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Abstract— Complex Adaptive Systems (CAS) are dynamical
networks of interacting agents which as a whole determine the
behavior, adaptivity and cognitive ability of the system. CAS are
ubiquitous and occur in a variety of natural and artificial systems
(e.g., cells, societies, stock markets). To study CAS, Holland [1]
[2] proposed to employ an agent-based system in which Learning
Classifier Systems (LCS) were used to determine the agents
behavior and adaptivity. We argue that LCS are limited for the
study of CAS: the rule-discovery mechanism is pre-specified and
may limit the evolvability of CAS. Secondly, LCS distinguish a
demarcation between messages and rules, however operationgar
reflexive in CAS, e.g., in a cell, an agent (a molecule) may both act
as a message (substrate) and as a catalyst (rule). To addresgske
issues, we proposed the Molecular Classifier Systems (MCS.b) [3],
a string-based Artificial Chemistry based on Holland’s broadcast
language. In the MCS.b, no explicit fithess function or rule-
discovery mechanism is specified, moreover no distinction is made
between messages and rules. In the context of the ESIGNET
project’, we employ the MCS.b to study a subclass of CAS:
Cell Signaling Networks (CSNs) which are complex biochemical
networks responsible for coordinating cellular activities. As CSNs
occur in cells, these networks must replicate themselves prior to
cell division. In this paper we present a series of experiments
focusing on the self-replication ability of these CAS. Results
indicate counter intuitive outcomes as opposed to those inferred
from the literature. This work highlights the current deficit of a
theoretical framework for the study of Artificial Chemistries.

|. INTRODUCTION

We suggest that for such CAS, Holland’s LCS method has
a number of limitations:

o Firstly, in traditional LCS [4], a distinction is made
between messages and rules. However molecules can be
consideredeflexivein nature, in the sense that they can
act as both messages (substrates) and rules (enzymes).
This reflexivity property was partially addressed in the
LCS’s precursors: Holland's broadcast language (BL) [5].
However, due to the lack of study no implementation
of the BL existed (until recently [6]). Although the BL
proved to be inappropriate when applied to the modeling
and evolving of biochemical networks, we employ a
simplification of the BL in our approach which will be
later described in this paper.

« Secondly, the LCS involves a credit assignment algorithm
(such as the bucket brigade algorithm) which is employed
to reward and strengthesfficientrules. Moreover a rule-
discovery mechanism is specified which is responsible
for generatingpotentially more efficient rules. These
algorithms are pre-specified and do not evolve. These
attributes may stifle the occurrence of “perpetual novelty”
during evolution [7]. Therefore the performance of the
system (as defined by the fitness function) may be limited
during long term evolution. An alternative would be
to define an Evolutionary Algorithm (EA) that would

Modeling and evolving CAS remains problematic as the  gyplve these mechanisms, however this would present one

traditional analytical and statistical approaches (cedpith

with yet another problem: how to specify the EA fithess

some Evolutionary Algorithms) appear to limit the study of  fynction? The latter is fixed and is potentially another
CAS [2]. To overcome these issues, Holland [1], [2] proposed  point where novelty may be stifled, recreating the credit-
to employ agent-based systems in Which Learning Classifi_er assignment and rule discovery mechanism problem. To
Systems (LCS) were used to determine the agents behavior 4y0id this infinitely recursive problem, we avoid defining

and adaptivity.
We note that for certain subclasses of CAS, Holland
approach should be refined. For example, an instance

any explicit fitness/rewarding functions but rather uéliz
S an “implicit” function which will be discussed in the
of remainder of this paper.

CAS which is of current interest is Cell Signaling Networks . ., ,
(CSNs). CSNs are complex biochemical networks of inter- 10 €xplore our “molecular” approach to Holland's LCS

acting molecules (proteins, ions, secondary messengeijs,
occurring in living cells. Through complex molecular irder
tions (e.g., signal transduction), CSNs are able to coatdin
cellular activities (cell differentiation, programmedlageath)
in response to internal and external stimuli.

1ESIGNET: Evolving Cell Signaling Networkis silico, an EU FP6 project,
contract no. 12789, http://www.esignet.net

for the study of CAS, we employ the Molecular Classifier
System version 2 called MCS.b. This Atrtificial Chemistry
(AC) addresses the reflexive nature of molecular species and
employs an implicit fitness function to drive the evolutioh o
the system. The implicit fithess function is addressed with t
“self-replication” ability of the individual molecules dnof

the system (cell) as a whole. We first introduce the MCS.b
and then present a series of experiments focusing on the self



replication ability which determines the survival/perfance  To initiate this investigation on CSNs using the MCS

of the CAS. approach, the self-replication ability of these classe€AB

Il. MOLECULAR CLASSIFIER SYSTEMS is examined. As CSNs occur in cells, these n_et_vv_orks ha_lve

. ) ... to replicate themselves prior to the cellular division. sThi

Molecular Clqssmer Systems are a class of string-revgiting o s the replicated CSNs to be “distributed” to the offsgr

based AC (|nsp|req by LCS) that was proposeq 'to mvesgga&gus_ Errors may occur during this replication process., @n

protc_x_:ell computation [8]. .AS opposed to tre_ldltlonal Srin offspring cell may inherit only a partial CSN. Thus resudtin

rewriting systems, operations are stochastic and reflemj);ea potentially defective cell which would lead to a variety

(no di;tinction made pgtweeq operands anq operators)..T Qundesired effects (e.g., premature cell death). As altresu
behavior of the condition (binding) properties and actiog, o «itness” of a cell is implicitly represented by thkarvival

(Enzymatlc Efn(‘ft'ﬁns),'s ﬁelflned by adlapguage jpeufled{mlt nd performanceof a cell in achieving cell-level replication.
the MCS. This “chemical” language defines and constrains t eExamining such replication (or autocatalytic) phenomena

cpmplexity of th? chemical reactio_ns that may be_modeled a %sely relates to other studies which have been conduceted o
simulated. In this AC, a stochastic flow reactor is employeg, alpha-universe [10], Tierra [11] and Alchemy [12
i.e., reactions occur at random and there is a constant inﬂ%\f‘fhough these ACs were d’eveloped for different purposes

and outflow of molecules. and were implemented differently, these systems exhibited

A reaction between molecules occurs if the C_onditional patg)mmon evolutionary phenomena such as the emergence of
of a moleculeA matches another moleculg. A is regarded collectively) replicating reaction networks [13], [14h this

as an enzyme whereds is regarded as a substrate molecul investigation, such classes of network are of interest ag th

V\tl'?endi reac]tclon (?[ﬁcurs, the tz_mﬂon p?rt of mOIGtCrJ]AIaS would allow CSNs to maintain and replicate themselves.
utized 1o perform the enzymalic operations upon the bOURf, o,er as demonstrated in several ACs, it is commonly

substrate moIechB. This operation results in the prOdUCt'onaccepted that the emergence of these collectively autgtiata
of another offspring (product). ) C2
As introduced earlier, we proposed a simplification of threeactlon networks is trivial.
' brop P To explore this issue with this system, it is first examined

broadcast language which is used as the MCS chemi% L :
. . h I h
language (MCS.b). A number of differences exist betwean ether it is possible to observe the spontaneous emergénce

. autocatalytic molecules (i.e., molecules that can sellicate)
the BL and the LCS, e.g.,, the LCS's alphabet ls = . . . -
{1, 0, #} whereas the BL includes additional symbals- which was obtained in Alchemy but not in Tierra.
{1, 0, p, %, :, O, vV, ¥, A, '}. The basic elements of the BLA. Specificity and domination of the self-replicators
are strings made from calledbroadcast devicesA broadcast  an artifact of the BL's syntax is that it is very difficult

device is parsed into zero, one or mdweadcast unitswhere o opserve the emergence of an autocatalytic molecule; e.g.
each unit represents a single condition/action rule. Theb®¥ f e consider a population containing all broadcast dewvice
* separates broadcast units within a broadcast device. Rﬁ%lecules) of length 5 symbols, there would %8 possible
symbol: separates a condition from an action within a singlgombpinations of molecules, in which only 5 molecules in this
broadcast unit{, v, v, A} are single/multiple character(s)entire population would be autocatalytic. The probabitify
wildcards that may also transpose matched strings intwou%btaining a replicator given a random population of molesul
strings. Table | presents an analogy between the biologitdl ncreases linearly with the length of the molecules and sfze

broadcast language terminology. the population.
TABLE | Although the probability of obtaining such autocatalytic
COMPARISON OF BIOLOGICAL AND BROADGAST LANGUAGE molecules is low in the MCS.b, the intuition was: since such
TERMINOLOGY autocatalytic molecules are able to self-replicate, theyld
have a greater fitness than other non-autocatalytic m@scilil
Biology . . Broadcast Language such a molecule appears, it would therefore be able to out com
ARN, b, e acids __from o of syl o & 4~ pete other molecules and fill rapidly the reaction spaces Thi
substrate input signal phenomenon was indeed observed by Fontana in Alchemy
product , _ output signal and was expected to occur in the MCS.b. In the remainder of
protein with no enzymatic function null unit . . . . . . .
enzyme broadcast unit this section, a series of experiments is discussed to examin
protein complex broadcast device this domination phenomenon of autocatalytic moleculeién t
cellular milieu list of strings fromA MCS.b. The simplest form of self-replicator that may be tuil

. o ) ) ) with the BL is first presented:
A detailed description is omitted in this paper, see [9] for

full specification of the BL implementation. SRy =%V :V

[1l. SELF-REPLICATION IN COMPLEX ADAPTIVE SYSTEMS The behavior ofSR, is now detailed: The matching condi-
A series of experiments that have been conducted on Aien of SRy is defined by a single symbao¥: which designates

tificial Cell Signaling Networks (ACSNSs) is now outlined toa multiple character wildcard. This indicates thak, may

illustrate this molecular approach to CAS. bind to any molecule. In addition when a reaction occurs



betweenSR, and a substrate molecull, Vv is assigned a self-replicase molecule having low or zero specificity waidit
value: the informational string afy. A unique symbolv also only replicate itself but also replicate a more or less wide
constitutes the action part 6fR,, this denotes that the outputvariety of other molecules. These experiments demonstrate
of SRy, would be equal to the value of that is located in that such a species, although autocatalytic, willmatessarily

the condition part, i.e the output string 8fR, has for value grow to dominate the molecular population; on the contrary,
the input string. Therefore the broadcast devit®, is not it may even go extinct.

only a self-replicator but a “universal” replicator meagithat

it would replicate any binding molecules. The “specificigf’ Self-replicator _Informational string
SRy is said to benull. gg;) eV

Fig. 1 presents a first experiment examining the behavior SR *v01 : vO1
of SR, averaged over 30 simulation runs. In this initial series SR3 *v101 : v101
of experiments, the broadcast “universe” is initializedhathe SRy *v0101 : v0101
following parameters: TABLE II

. The SyStem iS Seeded Wlth 90 random|y generateéPECIFICATION OF SELFREPLICATORS WITH INCREASING SPECIFICITY
molecules, each of length 10 symbols.

« In addition, 10 replicator$' R, are inserted. ify this h hesi ded . f
« Numas designates the maximum number of molecules that 1° Verify this hypothesis, we proceeded to a series of exper-

may be contained in the universe,,,, — 1000 Iments in which we incrementally increased the specificfty o

« 50 molecular interactions occur at each time step. the §elf-rep|icators (sge Fig. 2). In Table Il, the differeelf-

« An interaction occurs when: two moleculdsand B are replicators employed in these experiments are presefited.
picked at random is considered as a catalyst aRds a designates a molecule that would only react with molecules
substrate. IfA can’bind and react with then a molecule ending with the symbal. As the latter occurs at the rightmost
C is produced. If the current size of the populatien;s position of SRy, it may react with itself,_ producing another
less thann, .. thenC is simply added to the population'nSIar!C? of SR;. S'lmllarly,' SR.Q only binds to molecule',-s
(andn increases by 1): otherwise a molecule is picked gpntaining the suffix)1. This “signature” forms a constraint

random and is replaced withi (and the population size on the replicators, specifying them to react only with a ffjiec
remains fixed ab) subset of molecules. This impacts directly on these modscul

« No mutation may occur in these experiments. binding specificity.
A high relative concentration (0.1) o$R, was selected to

discourage an “accidental” early extinction. The latteryrba 1 ' ' " " " T T i i
caused by a high reaction rate of the side reactions. 0.9 | FATET AR TR
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The results depicted in Fig. 2 confirm the importance of
specificity upon the system dynamics: the tendancy for a
self-replicator to dominate the population increases \aid

From Fig. 1 we note tha$ R, replicators do not take overis ultimately limited by) its binding specificity. Therefor
the population but eventually diminish—which contradicts1 this system, for autocatalytic molecules to successfull
the result that would be naively expected from the presensestain themselves and/or dominate the molecular popuolati
of a single, unique, self-replicating molecular speciegshi@ a significant binding specificity is required. This phenoomen
population. The explanation is that thénding specificityof may well have been implicated in previous results repornted f
self-replicators can strongly influence the system dynamdc a variety of artificial chemistries; but, to our knowledgehas

Fig. 1. Relative population growth of replicatofsRo averaged over 30
simulation runs.



not previously beeexplicitly isolatedin the manner presented « 30 simulations were performed (each for 100000

here. timesteps).

« The different populations were seeded with randomly
generated molecules (with length 10 and relative con-
In the previous set of experiments, mutation was turned off  centration0.1).

in order to facilitate our investigation on self-replicatowhich pyring these experiments, self-replicators emerged aed pr

were hand-designed and inserted into the initial populatiogented the following properties:

i 20 0.8 Imied dhersly i he poRuson To XIe ¢ 13 dstinc sl epicators sppesred

performed a second series of experiments in which no s',elf—' A common broadcast u_nlt of the forw_: v was foupd

in all self-replicators. This broadcast unit refers to thé u

repllcators.ar.e specified and molecu.lar mutation could ioccu versal replicatoiS R, (having zero specificity) presented
The latter is implemented as follows: earlier

« When a new molecule is produced, a mutation with , Finally, the highest relative concentration ever achieved
probability psym = 0.001 may be applied upon each by these universal replicators WESR)],,,q, = 0.0014.

tsﬁléntrfcl)lzcéﬂtlz'nfse'nhtigﬁer:]ilﬁguﬁbgggiﬁ;org% tr:itlgtri]gq'rhese observations suppqrt the explanation prqvidedeearli
oceurring ! '%\sda result, thesle self—rephcators could not sustain tledras
' . T and consequently go extinct.
* ZS;ZJ%@? g(;ur;u(t;?g?:;easr-e distinguished and may beAlthough it isstill theoretically possible (given enough time)
e ' ) _to observe the spontaneous emergence and domination of a
— Symbol flippingThe current symbol is replaced withggyt_replicator in the MCS.b (as in Alchemy), multiple finds
a symbo.I p|ckgd at random from. o suggest that this system shares a common property witheTierr
— Symbol insertionA symbol from A is picked and he spontaneous emergence of self-replicatoraniikely to
inserted after the current symbol. _ be observed. Our next logical step was to mirror the Tierra
— Symbol deletion:The current symbol is removedgysiem and introduce an “ancestor’. The latter was designed

from the molecule’s informational string. and employed to counter balance this effect. This is present
« In addition, to encourage diversity over time, a globah the next section.

mutation (per molecule) is defined: every 100 timesteps,
a subset,,,; = 0.01) of the population is selected atC. Rise and fall of the fittest
random. A mutation is then applied to a single symbol In the Tierra system, a hand-designed molecule cathed
picked at random in each molecule present in this subsghcestowas introduced into the population which encouraged
As mutation now occurs, diversity is increased during lonige emergence of collectively autocatalytic reaction oeks.
term evolution. It was expected to observe the spontanedlé adopted a similar approach in which we introduced a
appearance of replicators in this system. Results obtdined hand-designed autocatalytic molecule (having a high bopdi
multiple series of experiments indicated that self-regitics do  specificity such as'R4). Results indicated that the MCS does
emerge but they never manage to self-sustain. The reasonget exhibit the same evolutionary dynamic as Tierra:
this behavior could be explained as follows:
« As indicated earlier, the BL's syntax does not strongly 900 T NUmber of reactions per 20 fimesteps
facilitate the spontaneous emergence of replicators. This gg, | H’ Average broadcast device length -

B. Spontaneous emergence of self-replicators

x

syntactical constraint may discourage the spontaneous Number of self-replicators =
emergence of self-replicators. The BL's syntax may also 700
have an impact on the robustness of these self-replicatorseoo | 1
against mutation effects. -
« Secondly if self-replicators replicators do emerge, they
would be required to possess a specificity higher than 4%

T

500 | 1

3

null to sustain themselves. 30 L7 :
« Finally, replicators are likely to possess a low molecular o |
concentration when emerging. This low concentration ]
diminishes the capacity of these molecular species to 100 [ ./ 1
persist against side reactions and mutation events. o 4
0 500 1000 1500 2000 2500 3000

These three factors, when combined, may significantly
lower the probability of having a replicator spontaneously
emerge and self-sustain in the MCS.h. Fig. 3. Effects of molecules length growth upon overall systeactions

We examlned the nature Of the Self_repllcators that m es. In this eXperiment, an anCeSt&HAI = vO0101 : VOlOl) is inserted

. . " . ith initial relative concentratiofSR4] = 0.1) in addition to randomly
emerge during evolution. An additional set of experimeras w

i generated molecules. Moreover mutation per molecule and pebdlyis
specified as follows: turned on.

Timestep



Fig. 3 presents an experiment in which we may obseremergy reservoirreach a certain threshold (concentration of
that the self-replicators first quickly filln(,., = 1000) the specific molecules).
reaction space as expected. This led to a high overall mracti As was recently demonstrated [15], a second level of
rate of the system. However we note then that along wifelection may prevent parasitism from occurring in Molacul
the decrease in the reaction rates and in the number of s€lfassifier Systems. Moreover, this future system shares a
replicators, the average length of the molecules incrédagee number of common features with Holland’s approach [1], [2]
current experiment settings, we limited the maximum lengtiut differs on several points. Let us examine how these might
of the molecules toBDy,,,.. = 500 due to computational differ in our future evolutionary system.
constraints. Other experiments showed that with no limit Our system will probably differ from Holland’s approach
upon the length of the molecules, an indefinite length growtn the following points:
would be observed leading to a critical impact on the system, Broadcast devices employ an adaptable representation as
performance. opposed to classifiers which utilizefiaed representation

In keeping with the previous sets of experiments which  (that do not change over time).
were discussed earlier, these results were not expected. 19 No distinction is made between messages and classifiers.
fact, certain mutants of the original autocatalytic molecu Both are specified as broadcast devices that may be active

developed a distinct advantage over the ancestor. Théieiset (classifiers) or not (messages).
mutants could be replicated by the ancestor molecules byt on , Broadcast devices are also employed to specify detectors.
to the cost of these ancestors, i.e., an asymmetric redtipn These detectors may be satisfied by broadcast devices

Moreover, some of these mutants also lose their ability ife se detected in the environment. When satisfied, detectors
replicate, explaining the rapid decrease in the global rermb  generate messages (signaling molecules) that would be

of self-replicators. By exploiting their molecular signet and inserted in the cell. These inserted broadcast devices may
the ancestors, these non-autocatalytic molecules sudoeed  then trigger a cascade of reactions within the cell.
displacing the dominant ancestors. « Similarly, effectors are specified as broadcast devices.

During evolution, a series of such parasitic displacements Effectors can only be satisfied by molecules originating
is observed leading to longer molecules. However, as the from the cells. Molecules resulting from the effectors’ ac-
mutation effect increases (with the length of a molecule), tion statements are inserted in the environment. The latter
disruptive structural changes may occur more frequentig T would then react in accord with the molecules generated
consequences of these structural changes are twofold: by the effectors (e.g. update the agent’s location).

« Molecules may become inactive, being therefore consitthis extended system refines Holland’s proposal and imgrove

ered only as substrate molecules. biological plausibilities: molecules are reflexive (agtims

« The binding specificity may be increased (reducing comessages and/or classifiers) and are evolvable (représanta

nectivity). is dynamic). Secondly, no explicit fitness function is define
Ultimately, this leads to a decrease in the overall reactives, preventing the credit assignment problem. These refinenent
(until reactions cease completely, i.e., system death}hi;m may encourage open-ended evolution and improve the sys-
approach, the stepwise emergence of “fitter” moleculessleagm’s performance during long term evolution.

effectively to system- or population-level extinction. V. CONCLUSION

IV. FUTURE WORK A molecular approach to study a subclass of CAS (CSNs)

These preliminary experiments presented unexpected owas presented. We first discussed the limitations of Holkand
comes, this highlights the fact that there is currently nproposal which was based on LCS. Following this, the MCS.b,
theoretical framework for the study of ACs. Future worlan Artificial Chemistry based on Holland’s broadcast lagya
includes the development of this theoretical foundationctvh was then briefly depicted. The MCS.b accounts for the re-
would allow a better understanding of evolutionary dynamidlexive nature of molecules. Moreover, to encourage open-
in a given AC. Supplementary experimental work will bended evolution, this system employs a fitness function that
conducted, involving the exploitation of our implicit fui@n is not explicit but implicit. This implicit fithess functiowas
to evolve CAS to carry out pre-specified tasks: To evolvegheaddressed with the self-replication ability of CSNs. A namb
artificial biochemical networks toward a pre-specified gdal of preliminary experiments focusing on self-replicatiomsy
is proposed to extend this system in which a second level tben discussed. This experimental work was closely reltted
selection would be introduced. In the system presentedisn tstudies conducted in other ACs. However, these experiments
paper, molecules were competing with each other, referrieghibited unexpected results as opposed to those infenwed f
to a single level of selection. Our extended system invoiveghe literature. We identified a major cause which led to these
second level of selection: molecules (still competing waigtth unexpected outcomes: the molecules’ binding specificity. W
other) would be placed in containers (cells). These adificidemonstrated that molecular specificity plays an imporalet
cells would also compete with each other: in keeping withnd may influence significantly the system dynamics. This
molecules, this competition would be based on the celld- abwork highlights the current deficit of a theoretical framelwvo
ity to self-replicate. Cells would self-replicate if théiternal for the study of ACs. The latter is part of this project’s frgu



work. In addition, further experiments will be conducted to
evolve molecular CAS to carry out pre-specified tasks. An

extended system was proposed and introduced a second level

of selection. Moreover, this proposed system would exploit
our implicit fitness function by adding constraints on th#-se
replication process.
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