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A bstract

We propose a new method which highlights the efficiency of stochastic models in solving self-organization problems.
Our method, which is based on a comparison between the local and general past states of the system, does not require
any hierarchical decision maker or communication between the individuals. The environment is a rectangular lattice with a
number of objects which have to be sorted by some random walk robots. We present theoretical arguments and experimental

simulations in support of the idea that our new algorithm represents a powerful tool in studying collective sorting,

1. Introduction

Experimental studies of ant colonies led Deneu-
bourg and co-workers [1,2] to propose a functional
self-organisation model as a locally orientated be-
haviour algorithm that generates a sorting process.

Following Refs. [1,2], let us consider as environ-
ment a rectangular N; x N, lattice which contains a
number of objects drawn from C +1 object classes. By
object we mean, for example, tumoral cells, if we refer
to the immune system response, or an appropriate nor-
maljzed feature which characterizes a pixel in a tex-
ture, but there are no limits of what these objects may
represent. Some entities (called robots here) must or-
Zanize the environment by sorting the objects without
a hierarchical decision maker or any communication
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between the individuals.

The robots have no global representations of the
environment. They have only a memory associated
with every object type.

2. The theoretical model and simulation results

Our model is based on the following assumptions:

(1) The environment is a rectangular two-dimen-
sional lattice with N, x N, sites. Every site is occupied
by an object drawn randomly from C + 1 classes (we
consider the empty site as being a zero type object).

(2) At any moment arobot carries an object, which
may eventually be of the zero type (free robot). The
robots move randomly through the lattice, only one
robot being allowed at one site.

(3) When a robot moves to a given site it must
decide whether to put down the object it carried and
pick up the one at that site.
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The swapping condition is

fa>fB’ (l)

where f, is the weighted frequency (which we will
define later) of the transported a type object, while fs
is the weighted frequency of the encountered B type
object.

The main reason to change the algorithm from Refs.
[1.2] was that, in order to decide about swapping, the
robots have to consider the whole history and not an
arbitrarily truncated Markov chain. Instead of a short-
term memory of m steps [1,2], which records what
was met in each of the last m steps, we consider that
every robot has a recursive cumulative memory for
any object type.

Suppose that the sequence of objects encountered
after, say 7= 10 steps, is

s1: AAAOOOBBBO,
T

most recent object encountered (2)

which indicates that during the previous ten steps the
robot has met three A type objects, three B type objects
and empty sites for the rest.

For a given string s let us associate to cvery ith
object type a binary string with length r defined as
follows,

bs,a.r CUsalUea2 .. Uy, (3)
where

Usai=1, ifan a type object of the string s was
encountered at step i,
=0, otherwise, 4)
with i = 1-7. Instead of the above unrealistic equiva-

lence between temporal positions in a string, we pro-
pose a weighted relative frequency of the form

K .
Z,’=] w(i) Us.a,i
= =

fas= — (5)
o Zﬁx w(i)
where the weight function (w) has the form
) 1
w(i) = ~—. (6)

ri—i

.

Here,r € R+ isa nonnegative constant called memory
radius. From (6) and (5), onc obtains

r—1 <& u
K-l - s.a.f
fa‘x—r rK__l — ’.l—l' (7)
i=

From (7) it can be seen that ifr > 1, the contribution
of the 7-step (with 7 > 1) to the current decision
is quite insignificant. So, we may say that only the
MOst recent steps contribute to the decision or, that
we have a short-type memory. The limit case, when
r =1, corresponds to an infinite length memory with
equivalence between temporal object positions. The
case when r < 1 exacerbates the contribution of the
7-steps with 7 > 1 and diminishes the contribution of
the most recent ones. In our simulations r > 1.

An essential influence has the neighbourhood that
we will consider [4,5 ]. This model is a nearest-
neighbour one; the robots move through the lattice at
any moment only in four directions and associate to
every object type a binary string using (4).

Let R¥ be the real N-dimensional vectorial space
and B = (e,..., en) the canonical basis. A random
Markov chain of length M is a vector of the RV space
and can be written using the B basis. Our goal is to
find a one-to-one mapping of the vectorial space R¥
ontothe R on the basis of (5). Evidently, some prob-
lems may appear when two different string from RN
are mapped onto the same point in R. Let us con-
sider two different strings sy and s,. We have to find
the number of different strings, for a given r, such
that f5 . — fB.5, =0, where a and B refer to the ob-
ject types under the swapping decision. Using (5) the
above condition reduces to P( 1/r) =ap+a)( 1/r)+
<.t an(1/r¥ =1 = 0,where a; are the polynomial
coefficients of the associated ¥ step Markov chain. In
the binary case, the allowed values for these coeffi-
cientsare +1. Let usdenote x = 1/r. Based on the Fer-
mat theorem, we have the condition PO)-P(1) <0,
or in a more useful form ao(ap+a; +. .. +ay) <0.
It can be shown that for N = 2k (even) the number
of different coefficient sets, the number of different
strings which can be changed is § = %! €2~/ ang
forN=2k+1,5= E'f_"_z, sz,f;,’ - Therefore, the prob-
ability of a change is p = /2", which for7 = N > 10
gives p < 1073,

The advantage of the linear transform of the Markov






