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Abstract. Colonies of sessile orgamsms such as corals recruit, grow, and compste 1o patches of space. While a study of
sessile bryozoans on a coral reef revealed local rules of recruitment, growth and imeraction, the implications of these local
tules for a global system of competing species could not be determined.  We therefore simulated colomies using
percolation awtomara, represented by hexagonal cells that grow and iateract on a flar plave.  Percolation awtomatz can be
viewsd as the opposite of diffusion limited aggregation automaia. The recruitment heuristic allows colonies to search for
good positions o begin growsh. Recruitment, growih and interaction rules differ between species.  All interactions ocour
at edges: coloples grow Into empty space, over another colomy, or stop at 2 commoen boundary,  Zoocids of a colony
cooperate in defence, so that smaller colonies are usually overgrown. Thus size determives the relative “finess” of
stmulated colonies. Colonies of the same species may compete, Stop at & common boundary {cooperation), or fuse,
form a colonmy with a combined level of “fitness’. The invasion percolation rules led to many emergent properties. At the
levels of single colonies and communities of neighbouring colonies, emergent properties mimicked ohservadons of real
colonies. At the global fevel, we have found thus far that cooperation is often counterproductive, mapid recruiement of a
species offsets slower growth, and larval searching is effective when recruitment s high.  Astention has focussed on
noo-trivial replicating systems in cellular automata, while the uses of trivial systems of replivation have been almost
ignored. SESSIM demonstrates thar trivial replicating systems for modelling growth processes deserve more invesrigation,
Our invasion percolatdon automata could model many space limited organisms, such as trees, grasses, moulds, and
lichens.

EXTRA KEYWORDS: Competition for space. Emergence, Finite State Machines, Growth Rules, Systolic Arsays.

and Buss (1984), who iovestigaed the commauniy
consequences of fixed competitive relationships,

1. INTRODUCTION

There have been many studies of non-trivial replicating

systems in celtular automata (Toffoli and Margolus 1987
p.6}, (Poundstone 1987}, while the use of trivial systems
of replication in automata have been almost ignored. In
this paper we use a trivial replicating system to model
growth rules in sessile animals or plamts. We suggest
that trivial replicating systems deserve more investigation
a5 a modelling tool for systems  with  complex
interactions.  Even simple systems of replication display
emergent propesties that appear to be worthy of study.

The type of invasion percolation automata (Chandler er
el 1982) we have developed could be used to model
imeractions between grasses and other spreading plants,
mouids, lichens, or marine ammals such as corals,
bryozoans, and ascidians; or any other organisms tha:
become attached, grow, and engage in essentally two-
dimensional competition for space.  The simulated
organisms show demarcation zones (Medvinsky «f al
1993), and wke over effects at colony edges. They can
he viewed as the opposiee of Cdiffusion  limited
aggregation  automata’  (Toffoli and Margolus 1987
pp. 167-168).

1.1 The Real World

SESSIM was designed more specifically to simulate
competition  between  populations  of  sessile  marine
organmisms, in which species use different strategies (o
gain space.  Our simuladon thus differs fundamentally
from those of Karlson and Jackson (1981) and Karlson
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Colonies of sessile animals settle and become established
(recruitment) on a hard surface such as a rock or a pler
pylon, then grow and so limit the space available for the
recruitment of other colonies (Day and Osman 1981,
Harris 1990). The colonies eventually meet and interact.
They may aggressively take over the space of neighbours
or, when the neighbouring colony is of the same species,
they often cease growing at the mutual border. or fuse
{Day 1977, Ryland 1977, Buss 1986).

Recruitment for many sessile marine organisms involves
a search for suitable sites where the farva can sertle and
begin growing, without, for example, the danger of a
nearby established colony growing over it {Grosbery
1981}, Growth is often a process of roughly circular
expansion pver the surface (Jackson 1979). Reproduction
occurs {0 form larvae that can settle at new sites, and the
mumber of larvae produced will depend on the size of the
colony (Jackson and Werthelmer 19853, These processes
all  involve zooids (or parts) of sessile  colonies
cooperating with each other in food gathering, defence,
growih and reproduction (Marris 1990), and this led w0
the use of invasion percolation autommta  for the
simulation.

Bryozoan colonies for example, feed by fiitering the
water flowing over the colony. Their zooids cooperate w©
dirsct the flow of water over the colony, providing each
other with food and directing filtered water and excreta
towards neighbouring eunemy colonies. This would fimit
the enemy’s food gathering poiestial {Buss 1979). The



degree of control of water flow Appears to be directly
related to the size of a colony {Harris 1990). so that the
relative fitness of colonies of marine sessile organisms in
interactions with neighbours is often related to colony
area, although colonies of some species can grow Over
larger ueighbours (Day 1977, 1985, Buss 198G, Russ
1082), To simulate this process we use a “fitness engineg’
based oo the number of cells (riles) in a simelazed calony.

1.2 Invasion Percolation Automata

lnvasion percolation automata are formed by a space
filling growth rule, and grow [0 0CCupy aeighbouring
space by copying themselves from tile to tile in & matrix
of dles, by means of a wivial replicating system
(Chandler et al. 1982). A wmivial replicating sysiem is
like & biscult cutter in that it continually staps out
piscuits. without knowledge of the processes involved in
the making of the stamp or the samping.  Whai s
interesting is the biscuits and their inwractions.

Cur invasion percolfation automata continually atlempt ©
place copies of themselves at the edees of already
owned tiles, subject to a program that interprets rules of
interaction between different colomies. They grow and
behave in an efferent way.  The colonies compete for
space on the plane with colonies of ether species, and this
process depends on characeeristics of the colonies that
iateract, rather than a set of global rules for the entire
macrix {Poundstone 1987, Waldrop 1992 p-17).

In cellular automata, the state of a tile changes because of
the states of neighbouring sets of tiles (nucleation},
whether the tile is occupied or unoccupied {Toffoli and
Margolus 1987, Poundstone 19375 In contrast, changes
in staes are propagated to neighbouring diles in our
systemn only by occupicd acrivated tiles, using rules
specific to that species.  This corresponds to the
colonisation of space by teal organisms such as corals or
bryozoans, which have a growing edge that expands over
empty space or interacts with neighbours.

in this way we can model competition berween
populations of colonigs belonging to different species,
where each species uses a different akeover strategy.
The strategy and attributes of each species are kept in a
ook up mble (LUT) which the system interprets to
determine which of two neighbouring colonies will
oceupy an d(ijau,nt tile. Thus the outcome of competition
betweent species is based on the TUT of each species.

Because each automaton (ile of a simulated colony) has
species  specific rules of propagation 1o its  local
neighbouring tiles, the interacting strategies of species
may cascade and effect 2 suppression or enhancement of
the rules applving to a particular automato. This results
in emergent behaviour on a local basis {a neighbouring
set of tiles), community basis (interacting neighbour
cotonies) and giobal basis {afl colonies on the surface}.
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Thus, upique dynamical structures smerge via the
interactions,

2. SYSTEM CONSIDERATIONS
2.1 The Geometry

We have choser bryozoans, such as Flustrellida fuispida
{Harris 1990, p. 160), as the simplest organisms to
model, in terms of the packing of cells (tiles;. To
simuiate the hexagonal tile like growth of the colony we
must define a local neighbourhood geomewry that fits the
growth patters required (Simon 1992). An hexagonal
ne;ghbourhood allows for the tightest packing of tiles,
and allows a simulation of approximately circular
colonies made up of small zooids. These hexagons act as
a systolic network called a beehive (Harel 1992, pp. 274-
277), with the colony propagating from tile space o tile
Space.

The growth of colonies accurs by means of rings of tiles
being added fo the owside of a colony, & tile width ar a
time (Penrose 1994, p. 69). To produce different growth
gates in different species, [1 to Nj rings are added to the
growing edge of a colony at each tick of the clock.

2.2 Paraliel Processing

Real  colonial  orgapisms grow  simulianeousty  and
continuously in competition with other colonies. Time s
not a set of discrete intervals, I ouwr simulation tme
moves in discrete “ticks’ of the clock, and this allows us
to introduce a form of pseudo - parallelism into the
systen, to make the model comparatively fair to all
colonies in allocating process ame in which to grow and
compete,  Qur system is asymunetrically parallel  as
opposed to symmerrically parallel, as this reduced mutual
exclusion problems in programming. The algorithm in
Figure 1 displays the main loop of the simulation process.
showing how pseudo - paralislism is induced.

for TICK=1 to TIME
UNCHECK COLONIES

for PARALELEL=1 o UNCHECKED
SELECT WEAKEST FIRST
CHECK WEAKEST OFF

for GROWTH=1 10 GROWTHRATE

GROW CHOSEN COLONY
next GROWTH

next TICK
next TICK

k4 Direction of processing

Figure 1: The algorithm producing asymmetric
parallelism. The pseudo code calculates the growth
priority of colonies, choosing the weakest to grow first.



The priority rule: WEAKEST GROWS FIRST was used
to produce the pseudo - parallelism, so that the growth of
all the colonies in the universe is ordered at each tick of
the clock. We could have chosen the rule: FITTEST
GROWS FIRST, as our system is not symmetric.  When
colonies are egually fir the program selects one to grow
first,  This set of rules allows us to step around the
mutual exclusion problem that s inherem in parallel
methodologies (Harel 1992 pp. 283-294) by ignoring it
until one colony is fitter than the other, The siwation of
two gqualiy fit colonies does not occur often or for long,
hecause differing growth rates and priority w grow affect
hiness.

Nore that the rule chosen attempts to even out fimess
ratings betwzen colonies at each tick of the clock, so that
the weakest colonies are given the best opportunity
possible w0 grow and compete: the earlier growth of weak
colonies increases their refative fimess in interactions.
The growth pricrity rule acts as an interactive governor
berween many colouies of differing fitness and directhy
atfects  keystone events in colony imeractions {which
derermine their future interactions), and also the tming of
such evenss, as they may be delayed by the governing
process. The keystone events tend to ocour earlier when
the reverse growth rule is used.

3. THE SIMULATION

The simulation consists of three sub processes.

L. Recniitment of colenies onto the surface.

2.The fimess engine, which simulates the interactions
berween colonies at their edges.

3.Reproduction, which determines the number of larvaz
produced by each species.

3.1. Recruitment

Colonies arrive on a single tile oo a finlte surface, and
start’ growing, so that the surface area available for future
recruitment i reduced by the area  occupied by
gstablished colonies.  This reduction in available space
affects not ondy the rate at which new recruits become
established, but also which species ean recruit, ag species
have different recruitment strategies, Recruitment is
governed by a placement strategy aigorithm, where each
arriving larva will search the surface in ever dghiening
random walks, until it decides the area chosen is clear of
other colonies and future growth can occur. This mimics
the larval searching described by Crisp (1974).

The search areas are scaled for each species, so that
some species hunt around more, some less, and some do
not hune ac all, and siply recruit on any blank surface
arca.  This effects the frequency of recruitment and time
of arrival and spacing of colonies, which again dircedy
affects future recruitment. Spacing between colondes and
recruits i important o the outcome, as are other
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characteristics of species, such as recruiiment rate and
growih rate.  This 1s ilustrated in the example below.

Consider a species that recruits vapidly, with smali
recrultment search areas and a fast growth rate.  This
feads w "huffering’ between the many, closely spaced
sibling colonies as they stop growing ar their mutual
borders, which reduces the fitness of each colony. This
will make it easy for s slow recruiting, slow growing
species with a large recruitment search area to take over
space from the small sibling colonies, providing one or
more colonies recruits early, while sufficlent open space
is available for some growth. The usual resuls is that this
second species overwhelms all the fast-growing but less
fit "buffered’ colonies, This is an example of a keystone
process that emerges from simple roles, and is counter-
intuitive: rapidly recruiting and fast-growing species were
expected (o dominate the space available.

3.2. Growth and Fitness

As cach activated tile atfempts o propagate, the program
runs through a decision wree that decides whether a
neighbouring tile is corupied by another colony, and if 5o
which species occupies it and what 1o do about it {Figure
23, All growth effects will be generated by this rule set.

| NEIGHROUR TILE I5:

O

| OCCUPED| jumoccupigoi ﬁﬁﬁﬁﬁ e GROWTH

i SalE SPECIES

ENEMY SPECIES [

FIT UNF I — GRS

Figure 2: Decision chant for the fitness engine

It the neighbouring tile is occupied by a different species,
the outcome is hased on a fimess decision process. The
fitness of a colony is usually defined by how many tiles a
colony has at the last tick of the ¢lock, The rule is: TF
FITTER THAN A FOREIGN COLONY THEN
INVADE, This drives the system 1o keystone effects.
The result of the rule is that colonies damp each other’s
growth by invading foreign colonies and buffering the
growth of conspecific colonies (Harrig 1990).

Although  fitness  introduces a  colony  constraint o
individual tile replication, it is easier to envision the
fitness engine as a finite state automaton, where fitness is
a boolean state (STATE = (FIT, UNFIT})). When an
activated tile at the edge of a growing colony attempts to



propagate  to neighbouring sites, the decision tree
determines whether propagation is successful, for each
tile (vector) surrounding the activated tile in the chosen
geometry,  Fitness of the growing colony is decided
before any growth occurs, (o maintain parallelism.

In this way each tile attempes to occupy the tiles around
itself and as @ resukt of this local process, each colomy
will grow into a ring of tiles around itself, except where
damped by other colonies. The changed number of tiles
in the colony changes its fumess at the next tick of the
clock.

3.3 Reproduction

A celony reaches maturity when it is large enough
(occupies enough tiles) to sart producing larvae. This is
a species specific characteristic and is governed by the
fitness engine.  From this point on it spawns at specified
intervals and the numbers of larvae produced depend on
the species and size of the colony.  As colonies inferact a
colony may become less fit and start producing less
larvae, of even stop reproducing.  In this way colonies
may have limited reproduction governed by the space it
holds over time, and the characteristics of the species.
We can messure the success of the strategy of each
species in terms of it capacity to reproduce iwself, by
calculating the total number of larvae produced during a
simulation run, and this can be used to set a recrubiment
rate for the species in another simulaton.

4, BEHAVIOUR OF SEBSIM

As well as behaviours specified in the design, SESSIM
displays many bebaviours that were not predicted. In the
following descriptions the changes in a two dimeusional
matrix of hexagons over time are described by one
dimensionat slices, because as two dimensional colonies
expand, at crucial polnts in time when they meet the
action in space is essentially one dimensional.

4.1 Predicted Behaviours

The Hmess engine was designed w produce the following
hehaviours:

(A-->} Unfettered growth, a colony expands into empty
space ou the plane,

(A-->B) A takes over B when A is fitter because it
recruited earfier or grows faster or both. This is called
invasion’. Invasion invelves redefining the edges of a
colony, which creaies a shortest pathway graph problem
{see Sedgewick 1988).

{Al-> <--AZ): Al and A2 are similar species apd so
stop growing at the muwal border. This is called
"huffering’.
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({A—>B. (A<--B)): A invades B initially because it
recruited first and is therefore larger when they meet, but
B is growing faster and therefore eventually invades A.
This is called ‘reflux’.

4.2 Unpredicted Behaviours

Unpredicied interactions that emerged from the basic
specifications iaclude:

((Al--> <--A2)... <--B): Because Al and A2 buffer
each other, B can imvade Al or A2 even if it grows more
slowly, Reflux occurs such thar Al, AZ or both
eventually win, except in very small environments, where
B wins.

({Al--> < —A2e> <--A3-- <Al > <AL <--B
3 In this interaction many colonies of species A recruis,
with only a small search before settiing, and grow,
buffering each others fitmess. This allows a B colony
which searches a larger area before settling to invade the
A’s, even if it grows more slowly, as it is not buffered
by siblings and can therefore grow larger (greater
finess). This is a more complex version of the previous
interaction where B wins.

"Heating® and “shadows’: When reflux occurs at the
corners of expanding hexagonal colopies, the scars of the
earlier invasion remain as shadows during further growth.
if reflux cccurs along a flat edge, the damage is “healed’
because each hexagonal dle along a flat edge has more
neighbours of the same colony, so that more activaied
tiles are available to occupy the tile space. While this is
an artefacs of the hexagonal shape of simulated colonies,
it has its counterpart in a real system., as Palumbi and
Jackson (1983) describe slower regeneration after damage
of zooids behind the growing edge of bryozoan colonies.

‘Calving’: a colony may be split into two or more
fragment colonies by the azctions of other colomies
growing together. Suppose there are two colomnies Al
and AZ (the same species), growing some distance apart.
Ther colony B, which grows at a fasier rate. arrives
between Al and A2, (Al-->B<--AZ} occurs because
the A colonies are larger. B may not be able to caich up
to the size of Al or A2 because of invasion by the A
colonies, and is split into two colonies when Al and A2
meet and buffer each other. The result s
(Al->Ba<--A2) and (Al-->Bb<--AZ),

“Injection’: this is one of the more startling results of
running multiple simulations of SESSIM. Imagine colony
Al recruits and starts to grow and later colony B recruits
some distance away. Species A grows faster than B,
Later another colony of species A (AZ) recruits between
the A1 and B colonies, close 10 Al. As A2 buffers the
growth of Al and B is larger (fitter) than A2, B invades
A2 until it meets Al, which is larger than B. Al then
injects itself into B, and A2 is calved into two separate
colonies (AZa and AZb). Note that once A2 is calved the



calved portions are protected from Bl as Al injects lwgelf
into Bl but butfers A2a and A2b.

4.3 Summary

A simiple fimess rule set governing local, community and
global  behaviowr leads 1o imeressing and  complex
outcomes. By specifying species with different rule sets,
we can explore the strategies that species may use o
compste for space. For example the simulations show
that increased growth rate 15 far more effective in gaining
space than increased recruitment, Changing the rule sets
at the local and colony level leads to changes in
behaviours at all levels. The rule sets capture the
characteristics that Silander and Pacala (1990) suggest are
pseful  in modelling  competiion  berween  plant
populations, and should be applicable © most sessile
organisms.  The paralielism could be made © be a more
gramalar process, and our geometry of neighbourhoods
could be changed o build differing neighbourhoods.

As all the changes fake place at colony edges, by adding
or subtracting tiles, the system ooly needs o keep track
of edge tles, minimising computation in the tessellation,
andd the memory and parallelism problems that result
from: expanding colonies of tiles.

5. PROBLEMS AND LIMITATIONS

Most problems and lmitations of the system rtelate to
time and memory availability, As the program attempts
to solve an (NP-incomplete) system of interactions, it
runs inte barriers of processor speed and memory size as
colonies expand.  So we can only model a sabset of the
possible communities on a sorface.  Other examples
include the calving and parallelisin problems discussed
below, These problens limit the time, speed and size of
the simulation.  The problems that need tw be faced
bighlight the fact that dhe biscuit cutter attitude does not
solve all intgractive problems at the grainy level, although
it makes programuming the growth of automata simpler,

4.1 The Calying Problem

Our initial algorithms considered the two calved parts of
a colony A, say Aa and Ab, to be one colony. In order
to make the fitness engine trear these calved colonies as
separate, we needed an algorichm w0 carry out calving and
assign a fitness to each calf.  For example, if colony B
were to invade Aa, the combined fitness of the two calves
Az and Ab would distort the (B / Aa} imteraction,
Furthermore the pseudo-paralielism rule wounld choose the
smalier of two colonies to grow first irrespective of any
calving. The case of calves of the same colony re-joining
imto one colony so that they would not have separate
fitness values would thea also require a new algorithn.

These problems were solved by buliding a @il recursion
algorithm  to calculare  any  calves connected 1o an
activated tile attempting o replicate, and then the tail
recursion was designed out of the algorithm (Sedgewick
1888}, so as to make it memory efficient and faster than
the recursive algorithm,

The calving algorithm works out the fitness for a calved
sub colony, and checks whether the neighbouring colony
is a calf or not, but the growth priority no longer depends
on the size of the neighbouring colony. The growth
priority decision is made at the gross level where both
tteracting colonies are considered on thelr whole fimess.
So our asymmetrical parallelism will choose the weakest
colony o grow first no matter how many calves it has
broken into.  That is, paralielism is not scaled 1o all
actions of growth.

5.2 Parallelism

The parallelism problem is a very real threat to the
model, because i real Hfe sitsations there iy no such
thing as parallelism.  Colonies arrive, feed, grow, breed,
compete and die at thelr own rates.  This is because tine
flows independently in recruitment rates, fecundity, food
availability., metabolism  and  other variables, even
between siblings when viewed at the fine grain level,

Beeause time 1s not discrete deks of a global clock the
simulation does not reflect real Bife but is & version of it
focussed on a few variables atr the modellers pleasure.
Parailelisin is really a point of view that allows the
mcdleller o add order to the system. so as t0 make seuse
of it. In this case, we have atempted 0 introduce a fair
allocation of prionty between colonies.

5.3 Fioess

Fitness is determined by the number of tiles in a colony,
and even in the case of gpecies where the ouicome of
interactions between colonies does not depend on fitness.
the growth priority is sdll determined by fitness.

5.4 Boundary Effects

Because the simulated surface is a finite size, when a
colony grows to the edge it sumply stops growing.,  This
can iead to buffering problems, which will ripple through
the systetn to affect colonies away from the edge, via
colony interactions. However, boundaries are common in
veal life systems, such as pier pylons or small rocks
colonised by marine sessile animals.  [n fact natural
communities of sessile organisms are almost always
patchy (Connell and Keough 1983); organisms colouise
and compete in bounded areas.  If an unbounded
environnent is needed, the only way w0 solve the ripple
problem is to recruit only o a small inver seement of the
envirenment and halt the simufation when the first colony
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reaches the edge. This limits the size of the enviromment
and the time the simulation runs (Simon 1992).

The use of & doughnut enviromment is only a partial
solution. Fven though there are then no edges, effects
would ripple through the system when the opposite edges
of colonies meet, but there would be more time before
the simulation must hale to prevent rippling. Note that
this is a realistic model for a pier pylon if only two edges
are connected, to form a cylinder.

3.5 Spawning

In reaf life some colonies would only produce larvae
from a central area of the colony (Jackson and
Wertheimer 1985). In other systems, such as reef corals,
colonies may all spawn synchronously, or colonies may
allocate all their respurces into spawning before they die.
These cases are not modelled by SESSIM.
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