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Abstract

Genetic information is the minimal information needed to construct the building blocks (Enzymes, Proteins, Cell differentiation) of the Organism Hardware.  However, morphogenesis (Hardware pattern formation) as well as Biological functions (Software) depend on non-genetic factors like instabilities related to nonlinearities far from equilibrium, adaptation, training, maturities of the organism, mind/ body interaction.  Genetics and Biology have recently influenced Computational Physics in the development of Nature Inspired Computation strategies like DNA-based computing.  Genetic Algorithms and Evolutionary Strategies, Neuro and Immuno Computing, Swarm Intelligence. 

1. Introduction

We inherited two world views from the science of the 19th century, namely the world view of dynamics and the world view of thermodynamics, both are pessimistic.  From the dynamic point of view nothing is really happening, everything appears in a predetermined way as part of a moving machine.  In the thermodynamic point of view everything goes to death, the thermal death.  Therefore, the emergence of far from equilibrium structures [1] was important because it showed that time has a creative role, that in far from equilibrium new things are happening and will continue to happen.  Therefore, we may see our world as a non-equilibrium world in which new things happen all the time.

In macroscopic physics, the appearance of dissipative structures [1] has been confirmed by many experiments.  We only mention the recent verification [2] of the prediction [3, 4] that weak fields, like the gravitational field, may influence biochemical reactions at critical points far from equilibrium.

The new structures come from non-linearity and involve a critical distance from equilibrium.  There we have the so-called dissipated structures, self-organisation, bifurcations, leading to an enormous variety of situations, Fig. 1, going on and on, Fig. 2.  In this way we have, to some extent, an explanation of the variety of situations which we see in nature, as the characteristics of nature are complexity and variety.  

The diversity of species is perhaps the most obvious example of nature’s creativity.  For example, there are about 12,000 species of ants known today.  It is very difficult to imagine that all of these species were already programmed at the time of the Big Bang.

The more we study nature, the more we are impressed by its complexity, with even the smallest particles organizing themselves during a state of disequilibrium and apparent disorder.

Complexity is the outgrowth of the far from equilibrium situations which are preeminent in nature.  A classic example of complexity in hydrodynamics is Bénard instability (named after the scientist who discovered it).

If we heat a liquid from below, we will at first have only thermic conductivity from the lower, hotter layer to the upper colder layer.  But if we increase the difference of temperatures we will see the formation of vortices.  This formation corresponds to billions of particles whose motion is correlated to the motion of surrounding particles, producing large-scale organized flows.

In these Bénard vortices we see a very simple case in which a system evolves from macroscopic disorder at a state of near equilibrium (when the temperature of the upper and lower layer is almost the same) to remarkable macroscopic organization due to molecular interactions under constraints that are far from equilibrium.

The case of the Bénard vortices would seem to repeal the usual formulation of the second law of thermodynamics, which emphasizes the destructive role of entropy, or the dissipation of energy.  Instead, as we have seen, the distance from equilibrium can lead to the formation of new structures.

What is the Dynamical Basis of Self-organization and Complexity [5]?

We have in Physics two types of descriptions: description in terms of classical trajectories or quantum wavefunctions and statistical description in terms of ensembles of trajectories or mixtures of wavefunctions.  In the statistical description introduced by Gibbs, instead of considering individuals we consider societies, populations of individuals.

Society involves population dynamics which is a collective description very clear in social problems.  You cannot describe individuals without referring them to the society in which they are members.  The question is whether there is also a physics of populations.  Physics of populations would mean that the population cannot be reduced to individuals: you cannot reduce sociology to individual behaviour.  You have always to take into account the population as a whole.  

Moreover, in the statistical description, we have events which correspond to possible situations which may or may not appear.  We want to know in which conditions there are events.  Of course in human life there are all kinds of events : a marriage, any encounters.  But are there events in nature ?  Non equilibrium thermodynamics gives a positive answer.  There are events associated to bifurcations.  One structure, followed by a different emerging structure.  We have events preceded by fluctuations.  You go from one path to many paths and the choice of the path is given by probability.  You have Order through Fluctuations, Fig. 2.  Therefore, the view of nature in thermodynamics is a probabilistic view with broken time symmetry.

Irreversibility requires the formulation of extensions of microscopic dynamics, be it classical or quantum.  In the conventional dynamical formulation, the description is time reversible.

It is hard to accept that Irreversibility results from our ignorance or approximations.  In order to avoid a dualistic view of  nature (reversible at the microscopic dynamics and irreversible at the macroscopic level), we have worked out extensions of microscopic dynamics which include Irreversibility.  The mathematical problem involves modern functional analysis.  We cannot enter here into the details of generalized functions and spectral theory of operators in Locally Convex Spaces (including the so-called Rigged Hilbert spaces) [6].  We want to mention that the evolution of ensembles of classical trajectories or quantum wavefunctions is described in terms of the so-called Liouville-Von Neumann operator [1].  The mathematical question therefore is in which cases the Liouville-Von Neumann operator has solutions with broken time symmetry.  It turns out that this depends on the type of Dynamical system.  For stable and/ or integrable systems, like the motion of the earth around the sun or the pendulum, there are only solutions “reducible” to individual trajectories or wavefunctions.  However, the majority of dynamical systems including chaotic maps, Large Poincaré Non-integrable systems, Unstable quantum particles does not belong to this class.  For these systems probabilities do not “reduce” to individual descriptions in terms of trajectories or wavefunctions.

2. The Non-Equilibrium Universe

What is the origin of non-equilibrium in the universe?   The origin of non-equilibrium may be gravitation which always gives trouble to thermodynamics.  If the world would be dominated by gravitation only, there would be no equilibrium.  But there may be a deeper reason.  We do not yet know the origin of the Big Bang but perhaps the world appeared at the Big Bang as a highly non-equilibrium state resulting from dissipation.  

Part of this dissipation may have been used to produce structures at the level of chemistry, particles and non-equilibrium fields.  Once we have stable particles, we go to atoms, molecules, life.  Is the Big Bang a transition from the primordial quantum vacuum to matter?  Many people believe that Big Bang has a special function, that it contains all future information, including our Workshop.  That is very unlikely.  It is much more likely that matter and life appeared as an irreversible succession of non-equilibrium processes initiated by a fluctuation of the quantum vacuum which created entropy through the formation of real particles, starting with virtual particles.

3.  Life, Non-Equilibrium Physics and Complexity

The appearance of life forms and structures is a non-equilibrium process resulting from fluctuations and instabilities [1-4].  But the fluctuations that led to life are not very well known.  There is some part which is genetic.  It is very remarkable that the genetic code is the same everywhere.  On the other hand there are differences between chimpanzees and humans.  People say once we know the genes we shall know the life forms and the human being.  That is a very reductionist point of view.  We see a lot of irreversible processes involved in the transcription of genetic information to create the embryo as well as a lot of irreversible processes going on after birth.  Therefore, the non-genetic aspect cannot be neglected.

After the completion of the sequencing of the Human Genome, see for example [7], the next challenges are: 

(a) to understand how the genetic information is coded and interpreted to build diverse cells and organs and ultimately the whole body.

(b) to understand how genetic information is related to specific diseases

(c) to develop new therapies, for example, genetic surgery, regenerative medicine.

Genes are activated or suppressed individually or collectively by complicated feedback loops, responding to various signals.  The collective integration of genomes in trillions of cells is done through Hierarchical Controls involving non-linear feedback loops resulting in:

(a) the regulation of information flow between different cell types

(b) the orderly function of tissues and organs over life

In order to address these problems we need: 

(a) Specific efficient tools for data handling and computation including the internet [8]

(b) Complexity and Non-Equilibrium Physics [1, 5] as the theoretical framework to formulate problems and construct models.

These are in fact included in the objectives of the Bioinformatics Research Policy of European and American Research [9].  

We are still however very far from understanding biological evolution and the chasm between genotype and phenotype, because the instructions for gene activation or suppression cannot be deduced from the genomic sequence and evolution does not proceed by enlarging the protein inventory, but rather by modulating the gene expression [10]. We are faced therefore with non-genetic aspects involving complexity theory and Non-equilibrium physics.  For example, bifurcations lead to extreme sensitivity.  Environmentally induced mutations from gravitational fluctuations with very small energy ( ~10 –15 kT) may realize Lamarch evolution [2-4].  We have to develop non-genetic biology based on Complexity theory.  Cloning will not give identical individuals, because individuals develop very much after birth.  Complexity Theory and Information Technology are of course useful tools for the study of life sciences.  

Conversely, however, Life Sciences have led to significant developments in Complexity and Information Technology.  Life itself was a challenge against the 2nd Law of Thermodynamics and motivated the development of Non-Equilibrium Physics and Complexity [11, 1].  Neurophysiology, Natural Selection, Social Insects and the Immunology have been the source of inspiration for new computational tools which will be briefly reviewed below.  These unconventional methods of computation are intensively investigated [12] in order to address the exponential increase of information flow in our knowledge based society.  DNA and other chemicals of Life have also been proposed as alternative hardware for future computation [13].  Bioelectronics is a rapidly growing field exploring these possibilities.

4.  From Neurophysiology to Neural Networks and Neurocomputing

McCulloch and Pitts [14] gave an early mathematical description of the Nervous System as a network of elements called “Neurons” linked by junctions called “Synapses”.  These “Neurons” abstracted from the details of neuronal operation in a simple way.  They emitted and were operated upon, binary “all-or-none” signals.  The “synapses” were either excitatory or inhibitory junctions and they functioned by computing the algebraic sum of the values of their inputs.  An output signal is emitted if and only if the sum exceeded a certain specified threshold.  “Neurons” represented the elementary operations of  two-valued Logic and Neural Networks represented/ realized complicated logical formulas.  In this sense Neural Networks are mathematical realizations of Turing Machines [15] which are abstractions of the processes underlying computing [16, 17].  Neural Network operation is therefore understood as computation or symbolic dynamics, as a realization of dynamical paths, involving high complexity [17].

The dynamics of each neuron, namely the travelling of the nerve impulse along the axon of the Neuron, is described by Hodgkin-Huxley equations [18, 19].  However, the link between micro-neurology, at the level of neurons and synapses, with macro-neurology, at the level of the nervous system activity, is a typical problem of statistical physics [20, 21, 22].  Neural networks developed as computational tools which can be “trained” to use data for classification, pattern recognition and classification [23], system identification, prediction and control [24].  By replacing the neuronal signoid response with other functions like Chebychev Functions [25] or wavelets [26] we may identify Chaos from a Time Series. 

5.  From Natural Selection to Evolutionary Computation

Evolution is the keynote of Biology, linking organisms together in a history of events.  The organisms emerging in the branches of the evolutionary tree are the products of a series of “accidents” described in terms of fluctuations and bifurcations [27].  These fluctuations represent the selective pressure of the environment giving rise to natural selection shaping the behaviour of individuals and species to fit the demands of their surroundings.

This fit is a clear indication of the creative character of biological evolution which is capable of engineering solutions to survival problems.

Evolutionary Algorithms are general-purpose search procedures mimicking the mechanism of natural selection and population genetics.  Due to their simplicity, speed, ease of interfacing and extensibility, Evolutionary Algorithms have attracted a lot of attention and found a growing number of applications.  Evolutionary Computation is addressing problems that were previously beyond reach, like the design of drugs, flexible supply-chain solutions, job scheduling, circuit design, battlefield tactics [28, 29].  The evolutionary character of Neural Network processing, discussed in the previous section, motivated the development of combined Genetic and Neural Computing [30, 31].

6.  From Social Insects to Swarm Intelligence

Social insects like ants, bees, wasps find effective ways to solve complex problems [32].  The integration of individual activities into the society behaviour seems to be governed by simple communication rules between individuals.  These rules lead to coordination of the system through cooperation of the individuals according to simple rules of response to stimuli from other individuals or from the environment.  Such observations led to the design of systems of agents capable of  solving problems, inspired by social insects.  These systems have unique qualities.  They are adaptive, decentralized, flexible and robust.  The resulting algorithms are distributed and particularly useful for engineering design, factory control, scheduling and project management, robotics, the internet and intranets, economic games even combat simulation [33, 34].

7.  From Immunology to Immunocomputing

Our primary defense against pathogenic agents like bacteria, viruses, fungi and malignantly transformed cells, is the Immune System [35].  The main operations of the Immune System are:

(a) to recognize all cells or molecules within the body

(b) to classify them as “self” or “non-self”

(c) to induce appropriate defense mechanisms (antibodies) against the “non-self” agents (antigens)

(d) to memorize the antibodies that have been identified in the past

The Immune system is a distributed Network of highly interacting elements called lympocytes.  The mice have ~108 lympocytes, while humans have ~1012 lympocytes.

The analogies between the immune system and the Nervous system are obvious.  The immune system has been characterized as “the second brain of  vertebrates” as it performs, like the nervous system, pattern recognition, classification, learning, memory association retrieval.  Moreover, like in the Nervous System, Statistical Physics and complexity have been used for the Mathematical Modelling of the Immune system [36, 37, 38].

As in the case of Artificial Neural Networks, the Artificial Immune Systems (AIS) offer powerful and robust information processing capability for solving complex problems.  AIS can learn new information, recall previously learned information and perform pattern recognition in a highly decentralized fashion.  Artificial Immune Systems have already been applied in detection of faults in manufacturing, security of information, design of vaccines, control of autonomous mobile robots, mining of commercial data, monitoring of plague foci in Central Asia.

However, a comparison with the Artificial Neural Networks shows that the field of AIS has not yet a clear and sound mathematical basis appropriate/ necessary for hardware implementation analogous to the existing neurocomputers that were based on Artificial Neural Networks.  Nowadays AIS are represented by software tools based on heuristic algorithms, using ideas from Genetic Algorithms, Artificial Neural Networks, Multi-Agent Dynamics.  However, computer science, including AIS, has not yet exploited the role of proteins, as basic natural elements of information processing.

This is the background of the recently launched European Project [39] on Immunocomputation aiming in implementing the principles of information processing by proteins and immune networks in a new kind of computing in order to solve specific complex problems while protected from viruses, noise, errors and intrusions. Immunocomputing leads to a new kind of computer, we propose to call Immunocomputer by analogy to the widely spread Neurocomputers, which are based on the models of neurons and neural networks.

The scientific and technological objectives of Immunocomputing are:

1. To develop the appropriate mathematical basis of  immunocomputing, including the following mathematical models:

· formal protein as a basic element of immunocomputing;

· formal immune networks;

· language representation and knowledge based reasoning; 

· synchronization of events in computer networks;

· immune type detectors and learning algorithms by presenting data as trees and collections of data as forests;

· models of complex systems having a weak self-similarity or a hidden Markovian structure;

· conceptual framework of interactions between people and nature in analogy with immune system focused on ecosystem management on a regional scale;

2. To develop numerical algorithms and to implement immunocomputing software for the following applications: 

· complex evaluation of ecological and medical indicators including computation of ecological maps and anticipation of critical situations;

· estimation of the variability of atmospheric ozone;

· learning and pattern recognition, including data mining elements;

· 3D modelling and visualization of natural processes dynamics;

· elements of a security system for the protection of computer networks combining principles of artificial immune systems, neural networks and genetic algorithms.

3. To construct a working hardware prototype of “immuno-chip” as a special electronic scheme for ultra-selective recognition of patterns and demonstrating the possibility of hardware implementation of immunocomputer units.

The following innovations, are expected to be achieved through immunocomputing:

· Immunocomputers are likely to overcome the main drawbacks of neurocomputers (spurious patterns, low capacity in relation to the size of neural network, difficulty with location of errors). These drawbacks block the wide application of neurocomputers in fields, where errors cost too much, like control and navigation of spacecrafts, aircrafts, ships, submarines, security systems, intensive care medicine.

· Immunocomputers could provide an effective simulation of the natural immune system and aspects of relevant diseases, as AIDS. Even the simplest variants of formal immune networks effectively simulate important properties of immune response and immune memory. 

· We expect that in the field of diagnostics (fault detection) for spaceships, aircrafts, nuclear power plants and ecology it will be possible to: 

- deal with huge amounts of data in hard time constraints;

- detect early and reliably critical situations, errors and faults;

- overcome neurocomputing difficulties. 

· In the field of information security  for computer networks, the development of:

- self-learning security systems to resist unknown invaders (viruses, unauthorized users);

- software/hardware implementation of security systems.

· In the field of control of mobile objects (robots, etc.), the improvement of reliability and flexibility of system behaviour in unpredictable situations. 

· In the field of data mining, the detection of small deviations and errors from normal behaviour in large amount of data (credit card, mortgage fraud detection).

· In the field of management of complex socio-ecological systems, the development of integrated approaches to modelling of interactions between population and environment based on the resilience concept.

Concluding Remarks

Although we have very simple examples of structure formations, we don’t know yet the origin of life.  A lot of people believe that life came from another planet.  We still don’t know the origin of the Universe.  Anyway, we come to a different concept of reality.  Reality in Classical Mechanics as well as in Quantum Mechanics was viewed as a machine.  All you need is a dualistic view to give rise to Entropy as information loss by the consciousness of the human observer who stands outside nature.  Laplace and Einstein said that everyone is a machine within the cosmic machine.  Spinoza says that we are all machines, but we don’t know it.  We are simply machines who don’t know they are machines.  That seems not very satisfactory.  Therefore, it is important to have a view which is not only free of dualities, but also more optimistic, a view of the universe as a construction ,as an entity which has to be considered as a whole.  This view resulted in fact from recent developments of Non-Equilibrium Physics and Chemistry

All the time there are events emerging at bifurcation points that depend on fluctuation.  That is very nice because it means that individual action has meaning, it is not unimportant or futile.  Because a very small action as a fluctuation may be amplified at a critical situation.

The invention of printing was a bifurcation which changed society.  Science has also changed its meaning.  It was an elitist activity a few decades ago.  Now science is closely related to society.  The two sciences which had the most rapid expansion at the end of the 20th century are Informatics and Molecular Biology.  Society has embraced science as a kind of full partner in social life.  That is very important because in a sense it makes participation, it means participation which will be amplified by the World Wide Web being itself a bifurcation point like printing.  The history of Europe is characterized precisely by the number of bifurcation points which lead to more participation of people in the society.

In the near future we expect significant developments in Life sciences in particular using Complexity Theory and Information Technology.  Life has not only been a challenge which motivated the development of Non-Equilibrium Physics and Complexity, but also a source of inspiration for development of software tools and hardware structures.


REFERENCES

[1] I. Prigogine, From being to becoming, Freeman, New York (1981)

[2] C. Papaseit, N. Pochon, J. Tabony, Micotubule Self-Organization is gravity-dependent, Proc. Natl. Acad. Sci. USA 97 8364-8368 (2000)

[3] D. Kondepudi, I. Prigogine, Sensitivity of Non-equilibrium Systems, Physica 107A 1-24 (1981)

[4] D. Kondepudi, Sensitivity of Chemical Dissipative Structures to external fields: formation of propagating bands, Physica 115 A 552-556 (1982)

[5] I. Prigogine, The End of Certainty, Free Press, New York (1997)

[6]  I. Antoniou and G. Lumer, Generalized Functions, Operator Theory and Dynamical Systems, Chapman and Hall/ CRC Research Notes in Mathematics 399, London 1999.

[7] “The Human Genome” Special issue Science 291 1145-1434 (2001)

[8] A. Baxevanis, B. Francis Ouellette (eds.), Bioinformatics, Wiley-Interscience, New York (1998).

[9] See for example the Objectives of the Bioinformatics Research Policy of European and American Research, Presentation of Prof. Bruno Hansen in the workshop and Bioinformatics at the National Institutes of Health USA http://grants.nih.gov/grants/bistic/bistic.cim presented in the Annual American Mathematical Association

[10] S. Brenner, The end of the beginning, Science 287 2173-4 (2000)

[11] E. Schroedinger, What is Life, Cambridge University Press, London (1995)

[12] I. Antoniou, C. Calude, M. Dinneen (eds.) Unconventional Models of Computation, Springer-Verlag, London (2000)

[13] C. Nicolini, From Neural Networks and Biomolecular Engineering to Bioelectronics, Plenum Press, New York (1995)

[14] McCulloch and Pitts, Bull. Math. Biophys. 5 115-133 (1943)

[15] C. Shannon, J. McCarthy, Automata Studies, Princeton Univ. Press, Princeton (1956)

[16] A. Turing, Proc. Lond. Math. Soc. 42 230-265 (1936)

[17] L. Blum, F. Cucker, M. Shub, S. Smale, Complexity and Real Computation, Springer-Verlag, New York (1998)

[18] A. Hodgkin, A. Huxley, J. Physiol. (London) 117 500-544 (1952)

[19] J. Cronin, Mathematical Analysis of the Hodgkin-Huxley Neural Theory, Cambridge University Press, Cambridge U.K. (1987)

[20] E. Caianello (ed.),  Neural Networks, Springer-Verlag (1968)

[21] J. Hopfield Neurons, Dynamics and Computation, Physics Today p40-46 Feb (1994)

[22] H. Gutfrend, From Statistical Mechanics to Neural Networks and Back, Physica A163 373-385 (1990)

[23] T. Kohonen, Self-Organizing Maps, Springer-Verlag, Berlin (1995)

[24] D. Pham, L. Xing, Neural Networks for Identification, Prediction and Control, Springer-Verlag, Berlin (1995)

[25] P. Akritas, I. Antoniou, V. Ivanov, Chaos Solitons and Fractals 11 207-222 (2000)

[26]  P. Akishin, P. Akritas, I. Antoniou, V. Ivanov, Identification of Discrete Chaotic Maps with Singular Points, Discrete Dynamical Systems in Nature and Society (in press) (2000)

[27] A. Babloyantz, Molecules, Dynamics and Life, Wiley-Interscience, New York (1986)

[28] D. Fogel “What is Evolutionary Computation” IEEE Spectrum 26-40, Feb (2000)

[29] D. Dasgupta, Z. Michailowicz (eds.), Evolutionary Algorithms in Engineering Applications, Springer-Verlag, Berlin (1997)

[30] D. Pearson, N. Steele, R. Albrecht (eds.), Artificial Neural Nets and Genetic Algorithms, Springer-Verlag, Wien (1995)

[31]  J. Chen, M. Conrad Evolutionary Learning with a neuromolecular architecture: a biologically motivated approach to computational adaptability, Soft Computing 1, p. 19-34 (1997)

[32] S. Camazine, J.L. Deneubourg et al, Self-Organization in Biological Systems, Princeton Univ. Press, Princeton (2000)

[33] E. Bonabeau, M. Dorigo, G. Theraulaz, Swarm Intelligence, Oxford Univ. Press, Oxford New York (1999)

[34] M. Wooldridge, N. Jennings, Intelligent Agents: Theory and Practice, Knowledge Engineering Review 10(2) June (1995)

[35] R. Goldsby, T. Kindt, B. Osbourne, Immunology, 4th ed., W. Freeman and Company, New York (2000)

[36] A. Perelson, G. Weisbuch, Immunology for Physicists, Rev. Mod. Phy. 69 1219-1267 (1997)

[37] D. Dasgupta, Artificial Immune Systems and Applications, Springer-Verlag, Berlin (1999)

[38] A. Tarakanov, D. Dasgupta, Biosystems 55 151-158 (2000)

[39] Immunocomputing Project, European Information Society Technologies Programme, Long Term Research, IST-2000-26016, Dec. 2000-Dec. 2003.  Coordinated by the International Solvay Institutes for Physics and Chemistry.

Thermodynamic variable





Β








Α








Ι





Ι’





λc


c





Control parameters 





Fig. 1     At the critical point λc the original solutions (I) become unstable (I’) and the new branches (A), (B) emerge.
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Fig. 2  The selection of the paths Ai, Bi (events) at the critical points λi, i = 1, 2, . . .      is not deterministic but subject to fluctuations.  The different possible paths like I, B1, A2, A4, . . . or I, A1, B3, . . .  selected probabilistically are irreversible.
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