pebble machine is not a CFL in general. For this purpose, we provide a particular 2-pebble machine
whose t-shift fails to satisfy the pumping lemma.

Let M = (Q, %, 9, A, 2) be a 2-pebble machine with @ = {qo, 41, 92, g1, ¢ }» and ¢ and \ given by table
[[] For simplicity, we have ignored the transitions which are not needed for our goal.

The alphabet of the t-shift is the set Q x {0,1}? x {0, 1}2. The table defines also an abbreviation for
each pertinent tuple in this alphabet, which will be useful in the analysis of the t-shift.

Figure |1| exhibits the behavior of M starting with the configuration abbreviated by 0. The whole evo-
lution of the machine is specified by this initial configuration, where the head holds both pebbles. This
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| (g, (v1,v2), (n1,m2)) [ Abbr. [ 6(q, (v1,v2), (m1,72)) | Mg, (v1,v2), (m1,72)) |
(90, (1,1), (0,0)) 0 (g2, (0,1)) ((1,0),1)
(q07 (070), (070)) d <QT7 (070)) ((070)’Z>
(qov (170)7 (070)) a (Q27 (LO)) ((07 )7_7;)
(g2, (0,0), (0,0)) c (0, (0,0)) ((0,0),4)
(g0, (0,1), (0,0)) e (g2, (0,1)) ((0,0),4)
(g2, (0,1), (0,0)) f (@, (0,0)) ((0,1),—14)
(g2, (1,0), (0,0)) b (g2, (0,0)) ((1,0),4)
(gr, (0,0), (0,0)) r (gr, (0,0)) ((0,0),4)
(gr, (0,0), (0,1)) T (90, (0,1)) ((0,0), —j)
(@1, (0,0), (0,0)) ! (@1, (0,0)) ((0,0), —1)
(@1, (0,0), (1,0)) ! (90, (1,0)) ((0,0), —j)

Tab. 1: Local transition rules ¢ and A for M and the abbreviation of the corresponding local configurations.

implies that only one word is possible after the symbol ‘0’. The next claim characterizes this word and
states some of its properties, which will be useful for proving our result.

Claim 4.1 Given a word w € (Q x {0,1}2 x {0,1}?)* such that wy = 0, it holds that:

e w € Ly ifand only if w is a prefix of S = OfZH s;; where s; = abedr?0—Dre f12].
i=1

o Ifwis a prefix of S ending with f1*"[ then w = 0f ZH

Proposition 4.1 L, is not a CFL.

Proof: Suppose L, is a CFL. By the pumping lemma for CFL (see [Hopcroft et al.| (2001), for example),
there exists n € N such that for all z € Ly, with |z| > n, there exist u, v, w, x, y satisfying:

1. z = uxvyw
2. |zvy| <n
3. xy #¢

4. Vi >0, urlvy'w € Lyy.

n

Let us choose z = 0f1 H s;- Then we have 3 cases depending on how uzvyw partition z. We remark

i=1
first that the length of s,, is 4n + 6.
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Fig. 1: Simulation of M when it starts in state go and charging both pebbles , i. ., in situation *0’. The head oscillates
between the pebbles by moving them 1 case away each time. One pebble is represented by a star and the other by a

circle.

5

. Jw| > 2+ 2n.

In this case, uz?vy?w ends with f12"1. Thus, by claimandEluxvyw = ux?vy?w = z, which
is a contradiction with[3

. Jw| =0.

By[2l zvy = I¥1, for some k < n. Thus uzvy?w starts with 0 but it is not a prefix of S.

.0 <|w| <24 2n.

In this case the word zvy is fully contained in s,. We can say that s,, = aAzvyBl, where A

and B are factors of s,, that do not contain a nor [. Since a and [ are delimiters of all the s, the
n—1

word aAz?vy? Bl may contain only one sy, and since uz?vy?w = 0f1 (H sz> aAx*vy?Bl, we
i=1
conclude that uz?vy?w = uzrvyw, which is again a contradiction.

Geometrical facts

The behaviour of Pebble Machines is highly influenced by the geometrical characteristics of the Euclidean
space Z2. In this section we present some intuitive geometrical remarks that will be intensively used in
section[f] We start by giving some definitions.

Definition 5.1 In R? the norm ||(z1,22)||, = (|z1|P + |x2|p)% is well known, particularly in 7> we

consider the Hamming norm: ||(x1,z2)||1 = |z1] + |22

, and the Hamming distance d(z,y) = ||z — yl|1.
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A ball of radius v and center x is thus the set B(x,r) = {y € Z* | d(z,y) < r} and its border
the set Fr(z,r) = {y € Z* | d(z,y) = r}. Given a number n, and a set A C 72, we consider
nA = {na | a € A}. Given a vector v we considerv+ A ={v+z|x € A} and given a set R C R, we
consider Rv = {rv|r € R}. Giventwo vectors x, y € R?, the interval [x,y] = {tz+(1—t)y|t € [0,1]}
denotes the convex hull of {x,y}.

Lemma 5.1 Given a convex set B C R?, a natural number m and three vectors u, v, w € 72, if the set
R = w + Ry u satisfies that BN R and (B + mv) N R are non empty, then for every k € {0,..,m}
(B+kv)N R # 0.

Proof: Let yo € BN R, and y,,, € (B + mv) N R, then there exist rq, r,, € R and by, b,, € B such that
Yo = rou + w = bg and Yy, = U + w = by, + Mo

By convexity, [by,bn] € B. Thus, for any k € {0,1,2,...,m}, by, = “%by + £b,, € B and
yr = by, + kv € B + kv. Finally,

m k
e = (rou+w) + —(rmu + w — mv) + kv,
m m

ro(m — k) —|—krmuJr
m
€ RN(B+kv).

Y

d

Lemma 5.2 Given a finite set S € 72, a vector u € Z? of norm ||u||y < r and a point v € 7? at a
distance greater than | > 0 from the set S + Nu, then x is at a distance greater than | — r from the set
S + RJ’_U.

Proof: Let z € S + R u, then there exist y € S+ Nu and A € [0,1] such that z = y + Au. In this way
d(z,y) = AMulls < r. Thenl < d(z,y) < d(z,2z) + d(z,y) < d(z,z) + r, and thus | — r < d(z, 2).
Since z is an arbitrary element of .S + R u, the result is concluded. a

Lemma 5.3 Given a finite set S C 72, three vectors u, v, w € Z? and r € N such that S C B(w,r) and
[lull, [[v]]1 < 7, then, if m € N satisfies that B(w + mv,2r) N (S + Nu) = 0, then for every n > m,
B(w +nv,r) N (S + Nu) = 0.

Proof: Let us define B = B(w, r), then S + Nu C B + Nu. Let us suppose that there existy € S, k € N
and n > m in N such that y 4+ ku € B + nv. Let us define R = y + R u. We have that y € BN R and
y + ku € (B +nv) N R, thus, by Lemma[5.1] (B + mv) N R # 0.

Now, by taking x = w+muv and [ = 2r we have that « is at a distance less than r from S+R u. We can
use the counterproposal of Lemmal5.2]to state that B(z, 2r)N(S+Nu) = B(w+mv, 2r)N(S+Nu) # 0,
which is a contradiction. |
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6 Recognisability with a 2-counter automaton

In this section we construct a 2-counter automaton which recognizes the t-shift of a given arbitrary 2-
pebble machine M = (Q, §, ), 2) in realtime. The automaton works by storing what the machine should
have seen to produce the input word, as we describe here. First, let us observe that from the input word
we can deduce the trajectory that the machine has followed, i.e., we can deduce which cells have been
visited and where the pebbles have been found. In order to check the correctness of a word, we need to
verify the following points:

1. If a cell has been visited and it was empty, then at the next visit it must be also empty.

2. If a cell has been visited and the machine has left a pebble, then at the next visit the pebble must be
there.

3. The sequence of inner states and pebble load must be coherent.
To verify these points, the automaton should store the following information:
1. The current state and pebble load.

2. The whole set of visited cells until the second pebble is found (since if both pebbles have been
found, the set of visited cells is not needed anymore).

3. The current relative position of the pebbles that have already been found.

The whole set of visited cells and the relative position of the pebbles can be arbitrary large. Then,
they will be codified through different techniques depending on the current situation. We distinguish five
stages in time, which decompose the state set of the automaton into five sets as follows.

Q=Q,UQpUQ U UQ3U{0, R}

Where  is the initial state and R is the reject state. We define n = |Q| and 7 = n3, which is an upper

bound for the transient and the period of the machine when it has only one pebble. Each set is described
in Table[2l

’ Stage ¢ H State €2; ‘

([} [(%V ’/) (‘/();Q,@) (d()vdlv )],[(’U,O,T), ])
([4, (@, 7,m), (V0,0,U), (do, 0,dp)], [(u, v, T), p])
EH [E ,7,1), Vo, V, ), (0,dr,0)}, [(v,0,T),0])
(131, [(

[
B]a (Fl v, 7) (vav U) ( »dr, p)] [(”’77/’T)7 ])
3], (@, 7, 1), (d1,d2), (01, 02)])

W | | —

Tab. 2: This table presents the states associated to each stage. The coordinates equal to 0 or () are fixed for the whole
stage. The first component is the stage, the second component contains the variables that change on every step and,
for the first four stages, the third component contains parameters which are fixed once for the whole dynamics.

As table [2] specifies, the first part of the state is (g, 7,7), which is precisely the state that the pebble
machine should have, its pebble load and the pebble content at the head position, respectively. If (g, 7, 7))
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is not compatible with the input symbol, the automaton changes to state R, and it rejects the input word.
The variables (g,7) are updated at each iteration, following the transition rule A of the machine. The
pebble load is maybe unknown, thus the variable 7] can take values in {0, 1}? U {®}, where ® symbolizes
that the current cell has not been visited yet and it may contain pebbles or not. The variable 77 can be
computed from the other variables that contain information about the visited cells and pebble positions.
We explain now why we need to do this separation and how these stages are related.

6.1

Stages description

e Stage 1) no pebble found and not far from the starting cell. This is the first stage, where no pebble

has been found yet. After a transient time of at most n iterations, the machine will fall into a
periodic movement with a drift vector u of size at most n. The automaton will record the set of
visited cells in a fixed window of radius 67 centered on the origin, called V. The position of the
head is recorded in vector dy. The particular cell T' € Vjy where the machine attains a distance of 3r
from the origin is recorded as a vector too, to deserve as an alert point when the machine eventually
cames back. At this point, the machine follows a periodical movement with drift vector « that can
hold for long time. The relative position to 7" will be recorded as dr + Nwu, where N is the content
of the counters (both) and dr is a vector in B(0, ). This stage finishes when the machine exits this
window or when it finds a pebble.

Stage 2) the machine is far from the starting point and still no pebble is found. The set of visited
cells, which is periodic, will be recorded in a moving window V centered on the head position and
with radius 4r. This stage finishes only if one pebble is found.

Stage B) one pebble has been found far from the origin. This stage is attained when a pebble, say
p, is found during stage 2. This may produce a new periodic movement, with drift vector v. If
the pebble is left behind, its relative position will also be recorded with counter p and vector d,, as
Kwv+d,p, where K is the number on the counter. The cells visited during this stage will be recorded
in a moving window U of radius 4r centered on the head position. The cells visited during stage 2
are still maintained in window V/, from which we may deduce this periodic set through a method
called back recovering. The relative position to cell T is still recorded in one of the counters, in
case the head comes back to the origin.

Stage A) one pebble has been found and the machine is near the origin again. We are in this stage
if either the pebble has been found during stage 1 or the machine has come back to V} after finding
the pebble outside. We detect this last situation because the counter recording the position of cell T'
is empty. The cells visited before finding the pebble are recorded in the fixed window 1/, and the
cells visited after finding the pebble will be recorded in the moving window U, just like in stage B.
The relative position of the pebble is still recorded in the counter. It is possible that the machine
exits V| again. In such case, the information contained in Vj is simply ignored, because at this
point only the cells visited after the finding of the pebble can be revisited before finding the second
pebble.

Stage 3) both pebbles found. At this point, just knowing the relative positions of each pebble is
enough to test coherence, thus the automaton “forgets” all the windows. Vector o; records the drift
vector of the periodic movement corresponding to the state that it had the last time it left pebble ¢
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by going away with no pebbles in charge (if this does not happens o; = 0). Thus, the position of
the pebbles can be recorded with the counters and vectors d; and ds, as Nioq + dy and Noog + do
as we have explained before.

Transitions between these sets are described in figure 2} Figure [3|shows the trajectory of the head and
the contents of the different variables in Stage 2.

Initialise Find one pebble

Find two pebbles
I

1 Find one pebble
Find two pebbles Find second pebble
Exit Vp
A
3
Near V)
Find two pebbles Find second pebble
A 4

2 Find one pebble @

Fig. 2: This graph represents the stage transitions. Each node on the graph is a different stage, which depends on the
number of found pebbles, and the distance from the starting point. The labels on the arrows are the conditions for the
stage transition.

Now we describe the updating method for each of the variables. We have already described (g, 7, 7).
The vector dy represents the relative position of the head to the origin. It is updated by simply adding
the current head movement, given by the transition function ¢ evaluated on the current state. There are
four other vectors dr, dj,, di and ds; they are used in combination with the counters in a way that we will
explain in subsection There are three windows (Vp, V,U); V; is a subset of B(0, 6r) and the other
two are subsets of B(0,4r). Each window is updated in a different way. To V we simply add the cell
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Vo

Fig. 3: A typical situation in Stage 2. The starting point is denoted by o . The gray dot denotes the position where the
pebble p was found by the first time. The black dot denotes the current position of the pebble. Colored squares are
the visited cells, darker cells are those recorded with the windows. Gray cells are visited before founding the pebble,
while green cells are visited afterward. In this example, counter —p is contains a 5 and counter p contains a 2. The
scale is not respected, windows should be larger.

corresponding to the current position dy. U and V are updated either with the method of moving window
or with the one of moving window with back recover depending on the current stage. These methods need
to be defined in a precise way. We will formally prove their effectiveness in subsection Variables
(u,v, T, p) are updated only once, they are constants. Vectors u, v, o1 and o9 are the drift vectors of
the periodic phases of the machine. They can be obtained thanks to lemma [3.T] which says that when no
pebble is present, the machine will soon fall into a periodic movement which depends only on the initial
state g, let us call such vector v,. Vector u can be computed when the machine starts, v is computed when
the first pebble is found, it will be equal to O if the periodic phase includes the pebble, and is it defined as
vq if g is one of the states of the periodic phase. Vectors o1 and o9 are initialized as 0, and o; is updated
as v, when the machine drops pebble ¢ with state ¢ and has no pebble load, while this does not arrive, o;
keeps its ancient value. Of course, o; will change if the machine crosses pebble i again. T is equal to dy
when the machine attains the frontier of the ball B(0, 3r) in stage 1. The variable p represents the index
of the first pebble found, if there is any. Table[3|specifies the way the variables are updated from one stage
to the next.
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Arc Formal condition Change of state
(6,1) v=20 G=Lu=u,
n = (0,0) Vo =0;do =0;
0, A) | v+n=(1,0)0r(0,1) p:{ ; EZ:%%
n=0 Vo=U=0;dy=0;d, =0
G=A,u=0,v=0;
1 ify=(1,0
(1,4) n70 p:{Q ifnzgmg
U = 0; d, = 0; counter,=0
G=A0v=0
G=2;
(1,2) dol 1 = 61 V = (Vo — do) 1 B0, 4r)
1 ifn=(1,0
(2,B) n#0 p{2 ifZZEO,lg
U=0;d,=0
G=B;v=0;
(B, A) counter—,, = 0 G=Ady=dr+T
(4,3) Nep =1 G=3,d,=dp;d-, =0
(B,3) 0-p=0;0,=v
counter—, = 0
(1,3) 77:(1,1) G:3;d1:d2:0;0i:0
(2,3) countery = countery = 0
(9,3) V—‘y-??:(l,l) G=3;di=dy=0;0;,=0
counter; = countery = (0

Tab. 3: This table presents what we call “the stage transitions”. They are performed when changing from one stage
to the next, after the “usual” state transitions of each stage.
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6.2 Updating the windows

Definition 6.1 A moving window is a set W C B(0, c) that is shifted at each iteration in the direction of
the movement of the machine d € D. This is performed by the following function.

Hi: P(B(0,c) — P(B0,c))
0% —  HIW) =[(WuU{0}) —d nB(0,c)

Next lemma assures that the information contained in the moving window is correct, at least at the
center of the window.

Lemma 6.1 [fthe machine is following a periodic movement of period p < r, and the window W is being
updated through the function HZ, where d corresponds to the current head movement and ¢ > r, then
the set W N B(0, ¢ — r) contains exactly all the relative positions of the cells that have been visited in a
radius ¢ — r of the head.

Proof: We suppose that the window is correctly initialised with the set of visited cells in a radius c.

At each iteration the cell O is added, which is correct since the head is at cell 0. At the same time, the
head has moved in direction d and consequently the cells in W have been shifted in this direction. Thus
all the cells in W have been already visited.

On the other hand, the only way a cell can exit W is by attaining a distance ¢ from the origin. This
means that it has been moved from the origin up to a distance ¢ > p. This cell cannot enter the ball
B(0, ¢ — r) during a single period, and after that it will be even farther. O

Definition 6.2 A moving window with back-recover is a set W C B(0, c) that is shifted at each iteration
in the direction of the movement of the machine d € D, and reconstructed in direction u by the following
function.

vHe: P(B(0,c)) — P(B(0,c))

w —  “HYW) = [W —d —Nu]n B(0,c)
Lemma 6.2 Let us suppose that the machine is following a regular trajectory (x;);en of period p < r
and drift vector v such that ||v||y < r. Let us consider a moving window with back-recover, initialised as
Wy = (S — 9 — Nu) N B(0,¢), where S C B(xg,7), ¢ > 4r and ||u||1 < r, and it is updated through
the function W;; = “H, f (W;), where d; = x; — x;_1 corresponds to the head movement at iteration
1. Then we can assert, for each i, that either:

1. there exists k < i such that (S — Nu) N B(xy,2r) = 0, and x; will never be in S — Nu for no
j >k, or

2. foreach k < i, (S — Nu) N B(zy,2r) # 0 and (Wi, N B(0,c — 1)) + zk contains exactly all the
cells of S — Nu at a distance less than ¢ — r from xy,.

Proof: Let us first remark that the hypothesis of Lemma holds by taking w = z; for each
j € {0,..,p — 1}. Second, we remark that z; € z; + Nv C B(zg,r) + No for some j € {0,..,p — 1}.
We will prove the present lemma by induction on ¢. For ¢ = 0, the lemma is true by definition:
(S — Nu) N B(zo,2r) # 0 and (Wy + o) N B(xg,¢) = (S — Nu) N B(xg,¢). Leti > 1.
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1. If (S — Nu) N B(zy, 2r) = (, for some k < 4, we deduce that the distance between S — Nu and x,
is greater than 2r. Then by Lemmal5.3] we conclude that the machine will not visit the set (.S — Nu)
any more.

2. If (S — Nu) N B(zg, 2r) # 0, for every k < 4, we can assure that z;, is at a distance less than or
equal to 2r from S — R w.

On the other hand, (W, + 1) N B(zk, ¢ —r) C (S — Nu) N B(zy,c — r) for every k. By the
induction hypothesis, the converse inclusion holds for k£ < . Let us prove it for & = i.

Since p < r, we can assume that ¢ > p. Let s € S and n € N be such that s — nu € B(x;,¢c — r).
We have to prove that s — nu € W; + ;.

From the hypothesis, there exists some m € N such that s — mu € B(z;,2r). If m < n we are
done, because s —mu € B(x;—1,c— ) and, by the induction hypothesis, it is in W;_1 + 2;_1, and
then s — nu is added to W; + z; = (W;—1 + x;—1 — Nu) N B(x;, ¢).

If m >n,letj e {0,..,p— 1} and ¢t € Nsuch that x; = z;4,4, = x; + tv. Since s € B(xo,r)
and s — mu € B(x; + tv,2r), by convexity, we can assure that there exists [ € [0,¢] such that
s—nu € B(z;+1v,2r), and then there exists I’ € {0, ..,¢—1} such that s —nu € B(x; +1'v, 3r).
Therefore, by the induction hypothesis, s — nu € Wy + Tj117p.

From iterations j+'p to j+tp = i the machine stays within a radius r from the segment [z ;+1'v, 2;]
which, by convexity again, is contained in B(s — nu, ¢ — r). This means that s — nu stays within a
radius ¢ from the machine. Thus, it never exits the moving window, i. e., s — nu € W; + ;.

a

From these last lemmas, if we take U and V' as moving windows or moving windows with back recover
of radius ¢ = 4r, they will contain the correct information in a radius 3r.

6.3 Using the counters

The idea of storing big vectors is to write them in the form d + Nv, where N € Z and d is a small vector.
This representation is not unique, thus we will introduce several definitions and procedures to compute it
in real time.

Definition 6.3 Given two vectors u and v, we define the function p(u,v) that gives the pair (d,n) where
n is the integer that minimises the value ||u — nv||; and d = u — nv. If any ambiguity exists, two criteria
are followed:

e Ifwis parallel to (1,1) or (1, —1), then n is chosen to minimise ||u — nv||s.
o [ftwo integers fit the former criteria, then we choose the one of the smallest size.

At the same time, we define the function p'(u,v) which does the same but choosing n € {—1,0, 1}.

Definition 6.4 In order to keep a sequence of positions (x;);cn, where xog = 0, we start by initialising
the counter as ng = 0 and the vector as dy = 0. Then, when the head of the machine moves in direction
Z; = T; — Xi—1, we proceed as follows:

o compute (d;,m;) = p'(d;i—1 + 2, v),
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e assignn; = n;_1 +m;.

Proposition 6.1 If the counter is initialised and updated through the procedure defined in definition
then at each iteration we have:

1. d; = x; — n;v, and

2. (di,ny) = p(ay,v).

Proof: By induction on . It is clear for the first iteration. Let us suppose it true for iteration .
Assertion is clear because, by definition, d; = d;—1 +2; —m;v = ;1 —N;_1V+T; — ;1 —M;vV =
x; — (Ni—1 +my)v = x; — ny.
Assertion [2)) is less clear because the updating is done through p’ and not p. The key point to prove this
is that z; € B(0, 1). We divide the analysis in two cases.

Case 1 v is parallel either to (1,1) or (1, —1). In this case, p just projects u on the line Rv to obtain zv and
then it takes the better integer approximation of z. Projecting x;_1 + z; is equivalent to projecting
d;—1 + z;, and since the projection is a linear function, this is equivalent to projecting z; and adding
it to d;_1. In this case, the projection of z; over v has norm smaller than 1. Thus p(d;_1 + z;, v) will
give a pair (d, m), where m is an integer between -1 and 1, then p(d;_1 + z;,v) = p'(d;i—1 + 2;, v).

Case 2 v is neither parallel to (1,1) nor (1, —1). In this case, we prove first that for every point u, there
are at most two integers that minimise ||u — muv]|;. In fact, it is not difficult to see that the set
of points that are at the same distance, in norm 1, from (0,0) and v is the union of two parallel
semi lines, either vertical or horizontal, and one diagonal segment as shown in figure @ The set
of points equidistant from v and 2v is a parallel translation of the former set, thus they have no
intersections, which proves that u can not be equidistant from more than two points in Zv. The
result is concluded by noticing that, since v € Z2, the distance between these sets is at least 1.
Then, by moving through a vector z; € B(0, 1) it is impossible to transverse two of these frontiers
at the same time. Then if d;_ is already the nearest vector to Zv at n;_1v, then the nearest point
of Zv to d; 1 + z; will be either (n — 1)v, nv or (n + 1)v, thus p(d;—1 + 2;,v) = p'(d;—1 + 2, v)
as before.

Fig. 4: The bold line represents the set of points that are at equal distance from A and B.
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From the last proposition, it is clear that z; = 0 if and only if d = 0 and the counter is 0. This gives us
a way to detect when z; = 0, which is useful to detect if the machine is over the pebble again. Also, if
the counter is 0, we know that the machine is over a line that passes through the stored point. In the case
this position is the point 7" where the machine exited the ball of radius 37 of the origin, passing through
this line indicates us that the machine can be near the initial part of its trajectory and, thus, information
contained in the window V{; should be considered.

This procedure works well, except if the vector d becomes too large, the automaton has a finite memory,
and we need to limit the size of d. Initially the vector v is chosen as the periodic net movement of the
head. In this way, the size of d is naturally bounded by r. But if the machine finds a pebble, its movement
will change, eventually adopting a new periodic drift . If this is the case and the vector d becomes bigger
than 2r, then, by lemma @ x; will never be 0, because 0 is on the line Zv (except if another pebble is
found; but in that case we enter stage 3 and we can forget the initial point).

The defined automata recognises the t-shift of the machine for which it was defined because it maintains
true and sufficient information about the configuration that produced the input trajectory.

Theorem 6.1 Given a 2-pebble machine M, there exists a 2-counter machine that recognises Ly in real
time.

7 Concluding remarks

From Delorme and Mazoyer we already knew that O and 1-pebble machines were equivalent. The work
of Gajardo shows that their t-shift is sofic. From the present work we know that, when 2 pebbles are
available, a 2-counter machine is enough to recognise its t-shift.

One can imagine that a machine with 3 pebbles will need 3-counters; unfOrtunately, the present con-
struction cannot be adapted to that case. The main reason is that, with 3 pebbles, the machine can make
triangular tours of arbitrary size, and we cannot use lemma [5.3]to discard a position when it goes too far
from the line of movement of the machine. In a first approach, we can say that 6 counters are enough: two
counters to record the coordinates of each pebble position. But the phase when less than 3 pebbles have
been found, requires to record the whole set of visited cells which can be big and difficult to code.

If more than one symbol is allowed, even 0-pebble machines are outside the real time hierarchy, as it
is shown in |Gajardo and Mazoyer (2007). Nevertheless, particular machines can have lower complex-
ity. In|Gajardo and Guillon| (2010), one-head machines in the 1-dimensional grid are studied, showing
that machines whose t-shift is recognised with a 1-pushdown automaton have very restricted movement
abilities: they cannot make “zigzags”. Since zigzags are the most complex movements that a 2-pebble
machine can do, we can imagine that 2-pebble machines without zigzags behave as 0-pebble machines. Is
this true? Are there any 2-pebble machines whose t-shifts are not sofic but recognised with a 1-pushdown
automaton?

Our construction is strongly based on some simple properties of lines and balls in Z2. But these proper-
ties are not due to the plane structure of this grid. Then, our results are still valid if the machine is defined
on the d-dimensional grid Z<. Are they valid over the Cayley graphs of other groups?
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