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Abstract

Simple modi�cations are intro duced to the evolvable self-reproducing
CA (Evoloop) implemented by Sayama [4] with the aim of mimicking a
predator-prey model. A new state to represent the predator (disease)and
a corresponding rule set are added to the CA, aswell asa memory layer to
track predator lifetime. Behaviour of the modi�ed system is investigated
and compared for di�eren t choices of the disease lifetime. Results on
large grid sizesdemonstrate large-scalebehaviour absent from the original
Evoloop system: population 
uctuations sometimesleading to extinction,
migration of sub-colonies,diversity of speciesand competition.

1 In tro duction

The history of self-reproducing cellular automata begins with John von Neu-
mann's research in the �eld of complexself-reproducing machines. He conceived
a self-reproducing automaton capableof computational and constructional uni-
versality. Von Neumann's automaton used tens of thousands of 29-state cells
and a 5-cell neighbourhood, making the simulation of the automaton virtually
impossible.[1] Codd reduced the number of cell states and overall complexity
of von Neumann's automaton, but still the automaton was too complex for
simulation.

Figure 1: Langton's SR Loop

In 1984, Langton intro duced a new automaton, basedon Codd's work [1].
It used8-state cells and a 5-cell neighbourhood. The SR loop is a squareloop
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where the data necessaryfor construction of a duplicate is inside the loop.
Duplication is achieved by extending an arm, which is forced to turn 90 degrees
to the left at regular intervals. When the new loop is closed,the arm retracts.
If an area in which the loop tries to reproduce is already occupied, the loop
cannot reproduce and the signals inside the loop are lost, leaving a tube �lled
with core states. This is known as death as functional failure. The SDSR (Self-
Dissolvable Self-Reproducing) loops intro ducedby Hiroki Sayama in 1998build
on Langton's SR loops and intro duce death as structural dissolution by adding
a dissolving state 8.[4]

Figure 2: Langton's SR Loop and Sayama's SDSR Loop (977 iterations)

2 Evoloops

We begin by reviewing the states and transition rules which make up Sayama's
improved self-reproducing CA, entitled Evoloop and basedon the SR and SDSR
loops.

Figure 3: Sayama's Evoloops

As with SDSR, Evoloops implements [6] a deterministic 9-state 5-neighbour
space. The dissolving state 8 is carried over from SDSR, allowing long-term
survival in the periodic domain by enabling structural dissolution. To promote
evolution in loop species,substantial modi�cations to the original state transi-
tion rules are also carried out. These use the direct interaction of phenotypes
to produce changesin the sizeof loops in the CA space,which in turn favours
smaller loops and thus promotes evolution towards smaller species.
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2.1 States and Transition Rules

Evoloop states are presented in Table 1. A complete list of the state transition
rules is given in Appendix A. For a thorough treatment of SR, SDSR, and
Evoloops consult [4].

Fundamen tal Elemen ts

Colour State Name Functions

0 Background The quiescent state of this CA.
1 Core To �ll the tube of the loop and

conduct genesin it.
2 Sheath To form the structure of the loop.

Signals

Colour State Name Functions
3 Left indicator To support left turning of the arm.

Bonder To support germinating of the new
sprout.

Sprout capper To cap the tip of the sprout.
Sprout �nisher To �nish growth of the sprout.

4 Gene To keepgenetic information of left
turning of the arm and �nishing of
growth of the sprout.

Sprout guide To support growth of the sprout.
5 Messenger To point where the loop should

germinate a new sprout.
6 Umbilical cord dissolver To dissolve the umbilical cord

betweenparent and o�spring.
7 Gene To keepgenetic information of

straight growth of the arm and
the sprout.

Dissolving state
Colour State Name Functions

8 Dissolving state To dissolve a contiguous structure
of the loop.

Table 1: Evoloop states

2.2 Observ ed Behaviour

For the purposeof this report, we will skip a detailed description of the rule
set for Evoloops and make somegeneral observations. To distinguish between
loop species,we will usethe classi�cation schemeintro ducedby Sayama [4] and
identify a loop speciesby the number of 7 states in its gene sequence. This
makesspecies4 the smallest self-reproducing Evoloop.

As noted previously, the Evoloop system, given enough time, will always
converge to an equilibrium state in which the smallest species survives and
dominates. The time frame over which this speciesdomination occurs is depen-
dent on the grid size. In our experiments, we beganall simulations with a few

3



initial loops of species13. As noted by Sayama in [4], the probabilit y of loops
evolving into smaller speciesis much higher than that of evolving into larger
species;consequently , there is an initial period of diversity with an abundance
of species13 and smaller. Over time, the smaller loops demonstrate a higher
�tness due to a higher reproductive capacity and eventually take over.

\ . . . for a very wide rangeof underlying microscopicrules, the same
so-calledGaussiandistribution will always be obtained" [5]

Figure 4 illustrates the distribution of loops in a grid of size 200 � 200
after about �v e million iterations. Note that the shape resembles a Gaussian
distribution. The slight asymmetry can be attributed to the initial period of
speciesdiversity, in which the presenceof larger loops { which occupy more
space{ translate to a smaller mean loop population. The relationship between
the mean loop population and the grid area was observed to be linear in our
experiments.
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Figure 4: Distribution of number of loops for grid size200 � 200

In Figure 5, we seea plot of the population of di�eren t speciesover time for
the samegrid size (1500 � 1500). The equilibrium that is reached at the end
of this plot continuesover time; larger specieshardly re-occur.

3 Memory Layer

\In order to realize the functional interaction between organisms,
we anticipate preparing another `memory' CA spacecontaining ad-
ditional information, and superimposeit onto the identical spaceby
using multi-data-�eld CA." [4]

The most readily observable shortfall of the Evoloop world is a lack of vari-
abilit y and diversity in long-term observations. While evolution is clearly at
play, the �ttest speciesis always found to be the smallest one (species4), so
that given su�cien t time theseloopseventually dominate. The challengeis thus
to �nd a mechanism to bring back this diversity. For this purposewe made the
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Figure 5: Speciescount on a 1500� 1500

decision to implement Sayama's concept of a \memory" CA space[4], with the
aim of adding two new elements to the Evoloop world: food and disease.

3.1 Implemen tation

Implementation of the memory layer in Evoloops was carried out as proposed
by Sayama in [4], with a small modi�cation. Sayama conceived of a new layer
\hidden" beneath the loop layer, of the same grid size but interacting only
with the loop layer neighbour directly above it. Whereas Evoloop rules have
the form CTRBL! I , memory layer rules have the form HC! N (see Figure
6). Sayama intended to implement functional interaction between organisms
via this memory layer, which would have only two states (one bit).

Memory Layer

Loop Layer

NH

I

B

RL

T

C

Figure 6: Interaction of the Memory Layer

Our approach is much the same, with one important exception. We have
implemented the memory layer statesascounters, which we useto keepa mem-
ory of the lifetime of the diseaseor amount of food on any particular grid cell.
The rules for this hidden layer are extremely simple. In the caseof disease,they
amount to incrementing the counter if diseaseis on the loop layer directly above,
setting it to zero if there is no diseaseabove, and reseting it if the diseasehas
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exceededits lifetime. We will outline the loop layer rules for food and disease
in the following sections,which are only slightly more complicated.

3.2 Applications

\. . . if such layersof CA are designedto interact in somehierarchical
way, a phenomenonsimilar to the food chain may be realized" [4]

Adding a memory layer intro ducescountlesspossibilities for newmechanisms
in the Evoloop world. We initially made the decisionto keepour modi�cations
as simple as possible,restricting ourselvesto two very basic elements: food and
disease.These were chosenwith the intention of generating a \fo od chain" of
the kind proposedby Sayama himself in [4]. In this scheme,the loopswould eat
the food, while the disease{ acting as a kind of predator { would feed on the
loops. For reasonswhich we will describe below, we later removed food from
the system and focusedour attention on diseaseas a primary mechanism for
population diversity. The �nal, simpli�ed model, which we will discussin detail
below, bears a closeresemblance to a host-pathogen model, with loops acting
as hosts and diseasebeing the pathogen.

3.2.1 Food

Food was implemented in the memory layer using a counter for the amount of
food on a single cell. Once the food on a cell runs out, loops can no longer
move onto it, promoting a more complete exploration of the spaceby forcing
loops not to retrace their steps too many times. Figure 7 shows both loop and
memory layers. In the memory layer, the shadesof red map to the amount of
food on a cell, with black being the maximum and blue indicating that all food
is gone. Note that for clarit y the background on the loop layer is replaced by
light green if there is maximum food in the memory layer directly below, dark
green if someis goneand is left black if all is gone.

While conceptually attractiv e as a mechanism within Evoloops, later results
indicated that the speciesdiversity later obtained was brought about solely by
the mechanism of disease.The conceptof food is thus largely omitted from our
analysis for the remainder of the paper.

Figure 7: Food (loop layer and memory layer) in Evoloops

3.2.2 Disease

In the memory layer, diseaseis implemented in an extremely simple manner
as outlined above. At the loop layer, spread of the diseaseis triggered by a
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very similar mechanism to Sayama's dissolving state 8, the rules for which are
provided in Appendix A. To begin, a new state 9 is alloted to the diseasein the
loop layer. The rules for this state are as follows:

Let 9! 0 if the counter in the hidden layer directly below is reset to zero,
otherwise let 9! 9.

For any cell with at least one neighbour in state 9, apply the following
rules:

Let 0! 9 if at leastoneneighbour is in state 2, 3, 4, : : :, 7. Otherwise,
let 0 ! 0.

Let 1, 2, 3, 5 ! 0.

Let 4, 6, 7 ! 1.
Note that theserules are identical to the rules for the dissolving state 8 with

the exception that state 1 with a neighbouring diseasestate is treated in the
group with 2, 3, 5 rather than with the 0 (background) state. This changewas
made to ensurethat 1 states would not remain trapp ed between diseasecells,
which was found to otherwise be the case.

Given theserules, the diseasewill spreadto any loop within a separation of
one black (background) cell. In Figure 8, we seean existing cluster of disease
cells spread to a neighbouring loop as it attempts to reproduce. Note that
since the diseasehas a �nite lifetime, it must spread by killing loops in order
to survive. This createsa kind of predator-prey relationship, with loops and
diseasecompeting for spaceto survive.

Figure 8: Diseasein Evoloops

3.3 Observ ed Behaviour

\These modi�cations of the model would generateunpredictable evo-
lution of arti�cial organismsand even the formation of their society
in a CA space." [4]

Having outlined the framework for our modi�ed Evoloop world, we now
present some surprising new behaviour exhibited by organisms in the loop-
diseasepredator-prey system. For the remainder of this report we will de�ne
the maximum lifetime of the disease{ the number of iterations after which a
diseasecell in the loop layer turns to black { asLIFE. Results are obtained for a
1500 � 1500 grid and with LIFE = 12K . Three loops of species13 are initially
placed in the top-left, top-right and bottom-righ t corners of the space,with a
small squarecontaining diseaseintro duced besidethe top-righthand loop.

A plot of the speciescount over time is given in Figure 9. A more complete
analysisof this plot will be given in Section 4; for now, we focus on the dip and
peak around 700K iterations. Over this period in time, the modi�ed Evoloop
system demonstrates a sharp drop in population count, followed by very fast
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growth. This new behaviour is a direct consequenceof the interaction of the
loop population with disease.

Figure 9: Speciescount on a 1500� 1500grid with LIFE = 12K

3.3.1 Near Extinction

At about 685K iterations, the population of species5 loops plotted in Figure 9
drops dramatically to roughly 50 individuals. In other runs we have observed
that the choice of LIFE has a critical e�ect on long-term survival of the loop-
diseasesystem; with the exception of this case,all of our runs on the 1500 �
1500 grid with LIFE above 7.5K have ended in extinction of the loops. This
extinction occursmost often within the �rst couplehundred thousand iterations.
In Figure 9, however, we seethat a small population survivesnear extinction.
As the diseaserecedes,the surviving loops are rewarded with a large spaceinto
which to grow and reproduce.

The seriesof imagesplotted in Figure 10 follow the loop population immedi-
ately following this period in time. Note that diseaseis plotted according to its
lifetime in the memory layer: the darker the shadeof grey, the lower the lifetime
remaining. In this plot, most diseasehas nearly died out, having consumedall
of its loop prey. A small cluster of loops at the top of the grid recover from
near extinction and begin forming diagonal fronts along which new loops are
produced.

A more careful analysisof Figure 10 illustrates an important new behaviour
induced by the intro duction of disease: that of migration. In its equlibrium
state (all loops in species4), an Evoloop population without diseasewill spread
itself over the grid and show little signsof large-scalechange. This is evidenced
in Figure 5, where we seethat the loop population stabilizes after the �rst 50K
iterations. The modi�ed system, however, shows populations of loops moving
acrossthe grid in fronts, clustering, and moving in new directions. In killing a
large part of the loop population and threatening their survival, the diseasehas
forced loop populations to act in a more concertedand uni�ed way.

8



Figure 10: Recovery after near extinction by disease(685K, 690K, 695K itera-
tions)

3.3.2 Population Explosion

The last image in Figure 10 previews the next stage in this series. Following
their recovery from near extinction, the population of loopsexplode to over 2000
at just under 704K iterations. This is a huge rise in a relatively small period of
time (roughly 20K iterations), and is due largely to the fact that a large portion
of the disease{ having previously nearly killed the entire loop population { has
now exhausted its lifetime of 12K iterations. As the diseasedisappears, the
loops grow into open spaceand reproduce in number at an extremely fast rate.

Figure 11: Population Explosion at 704K iterations

Figure 11 is a snapshot of the peak loop population, occuring just as two
large loop fronts �ll up the last of the available space. Right on the tails of
these fronts, the diseasesurrounds the huge new cluster and begins to closein
just as the loop population booms. The subsequent drop in loop population is
depicted in the seriesof imagesin Figure 12. As was demonstrated previously,
we again seesmaller fronts forming at the top right side of the grid, slightly
away form the diseasewhere there is enoughspaceto grow. Theseoscillations
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of loop population continue to occur as long as loopsand diseaseco-exist in the
samespace.

Figure 12: Decreasein population following explosion (705K, 710K, 715K iter-
ations)

4 Species Analysis

Through the examplesoutlined in the last section, we have seenthat disease
intro ducesnew large-scalebehaviour (migration, competition) in the modi�ed
Evoloop system. We now look at its e�ect on speciesdiversity in the system,and
on the modi�ed �tness of di�eren t speciesin the combined disease-loop world.

4.1 Population Div ersit y

With the addition of disease,the distribution of number of loops retains its
Gaussianshape, but with a smaller mean dependent on the choice of the LIFE
parameter. More importantly , asnoted in Figure 9, we seean increasein species
diversity over the entire span of the plot. Even after hundreds of thousandsof
iterations, species4 and 5 continue to co-exist, with species5 dominating and
species4 recurring in smaller numbers.

4.2 Species Selection

The behaviour observed in Figure 9 demonstratesan important di�erence be-
tween the original and modi�ed Evoloop system: in the system with disease,
species5 dominates over species4. The intro duction of diseasehas modi�ed
the relative �tness of each loop species,giving the smallest loop lesschancefor
survival. In our observations, wehave found the causeof this changein �tness to
be attributed to the density of species4 loop clusters, which are more compact.

To spread, diseasemust come within one black cell of a live loop. This
is a result of the rules outlined in Section 3.2.2, which state that a black cell
neighbouring at least one diseasecell and at least one red cell will become
disease.Given this rule for the spreadof disease,the species4 loops{ which are
separatedby only one cell { are far more susceptibleto diseasethan any other
larger species(which have loop separationsof at least 2 cells). This explains
the advantage of species5 over species4: being small, the species5 have a
high reproductive capacity while also having a higher resistanceto the spread
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of disease.The tendency for the system to favour theseloops over the smaller,
more densely-packed speciesis a type of density-dependent selection [2].

It is also interesting to note that relatively long-term domination by species
6 has also been noted for some of our runs on an 800 � 800 grid for select
valuesof LIFE. The critical nature of the LIFE parameter observed on the 1500
� 1500 grid is again demonstrated for the 800 � 800 grid; for all of our trials
with LIFE between5600and 8800we have witnessextinction of the loop-disease
system. Figure 13 illustrates onesuch case,with species6 dominating for 450K
iterations before eventually going extinct. (Note that there is a brief surge of
species7 at around 165K iterations.)

Initial observations such as this one indicate that as the parameter LIFE is
increased,larger loops have their relative �tness increased. This led us to the
idea of using the LIFE parameter as a kind of selection tool, by which loops of
various sizescould be favoured. It wasthought that valuesmight exist for which
two (or more) loop speciescould co-exist in equally large numbers, at least as
a mean averageover time. Following many more experiments, we have found
the relationship between LIFE and relative loop �tness to defy such a simple
analysis.

Figure 13: Domination by species6 for grid size 800 � 800 grid with LIFE =
7K

5 Conclusions and Future Work

To expand on the results presented in this paper, a number of important steps
remain.

Firstly , following up the positive results for the 1500 � 1500 grid, runs on
much larger grid sizesneedto be carried out. Given the computational demand
imposedby large grid sizes,we haveported our C code to MPI and implemented
farming parallelism. We propose to intro duce domain decomposition to our
existing code for execution on someof the larger computer clusters available at
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the SciencePark. By doing so, we aim to carry out parallel runs on grid sizes
of 5000 � 5000, from which we hope to yield new macroscopicbehaviour.

In terms of analysis, the e�ect of the LIFE parameter on the loop-disease
dynamic needsto be critically examined,aswell as its e�ect on speciesdiversity.
Very recent work publishedby Rauch, Sayamaand Bar-Yam in [2] hassuggested
to us the idea of intro ducing a kind of evolvabledisease. This would involve
intro ducing to each diseasecell its own lifetime { tracked in the memory layer {
which could be passedon as diseaseis spread. The mutation of this parameter
would be implemented using simple deterministic rules, with the aim of allowing
the system to �nd a kind of equilibrium lifetime: the value for which loops and
diseaseco-exist in an evolutionarily stable state. [2] The idea has also been
proposed to replace the diseaselifetime with a shared food, one which would
be consumedby both loops and disease;this would also intro duce a variable
diseaselifetime as well as a more direct form of competition.

We alsoplan to look at the e�ect of changing the rule set for the disease(de-
scribed in Section3.2.2). We have already looked at somevery simple modi�ca-
tions and found interesting and promising results. In one case,a lessaggressive
choiceof rule set producesa structure bearing more resemblance to a construc-
tion material than a disease(seeFigure 14). By allowing di�eren t speciesto
construct obstaclesbetween subpopulations, this may be another way of pro-
moting speciesdiversity in the Evoloop world.

Figure 14: New rule set for disease
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A State Transition Rules for Evoloops

The following set of state transition rules are taken directly from [4].

De�ne the rules listed in Table 2 and their rotationally symmetric ones.
CTRBLand I are de�ned as illustrated in Figure 6, with the memory layer
omitted.

Let the dissolving state 8 ! 0 with no condition.

To all the unde�ned situations in which four neighbours (TRBL) there is
at least one site in state 8, apply the following:

Let 0, 1 ! 8 if there is at least onesite in state 2, 3, : : :, 7 in its four
neighbours (TRBL), otherwise let 0 ! 0 and 1 ! 1.

Let 2, 3, 5 ! 0.

Let 4, 6, 7 ! 8.
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CTRLB->I CTRLB->I CTRLB->I CTRLB->I CTRLB->I CTRLB->I
00001->2 10202->1 11272->7 20172->2 21322->2 40125->0
00004->3 10211->1 11273->5 20202->2 21422->2 40162->0
00012->2 10212->1 11322->1 20203->2 21622->2 40212->0
00015->2 10213->1 11332->1 20205->2 21722->2 40215->0
00021->2 10221->1 11542->4 20206->5 22224->2 40222->1
00024->2 10224->4 11572->7 20207->3 22227->2 40232->1
00042->2 10227->7 11624->4 20212->2 22234->2 40262->6
00045->2 10232->4 11627->7 20215->2 22237->2 40312->0
00075->2 10241->4 12224->4 20221->2 22243->2 40322->1
00102->2 10242->4 12227->7 20222->2 22244->2 50002->5
00214->1 10243->4 12243->4 20223->2 22273->2 50012->5
00217->1 10251->1 12273->7 20232->3 22277->2 50021->5
00232->2 10252->7 12324->4 20242->2 22324->3 50023->2
01122->1 10254->3 12327->7 20245->2 22327->3 50024->5
01212->1 10257->7 12426->6 20252->5 30001->3 50027->5
01232->1 10271->7 12433->3 20262->0 30002->2 50042->5
01242->1 10272->7 12627->6 20265->0 30003->2 50072->5
01245->1 10273->5 20001->2 20272->2 30004->3 50202->2
01252->6 10512->1 20002->2 20275->2 30007->4 50205->2
01262->6 10542->4 20004->2 20312->2 30012->3 50212->5
01272->1 10572->7 20005->2 20322->2 30032->2 50215->2
01275->1 10621->1 20006->0 20342->2 30042->1 50242->5
01342->1 10624->4 20007->1 20345->2 30102->1 50272->5
01372->1 10627->7 20012->2 20372->2 30125->0 50312->0
01422->1 11112->1 20015->2 20412->2 30212->3 60202->2
01425->1 11122->1 20021->2 20422->2 30242->3 60212->2
01432->1 11124->4 20022->2 20442->2 30252->1 60222->0
01435->1 11125->1 20023->2 20512->2 30272->3 60242->2
01442->1 11127->7 20024->2 20542->5 30332->1 60272->2
01462->1 11162->1 20026->0 20572->5 31212->3 61222->0
01722->1 11212->1 20027->2 20612->5 31242->3 62224->0
01725->1 11213->1 20032->4 20621->2 31252->1 62227->0
01756->1 11215->1 20042->3 20642->5 31272->3 70102->0
01762->1 11222->1 20045->2 20672->5 32424->3 70112->0
01772->1 11224->4 20054->5 20712->2 32425->1 70122->0
10001->1 11227->7 20057->5 20722->2 32427->3 70125->0
10012->1 11232->1 20062->0 20772->2 32527->1 70162->0
10021->1 11242->4 20072->2 21122->2 32727->3 70212->0
10024->4 11243->4 20075->2 21222->2 40000->1 70215->0
10027->7 11252->7 20102->2 21223->2 40002->1 70222->1
10121->1 11254->3 20112->2 21224->2 40102->0 70232->0
10124->4 11257->7 20122->2 21227->2 40112->0 70262->6
10127->7 11262->6 20142->2 21232->3 40122->0 70312->0

Table 2: Principal part of the state transition rules of the Evoloop
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