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""TheThe factfact thatthat thethe germgerm--cellcell developsdevelops intointo a a veryvery complexcomplex structurestructure isis
no absolute no absolute proofproof thatthat thethe cellcell itselfitself isis structurallystructurally a a veryvery complicatedcomplicated mechanismmechanism: : 

nornor yetyet doesdoes itit proveprove, , thoughthough thisthis isis somewhatsomewhat lessless obviousobvious, , 
thatthat thethe forcesforces at at workwork oror latent latent withinwithin itit areare especiallyespecially numerousnumerous and and complexcomplex..."..."

D'ArcyD'Arcy W. Thompson (W. Thompson (Growth and FormGrowth and Form, 1917), 1917)
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„„ThisThis theorytheory criescries out out forfor causalcausal explanationexplanation……

PerhapsPerhaps thethe time time isis closeclose whenwhen
comparativecomparative developmentaldevelopmental geneticsgenetics

will will bebe ableable to to provideprovide such an such an explanationexplanation.“.“

Wallace Arthur, National University of Wallace Arthur, National University of IrelandIreland, , 
Department of Department of ZoologyZoology, , GalwayGalway, , IrelandIreland

D'ArcyD'Arcy Thompson and Thompson and thethe theorytheory of of transformationstransformations

Nature Nature ReviewsReviews GeneticsGenetics 77, 401, 401--406 (406 (May 2006May 2006) | ) | 
doi:10.1038/nrg1835doi:10.1038/nrg1835
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Abstract:Abstract: ThisThis workwork addressesaddresses thethe phenomenaphenomena of of emergenceemergence, , 
adaptive adaptive dynamicsdynamics and and evolutionevolution of of selfself--assemblingassembling, , selfself--organizingorganizing, , 
selfself--maintainingmaintaining and and selfself--replicatingreplicating biosyntheticbiosynthetic systemssystems. . WeWe
regardregard thisthis researchresearch as an integral as an integral partpart of of thethe studiesstudies in in naturenature--
inspiredinspired and and naturalnatural computationcomputation withinwithin complexcomplex systemssystems, , emergentemergent
phenomenaphenomena and and artificialartificial biologybiology. . OurOur ultimateultimate objectiveobjective isis to to unifyunify
classicalclassical mathematicalmathematical biologybiology withwith biomathicsbiomathics ((oror biologicalbiological
mathematicsmathematics) on ) on thethe way to genuine way to genuine biologicalbiological systemsystem engineeringengineering. . 
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Today’s Information SystemsToday’s Information Systems
Systems Systems depend on many modulesdepend on many modules, data sources, , data sources, 
network connections, and I/O devicesnetwork connections, and I/O devices
The The overall complexityoverall complexity of the networked infrastructure, of the networked infrastructure, 
services and applications grows services and applications grows supersuper--exponentiallyexponentially
We experience We experience constant changeconstant change in hardware, software, in hardware, software, 
protocols, data, and user expectationsprotocols, data, and user expectations
Predicting & controllingPredicting & controlling system’s system’s interactions has become interactions has become 
impossible.impossible.

Conclusions:Conclusions:
Human mind can no longer learn all proceduresHuman mind can no longer learn all procedures needed. needed. 
We need We need a radically different approacha radically different approach to overcome this to overcome this 
bottleneck. bottleneck. 
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One step forward is One step forward is IBM’s autonomicIBM’s autonomic--computing computing 
initiativeinitiative (ACI(ACI):  ):  

http://http://www.research.ibm.comwww.research.ibm.com/autonomic/autonomic
envisioning systems that function largely independently envisioning systems that function largely independently 
from their human supervisors, adapting, correcting, and from their human supervisors, adapting, correcting, and 
repairing themselves whenever a problem occurs.repairing themselves whenever a problem occurs.
ACI is focused around models of  ACI is focused around models of  feedbackfeedback, , adaptationadaptation, , 
and and controlcontrol first proposed in the 1950s. first proposed in the 1950s. 

The The Autonomic Communication Forum (ACF)Autonomic Communication Forum (ACF) is a EU is a EU 
IST FET initiative to stimulate research in AC:IST FET initiative to stimulate research in AC:

http://www.autonomichttp://www.autonomic--communication.orgcommunication.org//

However, an even more radical vision is needed for However, an even more radical vision is needed for 
networks to cope with complexity, e.g.: networks to cope with complexity, e.g.: autopoiesisautopoiesis..

Future Information SystemsFuture Information Systems
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An An autopieticautopietic system not only regulates or adapts system not only regulates or adapts 
its behaviour, it also its behaviour, it also createscreates its own organization its own organization ——
i.e. it isi.e. it is ““selfself--creatingcreating””, , ((MaturanaMaturana & Varela, 1980)& Varela, 1980)

Organization is basically Organization is basically structure with function.structure with function.
SelfSelf--organization (in the context of organization (in the context of autopoiesisautopoiesis) ) 
means that a functional structure means that a functional structure emerges and emerges and 
maintains itself spontaneouslymaintains itself spontaneously. . 

The control (if any) needed to achieve this result The control (if any) needed to achieve this result 
must be distributed over allmust be distributed over all participating participating 
components. components. 

AutopoieticAutopoietic SystemsSystems
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SelfSelf--OrganizationOrganization & & AutopoiesisAutopoiesis

SelfSelf--organizing systems areorganizing systems are: : 
intrinsically robustintrinsically robust —— they can withstand various errors, they can withstand various errors, 
perturbations, or even partial destruction.perturbations, or even partial destruction.
selfself--healing and faulthealing and fault--toleranttolerant —— they will repair or correct most they will repair or correct most 
damage themselves, returning to their initial state; when the damage themselves, returning to their initial state; when the 
damage becomes too great, their function will start to deterioradamage becomes too great, their function will start to deteriorate, te, 
but “gracefully,” without sudden breakdown. but “gracefully,” without sudden breakdown. 
adaptive, contextadaptive, context--aware and ingeniousaware and ingenious —— they will mutate and they will mutate and 
adapt their organization to environmental changes, learning new adapt their organization to environmental changes, learning new 
tricks to cope with unforeseen problems. tricks to cope with unforeseen problems. 

AutopoieticAutopoietic systems are selfsystems are self--organizing ones that are also organizing ones that are also 
selfself--replicating (autocatalytic). Out of replicating (autocatalytic). Out of chaos, they will chaos, they will 
generate generate patterns and orderpatterns and order. . 
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AutopoiesisAutopoiesis & & AutonomyAutonomy
AutopoiesisAutopoiesis ((MaturanaMaturana and and VarelaVarela, 1979), 1979)

Definition:Definition: AutopoieticAutopoietic systems systems areare thosethose systems systems whichwhich
maintainmaintain theirtheir definingdefining organizationorganization throughoutthroughout a a historyhistory
of of environmentalenvironmental perturbationsperturbations and and structuralstructural changeschanges,  ,  
theythey regenerateregenerate theirtheir componentscomponents duringduring operationoperation. . 

AutopoieticAutopoietic systems systems whichwhich areare realizedrealized in in thethe physicalphysical spacespace
areare livingliving systemssystems. . 

AutonomyAutonomy ((VarelaVarela, 1980), 1980)
isis broaderbroader conceptconcept of of whichwhich autopoiesisautopoiesis isis specialspecial casecase..

AutonomousAutonomous systems systems maintainmaintain theirtheir organizationorganization, , butbut do do notnot
necessarilynecessarily regenerateregenerate theirtheir ownown componentscomponents..
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AutopoieticAutopoietic PrinciplesPrinciples
AutopoieticAutopoietic entities interact autonomously with each other entities interact autonomously with each other 
and with their environment via recursive relationships.and with their environment via recursive relationships.

environment

Productions of the recursive relationships result either in Productions of the recursive relationships result either in 
a symbiotic structure or in a metaa symbiotic structure or in a meta--cellular unit.cellular unit.

symbiosis

meta-cellular unit
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Today’s Biological SystemsToday’s Biological Systems
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Today’s Computational SystemsToday’s Computational Systems

I. I. IntroductionIntroduction
II. II. MotivationMotivation
III. ObjectivesIII. Objectives
IV. Approach  IV. Approach  
V.  ChallengesV.  Challenges



14145/8/20075/8/2007 © Plamen L. Simeonov© Plamen L. Simeonov

State of State of thethe ScienceScience

Recent research roadmaps both in computational Recent research roadmaps both in computational 
systems biology and autonomic systems are systems biology and autonomic systems are 
targeting to perpetuate and enrich the knowledge, targeting to perpetuate and enrich the knowledge, 
technology and methodology transfer between technology and methodology transfer between 
analytic life sciences and synthetic engineering analytic life sciences and synthetic engineering 
sciencessciences

HoweverHowever, , it is impossible to make any significant it is impossible to make any significant 
progress in this multidisciplinary field of research progress in this multidisciplinary field of research 
without inaugurating a breakthrough paradigm without inaugurating a breakthrough paradigm 
change towards change towards biologically driven mathematics biologically driven mathematics 
and computationand computation
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AssumptionsAssumptions
Living systems have Living systems have fundamentally different notions for selffundamentally different notions for self--
organizationorganization from those conceived in engineering sciences from those conceived in engineering sciences 
today.today.

When devising the plan for future converging sciences, one When devising the plan for future converging sciences, one 
should be aware of should be aware of the limits of engineeringthe limits of engineering and of the fact and of the fact 
that that ““various relations within organisms…are outside the various relations within organisms…are outside the 
scope of scope of metricmetric mathematical biology”mathematical biology” ((RashevskyRashevsky, 1958), 1958)
and contemporary science.and contemporary science.

NatureNature--inspiredinspired or or natural computation natural computation (MacLennan, 2004)(MacLennan, 2004)
and constructivist approaches such as evolutionary, neural and constructivist approaches such as evolutionary, neural 
and and neuromorphicneuromorphic, as well as cellular/membrane and , as well as cellular/membrane and 
molecular/DNA computation  still suffer the inertness of molecular/DNA computation  still suffer the inertness of 
exclusively syntactic and “mechanistic computing models exclusively syntactic and “mechanistic computing models 
…by utilizing numerical computation algorithms which are …by utilizing numerical computation algorithms which are 
based on based on recursiverecursive functions” functions” ((BaianuBaianu, 2006, 2006). ). 
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Rosen’s Modelling Relation Rosen’s Modelling Relation 
of Science (Rosen, 1991)of Science (Rosen, 1991)
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Rosen’s Extended Modelling Rosen’s Extended Modelling 
Relation of ScienceRelation of Science
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Rosen’s Revised Modelling Rosen’s Revised Modelling 
Relation of ScienceRelation of Science

I. I. IntroductionIntroduction
II. II. MotivationMotivation
III. ObjectivesIII. Objectives
IV. Approach  IV. Approach  
V.  ChallengesV.  Challenges



19195/8/20075/8/2007 © Plamen L. Simeonov© Plamen L. Simeonov

The Converging Modelling The Converging Modelling 
Relation of ScienceRelation of Science
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Research GoalsResearch Goals
1.1. a new kind of computation model capable of a new kind of computation model capable of 

expressing the expressing the special special logiclogic of living systemsof living systems
((ElsasserElsasser, 1981) incl. cognition and , 1981) incl. cognition and 
consciousness (Crick, 1994). consciousness (Crick, 1994). 

2.2. biological imperatives for computation as seen biological imperatives for computation as seen 
by by integral integral biomathicsbiomathics (Simeonov, 2007).(Simeonov, 2007).

3.3. engineering naturalistic computing systems engineering naturalistic computing systems 
based on relational semantics models of based on relational semantics models of 
neuronal system morphogenesis. neuronal system morphogenesis. 
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MethodologicalMethodological FrameFrame

FocusFocus: understanding the premises for and : understanding the premises for and 
the fundamental characteristics of the fundamental characteristics of 
organisation in biology. organisation in biology. 

Goal:Goal: is the implementation of an is the implementation of an integral integral 
model for model for biocomputationbiocomputation within an adequate within an adequate 
engineering frame of relevance, rather than engineering frame of relevance, rather than 
development of imitations and replicas via development of imitations and replicas via 
arbitrary selection and emulation of a set of arbitrary selection and emulation of a set of 
limited ‘organic’ features.limited ‘organic’ features.
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AutonomicAutonomic SystemsSystems

Figure 1:  The Wandering Logic Intelligence              Figure 2: The HiPeer overlay model
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LivingLiving SystemsSystems
DefinitionDefinition:: realizations of realizations of morphogenetic morphogenetic 
fieldsfields ((GurwitschGurwitsch, 1910; Thompson, 1917; , 1910; Thompson, 1917; 
Weiss, 1939) manifested in structuralWeiss, 1939) manifested in structural--
functional functional relational patternsrelational patterns ((AndrasAndras, , 
2005) by means of 2005) by means of autopoieticautopoietic networksnetworks
(Simeonov, 2002). (Simeonov, 2002). 

This process involves This process involves ‘hidden’ relational ‘hidden’ relational 
semanticssemantics which dynamically enfolds and which dynamically enfolds and 
unfolds inside the constituent elements unfolds inside the constituent elements 
((BohmBohm, 1980) as a result of the composite , 1980) as a result of the composite 
interplay with each other and their interplay with each other and their 
environments. environments. 
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Research FrameResearch Frame

FieldsFields, , relations, networksrelations, networks and and 
semanticssemantics provide a new frame for provide a new frame for 
exploring biological phenomena exploring biological phenomena 
such as such as neurogenesisneurogenesis..

My approach embodies the My approach embodies the 
essence of neuronal systems in a essence of neuronal systems in a 
naturalistic way to define naturalistic way to define biological biological 
computationcomputation––communicationcommunication
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MethodologyMethodology

NeuroplasticityNeuroplasticity represents the physiological base of represents the physiological base of 
this research project. this research project. 

The expected result is The expected result is a naturalistic model of a naturalistic model of 
neuronal system computationneuronal system computation which explains how which explains how 
synaptic plasticity develops in terms of synaptic synaptic plasticity develops in terms of synaptic 
changes in response to external stimuli. changes in response to external stimuli. 

This process will be traced from the level of neuron This process will be traced from the level of neuron 
group interactions through molecular biochemical group interactions through molecular biochemical 
reactions within single neurons down to the level of reactions within single neurons down to the level of 
quantum coherence in quantum coherence in tubulintubulin nanostructures nanostructures in in 
terms of continuous and discrete terms of continuous and discrete biocomputationbiocomputation..

Artificial network computing systems lack this Artificial network computing systems lack this 
characteristic yet. characteristic yet. 

I. I. IntroductionIntroduction
II. II. MotivationMotivation
III. ObjectivesIII. Objectives
IV. Approach  IV. Approach  
V.  ChallengesV.  Challenges



26265/8/20075/8/2007 © Plamen L. Simeonov© Plamen L. Simeonov

ExpectedExpected ResultsResults

The project is expected to deliver answers to The project is expected to deliver answers to 
such questions as: such questions as: 
(i) (i) what is computation?what is computation? –– in biological context;in biological context;
(ii) (ii) how useful is a computation?how useful is a computation? –– for living for living 
systems, where “usefulness” is studied from the systems, where “usefulness” is studied from the 
viewpoint of the entity performing the viewpoint of the entity performing the 
computation; computation; 
(iii) (iii) to what extent can a computation be carried to what extent can a computation be carried 
out?out? –– in an organism or an ecosystem, with the in an organism or an ecosystem, with the 
available resources (power, time, number of available resources (power, time, number of 
computing elements, etc.). computing elements, etc.). 
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Research FieldsResearch Fields
1.1. evolutionary dynamic information evolutionary dynamic information 

systems (semantic networks)systems (semantic networks)
2.2. distributed computation communicationsdistributed computation communications
3.3. artificial intelligenceartificial intelligence
4.4. formal methods and computation models formal methods and computation models 
5.5. information theoryinformation theory
6.6. relational systems biologyrelational systems biology
7.7. molecular biologymolecular biology
8.8. neuroscience neuroscience 
9.9. genetics. genetics. 
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HighlightsHighlights
My approach My approach neither follows classical discrete models of neither follows classical discrete models of 
artificial neuronal networksartificial neuronal networks based on Boolean algebra based on Boolean algebra 
(McCulloch & Pitts, 1943), (McCulloch & Pitts, 1943), nor these based on continuous nor these based on continuous 
computationcomputation ((SiegelmannSiegelmann, 1997), , 1997), but rather a unifying but rather a unifying 
approachapproach carrying the complementary characteristics of carrying the complementary characteristics of 
both concepts within a dynamic multilayered relational both concepts within a dynamic multilayered relational 
semantics model of semantics model of neurogenesisneurogenesis following my following my ViatorViator
approach (Simeonov, 2002). approach (Simeonov, 2002). 

The latter will be endorsed by concept frames from The latter will be endorsed by concept frames from 
evolutionary Turing machines, recurrent neural networks, evolutionary Turing machines, recurrent neural networks, 
evolving knowledge bases, ontology maps, and evolving knowledge bases, ontology maps, and semantic semantic 
entailments within entailments within living living ontologiesontologies based on named based on named 
graphs.graphs.

In addition, my integral model is going to address optimal In addition, my integral model is going to address optimal 
design principles such as minimal vulnerability, as well as design principles such as minimal vulnerability, as well as 
robustness and robustness and evolvabilityevolvability. . 
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HighlightsHighlights
1.1. FieldsFields: The expected results are findings in support of a new: The expected results are findings in support of a new

biological informationbiological information theorytheory which complements the classical one which complements the classical one 
into an into an integralintegral information theoryinformation theory for both artificial and natural for both artificial and natural 
systems. systems. 

2.2. Relations:Relations: The expected results are the definition a The expected results are the definition a formal formal biobio--logiclogic
analogous to analogous to Elsasser’sElsasser’s (1981) and Rosen’s (1991) concepts and (1981) and Rosen’s (1991) concepts and 
the development of a the development of a relational calculusrelational calculus that depends on the that depends on the 
observer (observer (SmolinSmolin, 2000)., 2000).

3.3. Networks:Networks: According to According to autopoieticautopoietic theorytheory biocomputationbiocomputation cannot cannot 
be defined as a purposeful task for the solution of a specific pbe defined as a purposeful task for the solution of a specific problem roblem 
or class of problems in the way expected from artificial or class of problems in the way expected from artificial 
computational systems today. Its fundamentalcomputational systems today. Its fundamental intentintent is not decision is not decision 
making, but adaptation, life maintenance, survival and replicatimaking, but adaptation, life maintenance, survival and replication. on. 
The research in this field is expected to deliver new insights iThe research in this field is expected to deliver new insights in n 
autopoiesisautopoiesis, as well as , as well as a new consistent definition of a new consistent definition of autopoiesisautopoiesis, a , a 
new formalism, or both.new formalism, or both.

4.4. Semantics: Semantics: I claim that computation occurring in nature always I claim that computation occurring in nature always 
involves semantics. The expected result of this research is the involves semantics. The expected result of this research is the 
design of a meta language construction model for the support of design of a meta language construction model for the support of 
selfself--creating dynamic attributed creating dynamic attributed ontologiesontologies based on multibased on multi--layered layered 
pattern recognition and capable to pattern recognition and capable to express both natural and artificial express both natural and artificial 
neuronal activityneuronal activity..
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