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Preface

“What joy to discern the minute in infinity, the vast to perceive in
the small, what divinity!”
Jacob Bernoulli (1654-1705) in Ars Conjectandi (1713)

We are proud to present to you the proceedings of the Sixth International Con-
ference on Cellular Automata for Research and Industry (ACRI 2004), held in
Amsterdam, The Netherlands on October 25-27, 2004.

Since the first conference in Italy, ACRI, which is held biennially, has become
the premier conference in the field of cellular automata in Europe and beyond,
and is still growing in quality and size.

This year’s theme was “From Individual to Collective Behavior”, emphasiz-
ing the capability of Cellular Automata to simulate macroscopic processes from
individual, local interactions. Cellular Automata, in spite of their apparent sim-
plicity, represent a very powerful approach to studying spatio-temporal systems
in which complex phenomena build up out of many simple local interactions. In
the words of Richard Feynman in the Character of Physical Law (1982), “Nature
uses only the longest threads to weave her patterns, so each small piece of her
fabric reveals the organization of the entire tapestry”.

John von Neumann, who is recognized as the father of cellular automata,
would have been 100 years old in 2004. ACRI 2004 wanted to commemorate this
date by inviting researchers to submit contributions related to von Neumann’s
work or to the emergence of organization in systems in which collaboration
between components wins over the individual behavior.

In view of this commemoration we had two very inspiring memorial ple-
nary lectures on the first day: “Von Neumann’s Century: Too many souls!” by
Prof. Tomasso Toffoli and “John von Neumann and Cellular Automata” by Prof.
Roland Vollmar

Other invited lectures that were presented in the plenary sessions during the
three meeting days were: “Pattern Discovery and Automated Theory Building”
by Prof. James P. Crutchfield, “Studying Biological Development and Evolution
with Multilevel Particle Systems” by Prof. Paulien Hogeweg, “Cell Scale Simu-
lations, the Neglected Link Between Microscopic and Continuum Modeling” by
Prof. James A. Glazier, “From Cellular Automata to Wetware” by Prof. Andrew
Adamatzky, and “Structural Design and Optimization Using Cellular Automata”
by Prof. Zafer Girdal.

We would like to express our sincere thanks to the invited speakers who
delivered such inspiring lectures at ACRI 2004.

The conference was organized along the following tracks:

— Methods and Theory
— Evolved CA
— Traffic, Networks and Communication
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Applications in Science and Engineering
— Bio-medical Applications

Natural Phenomena and Ecology

— Social and Economical Applications

This volume contains peer reviewed original work on the theory and applica-
tion of Cellular Automata. After peer review by three experts in the field, 40% of
the 150 papers submitted were selected for oral presentation and 30% for poster
presentation. A total of 30% of the submitted papers were rejected.

This conference would not have been possible without the support of many
people and organizations that helped in different ways to make it a success.

First of all we would like to thank the authors for making the effort to sub-
mit so many high-quality papers. We thank the Program Committee for their
excellent job in reviewing the submissions and thus guaranteeing the quality of
the conference and the proceedings. We thank Liesbeth Otte and the conference
office of the University of Amsterdam for their practical assistance and support.
Many thanks go to Coco van der Hoeven for her secretarial work. Dick van Al-
bada, Berry Vermolen and Jiangjun Cui are acknowledged for their punctuality
in preparing the draft of the proceedings.

We thank our sponsors for their financial support: the board of the University
of Amsterdam, the Science Faculty and the Institute for Informatics. Finally we
thank the Dutch Science Foundation NWO, section Exact-Sciences, as well as
the section Computational Life Sciences.

September 2004 Peter Sloot
Bastien Chopard
Alfons Hoekstra
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Tom Thumb Algorithm and von Neumann
Universal Constructor

Joél Rossier, Enrico Petraglio, André Stauffer, and Gianluca Tempesti

Swiss Federal Institute of Technology
Logic Systems Laboratory
CH-1015 Lausanne, Switzerland
j.rossier@epfl.ch

Abstract. This article describes the addition to the von Neumann cel-
lular automaton of the Tom Thumb Algorithm, a mechanism developed
for the self-replication of multi-processor systems. Except for the cell
construction process, every functionality of the original CA has been
preserved in our new system. Moreover, the Tom Thumb Algorithm now
allows the replication of any structure within the von Neumann environ-
ment, whatever its number of cells may be.

1 Introduction

In the middle of the last century, John von Neumann was interested in the
concept of self-replication. During his research, he presented a model for an Uni-
versal Constructor (UC) system based on a two-dimensional cellular automaton
of 29 states [1]. This UC is divided in two different parts: a tape that contains
the description of the cellular machine to construct and the constructor in itself
that reads the tape and builds the new corresponding machine with a dedicated
cellular arm. Moreover, if the tape contains the description of the constructor
and if the constructor, in addition to its building abilities, can also copy the tape
information, then the resulting system is a self-replicating one (figure [T]).

In spite of the conceptual success of von Neumann’s work, the realization of
such a system encounters a major problem: with the proposed architecture, the
UC in itself needs about 200’000 cells, while the tape containing its description
is almost five time greater. Clearly, it is too big for a physical implementation
(at least today) and it is a real challenge even for a software simulation. In fact,
the UC has not yet been completely specified [2].

In 1995, Umberto Pesavento presented an extension of the transition rules of
the standard system [3]. Thus, he drastically reduced the number of cells used in
the UC replication and proved the validity of the von Neumann self-replication
process by simulating the entire UC. Despite that, once again, there were too
many cells for a physical implementation. To solve this problem, we decided to
apply to the standard von Neumann system a new kind of self-replicating process
that uses a smaller number of cells: the Tom Thumb Algorithm (TTA).

In section 2, we will briefly present the standard von Neumann system. The
basic operation of the Tom Thumb Algorithm will be exposed in section 3.

P.M.A. Sloot, B. Chopard, and A.G. Hoekstra (Eds.): ACRI 2004, LNCS 3305, pp. 1-II0J, 2004.
(© Springer-Verlag Berlin Heidelberg 2004
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Universal
Constructor W‘
Constructor arm A
Universal
Constructor [ Taepug) | Copy

Fig. 1. Universal Constructor self-replication

Section 4 will then introduce the system we have developed for self-replication
in the von Neumann environment and in section 5, we will discuss of some
potentialities of such a realization from an evolutionary point of view. Finally,
we will briefly mention the hardware implementation of our system in section 6.

2 Von Neumann States and Transitions

As mentioned before, each cell of the von Neumann CA possesses 29 states.
These states can be divided into several different groups with regard to their
”functionality”.

The first state is the quiescent one. A cell in this state has no influence on its
neighborhood. Every unused cell of the cellular array is in the quiescent state.

Then we find the 16 states responsible for the propagation of excitations
through the cellular array. Each of these states has a direction, i.e. one of the
four cardinal ones, and can be excited or not. Moreover there are two kinds of
transmission states that propagate different types of excitations: the ordinary
and the special ones. An ordinary (respectively special) transmission state be-
comes excited if it receives an ordinary (respectively special) or a confluent (see
below) excitation on one of its inputs. Moreover, they introduce a delay of one
time unit in the propagation of the excitations and act as OR gates.

A third group contains the confluent states. These are also used for the
transmission of excitations. A confluent cell becomes excited only if all of the
neighboring ordinary transmission states directed to it are excited. It conse-
quently acts as an AND gate. The confluent states are also used to convert an
ordinary excitation into a special one and they permit the splitting of a trans-
mission line, acting as fan-outs. Moreover, they introduce a two time units delay
in the propagation of information. Finally, they act as memory units: when none
of its neighbours is an outgoing transmission state, if the confluent has been
previously excited, it keeps the excitation until it can release this latter through
a valid transmission state.

Pesavento’s extension of the standard rules provides another type of confluent
state that permits the crossing of excitations.

The last group contains the sensitive states that are transitory ones and
permit the construction of each specific cell type: when a quiescent state receives
an excitation, it goes in the first sensitive state. Then, its state changes at each
time unit as seen in figure 2.
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Fig. 2. Sensitive states and construction process

To the construction process corresponds a destructive one: the transition
from any state to the quiescent one. When a cell is in an ordinary transmission
or in a confluent state and receives a special excitation, it is destructed and
becomes quiescent again. The same thing happens when a special transmission
state receives an ordinary excitation.

3 Tom Thumb Algorithm

To find an alternative self-replication mechanism for the UC, we define the entire
constructor as a two-dimensional organism composed of multiple cells. Each cell
is defined by two genes: the first one corresponds to the cell’s state according to
von Neumann while the second, as we will see, will be used to direct the con-
struction and replication processes. Using these definitions, we can then apply to
the machine a self-replication mechanism known as the Tom Thumb Algorithm
(TTA) [4]5].

Without loss of generality, we will present the TTA construction process of
a four-cell organism defined by its genome showed at the top of figure [3. The
numbers correspond to von Neumann states, while the other genes define the
directions of the construction path (arrows) as well as the branching directions
for the self-replication process (background color of arrows in the figure).

Moreover, although defined by only two genes, each cell of the organism
has four memory positions: the two at the right in figure Bl are used to store
the cell configuration, i.e. its state and the construction information, while the
two remaining ones keep a copy of the genome indefinitely moving around the
organism.

The construction process proceeds as follows: when the genome is injected in
the cellular array, the first cell receiving it shifts the incoming genes until it has
stored its configuration in the corresponding registers (t=4 in figure Bl). At that
time, the cell knows where to forward the next incoming genome information
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Fig. 3. Genome and first steps of the TTA creation of a four-cell organism

(to the North for the cell of the figure). The next genes arrive in the upper cell
which will also shift them to get its configuration and find the way to forward the
remaining genes (East, t=8). This process then repeats itself until the organism
is fully constructed, i.e. at time t=16 in the figure.

Note that twice the whole genome has been injected for the organism con-
struction: one half of the genes is fixed in the configuration registers while the
other half is continuously shifted around the organism, following the construction
path.

The self-replication process is started when the first gene of the genome ar-
rives in a cell whose configuration allows branching. In our example, at time
t=12, a replication path is consequently initiated to the North. The running
genome is duplicated and sent through the replication path. This process obvi-
ously starts the construction of a second organism whose genome is the same as
for the first one: the organism replicates itself.

Note that when the genome has been transmitted twice through the replica-
tion path, the construction of its copy is finished and the branching replication
path can be removed. Note also that the construction path of a valid organism
has to be a loop; if it were not, the copy of the genome would not have been
able to run around the organism and the replication process would have failed.

4 TTA and UC

Our main goal was to add to the von Neumann system an innovative process,
in our case a modified version of the TTA, that could drastically reduce the
number of cells used for the self-replication. Then, the resulting system had to
keep every standard functionality of the original von Neumann CA, as well as
implementing the Pesavento crossing ability. Consequently, we have separated
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our system design in two different layers and we added a new cell type to the
system: the activator, used to launch the self-replication process.

The first layer (UClayer) contains the von Neumann standard information
coded on four bits. The two first bits determine the cell type (quiescent 00, or-
dinary arrow 01, special arrow 10, and confluent 11). The two remaining ones
define the arrow direction or the confluent subtype (memory, crossing or activa-
tor). We show in figure [ the different UC layer codes and their corresponding
cell type.

lType[Dir“Cell symbol[
00 | 0 U Quiescent
01 |00 T ordinary North arrow
01 |01 — ordinary East arrow
01 |10 J ordinary South arrow
01 |11 — ordinary West arrow
10 |00 T special North arrow
10 |01 = special East arrow
10 |10 i3 special South arrow
10 |11 = special West arrow
11 |00 - not used
11 |01 R activator confluent
11 |10 Cy crossing confluent
11 |11 Carz memory confluent

Fig. 4. UC layer codes

The second layer (TTAlayer) is only used for the construction and replication
processes. It’s also defined with four bits: the first two give the direction of the
replication path, the third bit is a flag that says if the cell is the first one of the
organism and, finally, the last bit corresponds to the end-of-organism cell flag.

Moreover, in our TTA version, the path does not have to be a loop, as in the
standard algorithm: in our case, the path begins at the start-of-organism cell
and then goes through the entire organism, from cell to cell, until it reaches the
end-of-organism cell.

4.1 Cell Construction Process

As we have just seen, a TTA-UC cell is fully defined by the eight configuration
bits of the two layers. This fact did not obviously permit us to keep the same
construction process as in the original von Neumann system, but we maintained
the same general idea: a quiescent cell is transformed in another cell when it
receives the corresponding (ordinary or special) excitation. To implement the
construction process, as shown in figure Bl we added three flags (with the grey
background) to the eight configuration bits.
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UClayerupdated [ 1] al a|b]bf 1] valid

UC& TTA layersupdated  [1] af alblblofclc[d[d|o] vaid

Wait for the end of the
UC & TTA layers updated | 1| a| a| bl bl Ol Cl c |d | d I 1| organism construction

Fig. 5. The different construction pulses

Reading the bits from left to right, the first flag bit is used to start the cell
construction process and is always equal to '1’. Then we find the UClayer type
on two bits (aa in figure B)), followed by the UClayer direction, on two bits too
(bb).

After these, we have the second flag bit: if it is equal to '1’, the cell construc-
tion process stops. In such a case, the cell has updated its UClayer state, but
without modifying its TTAlayer configuration. This could be used to create a
new self-replicating organism on a pre-existing TTAlayer, or just to change some
cells in a TTA-UC structure without affecting its self-replication ability.

In the other case, i.e. if the second flag is equal to ’0’, the construction process
continues: the two next bits update the TTAlayer direction (cc) and the last two
define the TTAlayer type (dd), i.e. start or end of organism.

At the end, we find the last flag bit. While it is equal to ’1’, it makes the
cell wait for the entire organism to be constructed, before being able to act
like an usual von Neumann cell. During that time, the cell only forwards every
excitation it receives in the direction defined by its TTAlayer.

A cell can then be constructed using a pulse of six excitations, as long as
we want to keep the TTAlayer unchanged. Otherwise, the construction pulse
needs eleven excitations, with the last being inactive for a single cell creation
and active in the case of an organism self-replication.

4.2 Organism Self-Replication

We will now present the self-replication process of a simple organism. For clarity,
we will take as example the replication of a two by two cells organism. The
two layers of the organism and the configuration bits of its cells (without the
construction flags) are shown in figure [6 The start-of-organism cell is in dark
grey while the end-of-organism one is in light grey.

e |»|V [1]»] : orovoroo  E]¥] - or1ri000

—lc, =l - ororooio  [CTe] : 11110101
UC layer TTA layer Configuration bits

Fig. 6. Two layers and configuration bits of the organism
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We will first present the emission of the organism genome and then, show
how this genome is used in the construction of the new replicated organism.

=)

Timet=1 Timet=2
I Celll: replication Cdll1 emits flagl
Startrepllcauon___l-__mlﬂnirl e ag
r r

y=cnl
1 I
I 5 |
i i
I I

Timet=3
Cell1 emits bitl

Timet=4
Cell1 emits bit2

Timet=5
Cell1 emits bit3

Timet=12 Timet=13 Timet=14
Cell1 emitsflag3 Cell1: replication Cell2 emitsflagl
internal m

Timet=48
Cell4 emits flag3

Timet=49
Configurations
emission finished

Timet=15
Cell2 emits bitl

Fig. 7. Some steps of the TTA-UC genome emission

Genome emission: An organism will start its replication process if one of
the neighbours of the start-of-organism cell is an excited activator cell (R in
figure [7]at time t=0). In such a case, this latter sends a StartReplication message
(SR in the figure); the start-of-organism cell then emits to its TTA direction a
InternalReplication message (IR) at time t=1. This latter will then be forwarded
along the TTA path through the entire organism until it reaches its last cell,
making every cell of the organism become in a TTA forwarding state: from that
time, they transmit to their TTA direction every excitation they receive.

Just after the InternalReplication message, the start-of-organism cell sends its
configuration bits with the appropriate flags during the following 11 clock steps.
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As for the first message, these configuration bits are then forwarded through the
TTA path until they reach the end-of-organism cell. This latter transmit the
configuration pulse to the UC layer of the next cell in its TTA direction.

When the first cell has finished sending its configuration stream, it emits once
again a InternalReplication message (t=13) meaning it has finished its replica-
tion task. When the next cell on the TTA path receives this InternalReplication
message, it goes out of the TTA forwarding state and begin the emission of its
own configuration bits.

This process repeats itself in a similar way until the end-of-organism cell
has transmitted its last configuration bit: at that time (t=49), the organism has
finished its genome emission.

C
==

= |

0 1
Timet=5 Timet=6 Timet=15 Timet=16
U receivesthe Receives the Receivesthe | New celll
celll flagl celll bitl celllflag3 | configured
______________ I I —
| )
0 ' ' [
U] ! !
) )
) )
! (Il
0
) )
Timet=17 Timet=18 : : Timet=51
U receivesthe Receives the \ I Last cell receivesthe
cell2 flagl cell2 bitl _ L cell4 flag3

———————————t———————————'———————————-

@]

E LR C :
Timet=52 Timet=53 Timet=54 Timet=55

Last sendsintern . Back message at Replication end,

message back Lest cell valid start cell UC layer excited

Fig. 8. Some steps of the TTA-UC replicate construction

Construction: We said that the end-of-organism cell transmits the configu-
ration pulses to the UC layer. The excitations then consequently follow the UC
layer specifications: they can travel along an ordinary arrows path, if any, until
they reach a quiescent cell to configure. In figure 8, that happens at time t=5.
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When a quiescent cell has received eleven building excitations, it is fully
configured. But, as we have seen, the last configuration bit has to be chosen
equal to 1’ in the self-replication process. This flag implies that the cell must
stay in a TTA forwarding state until the end of the organism construction.
Indeed, it has to transmit the next received excitations to its TTA direction in
order to pursue the creation of the next organism cells, in the good direction.

When the last configuration bit has reached the new end-of-organism cell
(t=51), this latter sends an InternalReplication message back along the TTA
path. This message, that notifies the end of the organism construction is for-
warded back by each cell of the organism until it reaches the new start-of-
organism cell, at t=>54 in the figure.

The next time unit, the start-of-organism cell becomes excited in its UC
layer and can launch the classical UC behaviour of the new organism: the self-
replication process is terminated.

5 TTA-UC and Evolution

As explained before, and unlike the standard Tom Thumb Algorithm, our TTA-
UC system does not possess a running genome that keeps unchanged the initial
configuration of the organism. In fact, our replication system works by self-
inspection [6]: the organism generates the bits configuration that permits to
copy its current state (and not the initial one).

Having such an ability should permit a TTA-UC organism to evolve through
its replication process: for example if a cell of the organism has got its UCconfig-
uration modified during its normal behavior, without changing its TTAlayer
information, then the organism can still replicate itself but will also copy the
modified cell. As a result, this new organism will not be a perfect copy of the
initial one: almost every UClayer modification can propagate through the or-
ganism generations. An organism population could consequently evolve by the
integration of the acquired modifications into the organism configuration of the
‘new generations’.

6 Hardware Implementation

The hardware implementation of the TTA-UC uses the BioWall, a two- dimen-
sional electronic wall designed for bio-inspired applications [7]. In order to test
the concept, we have realized a simple von Neumann pulser composed of about
thirty cells. We were able to verify that the pulser can self-replicate in addition
to realizing its usual functionality.

Moreover, due to the huge number of states the TTA-UC design would have
used for a standard CA implementation, we realized the system following the
Data and Signal Cellular Automaton (DSCA) concept [RI9]. Such a choice per-
mited us to design the TTA-UC almost intuitively and to make the design fit
the limited place at disposal.
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7 Conclusion

The designed system comes from the unification of the Tom Thumb Algorithm
with the standard von Neumann architecture. Its major quality is the great
diminution in the number of cells that an organism needs for its self-replication.
In fact, with this new TTA-UC system, any von Neumann organism can now be
configured in order to possess the self-replication ability. As a result, the concept
of Universal Constructor in itself becomes obsolete.

Moreover, we believe that our TTA-UC system is able to emulate all of the
precedent von Neumann functionalities. A further interesting work could be to
confirm that a Turing Machine can be successfully emulated by our new TTA-
UC architecture. Additionally, one should be able to realize this implementation
with only small modifications to the original design of the von Neumann Turing
Machine, due to the differences in the cell construction process.
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Abstract. Standard Cellular Automata (CA) are memoryless: i.e., the
new state of a cell depends on the neighborhood configuration only at the
preceding time step. This article considers an extension to the standard
framework of CA by implementing memory capabilities in cells. Thus
in CA with memory : while the update rules remain unaltered, historic
memory of past iterations is retained by featuring each cell by a summary
of all its past states. A study is made of the effect of historic memory on
two given sides of the hypercube of elementary probabilistic CA.

1 Introduction

Cellular Automata (CA) are discrete, spatially extended dynamic systems com-
posed of adjacent cells or sites arranged as a regular lattice, which evolve in
discrete time steps. Each cell is characterized by an internal state whose value
belongs to a finite set. The updating of these states is made simultaneously ac-
cording to a common local transition rule involving only a neighborhood of each
cell. Thus, if J,ET) is taken to denote the value of cell i at time step T, the site
i

specifies the CA rule operating on the neighborhood (N) of the cell i.

This paper deals with elementary rules : one-dimensional CA with two pos-
sible values (k = 2) at each site (o € {0,1}), with rules operating on near-
est neighbors. Following Wolfram’s notation, these rules are characterized by

a sequence of binary values () associated with each of the eight possible
PRCORNCY) (T)) ~ 111110 101 100 011 010 001 000

triplets (o;"1,0; ', 0,11 Br B2 B3 By Bs Bs Br Bs

8

R = Zﬂﬂsfﬂ of elementary CA ranges from 0 to 255. We will restrict our con-
i=1

siderations to legal rules : rules that are reflection symmetric (82 = G5, 84 = (37),

and quiescent(fs = 0) . These restrictions leave 32 possible legal rules.

values evolve by iteration of the mapping : T = ¢(05.T) € M) , where ¢

. The rule number,

P.M.A. Sloot, B. Chopard, and A.G. Hoekstra (Eds.): ACRI 2004, LNCS 3305, pp. 11-20, 2004.
(© Springer-Verlag Berlin Heidelberg 2004
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2 Memory

Standard CA are ahistoric (memoryless): i.e., no memory of previous iterations
except the last one is taken into account to decide the next one. In this paper,
a variation of the conventional one-dimensional CA is considered, featuring cells
by a summary state in all the previous time steps . Thus, what is here proposed is
to maintain the transition rules (¢) unaltered, but make them actuate over cells
featured by a summary of all their previous states : O'ET+1) = ¢(S§,T) € M), SET)
being a summary state of cell i after time-step T . We refer to these automata
considering historic memory as historic and to the standard ones as ahistoric.

A simple way of taking history into account is that of featuring cells by their
most frequent (mode) state (in case of a tie, the cell is featured by its last state).
Table 1 shows the spatio-temporal patterns of the legal rules affected by such
mode memory mechanism when starting from a single site live cell. As long as the
latest and most frequent states coincide after the two first time-steps, the historic
and ahistoric evolution patterns are the same till T' = 3. But after the third
time-step, the last and the most frequent states often differ, and consequently
the patterns for the historic and ahistoric automata typically diverge at T = 4.
In the ahistoric context, the deterministic Rule 254 (1111110) progresses as fast
as possible: it assigns a live state to any cell in whose neighborhood there would
be at least one live cell. Thus, in the ahistoric model, a single site live cell will
grow monotonically, generating segments with size increasing two units with
every time step. The dynamics is slower in the historic model (see Table 1) :
the outer live cells are not featured as live cells until the number of times they
”live” is equal to the number of times they were ”"dead”. Then the automaton
fires two new outer live cells. Rules 94 and 126 evolve much in the punctuated
equilibrium manner of Rule 254. The effect of memory on Rule 90 (01011010) is
dramatic: after 7' = 3 the most frequent state of all the cells is the dead one, so
Rule 90 dies out at T'=4 . The remaining rules in Table 1 generate period-two
oscillators as soon as at T=2.

Historic memory can be weighted by applying a geometric discounting pro-
(T_T), obtained 7 time steps before the last round, is

actualized to the value: ozTai(T_T)(a being the memory factor). This well known
mechanism fully ponders the last round, and tends to forget the older rounds.

After the time step T, the weighted mean of the states of a given cell (i) is :

cess in which the state o

T—1
(T) T—t ()
o+ Z a’ o 1)
t=1 w;

Ty, (1) (2 T
mg )(Jg),O'i(),...,O'i( )): T EA(T) (1)

1+ ZaT_t

t=1

The choice of a simulates the long-term or remnant memory effect : the limit
case @ = 1 corresponds to the full memory model just introduced, whereas
«a << 1 intensifies the contribution of the most recent states and diminishes the



Elementary Probabilistic Cellular Automata with Memory in Cells 13

contribution of the past ones (short type memory). The choice a@ = 0 leads to
the ahistoric model. This memory mechanism is accumulative in their demand
() of m(T) it is not necessary to
know the whole {O’i( )} series, while sequentially compute: wET) = ang_l)JragT).
The rounded weighted mean state (S) will be obtained by comparing its
1 it M >05
weighted mean (M) to 0.5, so that: SET) = gET) if mgT) =05 In our
o if m™ <05
two-states scenario, memory is not effectively implemented unless o > 0.5 ([4]).
It should be emphasized that the memory mechanism considered here is
different from that of other CA with memory reported in the 1iteratur, which,
typically, incorporate memory into the transition rule. Particularly interesting
is the second order in time rever81b1e formulation based on the exclusive OR
(noted @) : O'Z(T+1) = (b( (1) ¢ N) ® U(T Y Double memory (in rule and in

of knowledge of history : to calculate the term w;

cells) can be implemented as : (TH) ¢(s;T) € M) S?) S§T71)7 but to preserve
reversibility, inherent in the XOR operation, the reversible formulation with
memory must be : ol(TH) = qb(s;-T) € M) @ afol) ([]) . We have studied the

effect of memory on CA in the deterministic scenario in a previous work ([2]-[8]).

Table 1. Legal rules affected by mode memory when starting from a single site live
cell up to 7' = 8. Live cells: B last (0=1), O most frequent (s = 1).

146,218 178,250 222
R 18,90 R 22,54 R50,122 RO R 126 R 150,182 R 254

2 I::H:: ” BEEI "“I“I
e e S o aag

3 Probabilistic Cellular Automata with Memory

So far the CA considered are deterministic. In order to study perturbations
to deterministic CA as well as transitional changes from one deterministic CA
to another, it is natural to generalize the deterministic CA framework to the
probabilistic scenario where the §; are replaced by probabilities p; (0 < p; <

! See, for example, [T],p.43; or class MEIMO in [9],p.7. The latter shows an example
of 2D CA with memory, but to the best of our knowledge the study of the effect of
memory on deterministic CA has been rather neglected.
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1). Kinzel [10] and Domany and Kinzel [II] pioneered in the study of these
probabilistic CA (PCA for short).

As in the deterministic scenario, memory can be embedded in PCA by featur-
ing cells by a summary of past states s; instead of by their last state ;. A last but
not least disclaimer must be done of the use of the term memory as entering into
the probabilistic scenario. We embed historic memory into the characterization of
cells but not directly in the construction of the stochastic transition rules, so we
are dealing with probabilities of the generic form P(o; (T — 1 / s s ET), Eﬂ)
and not with some form of memory mechanism (of length 7) in which the past
configurations (¢ = {o;,i = 1,...,N}) determine the transition probabilities

: P(o, (T+1) =1/c® oT=1 (T 7)) as done in the specialized literature
when deahng with memory in PCA (e.g.,[12]) .

Legal rules are now of the form (p1, p2, 3, P4, P2, Pe, P4, 0) . The five probabil-
ities parameterize a five-dimensional hypercube , where the deterministic rules
are placed in the 32 corners. Elementary CA quickly evolve into configurations
with a density of non null states fluctuating about a given mean (p) so the asymp-
totic density is considered in the literature as a natural order parameter in the
phase space . In this paper we focus on two particular sides of the hypercube,
those defined by the structure of probabilities : 4) (O, 0,ps3,1,0,p¢, 1, O), with de-
terministic corners the Rules 18, 22, 50 and 54 , and i) (pl,pg,pl,pg,pg, 0, pa2, 0),
with corners 0, 90, 160 and 250. The former is a very interesting subset as in-
cluding not only Rule 18 (one of the first rules carefully analyzed) but also the
complicated (to avoid the coined term complex) Rules 22 and 54. The rules with

the structure ii) are perlpheral B and totalistic 0"t = ¢(a\") + 0T)) such as

Rule 90 : U(T+1) =" +O’1(+1 mod 2 . The subset i) has been very much stud-
ied due to the equlvalence between peripheral PCA and the problem of directed
percolation [11]. By the way, Rule 22 in 4) is totalistic but not peripheral.

4 The Simulations

The simulations in this work were run for 1000 time steps on a lattice consisting
of 500 sites with periodic boundary conditions. All the simulations start from
the same random initial configuration, in which the value of each site is initially
uncorrelated, and is taken to be 0 or 1 with probability 0.5 . All the PCA evolve
with identical realizations of the stochastic noise. The memory factor « varies
from 0.5 (ahistoric model) to 1.0 (fully historic) by 0.1 intervals.

Figure 1 shows the spatio-temporal patterns of four significant deterministic
rules affected by memory. Figures 2 and 3 show the asymptotic density (p) of the
PCA rules of the two subsets just described, when varying the free probabilities
(ps,pe , and p1,p2) from 0 to 1 by 0.02 intervals. The asymptotic density was taken
as the mean density over the last 100 iterations. Table 2 shows the numerical

2 Rules with no dependence in ¢ on the state of the cell to be updated. Some authors
feature such rules as rules with no memory



Elementary Probabilistic Cellular Automata with Memory in Cells 15

values of p of the deterministic rules affected by memory. Memory has no effect
on in Rules 0, 160, 250 (subset 4i)) or has a minimal effect in Rule 50 B

Table 2. Asymptotic densities of the deterministic rules affected by memory

a= 10 09 08 07 06 0.5
RULE 18(00010010) 0.120 0.000 0.000 0.012 0.108 0.250
RULE 22(00010110) 0.359 0.038 0.026 0.295 0.357 0.356
RULE 50(00110010) 0.478 0.500 0.500 0.500 0.500 0.500
( )
( )

RULE 54(00110110) 0.461 0.000 0.020 0.412 0.411 0.478
RULE 90(01011010) 0.503 0.521 0.497 0.495 0.507 0.500

Let us first examine the effect of memory on subset i), featured to a great
extent by the effect on the deterministic corners. History has a dramatic effect
on Rule 18, as is shown in Fig.1 . Even at the low value of o = 0.6, the appear-
ance of the spatio-temporal pattern fully changes: a number of isolated periodic
structures are generated, far away from the distinctive inverted triangle world of
the ahistoric pattern. For o = 0.7, the live structures are fewer, advancing the
extinction found in [0.8,0.9]. In the fully historic model, only periodic patterns
of live cells survive (simpler than for o = 0.6). The evolution of the density ac-
cording to Rule 18 in the ahistoric model yields an asymptotic density p ~ 1/4
(a value reached fairly soon). Historic memory induces a depletion of p, null for
a = 0.8 and a = 0.9, as quantified in Table 1. The effect of memory on Rules 22
and 54 is similar. Their spatio-temporal patterns in a = 0.6 and o = 0.7 keep
the essential feature of the ahistoric, although the inverted triangles become en-
larged and tend to be more sophisticated in their basis. A notable discontinuity
turns out for both rules ascending in the value of the memory factor: when « is
in the [0.8,0.9] interval, extinction or a few periodic structures surviving is found
for both rules. But unexpectedly, the patterns of the fully historic scenario differ
markedly from the others, showing a high degree of synchronization. Both rules
present notably close values of the asymptotic densities in the ahistoric and full
memory scenarios (see Table 2).

The effect of memory on the deterministic corners of the subset ¢) in reflected
in the asymptotic density graphs of Fig.2. Thus, the inhibition induced by mem-
ory on Rules 18, 22 and 54 when « is in the [0.8,0.9] interval is reflected in a clear
depletion of the corresponding graphs in Fig.2, in which only the proximities of
the corner R50 are not depleted. When « varies in the [0.6,0.7] interval, the p
value of Rule 54 is not notably altered, thus depletion in the 0.6 and 0.7 graphs

3 This is unusual but not extremely exceptional in the deterministic scenario. This is
case of Rules such as 0, 160 or 32 which early evolve to the null state, or, of Rules
250 and 254 which blacken the space, very soon in the ahistoric model, a little later
with memory. Rules which serve as filters (Class II), such as Rules 4, 50 72, 76, 200,
204, 232 and 236 are also minimally affected by memory. When dealing with more
than two states, memory tends to affect almost every rule ([3])
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is restricted only to the R18 corner. The aspect of the full memory graph is fairly
particular, with a dominant tendency to the null value in proper probabilistic
rules, but not in the fairly deterministic ones (the sides).

The evolution of Rule 90 (subset ii)) is typically featured as chaotic in the
ahistoric scenario. The totalistic Rule 90 shows a much smoother evolution from
the ahistoric to the historic scenario (Fig.1): no pattern evolves to full extinction
nor to the preservation of only a few isolated persistent propagating structures
(solitons). In the ahistoric scenario it is p ~ 1/2 for Rule 90, independently
of the initial density pp # 0 . When historic memory is taken into account, p
varies little from this value (see Table 2). Again, the effect of memory on the
deterministic corners is reflected in Fig.3. Thus, the gradual effect of memory
on Rule 90 is reflected in a smooth effect of memory on the graphs of Fig.3

The results found here starting with an initial density pg = 0.5 regarding the
asymptotic density, have been found similar when starting from a high initial
density (0.9) and a low one (0.1). We have studied the effect of memory on
the damage spreading: the difference between two replicas, which evolve with
the same dynamics but from different initial configurations, in both subsets. As
a rule, the effect of memory on the difference patterns mimics that on spatio-
temporal patterns.

The smooth effect of memory on the peripheral and totalistic subset i) has
been found also for other totalistic but non peripheral subsets, in particular on
the important PCA subsets studied by Kinzel [10]: (p2,p2,p2, pa, P2, P4, p2,0),
(p1, D2, P2, P2, P2, P2, P2,0), and (pa, p2, P2, Pa, P2, P4, P2,0). We have explored the
effect of memory in a number of different no totalistic subsets. We expect to
report the results of the effect of memory on these subsets in a subsequent work.

5 Other Memories, Other Contexts

A number of alternative average-like memory mechanisms can readily be pro-
T T

posed by writing the components of (1) as : ng) = Zétagt) , A(T) = Z(St
t=1 t=1

. Thus, the weighting factor can be implemented in an exponential way :
6 =e AT gecRT (equivalent to a geometric discount model with o = e =),
or in an inverse way, so that the older rounds are remembered more than the
more recent ones, by choosing §; = ="' . Weights such as 6§, = t° or ¢!, ¢ € IN, al-
low integer based implementation (2 la CA) by comparing 2w(™) to A(T) ([B],[6]).

Departing from the weighted mean memory scheme, cells can be featured by
() _

i =

the parity with the sum of previous states, or by some neural-like form: s

T
7-[( Z (5,501@ — 9). A limited trailing memory can be implemented by keeping
t=T
memory of the last 7 states. Ahistoric and historic models can be combined by
different types of characterizations of the cells of the neighborhood.
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Fig. 1. Spatio-temporal patterns of four legal CA rules affected by memory. The simula-
tion was conducted in a lattice of size 500. The values of sites in the initial configuration
are chosen at random to be 0 or 1 with probability 1/2 . The pictures show the evolu-
tion of the central band of 250 sites from the initial configuration up to 7" = 150.. The
memory factor « is varied from 1.0 (full memory) to 0.5 (ahistoric) by 0.1 intervals.
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NO MEMORY 0=06

02 3 000 000

a=09 FULL MEMORY

025 0.25 PG

0.00 0.00 % 000 0.00

Fig. 2. The asymptotic density of the legal probabilistic CA rules of the form
(0,0, ps,1,0,p6,1,0) in the scenario of Fig.1. The probabilities ps and ps are varied
from 0 to 1 by 0.02 intervals . The asymptotic density is taken as the mean density
over the last 100 of 1000 time steps.

Historic memory can be embedded in continuous CA, in which o ranges in
R, by: O'£T+1) = @(mET) € M) Memory can be implemented in this way in
Coupled Map Lattices, fuzzy CA (see an example in [7]), or Quantum CA.
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Fig.3. The asymptotic density of the legal probabilistic CA rules of the form
(p1,p2,p1,P2,D2,0,p2,0) in the scenario of Fig.2.

We have explored the effect of incorporating memory into discrete dy-
namical systems : z(Tt) = f(z(™) by means of z(T+t) = f(m(?)) with

T
mT = ﬁ ZaT_tx(t). Thus, [3] deals with the canonical example, the lo-
t=1
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gistic map with memory : (Y = m™) + 3.0m™) (1 —m™)) . A low level of
memory (« = 0.1) smooths the characteristic chaotic dynamics of the ahistoric
formulation; higher o values generate periodic behaviour, and from o = 0.4 the
evolution leads to a fixed point (z = 1) . From chaos to order, by varying not
the parameter of the model (A = 3.0) but the degree of memory incorporated.

6 Conclusion

This paper introduces the kind of probabilistic CA with memory in cells (PCA)
in the simplest (elementary) scenario by considering two particular sides of the
hypercube of elementary PCA. One of the subsets is highly disrupted by memory,
the effect of memory on the other subset is fairly smooth. The approach here is
mainly descriptive. A more complete analysis of the PCA is left for future work.
Phase transitions in particular demand a detailed study. Some critics can argue
that memory is not in the realm of CA (or even of Dynamic Systems), but we
believe that the subject is worth to studying. At least CA with memory in cells
can be considered as a extension of the basic paradigm, useful in modeling.

Acknowledgements. Luis Seidel (UPM) contributed to the computer imple-
mentation of this work, supported by CICYT AGL2002-04003-C03-02 AGR .
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Abstract. Computation- and construction-universality in cellular au-
tomata (CA), first studied by von Neumann, has attracted steady re-
search efforts, over the years, most employing synchronous CA. Asyn-
chronous cellular automata (ACA), though of interest as most interac-
tions in nature are asynchronous, have not been used for this task, other
than by the indirect way of simulating a synchronous CA. In this paper,
we propose a universal constructor on a self-timed cellular automaton
(STCA), a particular type of ACA, in which cells are divided in four
partitions, each with four states.

1 Introduction

Biological self-reproduction was first investigated formally in terms of von Neu-
mann’s cellular automaton (CA) capable of universal computation and construc-
tion [I]. Requiring cells with 29 states, this CA implements a universal construc-
tor able to construct an arbitrary structure on an initially blank space, given
its blueprint. Follow-ups to this study are the 8-state CA of Codd [2], the 4-
state CA of Banks [3], and the 3-state CA of Serizawa [], all computation- and
construction-universal. These investigations have been limited to synchronous
systems, while there has been hardly research on asynchronous systems.

In the context of asynchronous systems, Priese [5] investigated computation
and construction on a Thue system that resembles CA. Nehaniv [6] implemented
self-reproduction on an asynchronous cellular automaton (ACA) based on the
method by Nakamura [7], in which a synchronous CA is simulated on an ACA,
but this technique suffers from overhead in terms of cell states and number of
transition rules. Lee et al. [§], Adachi et al. [9], and Peper et al. [10] studied
computation on ACAs, not by this simulation technique, but by directly embed-
ding delay-insensitive (DI) circuits on them, a type of asynchronous circuit in
which signals may be subject to arbitrary delays without this being an obstacle
to the circuit’s correct operation (e.g. see [TOJ1T]). Peper et al. [T2] proposed a
computation-universal self-timed cellular automaton (STCA), a particular type

P.M.A. Sloot, B. Chopard, and A.G. Hoekstra (Eds.): ACRI 2004, LNCS 3305, pp. 21-[30, 2004.
(© Springer-Verlag Berlin Heidelberg 2004
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of ACA, in which the state of each cell is partitioned into four parts, each of which
corresponds with a neighboring cell. There have been no construction-universal
ACAs (or STCASs) proposed, however, by the direct method.

This paper shows that computation- and construction-universality can be
implemented on an STCA by the direct method, in a similar way as von Neu-
mann’s construction. Our model employs cells with states encoded by 8 bits,
and 39 rotation-invariant transition rules.

This paper is organized as follows. We define self-timed cellular au-
tomata in Sect.[d starting with computation-universality, and then move on
to construction-universality. The construction arm and the tape unit, each part
of the constructor, are described in Sects.Bl and [, respectively. Sect.[l gives the
basic idea of the universal constructor implementation, and finishes this paper
with a discussion and conclusion.

2 Self-Timed Cellular Automata

A self-timed cellular automaton (STCA) [12] is a two-dimensional asynchronous
cellular array of identical cells, each of which has a state that is partitioned into
four parts in one-to-one correspondence with its neighboring cells. For example,
if each part of a cell state consists of 1 bit, a cell can be in one of 16 states
encoded by 4 bits, and the cellular space is an array like in Fig.[Il Each cell
undergoes transitions in accordance with a transition function f that operates
on the four parts of the cell q,, ¢e, ¢s, ¢, and the nearest part of each of its four
neighbors p,, pe, Ps, Pw- The transition function f is defined by

I (G, ey Gs, Qus Prs Pe, Dss Pw) = (Qys Qoy Qs Qays Pgs P Dl Py (1)

where a state symbol to which a prime is attached denotes the new state of a
partition after update (see Fig.[2). We assume that transition rules on an STCA
are rotation symmetric, thus each of the rules has four rotated analogues.

In STCA, transitions of the cells occur at random times, independent of
each other. Since a transition on a cell may change bits of neighboring cells,
two neighboring cells undergoing transitions simultaneously may write different
values in shared bits. To prevent such a situation, we assume that neighboring
cells never undergo transitions simultaneously.

2.1 DMorita’s Rotary Element

Morita’s Rotary Element (RE) [13] is a logic element with four input lines
{n, e, s,w}, four output lines {n', e’, s’, w'}, and two states — the H-state and the
V-state, which are displayed as horizontal and vertical rotation bars respectively
(see Fig.[3). If a signal comes from a direction parallel to the rotation bar of an
RE, it passes straight through to the opposite output line, without changing the
direction of the bar (Fig.ll(a)); if a signal comes from a direction orthogonal to
the bar, it turns right and rotates the bar by 90 degrees (Fig.H(b)). It is possible
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Fig. 1. An example of self-timed cellular ~ Fig. 2. Transition rule in accordance with
space. A filled circle denotes a 1-bit, and  the function f.
an open circle denotes a 0-bit.
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Fig. 3. An RE in (a) H-state and an RE  Fig. 4. The operations of an RE: (a) the
in (b) V-state. parallel and (b) the orthogonal case.

to construct a universal Turing machine as a circuit composed of only REs, as
shown by Morita [13], implying that an RE is a universal logic element.

An RE can be considered as a kind of a DI circuit. Unlike most DI-circuits
in practical applications, however, a circuit constructed entirely from REs —
denoted as RE-circuit — contains at most one signal at a time.

2.2 STCA Model Embedding the Rotary Element

Here we explain an STCA model that embeds any arbitrary RE-circuit, whereby
each part of a cell state takes 2 bits. The transition rules are depicted in Fig.[l

o[- o (a5 ©fa-[% o ERAE
®) :ﬂ: -

Fig. 5. Transition rules to implement a Rotary Element. The resulting STCA is
computation-universal. A filled circle denotes a 1-bit; a 0-bit is not shown.

A signal is defined by Rule #1, and is called a D-signal. A D-signal is used
to conduct ordinary computation. Fig.[fl shows how to transmit a D-signal to-
wards the north on a straight path of continuous cells, all bits of which are 0;
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transmitting a signal towards the east, the south, and the west are done in a
similar way, due to the rotation-symmetry of transition rules.

A few basic signal routers are defined from Rules #2-4: an input/output
multiplexer (IOM), a merge, and an LR-turn for D-signal. An IOM is just a right-
turn element for a D-signal that works for signals coming from two directions
(see Fig.[l(a)); it has one input path, one output path, and one bi-directional
path. An input signal on the input path is output to the bi-directional path (Rule
#2), and an input signal on the bi-directional path is output to the output path
(Rule #3). A merge is an operator with two input paths and one output path
(see Fig.[[(b)), which redirects a D-signal arriving from one of the input paths
to the output path (Rules #2, 4). An LR-turn for D-signal is an operator with
two bi-directional paths (see Fig.[lc)), which redirects a D-signal arriving from
one path to the other path (Rules #3, 4). These three elements are realized by
a simple pattern on the STCA, a stable quadruple that consists of four 1-bits
bonded together (see Fig.[T).

A rotation bar, realized by a row or a column of two stable quadruples, is
introduced in analogy to that of RE (see Fig.[3]). A signal coming from a direction
orthogonal to the bar will turn right and rotate the bar by 90 degrees (Rule #5).

o I
LD LEL .R.Eg
S ESL Y b N Io
(a) IOM (b) Merge (c) LR-Turn

for D-signal

Fig.6. Signal transmission Fig.7. The operations of a stable quadruple, as (a)
northwards. The shaded cell an IOM, (b) a merge, and (c) an LR-turn for D-
in each configuration will be signal. Each arrow denotes a signal path, and the
updated according to Rule #1.  character D alongside it denotes the signal’s type.

An RE can be composed of stable quadruples as shown in Fig.Rl In this
implementation, an input/output path pair on each side of an RE is represented
by a bi-directional path. By connecting IOMs to the bi-directional paths of the
RE in Fig.® a regular RE like in Fig.[3 can be constructed. Fig.[d illustrates
the traces of an RE operating on a signal coming from its input line (a) parallel
or (b) orthogonal to the rotation bar. The STCA is computation-universal in
the sense that a universal Turing machine composed of REs (see [13]) can be
embedded on it.

A stable quadruple is the smallest element in circuits implemented on the
STCA, since the basic elements such as an IOM, a merge, and an RE can be con-
structed from it (see Figs.[d and ). In this paper, we assume that any circuit on
the STCA is represented by a specific configuration of stable quadruples, so that
a universal constructor can be regarded as a machine that puts stable quadruples
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Fig. 8. Realization of an RE on the Fig.9. A signal passing through an RE: (a)
construction-universal STCA. the parallel and (b) the orthogonal case.

on desired places. The rules required for this (see Fig.[I0]) are explained in the
remaining sections.
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3 The Construction Arm

The construction arm, a part of the universal constructor, plays the main role
in construction: it moves a writing head over the cell space, and constructs
desired structures. In Fig.[T1] (a) the initial state and (b) the working state are
illustrated. The initial state is composed of only stable quadruples. The 1/O
path I is used for initialization of the construction arm; L, R and D are used to
operate the writing head. The initializing process of the arm is described after
we describe how it works.



26 Y. Takada et al.

Flexible Path
L
+
o * o0 Writing Head
7.
I
R D
(a) initial (b) working

Fig. 11. Configurations of the construction arm in (a) the initial state and (b) the
working state. There are four I/O paths I, L, R, and D. Each I/O path is represented
as an solid arrow or a broken arrow, the former denoting it is available in the particular
(initial or working) state of the arm and the latter denoting it is not. The characters
alongside each arrow denote what kinds of signals can be transmitted on it.

A construction arm in the working state (see Fig.[[T[(b)) can be divided into
three parts: a flexible path, which is a bi-directional path connecting with the
other two parts, a signal converter, and a writing head. In the construction arm,
three kinds of signals, a D-, an R~, and an L-signal, are used to transport infor-
mation to (from, respectively) the writing head from (to) the signal converter
through the flexible path. The L-signal and the R-signal are each represented
by a 1-bit, and transmitted similarly to a D-signal, according to Rules #6 and
#7, respectively (see Fig.[I0)). If a D-signal is input to the I/O path L, R, or
D, it is converted into, respectively, an L-signal, an R-signal, or just redirected
as is, after which the L-, R-, or D-signal is fed to the writing head through the
flexible path. If an L-, an R-, or a D-signal is returned from the head, a D-signal
is output to the path L, R, or D, respectively.

On a flexible path, an LR-turn for all signals defined by Rules #8-13 (see
Fig.[0) is used to change the direction of a path transmitting a D-, an L-, or an
R-signal. Unlike an LR~turn for D-signal (Fig.[7(c)), this LR-turn is represented
by two stable quadruples, and turns all kinds of signals as well as the D-signal
(see Fig.MTA(a)).

A signal converter is represented by the combination of a D-LR multiplexer
and a D-LR converter (see Figs.[IT(b) and [2[b), (c)). A D-LR multiplexer
(Fig.[D2I(b)) is also an LR~turn for D-signal (Fig.[@(c)), but an L /R-signal arriving
from the left path (the right path, respectively) is unaffected by it, and is just
output to the right path (the left path) (see Rules #14-17). A D-LR converter
(Fig.[[2{(c)) is an operator that converts a D-signal arriving from the upper path
(or the lower path, respectively) into an L-signal (or an R-signal), and outputs
it to the right path (see Rules #18, 19). Conversely, an L-signal (or an R-signal,
respectively) arriving from the right path is converted into a D-signal and is
output to the upper path (or the lower path) (see Rules #20, 21).

A writing head (Fig.I2(d)) can put stable quadruples on its reach. If a D-
signal is fed to the writing head, it creates a stable quadruple and returns a D-
signal (see Fig.[3(a)i and Rule #22). With more D-signal(s), the writing head
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Fig. 12. Elements used for the construction arm: (a)—(c) are stable patterns, but (d)
a writing head can be moved by an input signal.

and Rules #23, 24). If an L-signal is fed to the writing head, the arm is extended,
and an L-signal is returned (see Fig.[I3(b)i and Rules #25, 26); to change the
direction of the arm to the left (respectively, the right), a D-signal (respectively,
two D-signals) and an L-signal are subsequently fed to the head (see Fig.[[3|(a)i,
shape without crossing. Feeding an R-signal to the head results in the withdrawal
of the arm, and an R-signal is returned; any configurations written by the head
on its reach will be kept intact, however (see Fig.[[3(c) and Rules #29-35).
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Fig. 13. The operations of a writing head: (a) creation of stable quadruples, (b) ex-
tension of the arm, and (c¢) withdrawal of the arm. Each thin arrow represents an
input/output signal. Integers or * above each thick arrow denote the transition rules,
where * € {29,31,32,33}. In (c) withdrawal, the shaded bits can be all 0-bits or can
contain one or two stable quadruple(s).

In the initial state of the construction arm (see Fig.[[Tl(a)), a D-signal first
has to be input to the I/O path I, creating a D-LR converter from three stable
quadruples (see Fig.[[4 and Rule #36). As the path I is only used to initialize the
writing head, we leave out I from the figures in the following. After initialization,
a D-signal is sent to L to create the head (see Fig.[[Bl(a) and Rule #37). I/O paths
D and R are not available until the head is created. Destruction of the writing
head is shown in Fig.[[5[b): unlike the usual withdrawal, an L-signal is returned
due to Rule #38. To rewind the extended arm, it suffices to continuously give
an R-signal to the head until an L-signal is returned from it, which indicates
that the rewind is completed.
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Fig. 14. Creation of a D-LR  Fig. 15. (a) Creation and (b) destruction of a writing
converter from three stable head.
quadruples.

An example of constructing a construction arm is shown in Fig.[T6l. For this
construction, the following command sequence is used:

LLDLLLDDLLLDDRRDDDRRDDLLLDDRRDD, (2)

where each character means giving a signal to the corresponding I/O path. The
construction arm should be rewound after construction, but this is not shown. It
is clear that the arm can construct every structure composed of stable quadruples
in this way, as long as an appropriate command sequence is given.

D D Desired Pattern
to be Constructed

Fig. 16. Example of constructing a construction arm (Fig.[IT{a)) by the command
sequence in (2). The LHS represents the configuration in which the first command L
has already been executed.

4 The Tape Unit

The tape unit operates the cursor on the tape, and conducts reading/writing
operations on it (see Fig.[[7). A tape is represented as an infinite series of bits,
each of which is represented by the presence (1-bit) or absent (0-bit) of a stable
quadruple. The tape unit resembles the construction arm: the cursor is the same
as the writing head, and moves forward and backward by an L- and an R-
signal, respectively (see Fig.[3[b)i, (c)i). Note that two L-signals are needed for
initialization, i.e., to set the cursor on the left end of the tape (zero position).
The reading operation is conducted by executing the command sequence
DL. Fig.[I§ shows the situation after processing the D-signal. When an L-signal
is input, the bit pointed to by the cursor is read and erased: return of an L-
signal (respectively, an R-signal) corresponds to a 0-bit (a 1-bit). Reading a
1-bit like in Fig.M&(b) requires a new rule (Rule #39). To return the cursor
to the proper state in which it can conduct its next operation, it needs to be
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Fig. 17. The tape unit in (a) the initial state and (b) the working state. The presence
or absence of a stable quadruple on the tape represents a 1-bit or a 0-bit, respectively.

(@) 0bit ‘ TR (b) 1obit

Fig. 18. Reading operation of the cursor by the command sequence DL, when the bit
pointed to is (a) a 0-bit or (b) a 1-bit, resulting in an L- or R-signal, respectively. In
(b), the bit is cleared after reading.
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Fig. 19. Implementation of universal constructor on the STCA.

recovered by inputting the sequence R or DR to it (see Fig.[I3(a)i, (c)ii). This
has the (desired) side effect that a 0-bit or a 1-bit, respectively, is rewritten to
the tape position.

5 Discussion and Conclusion

In Sects.[Bland @] we showed the construction arm and the tape unit implemented
on the STCA. By connecting the above two parts and their control unit that
interprets the tape contents and sends appropriate commands to the appropriate
paths of the construction arm, it is possible to construct a universal constructor.
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Note that the control unit is a finite state machine, so it can be realized by
a RE-circuit (see Sect.2) in a similar way as in [I3]. The implementation of a
universal constructor is shown in Fig.[T9, in which the construction arm and the
tape unit are each equipped with a microcontroller realized by a RE-circuit to
interface with the control unit, but we cannot describe this implementation in
detail due to a lack of space (see the extended version of this paper [14] for
details).

The construction-universal STCA presented in this paper requires only 39
rules, and the required configuration is compact, witness the implementation in

Fig.19
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Abstract. In this paper, we investigate the study of the sequences gen-
erated by maximum-length 90/150 cellular automata(CA) sequences. We
propose a method computing the relative phase shifts of all pseudo-noise
sequences which have the same characteristic polynomial. As a special
case of this method, we give an algorithm to compute relative phase
shifts between stages of a CA. This is a very simple and efficient method
than the already proposed methods.

1 Introduction

Cellular automata(CA) are mathematical idealizations of physical systems in
which space and time are discrete, and each cell can assume the value either 0
or 1. The cells evolve in discrete time steps according to some deterministic rule
that depends only on logical neighborhood. For the simplest case, Wolfram [13]
suggested the use of a simple two-state, 3-neighborhood one-dimensional CA
with cells arranged linearly in one dimension. Each cell is essentially comprised
of a memory element and a combinatorial logic that generates the next-state of
the cell from the present-state of its neighboring cells(left, right and self). The
CA-based scheme for generation of pseudoexhaustive patterns has reported in
[1]- [2] and so on. The phase shift analysis of CA([3], [4], [13]), based on 90/150
matrices whose characteristic polynomials are primitive, has been investigated
by Bardell [I]. He calculated the phase shifts between the output sequences
generated by different stages of a maximum-length 90/150 CA by using discrete
logarithms of a binary polynomial. Nandi and Chaudhuri [9] proposed a method
for the study of phase shift analysis based on matrix algebra. They showed that
every cell position of a maximum-length 90/150 CA generates the same pseudo-
noise sequence corresponding to the characteristic polynomial of the CA with a
phase shift.

Recently, Sarkar [10] gave an algorithm to compute phase shifts. This was
achieved by developing the proper algebraic framework for the study of CA se-
quences. In this paper, we study the sequences generated by maximum-length

* This work was supported by KOSEF:R01-2003-000-10663-0.
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90/150 CA sequences. And we apply these to phase shifting of sequences gen-
erated by a maximum-length 90/150 CA. From these applications we give an
improved method to compute phase shifts, which is different from those meth-
ods of Bardell’s [I], Nandi and Chaudhuri’s [9], and Sarkar’s [10].

2 Preliminaries

A CA consists of a number of interconnected cells arranged spatially in a regular
manner, where the state transition of each cell depends on the states of its
neighbors. The CA structure investigated by Wolfram [I3] can be viewed as a
discrete lattice of sites (cells), where each cell can assume the value either 0
or 1. The next-state of a cell is assumed to depend on itself and on its two
neighbors (3-neighborhood dependency). If the next-state function of a cell is
expressed in the form of a truth table, then the decimal equivalent of the output
is conventionally called the rule number for the cell.

Neighborhood state | 111 110 101 100 011 010 001 000
Next state O 1. 0 1 1 0 1 0O rule 90
Next state 1 0 0 1 0 1 1 O rule 150

The top row gives all eight possible states of the three neighboring cells (the
left neighbor of the ith cell, the ith cell itself, and its right neighbor) at the time
of instant ¢. The second and third rows give the corresponding states of the ith
cell at the time of instant ¢ + 1 for two illustrative CA rules. On minimization,
the truth tables for the rules 90 and 150 result in the following logic functions,
where @& denotes XOR logic and ¢! denotes the state of the ith CA cell at the
time of instant ¢, ¢/_; and ¢! 41 refer to the state of its left and right neighbors;

rule 90 : @ =q_ o,
rule 150 : ¢ =q_ o¢d® i1

Let IF5 be the Galois field with cardinality 2 and IF5[z] the set of all polyno-
mials whose coefficients are members of IF5.

Definition 1. [6] Let f(x) = co + c12 + -+ + cp_12"" 1 + 2™ be an n-degree
primitive polynomial, where cg,c1,- -, ¢,—1 € IF5. Then f(x) generates a peri-
odic sequence whose period is 2™ — 1. This sequence is called a pseudo-noise(PN)
sequence.

The following definitions and theorem are in [7].

Definition 2. A sequence {s;} is said to be a kth order homogeneous linear
recurring sequence if

Stk = CoSt + 1841 + -+ Ch_1Se4k—1 for t=0,1,--- | (%)
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where cg,c1,---,cx—1 € IFo. The characteristic polynomial for the sequence de-
fined in (%) is defined to be the following polynomial in IFs[xz];
fx)=co+crz+ -+ 1"t + 2k,
Denote the set of all kth order homogeneous linear recurring sequences whose
characteristic polynomials are f(x) by 2(f(z)).

Definition 3. A homogeneous linear recurring sequence in IFy whose charac-
teristic polynomial is a primitive polynomial over IFy and which has a nonzero
initial state vector is called a maximum-length sequence in IF,.

Maximum-length sequences are of fundamental importance in computer sci-
ence, cryptology and engineering.

Theorem 1. Let f(x) be a k-degree polynomial over IFy and {s;} € 2(f(z)).
Then {s;} has the maximum-length 2* — 1 if and only if f(x) is primitive over
Fs.

3 Computing Phase Shifts

In this section, we study the sequences generated by maximum-length 90/150
CA sequences. Each cell position of the CA generates PN sequences [9].

Consider the following n x n tridiagonal matrix 7T;,

ag 1 0 0O .-+ -+ 0 O
1 a 1 0 0 -+ -+ 0 O
7,=10 1 a 1 0 - -~ 0 0],
0O 0 0 00 -+ -+ 1 agn
where a1, as,---,a, € IF5. We call T, the state transition matrix for an n-cell

90/150 CA. Hereafter we write the matrix T}, by T), =< a1, a2, ", a, >.

For example, if Ty =< 0,1,0,1 > is the state transition matrix for a given
4-cell 90/150 CA C, then the characteristic polynomial is f(z) = a2* + 2 + 1,
which is primitive. The following figure shows the structure of C.

Tezuka and Fushimi [12] asserted that for a given primitive polynomial f(z),
there exist exactly two maximum-length 90/150 CA whose characteristic poly-
nomials are f(z). If T,, =< ay, a2, --,a, > is a state transition matrix corre-
sponding to f(z), then the other is T, =< ap, ap_1, --,a1 >.

For example, let f(x) = 2* + 2 + 1. Then Ty =< 0,1,0,1 > and T} =<
1,0,1,0 > are state transition matrices corresponding to f(x).

For any n-cell 90/150 CA whose state transition matrix is T, the minimal
polynomial for T,, is the same as the characteristic polynomial for T, ([T1]).
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Fig. 1. The structure of 90/150 CA C with Ty

Theorem 2. Let T,, be the state transition matrix of an n-cell maximum-length
90/150 CA. Then there exists p(1 < p < 2™ — 2) such that I,, ® T,, = T?.

Corollary 1. Let T;, be the state transition matrix of an n-cell maximum-length
90/150 CA. Then there exists k(1 < k < 2" — 2) such that 7% @ TF+! = [,,.

Example 1. We consider a 4-cell 90/150 CA whose state transition matrix Ty is
as the following :

0100
1110
Li=1o 1 01
00 1 1

The characteristic polynomial of T} is f(x) = z* + 2 + 1, which is primitive.
We obtain T} & T2 = I,.

From now on, we will simply write T}, by T'.

Theorem 3. Let T' be the state transition matrix for a given n-cell maximum-
length 907150 CA. Then the ith row of 7" and T™ are always di erent, where
0<i<n—1,1<h<m<2"—2.

Theorem 4. Let T be the state transition matrix for a given n-cell maximum-
length 907150 CA and let wy # (0,0,---,0) be the initial configuration of T.

Then for any 1 < ¢ < 7 < n — 1, there exists an integer i such that q§+h’ =gq!

for all ¢ > 0, where ¢! denotes the state of the ith cell at the time of instant ¢.
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Let T be the state transition matrix for a given n-cell maximum-length
90/150 CA and let wy = (1,0,---,0) be the initial configuration of 7. Then
we obtain a (2" — 1) x n matrix A consisting of n independent PN sequences
generated by T as its columns. The sum of some columns of A is also another
PN sequence([6]). The number of PN sequences generated by n columns is equal
t0 nC1+,Co+ -+ -+ ,C, = 2™ — 1. Thus we can get a (2" —1) x (2" — 1) matrix
whose columns consist of all PN sequences generated by A. Such a matrix is
referred to as matrix M.

For example, let T'=< 0,1,0,1 >. Then A and M are given in Table 1.

Table 1. Matrices A and M for T'=<0,1,0,1 >

A M
0 1000 100011100011101
1 0100 010010011011011
2 1110 111000101110001
3 1111 111100000011110
4 1100 110001111000110
5 1010 101010110101010
6 0001 000100101101111
7 0011 001101111011000
8 0110 011011001101100
9 1011 101110011000101
10 0010 001001010110111
11 0101 010110110110100
12 1101 110101010101001
13 1001 100111001110010
14 0111 011111100000011

For two configurations v and w of T, we define the row phase shift k& of v
with respect to w such that T%v = w. In Table 1 the row phase shift of v with
respect to w is 12, where w = (1,1,0,0) and v = (0,0, 1, 1).

The relative phase shift of one column of M with respect to the other is
specified in the following theorems. The PN sequence generated by some cell
positions of the CA C is Z?;()l a;q; where a; is the dependency of ¢;.

For example, let ap = a; = 1 and ag = 0, then Z?:o a;q; = qo ® q1. Therefore
0 ®q ={q¢ ® ¢} =1100101-- - is the 3rd column of M.

Theorem 5. Let T be the state transition matrix of an n-cell maximum-length
90/150 CA and let w = Y7 agw; and v = Y27~ bjw;, where w} is the trans-

7
pose of w; = (0,0,---,0,1,0,---,0) (0 <i<mn-—1). Then there exists an integer
r such that
Trwt @ Tt = ot.



36 S.-J. Cho et al.

Proof. We can find 3 such that TPw! = v*. By Theorem 2 there exists p such
that (I, ®T) =T?. Let r = 8 — p (mod 2™ — 1). This completes the proof.

Theorem 5 says that —g3 is the row phase shift of v with respect to w of A.

The following theorem gives a method to compute phase shifts.

Theorem 6. Let T be the state transition matrix of an n-cell maximum-length
90/150 CA C. Let s and u be given two columns of M, where s = Z;L__Ol aiq;
and u = Y77 b;q;. If h is the phase shift of u with respect to s, then h = —(r +
p) (mod 2™ — 1), where r and p are in Theorem 5 and Theorem 2, respectively.

Proof. Let A be the (2" —1) xn matrix consisting of n independent PN sequences
generated by T as its columns and let (1,0,---,0) be the initial configuration
of T. Let w = E?:_Ol a;w; and v = Z;’;OI bjw;. Since T is symmetric, the phase
shift of u with respect to s is equal to the row phase shift of v with respect to
w. Therefore h = —(r + p) (mod 2™ — 1).

Example 2. Let C be the given CA with T =< 0,1,0,1 > and (1,0,0,0) the
initial configuration of 7. Then we obtain matrices A and M as Table 1. Since
the characteristic polynomial of T'is 2* + z + 1, p = 4 in Theorem 2. Let s =
(1,1,0,0,0,1,0,0,1,1,0,1,0,1,1)* and v = (0,0,1,0,0,1,1,0,1,0,1,1,1,1,0)*
in M. If we put w = (1,1,0,0) and v = (0,0, 1, 1), then by Theorem 5 r = 14.
Hence h = —(14 + 4) = 12(mod 15). The phase shift of w (which is the sum of
the 2nd cell position and the 3rd cell position of C) with respect to s (which is
the sum of the Oth cell and the 1st cell position of C) is 12.

Let s be the sequence combined the Oth column with the 1st column and u
the sequence combined the (n — 2)th column with the (n — 1)th column of the
matrix A obtained by the given CA rule and the initial vector (1,0,---,0).
Phase shifts of the sequence u with respect to the sequence s are given in
Table 2.

4 Algorithm to Compute Phase Shifts

Now we give an algorithm to find the phase shifts in a given n-cell maximum-
length 90/150 CA.

Algorithm FindPhaseShifts

Input: The state transition n X n matrix T, initial vector w = (1,0,---,0).
Output: phaseshift[n].
Step 1. mark; x,, by 0; mark [0]=1;
power=1; phaseshift[0]=0.
Step 2. While (all mark # 1) do step 3 to step 5.
Step 3. w' = Tw'. /* Run the CA */



Table 2. Phase shifts of the sequence u with respect to the sequence s

Computing Phase Shifts

Degree CA rule Phase shift
3 110 3
4 0101 12
5 01111 8
6 000110 23
7 1011001 75
8 01001011 9
9 010011100 44
10 1111000011 994
11 01000011010 1426
12 100101010011 3882
13 0111001110110 7649
14 01000111001111 14568
15 100000011000001 9538
16 0001111001001000 63960
17 10011000110011001 77544
18 110001000000010011 241877
19 1101011101101001011 282318
20 01101011100001010110 314775
21 010010011001010010010 1676666
22 0100011010101101100010 1345981
23 01011010101100101011010 6095661
24 110100111100100111001011 199263
25 1010000011111011100000101 17370017
26 11001101111101111010110011 66236246
27 000110100110001011101011000 132625967
28 0101101110000001100111011010 195968798
29 01001000100101111100100010010 205911726
30 101000100111001101101010000101 404894385
31 1111101101100001100011011011111 2015461719
32 00001100010001110000110000000110 25871503

Step 4. If ( w contains single 1)
then mark [position of 1]=1;

phaseshift[position of 1 | = — power (mod 2" — 1).

Step 5. power=power+1.

37

There does not need the Shank’s algorithm for the completion of this algo-
rithm any more. The algorithm that we propose does not need any previous
phase shifts. Whereas, it is required to compute all previous in Sarkar’s method
([I0]) which adopted the Shank’s algorithm in order to get the phase shifts of
the ith column with respect to the Oth cell. So, we can see that this is very

practically useful for sufficiently large n.
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Table 3. Phase shifts with respect to the Oth cell of the CA whose rule is <
00001100010001110000110000000110 >

Degree CA rule Phase shifts
32 | 0000110001000111 | 0, 4294967294, 3963262907, 4294967292
0000110000000110 | 2182065471, 3478064023, 2842396500
3797410740, 2636154424, 1477132997
2453647807, 3833928247, 4122644326
2445882768, 3715941894, 3131603603
3781145264, 724531189, 1964528637
1178642835, 1437488410, 2132417369
2228497937, 2438002527, 3823282243
3142683718, 4037203264, 3657430022
496625232, 3264387886, 25871502
25871503

In Table 3 there are all phase shifts with respect to the Oth cell of the CA

whose rule is < 00001100010001110000110000000110 >.

5

Conclusion

In this paper, we studied the properties of sequences generated by maximum-
length 90/150 CA sequences and applied these results to the phase shifting of
PN sequences generated by it. From these applications we proposed a method
for the study of phase shift analysis. As a special case of this method, we gave
an algorithm to compute relative phase shifts between stages of a CA. This
algorithm is different from the algorithms of Bardell’s [I], Nandi and Chaudhuri’s

[9], and Sarkar’s [10]. Our algorithm is more practical than them.
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Abstract. This paper reports design of a pattern classifying machine
(PCM) for distributed data mining (DDM) environment. The proposed
PCM is based on the computing model of a special class of sparse network
referred to as Cellular Automata (CA). Extensive experimental results
confirm scalability of the PCM to handle distributed datasets. The ex-
cellent classification accuracy and low memory overhead figure establish
the proposed PCM as the classifier ideally suited for DDM environments.

1 Introduction

The inter-networked society has been experiencing an explosion of data in many
distributed environments. However, the explosion is paradoxically acting as an
impediment in acquiring knowledge. The meaningful interpretation of different
distributed sources of voluminous data is increasingly becoming difficult. Conse-
quently, researchers, practitioners, entrepreneurs from diverse fields are focusing
on development of sophisticated techniques for knowledge extraction, which leads
to the promising field of distributed data mining (DDM) [T213].

Due to high response time, lack of proper use of distributed resources, and
its inherent characteristics, the conventional centralized data mining algorithms
are not suitable for DDM environment. Most DDM algorithms are designed for
parallel processing on distributed data. Similar algorithms are applied on each
distributed data source concurrently, producing one local model per source. All
local models are next aggregated to produce final model.

One of the important problems in data mining is classification. Most dis-
tributed classifiers in DDM work in ensemble learning approach, which produces
multiple classifiers (base classifiers) at different data sources. Results derived
out of multiple classifiers are next combined at a central location to enhance
the classification accuracy of predictive models. Majority voting scheme is ap-
plied to aggregate base classifiers. Meta-learning framework offers another way
to aggregate these base classifiers. So, the most important issues in DDM are
the aggregation of the base classifiers and the communication cost from different
local data sources to the central location where final classification is performed.

P.M.A. Sloot, B. Chopard, and A.G. Hoekstra (Eds.): ACRI 2004, LNCS 3305, pp. 40-E3, 2004.
(© Springer-Verlag Berlin Heidelberg 2004
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Data Set S={S{,S, ........, Sk} having K number of distinct classes distributed at N sites
Training Phase at local sites
PCM; PCMy PCM; PCMN
(1st Base (2nd Base | ---------- (ithBase | --------- (Nth Base
Classifier) Classifier) Classifier) Classifier)
PCM;  PCMp PCM; PCMy
v
. HHF:{l?CMi) (i=1,2, A“..‘.,N) - Classsje §
incom Aggregation --> Majority Voting

Testing Phase at Central Location

Note: The set of CA based PCM (Pattern Classifying Machine)
constitute a Hamming Hash Family (HHF)

Fig. 1. Architecture of a PCM for distributed data mining (DDM) environment

In the above background scenario, the essential prerequisites of designing a
classifier for DDM environment are: (i) base classifier at each local site must
have high classification accuracy; (ii) it must be scalable to handle disk resident
datasets; (iii) it should have high throughput with less storage requirements; (iv)
volume of data transfered from each local to central site should be minimum;
(v) aggregation of base classifiers must induce globally meaningful knowledge;
and (vi) the algorithm should be simple enough to have a low cost hardwired
implementation for on-line operation in the inter-networked society of cyber age.

In this paper, we propose the design of a pattern classifying machine (PCM)
to address the problem of DDM. At each local site, we design a CA based PCM
as a base classifier. The majority voting scheme is next implemented to aggregate
the results of the base classifiers and predict the class of the data element. The
architecture of the majority voting scheme is developed around the CA based
hamming hash family (HHF) []. Each PCM is a member of this HHF. The
probability of collision between a pair of patterns varies inversely with their
hamming distance (HD) while hashed with HHF. This property of HHF is used
to design the majority voting scheme for distributed data mining (DDM).

Next section presents an overview of CA based pattern classifying machine
(PCM) for distributed data mining (DDM) environment.

2 PCM for DDM Environment

In this section, we present the architecture (Fig. [[) of a pattern classifying ma-
chine (PCM) for distributed data mining (DDM). Let the data which have to
be classified into different classes S = {S7,Ss, -+, Sk} are distributed among
N number of different sites. For a given feature/metric of the dataset, a PCM
is generated as a base classifier (PCM;; where i = 1,2,---,N) at each local
data site. The set of PCMs are next copied at a central location. The majority
voting scheme is employed to aggregate the results of these PCMs. The prop-
erty of hamming hash family (HHF) [4] is exploited in majority voting scheme
which enhances the classification accuracy at central location. Thus the training
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phase of the classifier is implemented at a local site to design the PCM, while
the testing phase to identify the class of a data element is implemented in the
central location. Communication between local site and central location takes
place only if data at local site gets updated and a new PCM is generated for
classification of updated dataset.

The algorithm of classification for distributed data mining (DDM) environ-
ments proceeds as follows. Let the number of PCMs (base classifiers) be N,
where each PCM; has classified a dataset into K number of distinct classes
S = {51,592, -+, Sk} available at a local site i. Any incoming data Pipcom 1s
hashed with each of the PCMs in a central location. At each instance of hashing,
Pincom collides with a class S; € §. Each S; € S records the count of the num-
ber of times it collides with P;ycom-. Once the process of hashing in all PCMs is
completed, the class S; with which P;pcom has collided for maximum number of
times is recorded as the class of Pjncom- The sequential steps of the algorithm
follows.

Algorithm 1. Identification_of_the_class_in_a_DDM_environment
Input: An incoming data Pipcom input to PCM; (i =1,2,---,N).
Output: Class S; of the data classes S = {51, 52,---, Sk}
begin:
fori=1to N
hash P;pncom with PC'M;
pick S; with which Pjcom collides for maximum number of times
output ;.

In rest of the paper we concentrate on the design of hamming hash family
(HHF) - a set of pattern classifiers which behave as the base classifiers for dif-
ferent local sites. The classifier design is based on a special class of CA, termed
as Multiple Attractor CA (MACA) [45]. For the sake of easy reference a brief
introduction of MACA follows next.

3 Multiple Attractor CA (MACA)

A Cellular Automaton (CA) consists of a number of cells. In a 3-neighborhood
dependency, the next state g;(t + 1) of a cell is assumed to be dependent only
on itself and on its two neighbors (left and right), and is denoted as

qi(t+1) = flqi-1(t),qi(t), qir1(t)) (1)

where g;(t) represents the state of the i*" cell at ¢** instant of time. f is the next
state function and referred to as the rule of the automata. Since f is a function
of 3 variables, there are 22° i.e., 256 possible next state functions (rules) for a CA
cell. Out of 256 rules there are only 7 rules with XOR logic. The CA employing
XOR rule is referred to as linear CA. The pattern classifier proposed in this
paper employs a special class of linear CA referred to as MACA [4I[5].

The state transition graph of an MACA consists of a number of cyclic and
non-cyclic states. The set of non-cyclic states of an MACA forms inverted trees
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rooted at the cyclic states. The cyclic states with self loop are referred to as
attractors. Fig. 2 depicts the state transition diagram of a 5-cell MACA with
four attractors {00000(0), 00011(3), 00100(4), 00111(7)}. The states of a tree
rooted at the cyclic state a forms the a-basin.

10001 01001 10010 10011
\ 10000 }—-{ 11000 }-—{ (m)(m\ \ 1)1010}—-{ 11011 }-—{ (ill)]l‘
‘ 00001}—-{ 00000}-—{11001‘ ‘ 00010}—-{ 00011}-—{11010‘

N N
0) 3)

10100 10101 10110 10111
‘ouoo}—’{l!luo}*—{("l(”‘ ‘UIIIO}—’{IIIII)‘_{OIIII‘
\00101}—-{ 00100}-—{ 11101\ \00110}—-{ 00111}-—{ 11110\

U J

(©) )

Fig. 2. State transition diagram of a 5-cell MACA. Four cyclic states 0, 3, 4, 7 are
referred to as attractors and the corresponding inverted tree rooted on a (o = 0, 3, 4,
7) as a-basin.

The detailed characterization of MACA is available in [4l5]. A few fundamen-
tal results for an n-cell MACA having k number of attractor are next outlined.
Result I:

Definition 1. An m-bit field of an n-bit pattern set is said to be pseudo-
exhaustive if all possible 2™ patterns appear in the set.

Theorem 1. In an n-cell MACA with £ = 2™ attractors, there exists m-bit
positions at which the attractors generate pseudo-exhaustive 2" patterns.

Result II: An n-bit MACA with 2-attractor basins can be represented by
an n-bit binary string, termed as Dependency Vector (DV). If DV is an n-bit
Dependency Vector and P is an n-bit pattern, then the modulo-2 sum (XOR)
of the dependent variables of P (where DV contains 1’s) is equal to zero if P
belongs to zero basin; otherwise 1. That is,

0, if P € zero basin
1, if P € non-zero basin

DV-P:{ (2)

Result IIT: An n-bit MACA with 2™-attractor basins can be represented
by an n-bit Dependency String (DS). An n-bit Dependency String DS is pro-
duced through concatenation of m number of Dependency Vectors of length
ny,ng, - -, Ny, respectively (Fig. B]), where ny +mng + -+ n,,, = n and P is an
n-bit pattern whose attractor basin is to be identified. For each DV; (of length
n;), the dependent variables of the corresponding n; bits of P (say P;) gives
either 0 or 1, - that is,

0, if P; € zero basin of DV;

pvip= { 1, if P; € non-zero basin of DV;
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,,,,,,,,,,,,,,,,,,

Fig. 3. An n-bit Dependency String (DS) consists of m number of Dependency Vectors
(DVs). Each Dependency Vector (DV) contributes the value of each pseudo-exhaustive
bit (either 0 or 1) of an attractor basin.

which indicates the value of i*" pseudo-exhaustive bit. Finally, a string of m
binary symbols can be obtained from m number of DVs. This m-bit binary
string is the pseudo-exhaustive field (PEF) of the attractor basins where the
pattern P belongs. That is, the pseudo-exhaustive field (PEF) of the attractor
basin of P is given by

PEF = DS -P = [DV; - Pi][DVz - Pa] -+ [DVi - Pi] (3)

where DS and P - both are n-bit vectors. So, the complexity of identifying the
PEF of an attractor basin is O(n). This specific result is of significant importance
for our design. It enables the scheme to identify the class of an input element
with linear complexity.

3.1 Hamming Hash Family

An MACA can act as an effective hash function. The total pool of MACA forms
a hash family and exhibits an interesting property: the hash family maintains
an inverse relationship between the collision of a pair of patterns while hashed
and their hamming distance [4]. The hash family having this property is referred
to as hamming hash family (HHF). The concept of HHF imparts an important
property to the attractor basin of MACA. Since keys (patterns) that collide lie
in the same attractor basin, the keys (patterns) which lie close to each other in
terms of hamming distance (HD) belong to the same basin.

3.2 MACA — As a Pattern Classifier

An n-bit MACA with k-attractor basins can be viewed as a natural classifier.
It classifies a given set of patterns into k number of distinct classes, each class
containing the set of states in the attractor basin. To enhance the classification
accuracy of the machine, most of the works [4)5] have employed MACA to classify
patterns into two classes (say I and IT). The following example illustrates an
MACA based two class pattern classifier.

Example 1. Let, the MACA of Fig. [2 be employed to classify patterns into
two classes (say | and I1), where Class | is represented by one set of attractor
basins (say [I]= {00100 and 00111} in Fig. ) while Class 11 is represented by
the rest of the basins (say [II] = {00000 and 00011}). All the patterns in the
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attractor basins [I] belong to Class | while rest of the patterns belong to Class
I1. As per Theorem [I] the pseudo-exhaustive field (PEF) will identify the class
of the patterns uniquely. The PEF yields the address of the memory that stores
the class information. Therefore, Class | attractors yield the memory address
{10, 11}, while Class Il will be identified by the memory address {00, 01} (Fig.
B). When the MACA is loaded with an input pattern P, corresponding MACA
identifies the PEF of the attractor basin where P belongs.

OO0 OO0 OO0 OO0
@) O O O

PEF ( bits )|
PEF ( bits )
[ |
10 ] > Class I
i > Class IT
PEF ( bits ) 00]

PEF ( bits )
MEMORY
Fig. 4. MACA based classification strategy with 4 attractor basins classifying the el-
ements into two classes. The PEF (Pseudo Exhaustive Field) of the attractor of a
basin is extracted to determine the class. Also, the PEF of each attractor points to the
memory location that stores the class information.

Genetic Algorithm (GA) formulation to arrive at the desired MACA realiz-
ing this specific objective has been proposed in [4] with O(n3) complexity. The
design reported in the next subsection achieves classification with linear com-
plexity. To enhance classification accuracy of the machine, we have refined the
approach reported in [4] and report a new CA based classifier. It can classify an
n-bit pattern with O(n) complexity. Multi-class classifier is built by recursively
employing the concept of two class classifier. MACA based classifier proposed
here has two distinct stages and hence referred to as Two Stage Classifier (Fig[5).

3.3 MACA Based Two Stage Classifier

The design of MACA based classifier for two n-bit pattern sets S; and Ss should
ensure that elements of one class (say S71) are covered by a set of attractor basins
that do not include any member from the class S;. Any two n-bit patterns
P1 € S and Py € Sy should fall in different attractor basins.
Let, an n-bit 2-attractor basins MACA can classify two n-bit pattern sets
S7 and Ss. That is,
DS -Py# DS - P (4)

where DS is an n-bit Dependency String consisting of m number of Dependency
Vectors (Fig.[). Then, the total number of attractor basins will be 2™ and the
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pseudo-exhaustive field (PEF) (Theorem [Il) of each attractor basin will be an
m-bit binary pattern/string. Let, k1 and ks be two m-bit pattern sets consist-
ing of pseudo-exhaustive bits of attractors of two n-bit pattern sets S; and So
respectively. Then, k; and ko can also be regarded as two m-bit pattern sets for
two class classification. So, we synthesize an MACA based two class classifier
such that one class (say k1) belongs to one attractor basin and another attractor
basin houses the class ko. Any two m-bit patterns p; € ky and py € ko should
fall in different attractor basins (while one in zero basin, another in non-zero
basin), - that is,

DV -p1 # DV - ps (5)

where DV is an m-bit Dependency Vector.

x1 O
X2 O Stage 1 4
5 ° Stage 2
w2 Classifier #1 i - 3 Classifier #2
y N Ymo10 7 ~ Output Layer
Ym © (1-bit)
Xp-10
Xp O Hidden Layer
( m-bit )
Irzp:i‘;'fy)e' Classifier #1: n—bit Dependency String consisting of m number of Dependency Vector:

Classifier #2: m—bit Dependency Vector

Fig. 5. Two Stage Classifier

Fig.[H represents the architecture of Two Stage Classifier. It consists of three
layers - input, hidden and output layers denoted as z; (i =1,2,---,n), y; (j =
1,2,---,m), and o (k = 1) respectively. While the first classifier (Classifier#1
of Fig. Bl) maps an n-bit pattern of the input layer into an m-bit pattern (PEF)
of the hidden layer, the second classifier (Classifier#2) maps that m-bit pattern
into a single bit (either 0 or 1) of the output layer. That is, Classifier#1 provides
an appropriate mappings of patterns of input layer into PEF (pseudo-exhaustive
field) of the hidden layer and the Classifier#2 implements the classification of
the PEFs rather than the original patterns.

Let,  be an n-bit input pattern whose class is to be identified by MACA
based Two Stage Classifier. At first, x is loaded with the Classifier#1 which
outputs an m-bit pattern y (pseudo-exhaustive field of attractor of the basin
where x belongs). That is,

y=DS-x (6)
Next, y is loaded with the Classifier#2 which gives a single value o (pseudo-
exhaustive field of attractor of the basin where y belongs) that determines the
class of the input pattern x. That is,

0o=DV .y (7)

In order to evolve MACA based Two Stage Classifier realizing this design ob-
jective, we have developed a special type of GA formulation. Next section reports
the performance of MACA based Two Stage Classifier in DDM environment.
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4 MACA Based PCM for DDM Environment

The pattern classifying machine (PCM) is designed with a set of Two Stage
Classifiers. This section provides a detailed analysis of performance evaluation
of MACA based PCM. The major metric to evaluate the performance of the
proposed PCM is classification accuracy - the percentage of test data which can
be correctly classified into different attractor basins. To evaluate classification
accuracy, we perform the experiments on synthetic dataset proposed in [4].

The characterization of MACA basins reported in the Section B.I] has es-
tablished following facts: (i) a basin has patterns which are close to each other
in terms of HD; (ii) patterns satisfying this criterion have high probability of
getting classified into minimum number of attractor basins; and (iii) patterns
not covered by the training sets, but satisfying the criteria, will also have high
probability of being predicted as the right class.

As a corollary to the above facts, the accuracy of classifying two classes of
patterns in distinct attractor basins increases if the average distance between
them is high. In this context, to characterize the datasets to be classified in two
classes, we introduce two terms D, and dimagz- Dmin is the minimum hamming
distance (inter-cluster distance) between two patterns P; € Sy and Py € Sy in
two classes S7 and Ss respectively; while d;,q, is the maximum distance (intra-
cluster distance) between two patterns within a class. The experimental set up
and dataset employed for analysis have been reported in [4]. For the sake of
performance analysis, the distributions of patterns in two classes are assumed
as shown in Fig. Bl

.. Clas&II

Distribution of Patterns (Class I)
Distribution of Patterns (Class IT)

c b 0
L E— n/2

Fig. 6. Distribution of patterns in Class I and Class IT (HD denotes hamming distance)

4.1 Experimental Setup

In each of the above distribution, different values of n (number of bits in a pat-
tern) and N (number of sites) are taken. For each value of n and N, 50% of the
data are taken to build up the classification model. The rest 50% data are used to
test the prediction capability of the classifier. For centralized data mining (DM),
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Table 1. Classification Accuracy for Curve a —a’ and b — ¥’

No of Curve a — a’ Curve b — b’

Sites | Size | Value|Classification Accuracy|Size |Value|Classification Accuracy
N | (n) | of m |Centralized DM|DDM | (n) | of m |Centralized DM| DDM
10 [200| 4 96.12 98.98 | 200 | 4 94.49 97.89

600 5 96.71 98.71 | 400 | 5 93.12 97.07
1000{ 7 96.87 97.89 (1000| 7 94.67 96.95
20 |200] 4 96.12 98.99 | 200 | 4 94.49 98.01
400| 5 95.19 98.21 | 600 | 5 95.17 98.39
1000{ 7 96.87 98.03 (1000| 7 94.67 97.33
30 |200| 4 96.12 99.41 | 200 | 4 94.49 98.35
800 7 97.06 99.97 | 400 | 5 93.12 97.77
1000{ 7 96.87 99.03 | 600 | 5 95.17 98.54

Table 2. Classification Accuracy for Curve ¢ — ¢’

No of |Size |Value|Classification Accuracy
Sites (N)| (n) | of m |Centralized DM| DDM
10 400 5 85.33 98.89
600| 5 86.55 99.07

1000{ 7 84.79 98.63

20 200 4 84.25 98.79
600 | 5 86.55 99.13

1000{ 7 84.79 99.11

30 200 4 84.25 99.17
800 | 7 83.94 98.69

1000| 7 84.79 99.16

the PCM is designed based on the 50% of the total dataset centrally available.
For distributed data mining (DDM) environment, total dataset is equally dis-
tributed to each local site and then same scheme is employed at each local site to
synthesize the PCMs. In other words, in each site 50% of available data is used
to train the PCM. The MACA based PCMs are next collected in the centralized
location where classification accuracy is tested with the remaining set of 50%
data not used for training. The classification accuracy of the proposed DDM is
evaluated through the majority voting scheme reported in the Algorithm [1 of
Section [2 For each values of N and n, 10 different pairs of datasets are taken.

4.2 Classification Accuracy

Tables [TH2] represent the classification accuracy of conventional centralized CA
based classifier and that of PCM in distributed environments for the dataset
a—a,b—"b,c— . Columns I and II of Tables O+ [ represent the number
of data sites/sources (IV) and size of the pattern (n) respectively. Column III
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represents different values of m (number of pseudo-exhaustive bits), where 2™
is the number of attractor basins of the MACA. Column IV depicts the classifi-
cation accuracy in centralized and distributed environments. The experimental
results confirm the following facts: (i) the accuracy in DDM is better than that of
conventional centralized MACA based PCMs; (ii) as the number of sites (V) in-
creases, the classification accuracy for DDM environment significantly increases
over centralized classification algorithm; and (iii) the concept of hamming hash
family (HHF) is reported in Section Bl The scheme of Majority Voting in cen-
tral location establishes the elegance and efficiency of the scheme of aggregation
of classification result of PCMs derived with HHF characterization.

5 Conclusion

This paper presents detailed design of an efficient pattern classifier for DDM
environments. The proposed model is built around a special class of sparse net-
work referred to as CA. The excellent classification accuracy and low memory
overhead figures establish the CA as an efficient classifier for DDM environments.
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Abstract. We present a survey and a comparison of the quantitative
and qualitative aspects of the optimum-time synchronization algorithms
developed thus far for one-dimensional cellular arrays. Several new re-
sults and viewpoints are also given.

1 Introduction

Synchronizing a large scale of cellular automata has been known as the firing
squad synchronization problem since its development, and the problem was orig-
inally proposed by J. Myhill in order to synchronize all parts of self-reproducing
cellular automata [10]. The firing squad synchronization problem has been stud-
ied extensively for more than forty years [1-12, 14-15, 16-19]. In the present
paper, we firstly examine the state transition rule sets for the famous firing
squad synchronization algorithms that give a finite-state protocol for synchro-
nizing large-scale cellular automata. We focus on the fundamental synchroniza-
tion algorithms operating in optimum steps on one-dimensional cellular arrays
in which the general is located at one end. The algorithms discussed herein are
the eight-state Balzer’s algorithm [1], the seven-state Gerken’s algorithm [2],
the six-state Mazoyer’s algorithm [6], the 16-state Waksman’s algorithm [18]
and a number of revised versions thereof. Specifically, we attempt to answer the
following questions:

— First, are all previously presented transition rule sets correct?
— Do these sets contain redundant rules? If so, what is the exact rule set?
— How do the algorithms compare with each other?

In order to answer these questions, we implement all transition rule sets
for the synchronization algorithms above mentioned on a computer and check
whether these rule sets yield successful firing configurations at exactly ¢ = 2n—2
steps for any array of length n such that 2 < n < 10000. In addition, we construct
a survey of current optimum-time synchronization algorithms and compare tran-
sition rule sets with respect to the number of internal states of each finite state
automaton, the number of transition rules realizing the synchronization, and
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the number of state-changes on the array. With the aid of a computer, the first
Waksman’s transition rule set is shown to include fundamental errors and the
set is shown to contain a considerable number of redundancies. Approximately
ninety-three percent of the rules are deleted from the original transition rule
set. A number of redundant rules that are not used in the synchronization pro-
cess are also found in other rule sets. We give the smallest rule set for each
algorithm. Finally, we present herein a survey and a comparison of the quanti-
tative and qualitative aspects of the optimum-time synchronization algorithms
developed thus far for one-dimensional cellular arrays. We indicate that the first-
in-the-world optimum-time synchronization algorithm proposed by Goto [3, 4]
and reconstructed by Umeo [12] has a state-change complexity of ©(nlogn).
Several new results and viewpoints are also given.

2 Firing Squad Synchronization Problem

2.1 A Brief History of the Developments of Optimum-Time Firing
Squad Synchronization Algorithms

A finite one-dimensional cellular array consists of n cells, denoted by C;, where
1 < < n. All cells (except the end cells) are identical finite state automata. The
array operates in lock-step mode such that the next state of each cell (except
the end cells) is determined by both its own present state and the present states
of its right and left neighbors. All cells (soldiers), except the left end cell, are
initially in the quiescent state at time t = 0 and have the property whereby the
next state of a quiescent cell having quiescent neighbors is the quiescent state.
At time ¢t = 0 the left end cell (general) is in the fire-when-ready state, which
is an initiation signal to the array. The firing squad synchronization problem is
stated as follows. Given an array of n identical cellular automata, including a
general on the left end which is activated at time ¢t = 0, we want to give the
description (state set and next-state function) of the automata so that, at some
future tame, all of the cells will semultaneously and, for the first tvme, enter a
special firing state. The set of states must be independent of n. Without loss of
generality, we assume n > 2. The tricky part of the problem is that the same
kind of soldier having a fixed number of states must be synchronized, regardless
of the length n of the array.

The problem known as the firing squad synchronization problem was devised
in 1957 by J. Myhill, and first appeared in print in a paper by E. F. Moore [10].
This problem has been widely circulated, and has attracted much attention. The
firing squad synchronization problem first arose in connection with the need to
simultaneously turn on all parts of a self-reproducing machine. The problem was
first solved by J. McCarthy and M. Minsky who presented a 3n-step algorithm.
In 1962, the first optimum-time, i.e. (2n — 2)-step, synchronization algorithm
was presented by Goto [3], with each cell having several thousands of states.
Waksman [18] presented a 16-state optimum-time synchronization algorithm.
Afterward, Balzer [1] and Gerken [2] developed an eight-state algorithm and a
seven-state synchronization algorithm, respectively, thus decreasing the number
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of states required for the synchronization. In 1987, Mazoyer [6] developed a six-
state synchronization algorithm which, at present, is the algorithm having the
fewest states.

2.2 Complexity Measure for Optimum-Time Synchronization
Algorithms

e Time complexity. Any solution to the firing squad synchronization problem
can easily be shown to require (2n — 2) steps for firing n cells, since signals on
the array can propagate no faster than one cell per step, and the time from the
general’s instruction until the firing must be at least 2n — 2. (See Balzer [1],
Mazoyer [5, 6] and Waksman [18] for a proof.) Thus, we have:

[Theorem 1.] [1, 5, 6, 18] Synchronization of n cells in less than 2n — 2 steps is
impossible.

[Theorem 2.] [1-3, 6, 18] Synchronization of n cells in exactly 2n — 2 steps is
possible.

e Number of internal states. The following three distinct states: the quiescent
state, the general state, and the firing state, are required in order to define any
cellular automaton that can solve the firing squad synchronization problem. The
boundary state for Cy and C,,4; is not generally counted as an internal state.
Balzer [1] showed that no four-state optimum-time solution exists. In addition,
there exists no five-state optimum-time solution satisfying the special conditions
that Balzer [1] studied. The question that remains is: “What is the minimum
number of states for an optimum-time solution of the problem?” At present, that
number is five or six.

[Theorem 3.] [1] There is no four-state CA that can synchronize n cells.
[Theorem 4.] [1] There is no five-state solution satisfying Balzer’s special con-
ditions.

e Number of transition rules. Any k-state (excluding the boundary state)
transition table for the synchronization has at most (k — 1)k? entries in (k — 1)
matrices of size k x k. The number of transition rules reflects the complexity of
synchronization algorithms.

3 Transition Rule Sets for Optimum-Time Firing Squad
Synchronization Algorithms

3.1 Waksman’s 16-State Algorithm

In 1966, Waksman [18] proposed a 16-state firing squad synchronization algo-
rithm, which, together with an unpublished algorithm by Goto [3], is referred
to as the first-in-the-world optimum-time synchronization algorithm. Waksman
presented a set of transition rules described in terms of a state transition table.
To describe the state transition table in a concise way, Waksman introduced a
special symbol « that matches any state in its right and/or left neighbor. Since
Waksman’s table cannot be used as is on a computer, we first expand the ta-
ble automatically according to the notation given by Waksman [18]. We thereby
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Fig. 1. USN transition table consisting of 202 rules that realize Waksman’s synchro-
nization algorithm.

obtain a transition table that consists of 3208 rules. We implement these rules
and examine the validity of the expanded table on a computer. The experiment
revealed the following:
[Observation 3.1.] For any n such that 2 < n < 2000, the expanded rule set
yields successful firings only in the cases of n = 3,5 or 6.

Thus, the firing process fails in most cases.

3.2 USN Transition Rule Set

Umeo, Sogabe and Nomura [15] corrected all errors in Waksman’s original tran-
sition table. After exploring the Waksman’s original transition rule set so that
the resultant table yields correct firings for any n > 2, we get a new transition
table consisting of is 3217 rules.

[Observation 3.2.] For any n such that 2 < n < 10000, the rule set consisting
of 3217 rules yields successful optimum-time firings.

Our computer simulation based on the above list revealed that most of the
rules are not used efficiently in the firing process. A histogram-like statistical
analysis on the rule set is presented herein and the number of rules valid in the
range of 2 < n < 10000 is reduced. Figure 1 is our final, complete list, which
consists of 202 transition rules. We refer to this list as the USN transition rule
set.

In our correction, a ninety-three percent reduction in the number of transition
rules is realized compared to Waksman’s original list. The computer simulation
based on the table of Fig. 1 gives the following observation. Computer simulation
shows that 202 rules is the smallest set for the Waksman’s optimum-time firing
squad synchronization.

[Observation 3.3.] The set of rules given in Fig. 1 is the smallest transition
rule set for Waksman’s optimum-time firing squad synchronization algorithm.
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Fig. 3. Transition table for the seven-state Gerken’s algorithm.

3.3 Balzer’s Eight-State Algorithm

Balzer [1] constructed an eight-state, 182-rule synchronization algorithm and
the structure of which is completely identical to that of Waksman [18]. Our
computer examination revealed no errors, however, 17 rules were found to be
redundant. In Fig. 2, we give a list of transition rules for Balzer’s algorithm.
Deleted rules are indicated by shaded squares, where squares containing letters
denote rules included in the original list. In the transition table, the symbols
“M”, “L”, “F” and “X” represent the general, quiescent, firing and boundary
states, respectively.

3.4 Gerken’s Seven-State Algorithm I

Gerken [2] reduced the number of states realizing Balzer’s algorithm and con-
structed a seven-state, 118-rule synchronization algorithm. In our computer ex-
amination, no errors were found, however, 13 rules were found to be redundant.
In Fig. 3, we give a list of the transition rules for Gerken’s algorithm. The 13
deleted rules are marked by shaded squares in the table. The symbols “>”,
“ro«l and “#7 represent the general, quiescent, firing and boundary states,
respectively.

3.5 Mazoyer’s Six-State Algorithm

Mazoyer [6] proposed a six-state, 120-rule synchronization algorithm, the struc-
ture of which differs greatly from the previous algorithms discussed above. Our
computer examination revealed no errors and only one redundant rule. In Fig. 4,
we give a list of transition rules for Mazoyer’s algorithm. In the transition table,
the letters “G”, “L”, “F” and “X” represent the general, quiescent, firing and
boundary states, respectively.
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Fig. 4. Transition table for the six-state Mazoyer’s algorithm.

3.6 Goto’s Algorithm

The first synchronization algorithm presented by Goto [3] was not published as
a journal paper. According to Goto, the original note [3] is now unavailable, and
the only existing material that treats the algorithm is Goto [4]. The Goto’s study
presents one figure (Fig. 3.8 in Goto [4]) demonstrating how the algorithm works
on 13 cells with a very short description in Japanese. Umeo [12] reconstructed
the algorithm of Goto based on this figure. Mazoyer [8] also reconstructed this
algorithm again based on the presentation given by Umeo [12]. The algorithm
that Umeo [12] reconstructed is a non-recursive algorithm consisting of a mark-
ing phase and a 3n-step synchronization phase. In the first phase, by printing
a special marker in the cellular space, the entire cellular space is divided into
subspaces, the lengths of which increase exponentially with a common ratio of
two, that is 27, for any integer j such that 1 < j < |log,n] — 1. The marking
is made from both the left and right ends. In the second phase, each subspace
is synchronized using a well-known conventional (3n + O(1))-step simple syn-
chronization algorithm. A time-space diagram of the reconstructed algorithm is
shown in Fig. 5.

prath

o

Fig. 5. Time-space diagram for Goto’s  Fig.6. A comparison of state-change
algorithm as reconstructed by Umeo  complexities in optimum-time synchro-
[12]. nization algorithms.
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3.7 Gerken’s 155-State Algorithm II

Gerken [2] constructed two kinds of optimum-time synchronization algorithms.
One seven-state algorithm has been discussed in the previous subsection, and
the other is a 155-state algorithm. The transition table given in Gerken [2] is
described in terms of two-layer construction with 32 states and 347 rules. The
table does not operate as is on a single-layer simulator. In order to obtain an
exact transition rule set, we expand this transition table into a single-layer format
and obtain a 155-state table consisting of 2371 rules.

4 State Change Complexity

Vollmar [17] introduced a state-change complexity in order to measure the ef-
ficiency of cellular algorithms and showed that (nlogn) state changes are re-
quired for the synchronization of n cells in (2n — 2) steps.

[Theorem 5.] [17] Q(nlogn) state-change is necessary for synchronizing n cells
in (2n — 2) steps.

[Theorem 6.] Each optimum-time synchronization algorithm developed by
Balzer [1], Gerken [2], Mazoyer [6] and Waksman [18] has an O(n?) state-change
complexity, respectively.

[Theorem 7.] [2] Gerken’s synchronization algorithm IT has a ©(nlogn) state-
change complexity.

Let S(n) be total number of state changes for Yunés-like synchronization
algorithms [9, 19] on n cells. We see that S(n) = an + 25(n/2) = O(nlogn).
Thus we have:

[Theorem 8.] Each 3n—step synchronization algorithm developed by Minsky
and MacCarthy [9] and Yunés [19] have a ©(nlogn) state-change complexity,
respectively.

Based on [Theorem 8] and our description given in subsection 3.6, we can
establish the following theorem.

[Theorem 9.] Goto’s synchronization algorithm as reconstructed by Umeo [12]
has a ©(nlogn) state-change complexity.

Figure 6 shows a comparison between the state-change complexities in
optimum-time synchronization algorithms.

5 A Comparison of Quantitative Aspects of
Optimum-Time Synchronization Algorithms

Here, we present a table based on a quantitative comparison of optimum-time
synchronization algorithms and their transition tables discussed above with re-
spect to the number of internal states of each finite state automaton, the number
of transition rules realizing the synchronization, and the number of state-changes
on the array.
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Table 1. Quantitative comparison of transition rule sets for optimum-time firing squad
synchronization algorithms. The “*” symbol in parenthesis shows the correction and
reduction of transition rules made in this paper. The “**” symbol indicates the number
of states and rules obtained after the expansion of the original two-layer construction.

[ Algorithm [ # of states [# of transition rules[State change Complexity]
Goto [1962] |many thousands — O(nlogn)
Waksman [1966] 16 3216(202 ) 0(n?)
Balzer [1967] 8 182 (165 ) 0(n?)
Gerken I [1987] 7 118 (105 ) O(n?)
Mazoyer [1987] 6 120 (119 ) 0(n?)
Gerken II [1987] 32(155 ) 347(2371 ) O(nlogn)

6 One-Sided Versus Two-Sided Recursive Algorithms

Firing squad synchronization algorithms have been designed on the basis of par-
allel divide-and-conquer strategy that calls itself recursively in parallel. Those
recursive calls are implemented by generating many Generals that are respon-
sible for synchronizing divided small areas in the cellular space. In Fig. 7, we
show two recursive synchronization schemes. If all of the recursive calls for the
synchronization are issued by Generals located at one (both two) end(s) of par-
titioned cellular spaces for which the General is responsible, the synchronization
algorithm is said to have one-sided (two-sided) recursive property. As for those
algorithms discussed, we have the following observation:

[Observation 6.1] Optimum-time synchronization algorithms developed by
Balzer [1], Gerken [2] and Waksman [18] are two-sided ones. The algorithm
proposed by Mazoyer [6] is a one-sided one.

Now we propose a general design scheme for one-sided recursive optimum-
time synchronization algorithms that can synchronize any n cells in 2n — 2 steps.
Figure 8 is a time-space diagram for an optimum-time one-sided recursive syn-
chronization algorithm. The General Gg generates an infinite number of signals
Wy, W1, Wa, .., to generate Generals Gi, Go, .., by dividing the array recursively
with the ratio x/y, where x,y is any positive integer such that 2z < y. The
generated i-th General G;(i > 1) does the same operations as Gy does. When
x =1,y = 2, the scheme coincides with the Mazoyer’s algorithm [6]. It is noted
that, in this case, we need no delay for the generation of Generals. We can
establish the following theorem.

[Theorem 10.] The one-sided recursive scheme given above can synchronize
any n cells in 2n — 2 optimum steps.

7 Recursive Versus Non-recursive Algorithms

As is shown in the previous section, the optimum-time synchronization algo-
rithms developed by Balzer [2], Gerken [3], Mazoyer [6] and Waksman [18] are
recursive ones. On the other hand, it is noted that overall structure of the recon-
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Fig. 7. One-sided recursive synchroniza- Fig.8. Time-space diagram for
tion scheme (left) and two-sided recursive  optimum-time  one-sided  recursive
synchronization scheme (right). synchronization algorithm.

structed Goto’s algorithm [12] is a non-recursive one, however divided subspaces
are synchronized by using recursive 3n + O(1)-step synchronization algorithms.

8 Finite Versus Infinite Number of Signals

Waksman [18] devised an efficient way to cause a cell to generate infinite signals
at propagating speeds of 1/1,1/3,1/7, .., 1/(2¥ — 1), where k is any natural
number. These signals play an important role in dividing the array into two,
four, eight, ..., equal parts synchronously. The same set of signals is used in
Balzer [2]. Gerken [3] had a similar idea in the construction of his seven-state
algorithm. Thus an infinite set of signals is used in the first three algorithms. On
the other hand, finite sets of signals with propagating speed {1/5,1/2,1/1} and
{1/3,1/2,3/5,1/1} are made use of in Gerken [2] and the reconstructed Goto’s
algorithm [12], respectively.

9 A Comparison of Qualitative Aspects of Optimum-Time
Synchronization Algorithms

Here, we present a table based on a qualitative comparison of optimum-time
synchronization algorithms with respect to one/two-sided recursive properties
and the number of signals being used for simultaneous space divisions.

10 O(1)-Bit Versus 1-Bit Communication CA Model

In the study of cellular automata, the amount of bit-information exchanged
at one step between neighboring cells has been assumed to be O(1)-bit. A 1-
bit inter-cell communication model is a CA in which inter-cell communication is
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Table 2. A qualitative comparison of optimum-time firing squad synchronization al-
gorithms.

[ Algorithm  [One-/two-sided[Recursive/non-recursive[# of signals]

Goto [1962] — non-recursive finite
Waksman [1966]| two-sided recursive infinite
Balzer [1967] two-sided recursive infinite
Gerken I [1987] two-sided recursive infinite
Mazoyer [1987] one-sided recursive infinite
Gerken IT [1987] two-sided recursive finite

restricted to 1-bit data, referred to as the 1-bit CA model. The next state of each
cell is determined by the present state of that cell and two binary 1-bit inputs
from its left and right neighbor cells. A precise definition of the 1-bit CA can
be found in Umeo and Kamikawa [13]. Mazoyer [7] and Nishimura, Sogabe and
Umeo [11] each designed an optimum-time synchronization algorithm on a 1-bit
CA model, based on Balzer’s algorithm and Waksman’s algorithm, respectively.
[Theorem 11.] [7, 11, 14] There exists a 1-bit CA that can synchronize n cells
in optimum 2n — 2 steps.

11 Summary

Cellular automata researchers have reported that several errors are included in
Waksman’s transition table. However, the validity of the transition rule sets
designed thus far has never been confirmed. This was one of our motivations
that we started our study. In the present paper, we have examined via computer
the state transition rule sets for which optimum-time synchronization algorithms
have been designed over the past forty years. The first transition rule set designed
by Waksman [18] includes fundamental errors that cause unsuccessful firings and
ninety-three percent of the rules are redundant. In addition, the transition rule
sets given by Balzer [1], Gerken [2] and Mazoyer [6] also include redundant rules.
The authors think that it is worthy of publishing such smallest transition rule sets
for the famous firing squad synchronization algorithms, and they are useful and
important for researchers who might have interests in those transition rule sets
that realize the classical optimum-time firing algorithms quoted frequently in the
literatures. We have presented a survey and a comparison of the quantitative and
qualitative aspects of the optimum-time synchronization algorithms developed
thus far for one-dimensional cellular arrays.
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Abstract. Decentralized peer to peer (p2p) networks like Gnutella are
so successful because they are robust and require no centralized direc-
tories and no precise control over network topology. In this paper, we
develop an efficient search algorithm for p2p networks with the help of
a 2-dimensional Cellular Automaton (C'A) model. The rules followed by
each individual cell of the C'A are inspired by concepts of natural immune
systems whereby the query message packets in the network are spread
through opportunistic proliferation. Through a series of experiments, we
compare proliferation with different variants of random walk algorithms.
The detailed experimental results show message packets undergoing pro-
liferation, spread much faster in the network and consequently produce
better search output in p2p networks. Moreover, experimental results
show that proliferation rules are extremely scalable and their perfor-
mance is largely insensitive to the change in dimension of the C' A grid.

1 Introduction

Significant research efforts have recently been undertaken in the development
of peer-to-peer (p2p) computing systems. Due to their flexibility, reliability and
adaptivity, p2p solutions can overcome a lot of disadvantages of client-server
systems, and can fit to the dynamically changing Internet environment [7]. This
explains the large popularity of file sharing systems like Gnutella [2], Napster
[1], and Freenet [3].

Among different desirable qualities of a search algorithm, robustness is a very
important property. That is, the performance of a search algorithm should not
radically deteriorate in face of the dynamically changing network. As is known,
the big share of Internet users, consequently participants in p2p networks, leave
the community (p2p network) at very short intervals. Thus in order to give
robustness a high priority, algorithms generally avoid precise routing algorithms
for forwarding query message packets. However, flooding-based query algorithms
used by the networks produce enormous amounts of traffic which substantially
slows down the system. Recently flooding is increasingly replaced with different
variants of more efficient k-random walkers] algorithms ).

* This work was partially supported by the Future & Emerging Technologies unit of
the European Commission through Project BISON (IST-2001-38923).

L A system where there are k message packets each performing a random walk, inde-
pendently.

P.M.A. Sloot, B. Chopard, and A.G. Hoekstra (Eds.): ACRI 2004, LNCS 3305, pp. 61-[70, 2004.
(© Springer-Verlag Berlin Heidelberg 2004
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The goal of this paper is to study more-efficient alternatives to the existing
k-random walkers algorithms, which form the base algorithm for a large class of
p2p networks. In this respect, we draw our inspiration from the natural immune
system. Qur algorithm has been ingpired by the simple and well known concept of
the humoral ymmune system where B cells upon stimulation by foreign antigens
undergo proliferation generating antibodies. The increasing number of antibodies
consequently efficiently track down the antigens.

In this paper, we develop a 2-dimensional Cellular Automaton model to sim-
ulate the p2p environment. Performance by different random walk and prolifer-
ation techniques is evaluated with the help of the 2-dimensional C'A. Hence in
the next section, we detail the C'A model used to abstract the p2p environment.
The experimental results are noted in Section[3.

2 Modeling and Evaluation Methodology

In this section, we elaborate the two-dimensional C'A model. Both state defi-
nition of each cell of the C'A as well as the rules guiding the state transition
behavior of the cells are defined. The transition rules can be divided into two
parts, rules which are common to both proliferation and random walk techniques
and rules which are unique to one of these techniques. In Section [2.1] we describe
the features common to all the processes, whereas in Section[Z3, we explain the
unique rules.

2.1 CA Model

It is impossible to model all the dynamics of a p2p system. In this paper, we
are not attempting to resolve minor quantitative disparities between k-random
walk and proliferation algorithms, but instead are trying to reveal fundamental
qualitative differences. While our simple models do not consider all aspects of
reality, we hope they capture the essential features needed to understand the
qualitative differences.

Each cell of the two-dimensional (m x n) CA represents a peer/node in
a p2p system. Each peer in the network (consequently cells in the C'A) can
communicate with four neighbors. The peers (cells) host some data which are
searched by other peers (cells) during a search operation. For simplification, we
have assumed that there are 1024 different types of data present in the network,
each of which can be represented by a 10-bit string. Hence, each cell hosts a
10-bit data string (say) P which we also refer to as token.

The search operation is performed with the help of three rules - Query -
tration Rule (QIR), Query Processing Rule (QPR) and Query Forwarding Rule
(QFR). Next these rules are explained one by one.

Query Initiation Rule (QIR): A query is initiated by a randomly selected
peer which requests for some data (say M). To obtain an answer to the request,
the peer floods message packets (M) into its neighboring peers. In order to
receive these message packets, each cell of the C'A maintains a message queue
MQ@. The length of the message queue is considered as unbounded. Like the
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tokens, there are 1024 unique query messages (M). The Query Initiation Rule
is

Rule 1. QIR: Form Message Packet M /*Pick an element M from Query Set Q*/
Flood k message packets(M ) into the neighbors.

Data and Query Distribution: The 1024 unique tokens (both data and query)
are distributed according to Zipf’s law. It is generally believed that the distribu-
tion of documents in the Internet follows Zap /s law [6]. In Zipf’s distribution the
frequency of occurrence of some event (here token/message) ¢, as a function of
the rank ¢, where the rank is determined by the above frequency of occurrence,
follows a power-law t; o Z% In the experimental setup, the Zipf’s exponent
(value of a) for both the data and query distribution is 1. The ranking in terms
of frequency is the same, for both tokens and messages—for instance, the most
popular token in the network is also the most popular query.

Query Processing Rule (QPR): Once the search is initiated, the messages
hop from cell to cell in subsequent time steps. Whenever, a cell encounters a
message packet, it checks whether the message has earlier visited this cell or
not. In this connection, each cell maintains a field named V. If the message has
not previously visited the cell, then the message is compared with P. A successful
search is reported if P = M. A field S.S which initially is set to 0 everywhere is
updated to 1 in the respective cell to indicate a successful search.

Rule 2. QPR: If (Message packet(M )) Start

VA4
of ((V == 1) AND (P = M)), /*Report a match, V = 1 indicates first
SS =1 time wisit by a message*/

Once the queries are processed, the messages have to be forwarded to the
neighboring cells through a query forwarding rule. Each of the proliferation and
random walk techniques has a unique query forwarding rule which will be defined
in the next section. A summary of the common features is presented.

CA Model - Summary: The states, rules, neighborhood configuration and
updation synchrony of each cell of the two dimensional C'A is next summarized.
A. States: Token P: A 10-bit string which doesn’t change over time.
Message Queue(MQ): A queue of messages of unbounded length.

Visit Count(V ): A counter to track the number of messages visiting the cell.
Success Indicator(SS): A one bit switch which is set to one if there is a successful
search. M@, SS and V are initialized to 0 at the beginning of each search.

B. Rules: Query [nitiation Rule (QIR): During every search operation it is
executed once only by a cell randomly selected to initiate the search.

Query Processing Rule (QPR) & Query Forwarding Rule (QFR): These rules
are executed by all the cells at each time step. QF R differs from process to
process, which will be discussed in Section [Z.2

C. Neighborhood: Each cell has four neighbors. The rules are periodic in
nature, that is, in effect, the C'A is a two-dimensional toroidal grid.

D. Update Synchrony: The CA is wdated asynchronously; the sequence in
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which cells get updated 15 random. The asynchronous update mimics the real-
life environment, where peers in the p2p network update their states without
maintaining any synchrony with the neighboring peers.

2.2 Query Forwarding Rule (QFR)

We here describe two proliferation- based and two random walk based QF Rs.
Proliferation (P): In the proliferation scheme, packets undergo proliferation at
each cell they visit. The proliferation is guided by a special function, whereby a
message packet visiting a node proliferates to form V,,.,, message packets which
are thereby forwarded to the neighbors of the node.

Rule 3. P: If(Message packet(M)) Start
Produce Nye,w message packets(M )
Spread the Nyew packets to Ny, randomly selected newghbors
of A

The function determining the value of ‘INV,,¢,,” ensures that N,.,, < 4, where 4
is the number of neighbors of any cell. The function is discussed in detail after we
elaborate the proliferation rule which imposes restrictions in packet movement.
Restricted Proliferation (RP): The rule RP, similar to P, produces Nyeq
messages. But these N, messages are forwarded only if the node A has >
Nyew free neighbors. By ‘free’, we mean that the respective cells haven’t been
previously visited by message M. If A has Z ‘free’ neighbors, where Z < Ny e,
then only Z messages are forwarded, while the rest is discarded. However, if Z
= 0, then one message is forwarded to a randomly selected neighbor.

Rule 4. RP: If (Message packet(M)), Start

Produce Nye,, message packets (M ).

Z = No of ‘free’ neighbors

'Lf (Z > Nnew)
Spread the packets 1o Ny, randomly selected neighbors of A

else of (Z > 0)
Spread Z packets to Z free newghbors of A
Duscard the remawmang (Nyew - Z) packets

else
Forward one message packet to a randomly selected neighbor of A
Duscard the remaimang (Nyew - 1) packets

We now elaborate the function used to control the amount of proliferation.
Proliferation Controlling Function: We choose the proliferation of message
packets at any cell A to be heavily dependent on the similarity between the
message packet (M) and the token (P) of A. This is in line with the affinity
based proliferation mechanism followed by immune systems. In this regard we
define p, where p = e P x 2 p represents the proliferation constant, it is

i
identical for all nodes; HD is the Hamming distancd? between the message (M)

2 The number of bits which differ between two binary strings
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and the information profile (P). With the help of the expression p, we define
P(n) - the probability of producing at least n packages during proliferation by
the following equation.

Pn) = i, (i53) - p71- (=)
The significance of the above equation is (a).the number of packets proliferating
is > 1 and < 4; (b). when HD = 0, for p = 4, 4 packets always proliferate; (c).
the probability of proliferation decreases exponentially if n > p; (d). for HD >
0, the probability of proliferation of n packets decreases exponentially for n > 1.
We now describe k-random walk and a restricted version of it.

k-random walk (RW): In k-random walk, the cell forwards the message packet
to a randomly selected neighbors. The rule(RW) is represented as

Rule 5. RW: If(Message packet(M )) Start
Send the packet M to a randomly chosen newghbor peer

Restricted random walk (RRW): In RRW, instead of passing the message
(M) to any random neighbor, we pass on the message to any randomly selected
‘free’ neighbor. However, if there is no ‘free’ neighbor, we then pass on the
message to any randomly selected neighbor.

Rule 6. RRW : If (Message packet(M)) start
Send the packet M to a randomly chosen ‘free’ neighbor peer
If no ‘free’ newghbor
Send the packet M to a randomly chosen peer

The next section describes various metrics used to compare performances of the
algorithms.

2.3 Metrics

In this paper we focus on efficiency aspects of the processes solely, and use the
following simple metrics in our abstract p2p networks. These metrics, though
simple, reflect the fundamental properties of the different queryprocessing rules.
Success rate: The number of similar items (say K) found by the query messages
within a given time period, that is = vazl SS;, where i represents each cell
and N is the total number of cells.

Coverage rate: The amount of time required by the messages to cover a percent-
age of the network. The network is fully covered when the visit field - V; > 1 in
each cell of the C'A.

Cost per search output: The number of messages required to output a successful
search. In some sense, it is the inverse of the success rate, but it also provides
different insights into the system, which we will discuss in the next section.
Bad wisits (BV ): The number of times the same message re-visits the same cell.
If a message packet visits the same cell more than once, it amounts to wastage
of that packet. BV = Zi]io,(ifvizn (Vi - 1). So, a good design should minimize
the amount of bad visits.
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3 Simulation Results

The experimental results compare efficiency of different query processing rules
(rule[3-[G). The efficiency comparison is carried out with respect to the metrics
defined in section[2.3 Beside assessing efficiency, we also perform different scal-
ability tests with the QF Rs. In order to assess the efficiency of different QF Rs,
we have also to ensure fairness of ‘power’ among them which is elaborated next.

3.1 Fairness in Power

To ensure fair comparison among all the QF Rs, we must ensure that each QF R
(P, RP, RW, RRW) should participate in the network with the same ‘power’.
To provide fairness in ‘power’ between a proliferation QF R (say P) and a random
QFR (say RW), we ensure that the total number of query packets used is
roughly the same in both cases. Query packets determine the cost of the search;
too many packets cause network clogging bringing down the efficiency of the
system as a whole. It can be seen that the number of packets increases in the
proliferation algorithms over the generations, while it remains constant in the
case of random walk algorithms. Therefore the number of message packets - k
in Rule[1]is set in a way so that the aggregate number of packets used by each

individual algorithm is roughly the same, that is, for RW, krw = %‘fm,

where T'ot_Pack[P] is the total number of message packets used by P to perform
a particular experiment, while Tot_Step[P] indicates the total number of time
steps required to perform that task.

To ensure fairness in ‘power’ between two proliferation rules (P & RP), we
keep the proliferation constant p and the value of k the same for both processes.
The value of k is generally set as k = 4, where each cell has 4 neighbors.

We are now reporting the major experimental results one by one.

3.2 Experimental Result — Network Coverage

To evaluate the time taken by the message packets to visit all the cells of the C'A
using different QF Rs, we consider a 100 x 100 two-dimensional C'A comprising
of 10000 cells and perform the following coverage experiment.

Coverage expervment: In this experiment, upon initiation of a search (Rule [1)
from a randomly selected cell, the C'A is allowed to run till the message packets
cover the entire network (all cells of C). The experiment is repeated 500 times
on randomly selected initial cells. During the experiment, we collect different
statistic at every 10% of coverage of the network.

Fug. Mplots statistic collected through coverage experiments. Fug. [(a) shows
the network coverage rate of the RP, P algorithm at p = 3, as well as RRW
and RW algorithms. The graph plots the % of network covered (z-axis) vs.the
time taken to cover corresponding % of network (y-axis - semilog scale). From
the figure, it is seen that the time taken to cover the network is much shorter in
RP followed by P, RRW and RW.

3 The term ‘network’ and ‘C A’ are used interchangeably throughout the section.
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Fig. 1. Graphs plotting network coverage time, average message used, and number of
bad visits by P, RP, RW and RRW (semilog scale).

Fug. [I(b) plots the average number of packets used by the different QF Rs
(y-axis) vs. network coverage (x-axis). As expected, the number of packets in-
crease in R P /P over the period of network coverage while it remains constant for
random walk (RW /RRW) schemes. Therefore, while performing coverage ex-
periments, the value of k for RRW /RW is set to the average number of message
packets used by RP to cover 100% of the network. Although the proliferation
constant is the same for P and RP, from the figure it is seen that P produces
enormous amount of messages, almost 10 times more than RP. This happens
because P indiscriminately proliferates. The tendency is further detailed through
the next figure (Fug. dl(c)).

Fug.[(¢) shows the number of bad vis1ts (defined in Sec. 23)) by RP, P, RRW
and RW's (y-axis) vs. network coverage (z-axis). It is seen that execution of both
RW and P results in a huge amount of bad wists due to their indiscriminate
behavior. However, even though both RRW and R P generally inherently try to
avoid already visited nodes, we find that RP can avoid such visits much more
efficiently. (The number of bad visits by RRW is 10 times higher than RP.)
Therefore, we can conclude that RP by far outperforms all other techniques in
terms of network coverage.

3.3 Experimental Results — Search Efficiency

To compare the search efficiency of RP & RRW, we perform the time-step
experiment on the 100 x 100 two-dimensional C'A.

Time-step expervment: In the experiment, after initiation of a search (Rule [)),
the C'A is allowed to run for A/ (= 50) time steps. The search is initiated by a
randomly selected node and the number of similar items (ng) found within 50
time steps from the start of the search is calculated. The search output (ns) is
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Fig. 2. Graphs showing search efficiency and cost incurred by RP and RRW.

averaged over one generation (100 different searches), whereby we obtain N,
where Ny, = 321 n,/100.

The graph of Fig. [@(a) displays the average value N, against generation
number for RP and RRW. The search results for both RP and RRW show
fluctuations. The fluctuations occur due to the difference in the availability of
the searched items selected at each generation. However, on average, the search
efficiency of RP is almost 5-times higher than that of RRW. (For RP, the
number of hits &~ 65, while it is = 13 for RRW.) The fluctuations in the results
help us to understand an important aspect about cost which is discussed next.

Fug.[3(b) displays the cost/search item (the number of messages required to
produce a search output) each scheme incurs to generate the performance of Fig.
[2(a). The cost of RP is hardly changing (it stays constant at around 0.7) even
though the corresponding search output is differing hugely, while in RRW there
is significant fluctuation in terms of cost. This can be easily understood from
the fact that RRW always starts with the same number of packets irrespective
of the availability of the items. Therefore, when the search output is low, the
cost shoots up sharply. While in R P, the packets are not generated blindly, but
are instead regulated by the availability of the searched item. Therefore, if a
particular searched item is sparse in the network, RP produces a lower number
of packets and vice versa.

3.4 Experimental Result — Scalability

In this section, we perform two different types of scalability tests. In the first
type, we change the shape of the two-dimensional C'A so far used, from the
square C'A (100 x 100) to a more rectangular shape, and observe the impact
it creates on the efficiency of RP & RRW. In the second case, we increase the
dimension of the C'A and observe the outcome.
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Fig. 3. Graphs illustrating scalability of RP and RRW under different conditions.

Shape and Scalability: In this experiment, we consider different two dimen-
sional C'As each having 10000 cells. The dimensions of such C'As are respectively
100 x 100, 200 x 50, 400 x 25, 500 x 20, 1000 x 10. Testing the efficiency in all
such configurations is particularly important because in real p2p environments,
we may not be able to develop exactly square connection among the peers and it
is necessary for a proposed algorithm to perform well irrespective of the nature
of connection layout. We perform the coverage experiments on these differently
shaped CA; the experimental results are illustrated in Fug. [(a).

Fug.[3(a) plots the network coverage time (y -axis) taken by RP and RRW

against different configuration (z -axis). For each, RP and RRW, we plot the
time taken to cover all the cells of the CA. The figure shows that for both RP
and RRW, as the shape becomes more rectangular, the network coverage time
increases. For example, R P takes 198 time steps to cover the network when the
CA is square, whereas it takes 1951 time steps when the C'A has the dimension
1000 x 10. Whereas in case of RRW, the respective figures rise from 1105 to
31025. That is, R P has a five-fold rise in network coverage time, while for RRW
it increases by a factor of (around) 30.
Size and Scalability: To measure the performance of RP and RRW with
respect to C'As of different sizes, we consider C As of dimension 100 x 100, 300
x 300 and 500 x 500. We perform both time-step and coverage experiments with
RP and RRW on the three C As. In case of the time-step experiment, a scalable
algorithm should ensure that the number of search outputs does not deteriorate
with the increase in dimension. And this is indeed confirmed by our experiments
for both RP and RRW (data not shown).

The more important test of scalability is elaborated through the next result
derived by executing a coverage experiment and is depicted in Fig. [B(b). Fug. [3(b)
plots the time (y -axis) taken by RP and RRW to cover 100% of the network
against different configuration (z -axis). The coverage time in R P increases from
198 (for 100 x 100) to 586 (for 500 x 500). The rate of increase is less than the
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logarithm of the rate of increase in the number of nodes. Any search algorithm
in p2p network with such low rate of increase is considered to be extremely
scalable [4]. However, for RRW, the network coverage time increases from 1105
to around 16161, increasing almost linearly with the number of nodes.

4 Conclusion

One of the most important functionalities of p2p networks is search. In this pa-
per, we have concentrated on developing efficient search algorithms for p2p net-
works. We have produced detailed experimental results showing that the simple
immune-inspired concept of proliferation can be used to cover the network more
effectively than random walk. Moreover, the search efficiency of a rule based
on proliferation (RP) is five times higher than that of restricted random walk
(RRW) algorithms. The proliferation algorithm is extremely scalable. There
is only minor deterioration in network coverage time with respect to changing
shape and size. The effectivity of opportunistic proliferation rules we believe is
a fundamental result and can be applied beyond the domain of the proposed
p2p search application. However, a detailed theoretical analysis to explain these
interesting results has to be undertaken in the recent future to explore the full
potential of the proliferation algorithm.
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Abstract. This paper exploits the fact that an asynchronous cellular
automata naturally provides a randomized algorithm. We study the pos-
sibility to repeat many runs over the same problem instance to improve
the quality of the answer. We consider the case of the so-called density
task and quantify the interest of the approach. In addition we show that
almost 100% of success can be achieved provided that the density task
is allowed to classify the configuration in three rather than two classes.

1 Introduction

Cellular Automata (CAs) are discrete dynamical systems that have been used for
simulating physical, chemical, social, and biological systems that are difficult or
impossible to model using differential equations or other standard mathematical
methods [3]. Usually, one assumes that the cells of a CA are formally updated
simultaneously. However, perfect synchronicity is only an abstraction: if CAs
are to model physical or biological situations or are to be considered physically
embodied computing machines then the synchronicity assumption is no longer
adequate. In fact, in any spatially extended system signals can only travel at
finite speeds. Hence, for given dimensions it is impossible for a signal emitted
by a global clock to reach any two computing elements at exactly the same
time. In biological and sociological environments agents act at different, and
possibly uncorrelated, times which seems to preclude a global clock in many
cases. In previous work, we have shown that one can evolve asynchronous CAs
for computation, in particular for the density task [10]. Although asynchronous
CAs proved to be less efficient than their synchronous counterparts, they have
the important advantage of being more robust in noisy environments.

A randomized algorithm is a computation whose evolution is driven by ran-
dom choices. It produces a different output each time it is executed, even if the
input data is the same [7)8]. Repeating several time a randomized algorithm on
the same problem instance reduces and bounds the possibility of errors. In many
cases, randomized algorithms are known to be more efficient than their deter-
ministic counterparts. Here, we apply the principles of randomized computation
to improve the performance of an asynchronous CA for the density task.
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The paper is organized as follows. Section Bl briefly describes synchronous
and asynchronous CAs. Section Bl describes the density task. In section Hl we
describe our randomized computation. Section [Blreports on the experiments and
the results. Finally, section [6] presents our conclusions.

2 Synchronous and Asynchronous Cellular Automata

CAs are dynamical systems in which space and time are discrete. A standard
CA consists of an array of cells, each of which can be in one of a finite number
of possible states, updated synchronously in discrete time steps, according to a
local, identical transition rule. Here we will only consider boolean automata for
which the cellular state s € {0,1}. The transition rule contained in each cell is
specified in the form of a rule table, with an entry for every possible neighborhood
configuration of states. The state of a cell at the next time step is determined by
the current states of a surrounding neighborhood of cells. The regular cellular
array (grid) is d-dimensional, where d = 1,2,3 is used in practice. For one-
dimensional grids, a cell is connected to r local neighbors (cells) on either side
where 7 is referred to as the radius (thus, each cell has 2r+41 neighbors, including
itself). The term configuration refers to an assignment of ones and zeros to all
the cells at a given time step ¢. It can be described by s' = (s}, s},. .. sk _;),
where N is the lattice size. The CAs used here are linear with periodic boundary
conditions sl ; = s} i.e., they are rings.

To visualize the behavior of a CA one can use a two-dimensional space-time
diagram, where the horizontal axis depicts the configuration at a certain time ¢
and the vertical axis depicts successive time steps (for example, see figure ). In
the figures state 1 is black, and state 0 is white.

As noted before, asynchronous CA are physically more reasonable than par-
allel ones. However, there are many ways for sequentially updating the cells of
a CA (for a discussion of this point, see [9[10]). The most general and unbiased
way is independent random ordering of updates in time, which corresponds to
a Poisson stochastic process. We use a close approximation to it which con-
sists in randomly choosing the cell to be updated next, with replacement. This
corresponds to a binomial distribution for the update probability, of which the
Poisson distribution is the limiting case for large N.

It should be noted that because our chosen asynchronous updating is nonde-
terministic, the same CA may reach a different configuration after n time steps
on the same initial distribution of states, which is of course not the case for
synchronous CA. This is because the trajectory in configuration space that is
followed depends on the evaluation order of the cells for asynchronous CA, while
there is a single possible sequence of configurations for a synchronous CA for a
given initial configuration of states (see, e.g. figure [T).

3 The Cellular Automata Density Problem

The density task is a prototypical distributed computational problem for CAs.
For a finite CA of size N it is defined as follows. Let p° be the fraction of 1s in
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the initial configuration (IC) sY. The task is to determine whether p° is greater
than or less than 1/2. In this version, the problem is also known as the majority
problem. If p° > 1/2 then the CA must relax to a fixed-point configuration of all
1’s that we indicate as (1)VV; otherwise it must relax to a fixed-point configuration
of all 0’s, noted (0)", after a number of time steps of the order of the grid size
N (if N is odd one avoids the case p° = 0.5).

This computation is trivial for a computer having a central control. Indeed,
just scanning the array and adding up the number of, say, 1 bits will provide the
answer in O(N) time. However, it is nontrivial for a small radius one-dimensional
CA since such a CA can only transfer information at finite speed relying on local
information exclusively, while density is a global property of the configuration
of states [6].

It has been shown that the density task cannot be solved perfectly by a
uniform, two-state CA with finite radius [4], although a slightly modified version
of the task can be shown to admit perfect solution by such an automaton [2]. The
performance P of a given rule on the majority task is defined as the fraction
of correct classifications over 10* randomly chosen ICs. The ICs are sampled
according to a binomial distribution (i.e., each bit is independently drawn with
probability 1/2 of being 0). Clearly, this distribution is strongly peaked around
p® =1/2 and thus it makes a difficult case for the CA to solve.

But the lack of a perfect solution does not prevent one from searching for
imperfect solutions of as good a quality as possible. In general, given a desired
global behavior for a CA, it is extremely difficult to infer the local CA rule
that will give rise to the emergence of a desired computation. Since exhaus-
tive evaluation of all possible rules is out of the question except for elementary
(d = 1,7 = 1) automata, one possible solution of the problem consists in using
evolutionary algorithms, as first proposed by Mitchell et al. [5l6].

In a recent work [10], we evolved asynchronous CAs for the density task with
a genetic algorithm (see [[). Compared with synchronous CAs for the same task,
we found that the asynchronous version is slightly less efficient but it has better
fault-tolerance capabilities, which is an important feature in noisy environments.
Figure [I] shows two executions of the evolved asynchronous CA on the same
initial configuration. Its performance on the density task is P = 67.2%. In this
work, we do not deal with robustness due to the update mode of the CA, but
rather we try to enhance the performance of the asynchronous CA by using a
randomized computation scheme.

4 Randomized Algorithms

4.1 General Concepts

Randomized algorithms have become popular in computer science since, in many
cases, a randomized algorithm is simpler and faster than a deterministic algo-
rithm [I[7]. For instance, randomized algorithms exist that run in polynomial
time, while no polynomial-time deterministic algorithm exist for the problem,
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(a) (b)

Fig. 1. Space-time diagrams of an asynchronous CA for the density task. The density
p° = 0.55 in both (a) and (b) and the initial state configuration is the same. The
different time evolution is due to the nondeterminism of the updating policy.

like primality testing [8]. But there is a price to pay for that: a randomized al-
gorithm performs random choices during some of its steps and thus, if executed
several times, it does not exhibits the same behavior.

The so-called Las-Vegas randomized algorithms are characterized by a com-
pletion time that varies from one run to another [I]. Sometimes, a Las-Vegas
run may not finish. It this case, a second run, with the same problem instance
may well finish in an acceptable time.

In the so-called Monte-Carlo randomized algorithms, given an instance of a
problem, the value of the solution should be regarded as a random variable [I].
Randomized Monte Carlo algorithms cannot guarantee that false answers will be
avoided. Therefore it is important to estimate the probability ps that, on a given
instance s, the algorithm yields a correct answer. If ps > 1/2, the probability
of an error can be brought down to any desired finite level, provided that the
experiment is repeated a sufficient number of times. This property is known
as stochastic amplification and can be understood as follows. If we call p the
probability of computing the correct result in a run, then the probability that
the algorithm gives the correct answer on the input ¢ times in k runs is binomially
distributed, since the runs are independent Bernoulli random variables:

Prob(k,i) = (f) P (1—p)ki

Thus, the probability of answering correctly is:

k
Prob((r; =r) > k/2) = Z (f) p(1—p)F

i=k/2+1
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By using a normal approximation to the binomial distribution, one finds for
example that, for & = 42 runs and with p = 0.672, i.e. the performance of
the rule, the probability of getting at least i = 22 correct answers, and thus of
correctly classifying the configuration, is about 0.98. Note that we used p = 0.672
in this example because it corresponds to the performance of one run of our
asynchronous CA sampled over 10* different initial configuration. However, this
value is not the average probability of success of the algorithm over the sampled
configuration.
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Fig. 2. Histogram of the probabilities that a configuration of given density p° is evolved
by the asynchronous CA to the fixed point (1)V. with all ones. The probability range
has been divided in 20 bins. The number of configurations in each bin is normalized
by the total number of configurations (1000). System size is N = 149 and the number
of repetition is N,, = 100.

4.2 The Random Behavior of the Asynchronous CA

As described previously, on configuration s, the asynchronous CA reaches one
of the two fixed points (1) or (0)" in a number t., of site updates. If the
algorithm is run only once, the output is p® > 1/2 if configuration (1)¥ is reached
and p® < 1/2 if the final state is (0)". Obviously, this is not always the correct
answer regarding to the actual density of s°. Unfortunately, the probability pso
that this procedure gives the right answer is not known and varies very much
from one configuration to the other.
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Note also that the time t,, needed to reach one of these two possible fixed
points also depends on the updating path. Thus, the asynchronous CA for the
density task is a randomized algorithm that behaves as a combination of a Monte-
Carlo and Las-Vegas algorithm.

A natural way to improve the performance of the algorithm is to repeat it
several time. If one considers NN, repetitions of the asynchronous CA on a chosen
configuration s°, we shall observe that in N, cases, the CA has evolved to (1)
whereas, in N, — N, other cases, the final state is the null configuration (0)%" .

Therefore, we define P_, as the probability that configuration s® converges
towards (1)V. If the number N, of repetitions of the algorithm is large, this
probability can be estimated by

P (s%) = —* (1)

This probability of converging to configuration 1 is quite dependent of the
problem instance s’. However, we expect that P | will be small if p° is small,
and large in the opposite case. But, for two initial configurations of same density,
the corresponding P_, can be quite different, as shown in fig. 2.

Figure 2] shows the histogram of the values of P_, for 1000 configurations
chosen randomly with various prescribed densities p. Practically speaking, these
configurations are generated by a random permutation of the cells of a configu-
ration containing the desired number of ones and zeros. The situation depicted
in fig. 2 concerns a CA of size N = 149. For each configurations, N, = 100
repetitions of the asynchronous CA runs are performed. The situation of fig.
corresponds to densities p° = 0.35, p° = 0.4, p° = 0.45, p® = 0.55, p* = 0.6 and
p° = 0.65. The case of p® = 0.5 will be shown later on.

In order to evaluate the statistical significance of the curves obtained for 100
repetitions and 1000 configurations, each experiment has been conducted twice,
i.e for two sets of 1000 random configurations. We see that, for these parameters,
the algorithm gives quite reproducible results.

5 Classification Schemes

The purpose of the present asynchronous CA is to perform the density task, that
is to classify each configuration s in different classes, according to the predicted
value of p¥. In this section, we show how N, repetitions of the CA evolution can
be used for this task. We shall first consider a straightforward extension of the
standard case N, = 1 and show that the quality of the classification improves
beyond that obtained with the synchronous CA [5] provided that N, is large
enough.

Then, we shall propose a new way to classify the configuration, using three
classes instead of two. We show that this methods lead to an almost perfect
classification scheme.
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5.1 Classification in Two Classes

The natural way to exploit the result of our randomized algorithm is to base the
classification process on the value of P_,. The following pseudocode describes
the randomized algorithm we have used to solve the density task:

— choose an initial configuration s’; set N, =0
— do N, independent runs of the CA on s® and
for each run, increment NV, if the final configuration is (1)N
Compute P_, = N_, /N,
— if P_, > 1/2 then predict p° > 1/2;
else predict p* < 1/2;

Following the standard procedure to evaluate the quality of a CA algorithm
to perform the density task [5], we consider 10* random configurations for which
each cell is initialized to 1 with probability 1/2. The performance « of the al-
gorithm is then the fraction of these configurations that have been correctly
classified.

We first give the performance « of our Monte-Carlo CA algorithm as a func-
tion of the number of repetition N,.. The result is shown in fig.[3] (a). We observe,
as expected, that for N, = 1, we obtain the result of [10)], namely a ~ 0.67.

Note that we take N, as an odd number so that P, is never one-half. As
N, increases, a gets larger, showing the stochastic amplification of repeating a
Monte-Carlo algorithm several time. However, we observe a saturation of a.

The work done to improve the quality of the prediction increases as the num-
ber of repetition N, increases. Here the work is defined as the average number
of site updates that are needed in total to classify one of the 10 configurations.
It is thus an indication of the average completion time of the algorithm over
many instances. This work is proportional to N, but, it is observed that the
proportionality constant increases with the system size N. Table [1l summarizes
our measurement of the work.

Table 1. Average normalized work for one run of the asynchronous and synchronous
CA. The total work is normalized by the system size. Thus the given figures corresponds
to the number of so-called Monte-Carlo steps (asynchronous case) or CA iterations
(synchronous case). Data are obtained from an average over 10* configurations.

N = 149|N = 200|N = 500
asynchronous 93 128 340
synchronous 83 112 282

In fig. B (b) we compare, as a function of the lattice size N, the work of both
the synchronous (1 rurll) and asynchronous CA (N, runs) to obtain the same

! The synchronous CA cannot be repeated since it is deterministic. However random
errors could be added to produce a randomized algorithm. This possibility has not
been explored here
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Fig. 3. (a) The performance of our Monte-Carlo CA algorithm for the density task, as
a function of the number of its repetition on each instance. The lattice size is N = 149,
and 10 configurations have been generated at random. The dashed line indicates the
performance achieved with one run of synchronous updating, namely 0.77. (b) Work
normalized to system size to achieve same performance with the asynchronous and
synchronous scheme.

classification performance. We have considered the sizes N = 149, N = 200 and
N = 500 for which the performances of the synchronous CA are 0.77, 0.75 and
0.73, respectively.

We see that the ratio work/performance of the synchronous CA is quite good
compared to that of the asynchronous one. However, the synchronous CA has a
maximum performance that cannot be improved, as opposed to the asynchronous
one. In addition, it is argued that a VLSI implementation of an asynchronous
CA would run faster than the synchronous versiold. When N = 200, a factor
of 4 in the hardware speed of the implementation would be necessary to make
the randomized asynchronous CA faster than its deterministic counterpart while
keeping the same classification performance.

5.2 Classification in Three Classes

The previous scheme can be improved by using three classes instead of two.
Clearly, the configurations whose density is difficult to classify as larger or smaller
than one-half are those configurations with a density close to one-half. These con-
figurations turn out to also have a P_, spread around 0.5. This is well illustrated
in fig. @ (a) where we show the histogram of P_, for densities p° = 0.4, p° = 0.5
and p° = 0.6.

2 A. Stauffer, private communication
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Fig. 4. (a) histogram of P_, for densities p° = 0.4, p° = 0.5 and p° = 0.6. The
two dashed lines gives the histograms when, respectively, 1000 and 10’000 random
configurations are visited (each bit generated with probability 1/2). (b) Score of the
Monte-Carlo CA algorithm for the density task when the classification is made in
three classes p < 0.5, p > 0.5 and 0.4 < p < 0.6. The number of repetitions is
N, =1,3,5,10,20,100.

Figure H] (a) suggests a new classification scheme. The rule we can extract is
the following, for any configuration s.

— If P, < 0.3 then p° < 0.5
— If P_, > 0.75 then p° > 0.5
—If P, >03and P_, <0.75 then 0.4 < p° < 0.5

Note there is a slight asymmetry in the chosen threshold 0.3 and 0.75. These
values are those suggested by figure [ (a) but this issue has not been further
investigated here.

It is important to stress that the three regions defined by the above conditions
(p < 0.5, p>0.5,04 < p < 0.6 overlap as a configuration can be at the same
time in the region 0.4 < p < 0.6 and p < 0.5 (or p > 0.5). However, the algorithm
will classify each configuration in only one region. The information we get from
these three classes is different from that given with the standard approach but
not less. The pertinence of this classification depends the actual reason why the
density task is performed.

Note that a classification in 3 regions is only possible with the randomized
algorithm which gives an output P_, with more than two values.

The quality of this scheme is extremely good: over 95%, even for N, = 10.
Figure [ (b) shows the performance we obtain as a function of N,, for a system
of size N = 149. It is possible that the thresholds used to define the three regions
depend on the lattice size. This question has not been investigated yet.
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Finally, the thresholds 0.3 and 0.75 on P_, can be adjusted to narrow the
middle region (0.4 < p° < 0.6). However, this will decrease the score of the
algorithm. More simulations would be required in order to obtain the relation
between these threshold values and the algorithm performance.

6 Conclusions

In this paper we showed that an asynchronous CA for a global task can be
naturally turned into a randomized, Monte-Carlo algorithm. It gives a different
answer each time it is executed, even if it is on the same input data. By repeating
it several times we can improve the performance of the classification of initial
configuration with respect to their initial densities. The ratio work/performance
of this approach is compared with that of the traditional synchronous approach.

We then propose a new way to perform the classification of the initial density
o, using three classes: p® < 1/2, p° > 1/2 and 0.4 < p° < 0.6. This possibility
is offered by the random nature of the algorithm and yields more than 95%
performance for a moderate cost.

Clearly, the combination of asynchronous CA and randomized algorithms
offers new perspectives in the framework of global task computations.
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Abstract. Modeling free-form shapes in 3D spaces based on strict physica
laws require a considerable amount of computation time. Previous experiences
with Cellular Automata demonstrated substantial improvements for these appli-
cations. Here, we describe an efficient approach applying the Cell-DEV'S for-
malism to model the deformation of free-form shape objectsin a 3D space. The
objects are treated as virtua clay, and the values assigned to each cell in the
model represent a certain amount of clay in the cell. The clay object is de-
formed in accordance with the physical conservation laws.

1 Introduction

3D modeling techniques have become increasingly attractive, ranging from CAD
systems up to image morphing in computer graphics. The representation of solid 3D
objects requires to use restrictive geometrical operations. Different studies on the
simulation of such deformations for objects use strict physical models, such as finite
element methods, methods based on elaticity theory, and applications of particle
systems. All these methods and applications need considerable time for computing
deformations according to the laws, and human interactions are not permitted espe-
cialy for complex shapes.

Instead, imagining the 3D objects as clay that can be freely deformed, we can un-
derstand problems on 3D objects. Some of the undergoing efforts considering volume
sculpting in a 3D virtual space use a discretization of the spacein 2D or 3D célls. In
[1], a solution based on Cellular Automata (CA) was presented. A 3D CA is used to
simulate plastic deformations of clay, and each cell is alocated a finite state automa-
ton, which is given the simple distribution rules of the virtual clay instead of compli-
cated physical laws. Each automaton repeats state transitions according to the state of
their neighbors. This approach tries to avoid the considerable computation time for
plastic deformation and make the deformation process natural by showing the be-
havior of real clay. An extension of this work, presented in [2], includes new reparti-
tion algorithms.

We will show how to model a 3D free-form object using Cell-DEV S [3], and we
will ssimulate deformation using the CD++ toolkit [4]. Cell-DEVSis anovel approach

P.M.A. Sloot, B. Chopard, and A.G. Hoekstra (Eds.): ACRI 2004, LNCS 3305, pp. 81-90, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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to represent models of real systems as cell spaces. Cell-DEVS uses the DEVS (Dis-
crete Events systems Specifications) formalism [5] to define a cell space where each
cell is defined as a DEVS model. This technique permits to build discrete-event cell
spaces, and it improves their definition by making the timing specification more ex-
pressive. The Cell-DEV'S presented here describes the behavior of each cell in a 3D
free-form virtual clay model using the state transition rules presented in [1]. This
model describes effectively the behavior of free-form object: compression (from
outside) and deformation (from inside).

2 Background

Cell-DEVS [3] is acombination of CA and DEVS [5] that allows the implementation
of cellular models with timing delays. A Cell-DEVS model is defined as a lattice of
cells holding a state variable and a computing apparatus to update the cell state. This
is done using the present cell state and a set of inputs coming from cells in the neigh-
borhood. Cell-DEVS improves execution performance of cellular models by using a
discrete-event approach. It also enhances the cell’s timing definition by making it
more expressive [6]. Each cell, defined as TDC=< X, Y, S N, delay, d, 6, oepr T 4,
D >, uses N inputs to compute its next state. These inputs, which are received through
the model's interface (X, Y), activate the local computing function (t). State (s)
changes can be transmitted to other models, but only after the consumption of a delay
(d). Two kinds of delays can be defined: transport delays model a variable commut-
ing time, and inertial delays, which have preemptive semantics (scheduled events can
be discarded). Once the cell behavior is defined, a coupled Cell-DEVS is created by
putting together a number of cells interconnected by a neighborhood relationship.

Cell's connections

=
+3

IS

B4

M ouT
—HHT ( S)=S |+
Cell definition

Fig. 1. Description of a Cell-DEV'S model.

A coupled Cell-DEV S is composed of an array of atomic cells, with given size and
dimensions, defined as GCC = < Xlist, Ylist, X, Y, n, {t,,....t }, N, C, B, Z>. Each cell
is connected to its neighborhood through standard DEV S input/output ports. Border
cells have a different behavior due to their particular locations. Finally, the model’s
external couplings can be defined in the Xlist and Ylist. Each cell inaCell-DEVSisa
DEV 'S atomic model, and the cell space is a DEVS coupled model. DEVS is an in-
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creasingly accepted modeling and simulation framework. DEV S is a sound formalism
based on generic dynamic systems, including well defined coupling of components,
and hierarchical modular construction. A DEV S model is described as a composite of
submodels, each of them being behavioral (atomic) or structural (coupled). Each
atomic model, defined by AM = < X Y, S, 4,,, J,,, 4, ta>, has an interface consisting
of input (X) and output (YY) ports to communicate with other models. Every state (S)
in the model is associated with a time advance (ta) function, which determines the
duration of the state. Once this time is consumed, an internal transition is triggered.
At that moment, the model generates results through the output ports by activating an
output function (4). Then, an internal transition function (d,) is fired, producing a
state change. Input external events, which are received in the input ports, activate the
external transition function (d,,). Coupled models are defined as a set of basic com-
ponents (atomic or coupled), which are interconnected through the model's interfaces.
The model’s coupling defines how to convert the outputs of a model into inputs for
the others, and to inputs/outputs to the exterior of the model.

CD++ [4] isamodeling tool that was defined using DEV S and Cell-DEV S specifi-
cations. DEVS Atomic models can be incorporated onto a class hierarchy pro-
grammed in C++. Coupled models can be defined using a built-in specification lan-
guage, in which the model is specified by including the size and dimension of the cell
space, the shape of the neighborhood and borders. The cell’s local computing func-
tion is defined using a set of rules with the form: POSTCONDITION DELAY {
PRECONDITION }. These indicate that when the PRECONDITION is satisfied, the
state of the cell will change to the designated POSTCONDITION, whose computed
value will be transmitted to other components after consuming the DELAY.

3 A Virtual Clay Model

In virtual clay models, a 3D object deformation is considered as a physical process
that equally distributes the virtual clay to the adjacent areas. A threshold is associated
with the deformation of the object [1]: when the density is under the threshold, the
object keeps its shape. If a portion receives an external force, its density changes; if
the density is above the threshold, the object is deformed, and clay is transported from
high-density to low-density portions. However, the total mass of the clay should be
conserved. We model the object as a 3D Cell-DEVS. A positive value assigned to
each cell represents the mass of clay in the piece. In [1], the authors define the model
using a Margolus neighborhood, and the following rules for each block:
[Step A] For each cell | whose stateis 1,
dn=m* a;
m=m-dm;
[Step B] For each cell j whose state is 0,
m =m + ((dm, +dm, +...+dm) / n);
where o is a constant rate for distribution (0 < a < 1), t isthe number of cells
over threshold and n is the number of cells under threshold. Here, we denote the state
of acell as 1 if itsvirtual clay is over the threshold. Otherwise, the state is 0. The
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value dm represents the excessive clay in cell i, which will be distributed to the
neighboring cells. From these two steps, we can see that the total mass of virtual clay
within ablock is conserved during the state transitions. Figure 3 illustrates the transi-

tion rulesin 2D.

. Cell over threshold |:| Cell under threshold

Fig. 2. 2D block patterns.

. Cell over threshold
Moving plate A push operation |:| Cell under threshold

ﬁ@

(@) Initial state (b)After one step

Fig. 3. Push operation by amoving plate.

The deformation of a virtual clay object is based on a push operation. The clay is
transported from a cell into the adjacent ones along the direction of pushing. The
surface of avirtual clay object can be pushed at most one cell in depth per step.

Figure 3 shows an example of the push operation by a moving plate. This plate is
modeled as a set of specia cellsto which virtua clay cannot be distributed. When the
threshold is surpassed as the result of pushing, virtual clay is distributed according to
the transition rules. The state transitions are repeated until there are no cells over
threshold (a stable state). The number of steps to reach the stable state depends on the
total mass of virtual clay, the threshold and the parameter a.

4 Modeling aVirtual Clay Object in Cell-DEVS

We used Cell-DEVS model to simulate the behavior of the deformation of a virtual
clay object. Our focusis on a 3D free-form object, using the transition rules presented
in the previous section. Figure 4 illustrates the 3D Margolus neighborhood we used,
in which the nearest 8 cells make one block. Similarly to the 2D neighborhood, each
cell belongs to different blocks in odd and even steps.
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Fig. 4. 3D Margolus neighborhood

The values in each cell represent the density (mass) of that cell. A cell with avalue
of zero means this cell is out of the object, while a positive value means the cell is
within the object. The final state contains the free-form object in stable state after
deformation. The transition procedure is done in two stages as follows.

o Deformation: if there are cells with density over the threshold, the deformation
transition rules are applied.

e Compression: we assume that there is a moving plate and the virtual clay next
to the plate istransferred from a cell into the adjacent cell along the direction
of pushing. In the model, this plate is handled as a dummy plate with each
cell having avalue of zero, staying right on top of the object.

During the transition procedure, each cell has its different neighbors at odd and
even steps. The neighborhood of each cell isidentified according to its location in the
block. Meanwhile, each cell has different transition policies for the deformation and
compression stages. Therefore, we used a four-dimensional Cell-DEVS model, in
which each 3D hyperplane of (X, y, z) represents a set of state variables and the fourth
dimension isacontrol variable, asfollows.

e Hyperplane 0 (X, Yy, z, 0) represents the free form object.

e Hyperplane 1 (X, y, z, 1) defines the odd or even step so that each cell in Hy-
perplane 0 can identify its Margolus neighborhood.

e Hyperplane 2 (X, vy, z, 2) is a control Hyperplane. Compression will be per-
formedif (X, Y, z, 2) = 1, and deformation if cell(x, y, z, 2) =0.

This Cell-DEV S coupled model is defined as follows:
Plastic= < Xligt, Yligt, X, Y, n, {t,,...t }, N, C, B, Z>.

X=Y=Xlist=Ylist= @; S={5s>=0,s€ R}; n=4;t=10; t,=9; t,=12; t,=12;

N ={(-1,-1,-1,0),(-1,0,-1,0),(-1,1,-1,0),(0,-1,-1,0),(0,0,-1,0),(0,1,-1,0),(1,-1,-1,0),
(1,0,-1,0),(2,1,-1,0),(-1,-1,0,0),(-1,0,0,0),(-1,1,0,0),(0,1,0,0),(0,0,0,0),(0,1,0,0),
(1,-1,0,0),(2,0,0,0),(1,1,0,0),(-1,-1,1,0),(-1,0,1,0),(-1,1,1,0),(0,-1,1,0),(0,0,1,0),
(0,1,1,0),(1,-1,1,0),(1,0,1,0),(1,1,1,0),(-1,-1,2,0),(-1,0,2,0),(-1,1,2,0),(0,-1,2,0),
(0,0,2,0),(0,1,2,0),(1,-1,2,0),(1,0,2,0),(1,1,2,0),(0,0,0,1),(0,0,0,2)}

The definition of this Cell-DEV'S coupled model using CD++ isillustrated in Fig-

ure 5 below.
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[ pl asti c]

dim: (10,9, 12, 3) delay : transport

border : now apped

nei ghbors: (-1,-1,-1,0)(-1,0,-1,0)(-1,1,-1,0)
(0,-1,-1,0)(0,0,-1,0)(0,1,-1,0)(1,-1,-1,0)
(1,0,-2,0)(1,1,-1,0)(-2,-1,0,0)(-1,0,0,0)(-1,1,0,0)
localtransition : deformation-rule

[ deformati on-rul e]

Fig. 5. Cell-DEV'S coupled model specification in CD++

This Cell-DEVS model that has three hyperplanes of 10*9*12 each. The cell’s be-
havior is defined by the localtransition clause, and it will be discussed in detail in the
following sections. We will present the rules at deformation and compression stages
and show how the transformation is controlled in Cell-DEV'S formalism. The rules
can be generalized as follows.

1. Perform deformation if cell (0, 0, 0, 2) = 0 and this cell is on Hyperplane 0.
2. Perform compression if cell (0,0,0,2) = 1 and this cell ison Hyperplane 0

3. Even/odd step aternatesif cell (0, 0, 0,1) = 0 and thiscell is on Hyperplane 1
4. Deformation/compression control alternates if this cell is on Hyperplane 2

4.1 Deformation Rulesin the Cell-DEVS Model

The deformation stage involves the activating different rules at odd and even steps, in
which we decide the different neighbors that the objective cell receives clay from or
distributes clay to. Only hyperplane O (X, vy, z, 0) performs the deformation transition,
while hyperplane 1 (X, y, z, 1) helps to judge whether the cell in Hyperplane 0 change
in odd step or in even step and hyperplane 2 (x, y, z, 2) identify the deformation
stage. In each step its neighborhood can be located in a 2x2x2 block. In Figure 6 we
show the mechanism to select the Margolus block. The origin cell is colored in gray
and its neighbors are defined according to the coordinates shown in the figure. We
repeat the procedure for other cells in the same Margolus block to obtain the neigh-
bors of each objective cell in the same hyperplane.

Z ' I : ©0.0,0.0)]1,0.0,0) (0,0,0,1),
i ,'.___L'f_ . (0,1,0,0)|(1,1,0,0)
[P A4 S Neighbor in Plane 1
A4 I::)
S (0,0,-1,0) | (1,0,-1,0)
< | ELECL ©.1-1.0) [(1,1,-1,0) 0002

Margolus Neighborhood in Plane 0 Neighbor in Plane 2

Fig. 6. A cell and its neighborhood definition at the deformation stage

The pair < (x,y,z2,0), (x,y,z,1) > define the step (odd or even). The neighbor on the
hyperplane O is described in the figure, and its value, together with the value of all the
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neighbors in the same Margolus block, can be used to decide which transition rule
should be applied. The deformation rules can be generalized as follows (the detailed
definition of these rulesin CD++ can befoundin [7].

e Cdls gain clay from neighbors on hyperplane (x,y,z,0) if (0,0,0,2) = 0,
(0,0,0,0) is below the threshold, and at least one neighbor is above the
threshold.

e Cdls distribute clay to neighbors on Hyperplane (x,y,z,0) if (0,0,0,2) = O,
(0,0,0,0) is above threshold and at least one neighbor is under threshold.

4.2 Compression Rulesin the Cell-DEVS Mode

Similar to deformation, the compression only takes place on hyperplane 0. Hyper-
plane 2 controls when compression occurs: only when cell (X, y, z, 2) =1. During
compression the clay in the cells right under the moving plate is transferred into the
adjacent cells along the direction of pushing. The moving plate is represented by a set
of cells with values of zero sitting on the top of the object. We assume the plate
moves down along z-axis as shown in Figure 7. For each cell (x,y,z,0), if al neigh-
boring cells (-1,-1,2,0), (-1,0,2,0), (-1,1,2,0), (0,-1,2,0), (0,0,2,0), (0,1,2,0), (1,-1,2,0),
(1,0,2,0), (1,1,2,0) are zero and at least one of neighbor cells (-1,-1,1,0), (-1,0,1,0), (-
1,1,1,0), (0,-1,1,0), (0,0,1,0) , (0,1,1,0), (1,-1,1,0) , (1,0,1,0), (1,1,1,0) is greater than
zero, the cell should gain al clay in its neighbor (0,0,1,0). The neighbors of each cell
aredefined in Figure 7.

Z Neighbors in Plane 0 Neighbor in Plane 2
Pushing direction

(-1-1,2,0) [ (0.-1,2,0)| (1,-1,2,0) (0,0,0,2)
l (-1,02,0 |(00,20) | (1,0,2,0)

(11,20 |(0120)|(1120)
Y (-1-1,1,0) [ (0-1,1,0)| (1,-1,1,0)
10,10 | 0010) | (1.0,1,0)
(11,10 | 0110 | @110)

(0,0,0,0)

Fig. 7. A cell and its neighbor definition at the compression stage

X

The definition of these rulesin CD++ is as follows:

[ conpression-rul e]

%l at e nmovi ng

rule : {(0,0,0,0)+(0,0,1,0)} 100 {(0,0,0,2)=1 and

cel Il pos(3)=0 and cel |l pos(0)>0 and cel | pos(0)<9 and

cell pos(1)>0 and cell pos(1)<8 and cel |l pos(2) <10 and
((-1,-1,2,0)+(-1,0,2,0)+(-1,1,2,0)+(0,-1,2,0)+(0,0, 2,0)
+(0,1,2,0)+(1,-1,2,0)+(1,0,2,0)+(1,1,2,0))=0 and
((-1,-1,1,0)+(-1,0,1,0)+(-1,1,1,0)+(0,-1,1,0)+(0,0,1,0)
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+(0,1,1,0)+(1,-1,1,0) +(1,0,1,0)+(1,1,1,0))>0}
%tep 1: add the first rowto the second row

rule : 0 100 {(0,0,0,2) =1 and cell pos(3)=0 and

cel l pos(0)>0 and cel |l pos(0)<9 and cell pos(1)>0 and
cell pos(1)<8 and cell pos(0) < 11 and ((-1,-1,1,0)+
(-1,0,1,0)+(-1,1,1,0)+(0,-1,1,0)+(0,0,1,0)+(0,1,1,0) +
(1,-1,2,0) +(1,0,1,0)+(1,1,1,0))=0 and ((-1,-1,0,0)+
(-1,0,0,0)+(-1,1,0,0)+(0,-1,0,0)+(0,0,0,0)+(0,1,0,0) +
(1,-12,0,0) +(1,0,0,0)+(1,1,0,0))>0}

%tep2 :change the first rowto 0, the plate has noved
one step further

Fig. 8. Cell-DEV'S specification of the compression rulesin CD++.

4.3 Control Hyperplanein Cell-DEVSModel

Hyperplane 2 controls when the deformation or compression stages occur. The value
of each cell on hyperplane 2 switches between O (deformation) and 1 (compression).
We assume that the transport delay of performing a compression step is 3000 ms,
thirty times longer than the delay of a deformation. The 3D free-form object will
reach stable state within 3000 ms if deformation occurs.
The transition rule for the control hyperplaneis as follows.

e S<1if cell (0,0,0,1)=0 and cell (0,0,0,0) =0 and cell itself ison hyperplane 1

e S<0if cell (0,0,0,1)=0 and cell (0,0,0,0) =1 and cell itself is on hyperplane 1

e S& 1if cel (0,0,0,0) =0 and cell itself is on hyperplane 2

e S< 0if cell (0,0,0,0) =1 and cell itself is on hyperplane 2

The specification of these rulesin CD++ isillustrated in Figure 9 below.

rule : 1 100 {(0,0,0,1)=0 and cell pos(3)=1 and
(0,0,0,0)=0 }
rule : 0 100 {(0,0,0,1) = 0 and cell pos(3)=1 and
(0,0,0,0)=1} %l ternate Margol us nei ghborhood
rule : 1 3000 { cellpos(3)=2 and (0,0,0,0)=0 }
rule : 0 100 {cellpos(3)=2 and (0,0,0,0)=1}
%l at e nmovi ng

Fig. 9. Cell-DEV S specification of control rulesin CD++

5 Experimental Results

We executed this Cell-DEVS model, and studied the deformation process of a clay
object. We studied each cell at different time steps (compression or deformation), and
the total mass of the object was examined. We found that the total mass (represented
by cellsin hyperplane 0) was conserved for every transition.
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Some of the results obtained are presented in Figure 10. We show several steps
during the transition process, which includes the initial state, first three compression
steps and some related deformation steps. Figure (b) shows the immediate result after
the first compression step. Figures (c) and (d) show the object deformation. In Figure
(d), a stable state is reached. Figure (€) to (i) show the repartition of clay after the
second and third compression steps.
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Fig. 10. The deformation of the free-form object using Cell-DEV'S
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6 Conclusion

We have showed how to model the deformation of 3D free-form object using the
Cell-DEV S formalism. The total mass of the free-form object is conserved during the
stages of deformation. The complex behavior has been simulated using simple and
easy-to-understand transition rules. These rules are defined using the specification
language in CD++, which is itself is smple and easy to learn. A similar study has
been carried out in [1] and [2]. However, in their work, a sophisticated simulation
program was developed in order to simulate this complex behavior. The simulation
program is application-specific, which can not be applied to general cases. By apply-
ing the Cell-DEV S formalism along with the CD++ toolkit support, more generality
can be achieved. This alows us to model complex systemsin asimple fashion. Like-
wise, changing parameters for studying simple conditions is straightforward. Cell-
DEV S permits defining zones of cells with different behavior, which can be used to
analyze objects composed of different materials. Likewise, Cell-DEV S models can be
integrated with other DEV S and Cell-DEV S models, permitting defining multimodels
interacting with each other, using different modeling techniques.

One of the key aspects to simulate the deformation is to understand the character-
istics of the Margolus neighborhood. This has been studied and explored in the model
specification. The results, which have been illustrated by a visualization tool have
demonstrated the capability of Cell-DEVS modeling approach as well as the tool
utilities. The behavior of the deformation is well simulated with a simple, easy-
understood mechanism.
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Abstract. There is increasing interest in cellular automata that up-
date their cells asynchronously, i.e., at random times and independent
of each other. Research, however, has been limited to either models of
trivial phenomena, or models that require a global synchronization mech-
anism to induce nontrivial phenomena like computation. This paper em-
ploys local synchronization, a technique in which particular temporal
sequences of states are imposed locally on cells and their direct neigh-
bors, while the exact timing of state transitions is left undetermined. A
hexagonal asynchronous totalistic cellular automaton is presented that
achieves a completely asynchronous way of computation by simulating
delay-insensitive circuits, a type of asynchronous circuits that are known
for their robustness to variations in the timing of signals. We implement
three primitive operators on the cellular automaton from which any ar-
bitrary delay-insensitive circuit can be constructed, and show how to
connect the operators such that collisions of crossing signals are avoided.
The model requires six states and 55 totalistic transition rules.

1 Introduction

Cellular Automaton (CA) models have been used extensively for studying dy-
namical systems. Simulations of CAs on computers [I5] suggest that the evolu-
tion of CAs from disordered initial states can be grouped into four classes:

I.  Evolution leading to a homogeneous state,

II. Evolution leading to a set of separated simple stable or periodic structures,
III. Evolution leading to a chaotic pattern,

IV. Evolution leading to complex localized structures, sometimes long-lived.

This classification has mainly been investigated for synchronous CAs. Most dy-
namical systems have an overall behavior that appears asynchronous, suggesting
that synchronous CA models are not the optimal choice for simulating them. To
make matters worse, some of the phenomena observed in synchronous CAs are
actually artifacts of the synchronous mode of operation.

P.M.A. Sloot, B. Chopard, and A.G. Hoekstra (Eds.): ACRI 2004, LNCS 3305, pp. 91-I00, 2004.
(© Springer-Verlag Berlin Heidelberg 2004
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This motivates study into Asynchronously Cellular Automaton (ACA) mod-
els. According to [5], asynchronous updating makes it more difficult for infor-
mation to propagate through ACAs, and thus tends to prevent initial perturba-
tions from spreading. A system whose level of asynchronicity is above a certain
threshold, rather tends to converge to a randomly fluctuating steady state [3],
suggesting class-I and class-IT behavior. How can we induce class-II1I and class-1V
behavior in ACAs? Computation, generally associated with class-IV behavior,
has been studied on ACAs, but mainly by simulating a synchronous CA on an
ACA [9], after which a synchronous model, like a Turing Machine, is simulated
on the synchronous CA. This method suffers from an increased number of cell
states required for the ACA. Moreover, the ACA is de facto synchronous. ACAs
free from these shortcomings have been proposed [I7[12[13|[T4], that, rather than
relying on global synchronization mechanisms, conduct asynchronous computa-
tions directly by simulating Delay-Insensitive (DI) circuits (see also []). A DI
circuit is a type of asynchronous circuit, in which delays of signals do not affect
the correctness of circuit operation. Configurations are designed on the ACA of
cells in appropriate states that behave like signals in DI circuits and like modules
whose operations change the directions or numbers of signals. Put together in
appropriate ways, the configurations operating on signals can be used to form
DI circuits that conduct computations.

This paper proposes an ACA that conducts its computations in a purely
asynchronous way, adopting the same local synchronization method as in [1J7J12]
13I14]. Unlike previous ACAs, however, the proposed ACA assumes a hexagonal
neighborhood and totalistic updating—reason to call it Hexagonal Asynchronous
Totalistic Cellular Automaton (HATCA). The DI circuits implemented on the
ACA are based on a novel set of primitive DI elements that are especially suitable
for implementations on hexagonal cellular spaces. Consequently, our ACA is
more straightforward than the comparable ACA in [I], which is also totalistic
but based on a squared cellular space with Moore neighborhood. Though both
the ACA in this paper and the ACA in [1] require 6 states, our ACA requires
less transitions rules (55 against 85). It is also less restricted in its asynchronous
updating scheme, in the sense that, unlike in [T], two neighboring cells are allowed
to undergo transitions simultaneously. In a totalistic CA like the proposed ACA,
the total numbers of cells in certain states in a cell’s neighborhood determine the
transitions the cell can undergo. A well-known totalistic synchronous CA is the
Game of Life [2], which exhibits behavior that is in class-IV. Our results may
lead to more realistic CA-based models of physical phenomena and to massively
parallel computation models with improved physical realizability.

Section P introduces DI circuits. We describe three primitive modules by
which any arbitrary DI circuit can be constructed. In Section [3, we define
HATCA, and in Section [4], we implement DI circuits on HATCA and describe
the transition rules required for this. We show how to implement the signal and
the primitive modules on HATCA, and how to connect them in circuits without
collisions of crossing signals. We finish with concluding remarks.



Universality of Hexagonal Asynchronous Totalistic Cellular Automata 93

2 Delay-Insensitive Circuits

A DI circuit is an asynchronous circuit whose operation is robust to arbitrary
signal delays. A DI-circuit needs no central clock since it is driven by input
signals; it may thus be called an event-driven circuit. The circuit is composed
of paths (wires) and modules. Signals are transmitted along the paths and are
processed by the modules.

Any arbitrary Boolean circuit in a synchronous system can be constructed
from a fixed set of primitive operators, for example from AND-gates and NOT-
gates. Such a set is called universal. Likewise, there are universal sets of prim-
itives for DI-circuits, for example [6IT1I]]. We use a universal set of primitives
that is particularly suited for hexagonal cellular automata. It consists of the
following three modules:

— FORK: A module (Fig.(a)) that, upon receiving an input signal from its
input path A, produces one output signal in each of its output paths B and
C.

— MERGE: A module (Fig. [(b)) that redirects an input signal from either
input path A or B to output path C.

— Arbitrating TRIA (A-TRIA): A module (Fig. [c)) with three input
paths (A, B, and C) and three output paths (P, Q, and R), which has two
functionalities. In the first functionality, it acts like a TRIA module [11]:
when it receives one signal from A (B) [C] and one signal from B (C) [A],
it sends an output signal to P (Q) [R]. The second functionality is similar,
except that the A-TRIA allows arbitration when the input paths A, B, and
C receive signals at the same time. The A-TRIA then arbitrarily selects two
input signals and operates on them as if it were a normal TRIA, while leaving
the third input signal pending, i.e. holding it as is.

This set of modules is universal, that is, any arbitrary DI circuit can be
constructed from them. As an example, a module called a SEQUENCER, is
constructed from three FORK, two MERGE and three A-TRIA modules, as
shown in Fig.[2. A SEQUENCER arbitrates between two input signals, one on
a; and one on b;, letting one of them pass whenever there is an input signal
from a third path c. If the signal from a; (resp. b;) passes, an output signal is
produced on a, (resp. b,).

3 Hexagonal Asynchronous Totalistic Cellular Automata

A CA consists of identical finite automata arranged as cells in a regular d(d > 1)-
dimensional array, such that they are mutually connected to their neighbors [10]
2[7]. Each cell is in a state from a finite state set. The states in this paper,
0, 1, 2, 3, 4, and 5, are denoted by the symbols in Fig. [3l A cell with state
0, called quiescent cell, is commonly used for background. The state of a cell
at time ¢t changes to a state at time ¢ + 1 in accordance with a local function
f, which has the cell’s state and the neighboring cells’ states as inputs. In a



94 S. Adachi, F. Peper, and J. Lee

C
B C A l B

(a) (b)
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Fig. 1. Primitive modules: (a) FORK, (b) Fig.2. A SEQUENCER module

MERGE, and (c) A-TRIA constructed from three FORKs, two
MERGEs and three A-TRIAs. The two
blobs (small filled circles) on the paths
denote pending signals

0 1 2 3 4 5

O 00X

state

symbol

Fig. 3. The symbols by which the cell Fig. 4. Update of a cell by a transition
states are encoded

conventional CA, all cells undergo transitions at the same time; in other words,
the CA is synchronous. Consequently, the global states are uniquely determined
at all times by the local function f.

If cell transitions occur randomly and not necessarily at the same time, the
resulting model is an asynchronous CA. In this paper, we use an asynchronous
CA which includes synchronous updating, that is, neighboring cells may undergo
transitions at the same time, but not necessarily so. This is a general case of an
asynchronously updating scheme [9I[7], and it is called completely asynchronous.
In an asynchronous CA, the global states are not uniquely determined at all
times by the local function f, because of the randomness by which transitions
are timed.

The model used is a 2-dimensional hexagonal asynchronous totalistic CA,
that is, a hexagonal CA in which transitions are timed completely asyn-
chronously according to totalistic transition rules. The transition function is
a function of a cell’s state and of the numbers of neighboring cells in certain
states:

co = f(co, {nx}) (1)
i = [{cilei = kY, (2)
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where, ¢y and ¢; are the states of cells located at 0 and i (i = 1,2,...,6) before
the update, and ¢, is the state of cell 0 after the update (see Fig.Hl). The variable
ng denotes the number of cells in state k (k = 0,1,2,..., N — 1), where N is
the number of possible states. In a completely asynchronous updating scheme, a
transition takes place in a certain cell with a certain probability p, but only so if
the local function is defined for the particular combination of a cell’s state and
its neighboring cells’ states. If the local function is undefined, no transition takes
place, even if the cell is selected by the scheme. In other words, the updating
scheme is as follows:

1. for all 4, j:

2. select the cell at position (i, j)

3 determine random number g € [0, 1]
4. if ¢ < pand f(c;j, {nk}) is defined:
5 do transition c}; = f(cij, {nx})
6. for all i, j: replace ¢;; by ¢};

4 Implementing Delay-Insensitive Circuits

4.1 Signals

A signal consists of a configuration of cells in certain states that moves in a
certain direction over time. We call a continuous area of cells along which a
signal propagates a path. The propagation of a signal requires rules 1 to 8 in
Table Mand is illustrated in Fig. Bl The signal in Fig.[Hl(a), composed of the four
cells in states 1 and 2, propagates along a path in the eastern direction, using
state 3 in the process. In front of the signal configuration, there is a cell in state
0 that has five neighbors in state 0 and one neighbor in state 2. The only rule
matching to this situation is rule 1, and applying this rule to the cell changes
its state from 0 to 3, yielding configuration (b). After this, configuration (b) is
transformed to one of the configurations in (c¢) by rule 2, and this is followed by
the intermediate configuration in (d) due to rule 3. Subsequently, configuration
(d) is transformed to (k) via (e)-(f)-(g) or (h)-(i)-(j). A configuration in (e) may
also evolve into a configuration in (i), but we leave the arrows out in Fig. [l for
simplicity; similarly (f) may evolve into (j).

Due to the asynchronicity of the model, the order in which the cells in Fig.
undergo transitions may vary, and even subsequences of transitions different
from those in Fig. Bl may occur. The standard form of the signal in Fig. Bl(a),
however, will always reoccur. Finally, the transition rules are designed such that
successive signals moving along the same path always remain separated by at
least one quiescent cell.

4.2 Primitives

To implement the three primitive modules {FORK,MERGE,A-TRIA} in Sec-
tion 2l on HATCA, we use six states, of which states 4 and 5 are specifically for
the modules.
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Fig. 5. Development of a signal on HATCA. A number above an arrow denotes the
applied rule. Signal configuration (a) is transformed to (b) by rule 1 in Table [T} con-
figuration (b) is transformed in one of the configurations in (c) by rule 2; and that
configuration is transformed to (d) by rule 3. The intermediate pattern (d) is trans-

formed to (k) via (e)-(f)-(g), (¢)-(1)-(3), (e)-(£)-(j), or (h)-()-()

Table 1. Transition rules for propagation of a signal (No. 1-8), for FORK module (No.
9-22), for MERGE module (No. 23-33), and for A-TRIA module (No. 34-55)

No.|lco| mx |cp|[|[No.|lco| nr [c5|||No.|lco| mx |cp|[|[No.|co| nr |ch

1 {{0 (501000} 3 ||| 15 || 3 {310020{ 2 ||| 29 {| 33100110 ||| 43 || 3 [310002| 4
2 (/01311100 11|| 16 |{{0[301110{1 ||| 30 || 1{210021|0 ||| 44 {| 1|300012| 2
3 (/2]050100| 1 || 17 {{2(030120{1 ||| 31 || 1{310011| 0| 45 || 4|301002|5
4 |1 3(330000(2 ||| 18 || 1]120030|0 ||| 32 || 14100010 ||| 46 || 0 (112101|1
5 (/11330000|01|| 19 || 1{130020{0 ||| 33 || 1{500010{0 ||| 47 {| 5|212001| 3
6 (| 11420000 01|| 20 || 1 {310020{0 ||| 34 || 0 {401001|5 ||| 48 || 3]1131001| 1
7 (/11510000 0|| 21 || 1{320010{0 ||| 35 || 5[401001|0|{| 49 || 0]221100| 1
8 [/ 11600000|01|| 22 || 14100100 ||| 36 || 5|{400002| 3 ||| 50 || 3]041001| 1
9 (/0]301020(3 || 23 || 0(301011|3 ||| 37 || 3|300003|5 ||| 51 || 2|040101| 1
10 ({0 (211110[1 || 24 || 0|211101| 1} 38 || 3|500001|5 ||| 52 || 1 {310002| 0
11 || 3(130020(2 ||| 25 || 31300112 ||| 39 || 3|600000|5 ||| 53 || 1{320001| 0
12 ]/ 0 (2010302 ||| 26 || 0{201021| 2 ||| 40 || 0|300102| 1 ||| 54 || 1 {400002| 0
13{{2(031020] 1 ||| 27 || 2{031011| 1 ||| 41 || 3|030003|5 ||| 55 || 1 [500001| 0
14 {{2(010230] 1 ||| 28 || 2{010221| 1 ||| 42 || 1 |300003|0

The FORK is composed of three cells in state 4. Upon being presented by an
input signal, the FORK typically operates like in Figs. bl (a)-(1). The transition
rules required for the FORK are 9 to 22, listed in Table [
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Fig. 7. Configuration and operation of MERGE module

The MERGE is composed of two cells in state 4 and one cell in state 5. Upon
being presented by an input signal, the MERGE typically operates like in Figs.[7
(a)-(1). The transition rules for the MERGE are 23 to 33, listed in Table [l

The A-TRIA is composed of one cell in state 5. Its TRIA functionality is
illustrated in Fig. Bt upon being presented by two input signals, these signals
are joined such as to produce one output signal. The arbitration functionality
of the A-TRIA is illustrated in Fig. @ upon being presented by three input
signals, two of the signals—chosen arbitrarily due to the asynchronous mode of
updating—are joined to produce one output signal, while the third input signal
is kept pending. The transition rules required for the A-TRIA are 34 to 55, listed
in Table [I]

4.3 Crossing Signals

Realizing a particular DI circuit is a matter of connecting the primitives to each
other by paths in an appropriate way and laying them out on the CA. Special
care is required for paths that cross each other, since the CA lacks a third
dimension to cross signals. If crossing signals collide, they need to resolve which
of them may pass first. Though most circuits can be designed such that crossings
are collision-free, in some circuits it is hard to guarantee this. It is possible to
add rules for crossing signals, but there is a more elegant way based on a module
specialized in crossings [Tf7ZT2I13] that is similar to a SEQUENCER.
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Fig. 8. Configuration and operation of A-TRIA module when being presented by two
input signals. The signals are joined, resulting in one output signal

Fig. 9. Configuration and operation of A-TRIA module when being presented by three
input signals. Two of the signals are arbitrarily selected, and joined, while the third
signal is kept pending. The evolutions into the three possible outcomes are shown fully
in (¢)—(p) and briefly in (c¢)—(q) and (c¢)—(r)

The module is realized using only our primitives and collision-free path cross-
ings. The implementation of the crossing on HATCA is shown in Fig.[T0. A signal
arriving at a; (resp. b;) gives rise to an output signal at a, (resp. b,). In case
signals arrive at a, and b, simultaneously, only one is allowed through by the
A-TRIA just left of the center. To this end, the A-TRIA tries to join one of
these signals with the control signal, input at its right side. If this fails, i.e., if
the A-TRIA rather joins a, with b,, a feedback signal is generated that gives
rise to a new a, and b,. This procedure is repeated until one of a, and b, gets
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Fig. 10. Implementation of a delay-insensitive crossing module on HATCA. The arrows
show a typical example of a signal passing through the crossing from a; to a,

through. The crossing module can be used under all circumstances: the order by
which the signals arrive at its inputs is irrelevant for its correct functioning.

5 Concluding Remarks

To compute in a purely asynchronous way on an asynchronous hexagonal cel-
lular automaton, we have embedded DI circuits on it. As we can construct any
particular DI circuit by connecting the primitives proposed in this paper in ap-
propriate ways, a universal Turing Machine can be build [§]. Other examples on
how to build simple circuits on ACAs are given in [17]12/13]. A discussion on
the implementation of DI circuit-based program structures, such as for-loops,
etc., on ACAs can be found in [12]. Since computation is within the reach of the
proposed ACA model, it may be considered as belonging to class-IV if Wolfram’s
classification is extended to asynchronous systems.

In the approach followed in this paper and in [II7/12[13[14], synchronization
is done locally, as opposed to the traditional approach of simulating a globally
synchronized CA on an ACA. A cell will only undergo a transition if there is a
transition rule that matches the state of the cell and the states of its neighbors.
If there is no such match, the transition cannot be accomplished, and the cell
will wait until one or more of its neighbors change states such that a match
ensues. As this mode of operation is often found in nature, where for example
chemical reactions only occur when the right molecules are available in the right
positions at the right moments, this approach may lead to improved ways to
simulate physical systems by ACAs.
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