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Preface to the English Language Edition

The second half of the twenties century passed in the glamour of the digital 
information. In the middle of the century technology produced the first 
computers -  and until the end of the century they developed, with incredible 
speed, into the World Wide Web. In biology, the Watson - Crick model was 
bom in 1953. It proves that living systems are also using digital technology to 
store genetic information. Here the development was stunning, too; today the 
manipulation of genetic information and the cloning are the fashionable research 
subjects.

Nevertheless, there was a great difference between the two disciplines. In 
computer technology we got find out, to discover and develop, everything from 
scratch, both in hardware and software. In biology, on the contrary, we had 
everything readymade; we “only” got to recognize, to understand the workings 
of living systems. But this “only” was not a smaller achievement, as the 
biological products of nature -  the results of a long evolutionary development -  
became exceedingly complex. And here the events, the reactions are even taking 
place on molecular dimensions. Maybe that is why biology developed in the past 
half century one sided: everybody was researching the storage, replication, 
communication and modification of the genetic information -  and nobody was 
interested in the construction and organization of the machines, utilizing this 
information.

This was a deficiency -  even a grave error -  both in biological as well as in 
technological respect. In biological respect, because the digital information 
itself, without the equipment to read, understand and utilize it, is useless, is only 
a chaotic collection of signs. In technological respect it was an error, because the 
living world is employing in its machines methods and principles that are still 
unknown -  but could be very important -  for the human technology. To mention 
only one example: every machine of the living world is a self-reproducing 
automaton -  and this we can’t achieve with our hard technology.

Only one theory was presented -  the Chemoton Theory -  which concentrates on 
the construction principles of the machines of the living world. This is the 
general theory of the fluid (chemical) machines and its application onto the
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nature, origin and functioning of living systems. The chemoton model itself is 
the model of a program-directed, self-reproducing fluid automaton, which is at 
the same time the minimal model of living systems.

The Chemoton Theory didn’t receive a green light to the public opinion of the 
scientific world. It didn’t receive a green light, as it was developed behind the 
Iron Curtain and the author was isolated from the free world’s scientific 
community. But also, it was neither commented, nor discussed, because the 
scientific atmosphere was not receptive for it: there was not a single scientific 
institute with research program on this subject; neither a scientific journal, to 
publish articles about this type of investigation. Nevertheless, already in 1971 
the essential components of the chemoton theory were published in Hungarian 
language in the author’s book: “The Principle of Life”. The complete theory was 
published in 1984 and 1989 in the original Hungarian edition of these two 
volumes.

Luckily, the situation is completely changed today. The Iron Curtain, dividing 
the world, disappeared and at the same time the scientific community is 
recognizing that the functioning of the living world can not be explained solely 
by the storage and processing of genetic information. “The Principle of Life” is 
already available in English (Oxford University Press) and the Kluwer/Plenum 
publishing house offers in these two volumes the complete Chemoton Theory to 
the interested readers. These books are the unmodified translations of the 
original Hungarian editions.

As author, I owe a depth of thanks to Professor Paul Mezey and to Éena Jako for 
their efforts to arrange this publication; to László Varga for carefully drawing 
the illustrations and to the Collegium Budapest (Institute for Advanced Study) 
for donating a fellowship, which helped me greatly in the preparation of this 
edition. And I am grateful above all to three persons: to Koppány Thaly for 
taking over all the troubles of the electronic editing and to Susanne Mórász and 
to my wife, Méda, for entering into the text about six hundred complicated 
equations and for helping with the corrections of the final version.

Nagymaros (Hungary), 2003 August

The Author
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I. Introduction
The mosquito, known by all of us, can be regarded as a vertical take-off and 
landing aircraft with an autopilot. It has a perfect maneuvering ability, as it 
never crashes either when starting or landing. It flies day and night with the 
same degree of safety. Its motor is operating with a minimum loss of heat as its 
temperature is nearly identical with that of its environment. It is fueled by the 
ever regenerating energy source of nature. It navigates equally well by light, 
scent, or heat radiation. Its “autopilot”, which controls all that, and some other 
functions as well, has a weight on the order of a thousandth of a gram.

And the mosquito is not even the smallest robot aircraft. Allaptus minimus 
belonging to Mymaridae has a size of 0.2 mm, its wingspan is 0.6 mm, and it 
weighs 2 -  3 ■ 10'5 g. It rotates its wings with a speed of 400 rotations per 
second and it flies very well. Moreover, not only can it fly, but it can swim 
extremely well under water by moving its wings. The total weight of its 
controlling robot unit -  i.e., its nervous system -  is on the order of 10’6 g.

If we also take into account that this “airplane with an autopilot” is provided 
with self-reproductive ability, we may certainly state that the “technology” 
developed in the living world implies much more possibilities than technology 
developed by human civilization. The latter, also having amazing possibilities, is 
based mainly on manipulations with mechanical and electric energy.

In machines or instruments designed by man -  let us call them comprehensively 
automata -  mechanical or electrical energy is transferred during operation. This 
transmitted energy ensures the operation of the machine or instrument. It is 
however, not freely transmitted, but directed through a system of trajectories, 
depending on the construction of the automaton, by means of individual 
constituents that are the transmitters of the energy. Thus, the directed transfer of 
the energy inside an automaton is the function of the constituents and of the 
system built by them.
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Numerous such “energy transmitter systems” can be designed from relatively 
few constituents. Although mechanical and electrical or electronic machines 
contain only a few principally different constituents, the great variety of the 
possible dimensions and design of these constituents makes the assembly of a 
practically infinite number of constructions possible.

The operation of living systems is based on chemical processes implying 
changes in chemical energy, rather than mechanical or electrical energy. 
Changes in chemical energy also have directions. This is indicated in chemical 
equations where arrows often replace the sign of equality to show whether the 
process is bidirectional (reversible) or unidirectional (irreversible), and if it is 
irreversible, in what direction it proceeds. The directions are, however, not 
perceivable by any of our senses as directions. These directions can not be 
assigned to any real geometrical directions. Therefore, we do not directly 
perceive the organization of processes in living organisms and are capable only 
of observing their results. The principles of their operation may appear 
mysterious.

Nevertheless, this mystique can be resolved. If the chemical reaction has a 
direction, the series of consecutive reactions defines a trajectory for the motion 
of chemical energy. Though this trajectory can not be interpreted in geometrical 
space, it can be defined unambiguously -  and calculated quantitatively -  in an 
abstract chemical state space. But if in the chemical state space such different 
types of orbits can be defined (they can) in which chemical energy is constrained 
under suitable conditions, then special “constituents” can be built that are not 
ordered geometrically, and therefore are not perceivable by our senses, but from 
which chemical machines, instruments, and automatons can be constructed.

The next chapter of this book shows that

1. such constituents can be designed;
2. these constituents can be unequivocally characterized both qualitatively 

and quantitatively;
3. their operation can be described unambiguously in terms of chemical 

kinetics; and
4. in chemistry and biochemistry numerous practical, real examples can be 

found that reveal the existence of these constituents.
If such chemical trajectories really exist, it can be assumed that couplings can 
also be created between them. Chapter III describes the nature and several types 
of these, documenting, at the same time, the possibility of the quantitative
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treatment of these couplings. Upon discussing these interlocking, the design of 
the simplest “fluid automatons,” e.g., oscillating systems arises by itself.

Constituents and couplings are the prerequisites for the design of machineries, 
regardless of whether they are organized in geometrical, electromagnetic or, 
chemical state space.

In the chemical state space, various self-reproducing constituents can be 
designed and constructed, as proved by numerous practical examples. From self- 
reproducing constituents, self-reproducing machineries can be constructed. This 
is not conceivable for mechanical and electrical automatons, whereas for 
automatons organized in the chemical state space free of geometrical constrains, 
it is a natural possibility. In Chapter IV it is shown that this self-reproduction 
can be transformed into geometrical space leading to true reproductive fluid 
machines.

Mechanical and electrical works are more often applied in technology than in 
direct chemical work. Mechanical work can be done by electric machines and 
vice versa, if the equipment for converting one type of energy into the other is 
available.

Chemical energy can also be converted into other types of energy. In Chapter V, 
the combination of fluid chemical organizations and electromagnetic 
organizations is discussed. We shall see that, by this combination, the modes of 
organization of “fluid computers” based on completely new principles can be 
defined. In their properties and abilities, these computers are similar to the brain 
and the nervous system. They cannot be programmed. Their basic function, their 
“mode of existence” is learning. While working, they are unable not to learn. 
Their more advanced varieties are capable of thinking. This thinking is basically 
different from that of the so-called “thinking machines,” and is rather more 
similar to thinking done by the brain. Finally, similar to the nervous system, 
fluid computers also have self-organizing ability.

The organizational principles of fluid automatons were unknown up to now. 
However, technology sometimes applied fluid machineries empirically, or, by 
using other branches of science such as chemistry or microbiology, 
semiempirically. Direct applications of simple fluid systems are e.g., the use of 
catalysts including enzymatic washing powders, galvanic cells, batteries, and 
fuel cells. More complex fluid systems had only indirect applications in technol
ogy insofar as they utilized the complex fluid systems of living organisms, e.g. 
in fermentation or in the production of antibiotics; moreover, the very complex
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fluid systems of human beings capable of physical and intellectual 
accomplishment can also be included in this category.

On the one hand it is not necessary to demonstrate with theoretical principles 
what perspectives are to be expected from a detailed elaboration and extension 
of the theory of fluid automatons; one simply has to observe what the living 
world can accomplish. As practice shows, all this is possible. This is much more 
than our technology has produced. On the other hand, the equivalents of almost 
every product of technology can be found in nature, if it does not require too 
high energy density. In nature, there is no atomic transmutation and high- 
temperature technique. Nevertheless everything accomplished by nature is done 
more perfectly than in technology. Today’s technology does not even dream 
about an infra-telescope the size of a few cells, as it is realized by nature on the 
forehead of certain types of snakes; about users of luminous energy of a 
microscopic size such as chloroplasts, or about robot pilots with a weight of a 
microgram.

In the first volume of this book it is shown that the theory of fluid machineries 
can be elaborated in an exact way.

*

The most complex fluid machinery capable of reproduction, which will be 
introduced in Chapter IV of the first volume, has a special name: chemoton. The 
theory and this book are also named after this automaton. The chemoton is a 
programmed, self-reproductive, fluid chemical machinery capable of spatial 
division and, thus, of real proliferation. The fluid organization of its constituents, 
as well as the couplings between them, is exactly defined. The material balance 
of its operation is given exactly, by the so-called cycle stoichiometry, in terms of 
elementary chemical steps. Its operation in time is described by the kinetic 
equations of chemical reactions and also in terms of elementary chemical steps. 
The differential equations of these elementary steps provide a differential 
equation system, the solution of which can be obtained numerical integration by 
computer. This integration shows how the chemotons behave. This behavior is 
very similar to that of the simplest living systems.

Chemotons, therefore, should be compared to living systems. This comparison is 
made in the first chapter of the second volume (Chapter VI). It shows that in
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both their mode of organization and operation, chemotons correspond to the 
criteria of living systems. Chemotons are thus the simplest possible living 
systems.

If chemotons are the simplest possible living systems, then the assumption is 
justified that life on primordial Earth originated through such systems. In 
Chapter VII, a concrete chemoton network is presented, consisting of prebiotic 
reactions with about 100 intermediates. Using the cyclic stoichiometry 
elaborated in the first volume, a füll quantitative description of the network is 
given in terms of elementary reactions. Thus, the chemoton model can be filled 
in with prebiotic reactions and is capable of giving an unequivocal answer to the 
possibility and mechanism of spontaneous biogenesis. In that chapter the 
possible development of life on Earth from these primordial chemotons will also 
be discussed.

As was said, the chemoton model can also be characterized quantitatively. It is 
therefore to be expected that systems built up from it can also be described and 
studied both qualitatively and quantitatively, if the same methods or their more 
advanced varieties are applied to their investigation. If this is true, it promises a 
possibility for the development of an exact, almost axiomatic biology, similar to 
theoretical chemistry or physics. This subject is dealt with in Volume II.

The abstract chemoton model does not contain concrete chemical compounds. It 
does not even require its intermediates to be carbon compounds. It defines, 
however, the functional properties of the individual intermediates within the 
system. Numerous chemical networks can be designed that satisfy the 
requirements of chemoton coupling. The chemoton is not even restricted to life 
on earth. It can provide a good theoretical basis for research on eventual 
extraterrestrial life. The possibilities of this are discussed in the chapter 
following the one dealing with the origin of life.

Finally, the chemoton model can also be realized with artificially synthesized 
compounds under artificial conditions. This would be the artificial synthesis of a 
living system. The strategic outlines of this aspect are treated in the last chapter 
of Volume II.

*

As is seen, the two volumes of this book deal with quite different branches of 
knowledge. The first part does not contain biology. Except for some references,
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it discusses the construction principles of fluid automatons in terms of chemical 
formalism. The second part consists mainly of pure theoretical biology. It 
discusses the theory of the nature, origin, and early evolution of life. 
Nevertheless, the two parts are strongly connected. The second part is the 
application of the first one; to the understanding of the origin and operation of 
fluid automata realized, by nature.

The book dwells on a number of scientific branches. However, it should be 
emphasized that it is not a textbook on theory of automata, cybernetics, 
stoichiometry, reaction kinetics, or genetics. Its aim is to provide just enough 
elementary knowledge of these as is necessary to understand the ideas described.

The objective of the author is not the development of an abstract theory, but the 
understanding of the operation of living systems at the same level as an engineer 
understands the functioning of machines or instruments. This level of 
understanding is both theoretical and practical, and it substantiates creative, 
constructive activities. Therefore, the author strived for not only a qualitative, 
but also a quantitative treatment, avoiding abstract mathematical or 
philosophical discussions as much as possible. “Mathematical” derivations 
should be understood by engineers or teachers educated in natural sciences, as 
they contain only the simplest bases of mathematics.

Chemotons are capable of evolution. The basis of evolution is proliferation that 
was considered earlier as the exclusive property of living systems. J. von 
Neumann (1966) has, however, proved that proliferation is imaginable also for 
technical automata and has created the theory of self-reproductive automata. A 
conceptual construction for a fluid self-reproducing system was published by M. 
Eigen (1971). He called this construction a hypercycle. At the same time, the 
first concept of the chemoton theory was also published (Gánti, 1971). Eigen 
tried to prove the evolutional ability of the hypercycle as well (Eigen and 
Schuster, 1979). The problems of these and other developing systems (such as 
economic systems, informatical systems, etc.) initiated Gluchkov and his team 
dealing with cybernetics to construct the general mathematical principles of 
developing and evolving systems (Gluchkov et al., 1983).

The chemoton theory, though related to each of these theories, is in its origin 
and methods independent of them. It is neither a general evolution theory, as it is 
the work of Gluchkov et al., or partly the irreversible thermodynamics of 
Prigogine, nor is a general automaton theory, as is the work of Neumann or 
Turing and their followers. It is explicitly and consequently the theory of fluid 
chemical automata including also the living systems. From this point of view,
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however, it is of a broader validity than Eigen’s hypercycle theory, which 
examines only the evolutionary properties of the information contained in 
macromolecules, if their reproduction takes place in the so-called hypercyclic 
organization.

*

The two volumes of this book summarize the results of the research of the author 
(its great part being first published in this book). The computer simulations and 
kinetic descriptions are mainly the result of the work of F. Békés. In simulation 
work he was helped greatly by T. Csendes, M. Hidvégi, M. Korpádi, and A. 
Nagy. In the elaboration of the concrete model of prebiotic chemoton shown in 
Volume II, in addition to F. Békés and M. Hídvégi, E. Szathmáry took a creative 
part. The results concerning the prebiotic role of coenzymes are mainly those of 
P. Korányi. L. Slemmer’s contribution was mainly the critical discussion of the 
criteria of life and the study of some prebiotic events.

The author is grateful to Professor István Gyarmati for his continuous support 
and criticism, to Dr. Verhás for his valuable remarks and help in elaborating the 
kinetics parts, and to Professors T. Simon and T. Hortobágyi for their support.

Most thanks are due, however, to the wife of the author for providing suitable 
conditions of work, for her patience in bearing the difficulties, and for her 
manifold technical help.





II. Constructional Elements of Fluid Machines

Reaction Chains

Chemical reactions as sections o f forced trajectories

A chemical reaction is the transformation of a chemical component into another 
chemical component. Thus, a chemical reaction means a change in the chemical 
nature of matter. In terms of molecular dimensions, a chemical reaction is the 
transformation of one type of molecule into another type.

As we regard relatively stable forms of matter as chemical components (which 
are at least so stable that they can be detected by chemical methods), this, at the 
same time, means that the component in question occupies a local energy 
minimum in the chemical space. In order to move it out from there, energy has 
to be transmitted to it. This energy is the activation energy. At the molecular 
level this means that the relatively stable configuration of the reacting molecule 
should temporarily be transformed into an unstable configuration for the 
reaction to take place. This change in the configuration generally occurs by 
collisions at the molecular level. The partner in collision can be another 
molecule (reaction partner, solvent, etc.); in this case the energy of the colliding 
partners comes from the Brownian motion of the particles and thus is of the 
same order of magnitude for both partners. However, the colliding partner may 
be a particle much smaller than the molecule (e.g., a photon).

If the colliding partner causing the transformation is another molecule and it also 
undergoes transformation, a bimolecular reaction takes place. If the colliding 
partner does not undergo transformation, or the collision occurs with a particle 
that is smaller by orders of magnitude and the process leads to a chemical 
reaction, this reaction is called monomolecular. Nevertheless, it should not be
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forgotten that also in these types of chemical reactions, the activation energy is 
provided by the collision of two partners.

The qualitative and quantitative characterization of chemical reactions is done 
by so-called stoichiometric equations:

Ai + X j = A2 + Y i [2.1]

where Ai and X] are the starting materials, and A2 and Y, are the products ot the 
reaction. At the same time, these are the chemical components participating in 
the reaction. Reaction equations can be interpreted at the molecular or 
macroscopic level. In the former case, Ai; Xi} and Y; are numbers of molecules; 
in the latter case they represent molar amounts of the chemical components, i.e., 
the number of molecules corresponding to the Avogadro number (6.023 x 1023) 
of each type of molecule. Thus, based on Eq. [2.1] it can be written:

m Aj + m Xl = m A2 + m Y1 [2-2]

where m ^  , mX] , etc. are the masses of component molecules, i.e., the molar
masses of the chemical components. Thus, on the one hand the stoichiometric 
equation [2.1] is also a mass balance equation, which indicates the mass changes 
of molecules of the individual components at the molecular level. On the other 
hand, it also reveals the change in the amounts of components during the 
reaction at the macroscopic level.

For chemists, however, stoichiometric equations also mean an operation 
instruction that shows, on the one hand, what partner components are needed for 
the reaction and in what amounts, and, on the other hand, reveals the quality and 
quantity of the products formed. Stoichiometric equations, however, do not 
provide any information on the time course of the reaction, on the conditions 
under which the reaction takes place, or on the question of whether the reaction 
is completely unidirectional or leads to an equilibrium. It should be emphasized 
again that stoichiometric equations only show what chemical components are 
formed and in what ratio if the reaction partners given in the equation react with 
each other in the amounts indicated.

The two sides of an equation may be connected by an arrow, or in the case of 
reversible reactions, by a pair of arrows demonstrating that the chemical 
reactions have directions:
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Ai + Xj ———► A2 + Y, [2.3]

or

k
Aj +Xj < > A2 + Yj [2.4]

k'

The direction indicated by the arrow means a direction only in the abstract 
chemical space. To this direction no geometrical direction can be assigned. The 
molecules of different chemical compounds are described by definite 
characteristics (mass, charge, polarity, number of constituting atoms, etc.). Thus, 
the place of a given type of molecule can be determined unambiguously in the 
abstract chemical space built up by the parameters of these characteristics. When 
the properties of a molecule change in the course of a chemical reaction, the 
transformed molecule will occupy another place in the same chemical space. 
The arrow connecting the two sides may be regarded as a symbol for the vector 
connecting these two points in the chemical space. Thus, the change of the 
molecule, occurring during the chemical transformation, may be represented by 
a section of a trajectory described by a direction in the abstract chemical space. 
If the transformed molecule is transformed in another reaction into yet another 
molecule, another trajectory section, generally different in its direction and size 
from the previous one, is coupled to the one already passed. An appropriately 
chosen consecutive series of chemical transformations makes the “passing” of 
various trajectories in the chemical space possible. These trajectories can be 
characterized by stoichiometric equations and visualized by graphs. In this book 
the constructional and operation principles of fluid machines will be discussed 
mainly in terms of such an abstract chemical space, the related stoichiometric 
equations and reaction graphs.

A more detailed description of the chemical space is also possible. Namely, the 
nature of the chemical space is influenced not only by the properties of the 
individual types of molecules but also by the properties of other components 
present in the reaction mixture. Thus, the properties of molecules in 
multicomponent systems appear macroscopically in a complex way, as redox 
potential, dielectric constant, pH, concentration, etc. External parameters such as 
temperature and pressure also have an effect on the status of the system in the 
abstract space. As a consequence, stoichiometric equations alone are not 
sufficient for the complete characterization of a chemical system in the chemical
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space. There is no need for a complete description for the understanding of the 
constructional and operational principles of fluid chemical machines, though for 
the design of concrete machines they must be applied. In this book, we do not 
deal with a complete description of the chemical space.

The time course of chemical reactions can be described by the kinetic equations 
of Guldberg and Waage. It has to be emphasized that kinetic equations are based 
on stoichiometric equations, but the latter do not provide sufficient information 
for the construction of the former.

The Guldberg-Waage kinetic equation of the reaction characterized by
stoichiometric equation [2.4] can be written as follows:

á2 = k a ^ !  -  k 'a2yi [2.5]

where ai, a2, Xj, and yi are the concentrations of Aj, A2, Xj, and Yj, respectively, 
k and k’ are the rate constants of the reactions from left to right and in the 
opposite direction, á = da/dt. If the rates of the two opposite reactions are 
identical, the system is in a dynamic equilibrium according to Eq. [2.5]. In this 
case, no macroscopic chemical change can be detected in the system. This is the 
state of chemical equilibrium. (The Guldberg-Waage equations are valid only 
for reactions taking place as the result of a single molecular collision. In the 
following these will be called elementary reactions or elementary steps. The 
majority of stoichiometric reactions in chemistry describe complex reactions. 
These complex reactions can be broken down into a series of elementary 
reactions.)

Effects that change the concentration of the individual components in chemical 
equilibrium or change the values of the rate constants of elementary reactions 
upset the system from the equilibrium state. A reversible chemical reaction can 
be used as a sensor for such effects if the energy change accompanying the 
change of the equilibrium state can be directed to an effector through some chain 
of effects (e.g., measuring instrument, switch). This chain of effects may also be 
a chain of chemical reactions.
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Coupling o f chemical reactions. The reaction chain as a forced 
trajectory

Equations [2.1] and [2.5] mentioned earlier are the stoichiometric equations of 
bimolecular reactions. A chemist also meets with monomolecular reactions:

k
A, ; > A2 + Y, [2.6]

k'

the kinetics of which can be described as

á2 =kat -k 'a2yi [2.7]

A chemist deals also with reactions in which not only a single molecule of the 
components reacts, e.g.,

2H2 + 0 2 =2H20  [2.8]

or in general

vA ,A 1 + vX ,X 1 < > VA2A 2 +V Y!Y1 [2.9]

where -  in terms of molecular systems -  v is the so-called stoichiometric 
coefficient, the factor providing the number of molecules entering the reaction 
simultaneously. Thus, in the molecular sense, v can only be a positive integer.

In the macroscopic interpretation of the stoichiometric equation [2.9], v is the 
number of moles reacting simultaneously. In this interpretation v can also be a 
fraction. For example, Eq. [2.8] can be written as

H2 + y2o 2 =H2o [2.10]

which can not be interpreted on the molecular level, as there is no half a 
molecule of oxygen, but it can be understood chemically unambiguously as one 
half of the gram molecular mass of oxygen.
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Finally, a chemist often deals with reactions in which more than two 
components are reacting. Including also this case, the most general form of a 
stoichiometric equation can be written as follows:

where Cj is the symbol for the individual chemical components (j = 1, 2 ... n). 
The time course of reaction [2.11] can be described in a general form by the 
Guldberg- Waage equation

where Cj and cy are the concentrations of components, and co is the reaction rate 

(dcj/dx, kmol/m3, mol/1).

If in Eq. [2.11], written in the molecular sense, it is valid for some j that

i.e., apparently, more than two molecules react simultaneously; in this case we 
deal with a complex reaction that can be broken down, at least theoretically, into 
mono- and bimolecular elementary steps. If Eq. [2.13] is valid, Eq. [2.11] is an 
overall stoichiometric equation that is obtained by the summation of the 
stoichiometric equations of the elementary steps. The stoichiometric equations 
constituting the overall stoichiometric equation are equations of 
stoichiometrically coupled chemical reactions.

Chemical processes are stoichiometrically coupled if a component produced by 
one of the reactions is the starting component of another reaction. The balance 
equation of the overall process is obtained by the summation of the 
stoichiometric equations of elementary processes (Eqs. [2.14], [2.15]) and is 
called the overall equation. For this, see Eq. [2.16].

[2. 11]

j=l j'=l

co = kTl j=i cvj i -  kTlj'ii c'y'i [2.12]

Jmax ' v i)2 [2.13]
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A i + X , t  A2 + Y! [2.14]

A  2 +  X 2 a 3 + y2 [2.15]

2
+ Z x i

i=l
Í  A3 + Z Yi 

i=l
[2.16]

If a product of the second reaction reacts further in another reaction, the product 
of which enters a further reaction, etc., a consecutive series of coupled reactions, 
or a nonbranching reaction chain is obtained. For this, see Eqs. [2.17] -  [2.20],

Here A ]... A ^  are the inner components of the chain, and X; and Yj (i = 1,2,..., 
r) are the starting components and by-products.

x ' ^ l ^

a)

Yl

A2

Fig. 2.1. The reversible elementary reaction step. The vertical mark denotes the reaction as 
an event. Contrary to the usage, both the reaction and the components we consider as 
corners of the graph. A, and Xi are components entering into the reaction, whereas A2 and 
X2 are those leaving it. At the left, the full scheme (a), and at the right the simplified one (b) 
are shown.
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A] + X } A2 + Yi [2.17]

k2__ ).
A2 + X 2 7 Z _ A 3 +Y2 [2.18]

k2

etc

Ar + X r _̂_____  Ar+i + Y r [2.19]

Ai + I X j  - * Ar+i + ^ Y j • [2.20]
i=l i=l

Let us notice that Eq. [2.20] is an unambiguous instruction for the chemist 
concerning the complete series of reactions: there is no need for other 
components besides the ones on the left side of Eq. [2.20], and if the reaction 
took place, only the components on the right side are the resulting products in a 
quantitative distribution corresponding to this same equation. Components A2... 
Ar, the so-called intermediates, are inevitably formed and consumed in the 
course of the reaction.

Overall Eq. [2.20] provides all the necessary stoichiometric conditions for 
passing from A] to Ar+i on forced trajectories [2.17] -  [2.19]. However, the 
forced trajectory itself is not described by the overall equation. It is determined 
only by the equation system of the elementary steps. In the majority of cases, 
more than one chemical forced trajectory can lead from A] to Ar+i. The overall 
equations also show the stoichiometric conditions for passing the different 
forced trajectories.
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The time course of nonbranching, linear reaction chains is given by the 
Guldberg-Waage differential equation system describing the elementary steps. 
The kinetic equation providing the change in the concentration of i-th 
component is:

As, according to Eq. [2.21], the rate of every elementary step (excluding the first 
reaction) depends on the rate constants of the previous reactions and on the 
concentrations of the components in them, in the case of reversible reaction 
steps, every change in one of the steps results in a change through the whole 
chain. Thus, the reaction chain is a suitable effect chain to conduct the effect 
from the “sensor” reaction to other points of the chemical space.

The chemical forced trajectories determined by stoichiometric equations can be 
expediently visualized as graphs. Differently from the usage with graphs, we 
designate the elementary reaction in the way shown in Fig. 2.1. Consequently, 
the graph of the nonbranching reaction is as shown in Fig. 2.2.

Fig 2.2. Nonbranching reaction chain. A, ... A+i are the internal members of the reaction 
chain, and within those, A2 ... An are intermediates. A-, is the starting component; Ar+i is the
end product. X, and Y, (i = 1, 2 .....  r) are the raw materials and by-products of the i-th
reaction.

Because stoichiometric equations and graphs based on them, do not characterize 
a chemical system unequivocally, and because the forced trajectories are 
determined only stoichiometrically, the chemical forced trajectories will be 
called stoichiometric forced trajectories. The constructional principles of fluid 
machines are based on these stoichiometric forced trajectories and by the 
interrelations between them.

ái = k i_1a i_1x i_i + k j a i+1yi - k ^ a ^ ^  - k j a ^  i = l ,2 , - r  [2.21]

Yi X2 Y2
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Branchings

AND-type branching

If an effect transferred by a reaction chain should be transmitted to two or more 
points of the chemical space simultaneously (of course divided in its intensity), * 
branching reaction chains have to be used. Branchings are of two types: the 
AND and the OR types of branching.

If in an inner reaction of a reaction chain two (or more) products are formed, all 
of which participate in further reactions, a branching reaction chain with an 
AND-type branching comes into being (Fig. 2.3). In this case, the branching 
starts from a reaction represented in the graph as a vertex. From the branching 
reaction two components (A2i and A31) are formed simultaneously, both of 
which are inner members of new reaction chains independent of each other. The 
intensity of the effect (measure of energy, amount of matter) is distributed 
between the two chains according to an unambiguous stoichiometric rule.

Fig 2.3. Reaction chain with an AND-type branching. Branching starts from a reaction as a 
corner. A2i and A3i are produced during the reaction; both of them are internal members of 
new reaction chains.

The stoichiometric equations of the AND-type branching reaction chain shown 
in Fig. 2.3 are Eqs. [2.22] -  [2.28], Here the first index (c) is the serial number 
of the chain, and the second one (r) is the serial number of the reaction inside the 
given chain.

X21 Y21

A2r+1

*31 Y31
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__ ÜU__>
Al l + Xll <_______  A12+Yll [2.22]

A 12 + X 12 A 21 +  A 31 [2.23]

A 21 + X 21 A 22 + Y21 [2.24]

etc

a 2 + X 2, A 2r+1 + Y 2r [2.25]

*31__ v

A 3 1 + X 31 <_________  A 3 2 + Y 31
3̂1

[2.26]

etc

A 3,  + X 3,  < I —  A 3, +1+ Y 3,
[2.27]

Aii + I  I X CIr.
c=lr,r'=l

A 2r .i +  A 3r

3 r,r'
+ 1  ZY«

c=lr,r'=l<-
■> [2.28]
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The overall stoichiometric equation represents in this case, too, an instruction of 
full value and it determines the stoichiometric relations unequivocally. The 
stoichiometric condition for the transmission of the effect from the point of the 
chemical space, corresponding to An, to points A2rH and A3rf] is the 
introduction of the components on the left side of overall Eq. [2.28] into the 
system. In the course of this, the effect passes the stoichiometric forced 
trajectory characterized by Eq. [2.22] -  [2.27].

The kinetic behavior of the system is described by a differential equation system 
containing the differential equations corresponding to Eq. [2.21] for the 
individual reactions of nonbranching reaction chain sections.

Concentration changes of components participating in branchings are the 
following:

ái2 = k 11a 11x 11 + k h a 2la 3l - k i ia 12y n  - k 12a 12x 12 [2.29]

á2i = k12a12x12 + k 2ia22y21 ~ kÍ2a21a31 _ k 21a21x21 t2-30!

a31 = k12a12x12 + k 31a32y31 ~ kÍ2a31a21 “ k31a31x31 t2-31]

An example for AND-type branchings is shown in Fig. 2.4.

CHO
I

dioxiacetone-phosphate

Fig. 2.4. An example of the AND-type branching.



Constructional Elements of Fluid Machines 21

OR-type branchings

If an intermediate of a reaction chain can take part in one of two possible 
reactions, both of which are coupled to further reactions, then the reaction chain 
contains an OR-type branching. Contrary to reaction chains with an AND-type 
branching, where the new chains start from vertex reactions, in an OR-type of 
branching the new chains start from intermediates, represented as vertices in the 
reaction graph (Fig. 2.5). As is also shown by Fig. 2.5, in this type of branch 
either the intermediate of one chain (A2i), or the intermediate of the other chain 
(A3i) is formed from the molecule in the vertex (A12). Some molecules take part 
in one, some in the other reaction. This fact manifests itself at the macroscopic 
level in the formation of the components of the two chains in different ratios. 
This ratio can be changed arbitrarily by the addition of the raw materials of the 
new chain. If these are in excess in the reaction mixture, the ratios are 
determined by the reaction rates.

In contrast to the AND-type branchings, the OR-type branching is 
stoichiometrically indefinite, as it does not determine by itself the ratio of the 
two alternate reaction paths. It becomes definite by the amounts of the external 
reaction partners, or, if they are in excess, by the reaction rates. In spite of this, 
as we shall see later, we can treat the OR-type branchings in fluid machines 
stoichiometrically, because the stoichiomeric relations in other parts of the fluid 
machines can also determine the stoichiometry of the OR-type branchings.

In fluid machines, OR-type branchings play the role of switches or distributors. 
With their help, the distribution of the effect passing simultaneously along two 
forced trajectories of the chemical space can be controlled.

The kinetics of the sections of OR-type branchings can be given by the

x2o y2o X21 y2i

___ j "  --- -A21--- -I-----Ä22-

^ 1 - ---- -A3!-.----- I - ----*-A32-

X30 Y30 X31 Y31

A2r+1

A3r+l

Fig. 2.5. OR-type branching. Branching starts from an intermediate as a graph point. Molecule 
A12 transforms either to A2i or to A3i, which are themselves also intermediates of reaction chains.
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CH3
I

C=0
I

ch2

COOH 

acetoacetic acid

C0 2
CH3
I

-  c=o =  
I

ch3
acetone

CH3
I

HCOH * I

NAD

c h2
I

NADH2 COOH

3-hydroxibuthyric acid

Fig. 2.6. Example for the OR-type branchings.
differential equation corresponding to Eq. [2.21]. Concentration changes of 
intermediates coupled directly to the branching may be given as follows:

á j 2  -  k l2 a l l x l l  + k 20a 2 iy20  _ k 30a 3 iy30  _ k í l a1 2 y il ~ k 20a 12x 20 “ k 30a 12x 30

~ k 30a 12x 30 [ 2 3 2 ]

a21 = k20a12x20 + k 21a22y21 _ k 20a2iy20 “ k21a2iy21 [2.33]

a 31 =  k 30a 12x 30 +  k 31a 32y31 ”  k 30a 3 iy30  ~  k 31a 31x 31 t2 -3 4 ]

The Chemical Cycle

Characterization o f the chemical cycle

A chemical cycle represents that part of a reaction system, consisting of coupled 
reaction steps, which is combined from series of consecutive reactions, and for 
every component A,, of which it is true that after it passes through the whole 
consecutive reaction series, it (Aj) reappears again. The general graph of a cycle



Constructional Elements of Fluid Machines 23

is shown in Fig. 2.7. If the number of steps in the consecutive reaction series is r, 
it is true for the cycle that

A r+i = Aj [2.35]

i.e., the starting and end products of the process are identical in their chemical 
nature and amount.

Let us write the stoichiometric equations of the elementary steps and determine 
the overall equation of the whole reaction system as Eqs. [2.36] -  [2.40].

A i + X j  ( A2 + Y] [2.36]

A2 + X2 ^  A3 + Y2 [2.37]

etc

A i + X j  ( Aj+j+ Yj [2.38]

etc

Ar + X r < A, + Yr [2.39]

I X i  --------- > £ y ; [2.40]
i=l i=l

As can be seen from Eq. [2.40], the overall equation does not reflect real 
stoichiometric relations, because according to its left side, the presence of 
components Aj is not necessary for the reaction to take place, which obviously
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cannot be true. Similarly, neither is components A; to be found among the end 
products. This is not true either, since the internal components of the cycle are 
not consumed in the course of the reaction, because they are regenerated in the 
cycle. Their presence is also stoichiometrically indispensable for the reaction.

Formally, the whole system can be split into two parts: the consecutive, cyclic 
reaction series of components Aji

r+ l r+1
Z A i ---------> Z A ; [2.41]
i=l i=l

and the transformation of the external reaction partners:

Z X i --------- > ZY i [2.42]
i=l i=l

Obviously, in the course of summation according to the arithmetic rules, Eq. 
[2.41] vanishes from Eqs. [2.36] -  [2.39]; thus in the overall equation, the 
components contained in Eq. [2.41] do not appear.

Among the constituents of fluid machines, the chemical cycles and their more

Xi

Fig. 2.7. A chemical cycle. The starting compound and the end product of the reaction chain 
are identical (Ai = Ar+i).
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complex variants (networks, self-reproducing cycles, etc.) are the most 
important. If stoichiometry is not adequate for describing them, the construction 
of fluid machines cannot be characterized by stoichiometric equations either. 
Chemical cycles can also be described, of course, by the differential equation 
systems of reaction kinetics. In the description of the kinetics of fluid machines, 
however, usually nonlinear differential equations also appear which generally 
have no analytical solution. Therefore the kinetic equations are not suitable for 
the theoretical treatment of these systems. For the solution of this problem, the 
so-called cycle stoichiometry has been constructed (Gánti, 1976a, b, 1979). This 
enables us to apply stoichiometry for stoichiometrically closed reaction series 
and networks by the introduction of a new operation and corresponding 
operation rules.

Cycle stoichiometry

Let us introduce into the overall equations of reaction systems with 
stoichiometric feedback the following sign instead of the sign of equality:

A
------® -----*

This cyclic process symbol indicates that the substances on its left react 
stoichiometrically and transform into products shown on its right, if components 
A; return to their original state on the stoichiometric forced trajectory' 
determined by the elementary steps, and if this cyclic transformation takes place 
u times for each initial component A;.

Operation rules

1. The turning number u is written in the symbol, which determines the number 
of turns and can be a positive or negative integer. A cycle symbol containing 
a negative turning number is equal to a symbol containing the same turning 
number with a positive sign but going to the opposite direction.
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A
4-----©•

2. Equations containing cycle symbols can be obtained if the stoichiometric 
equations of elementary chemical reactions of a cycle are summed according 
to the rules of arithmetic. The equation thus obtained is arranged, but the 
cycle members on the left side of the first equation and those on the right side 
of the last equation are written unchanged to the respective left and right 
sides of the overall equation. After that, the two sides of the overall equation 
are connected by the cycle process symbol. In the following, only operations 
corresponding to the rules of cyclic processes may be performed in the 
overall equation.

3. Addition of equations connected by a cyclic process sign is performed by 
coupling the sum of the left sides of the equations with the sum of the right 
sides by the cycle process sign containing the unchanged turning number. 
Only equations with identical turning numbers and directions may be added.

4. Subtraction of equations containing the cycle process sign is done by con
necting the difference of the left sides of equation and that of the right sides 
by a cycle process sign with unchanged turning number. Only equations with 
identical turning numbers and opposite directions can be subtracted. It should 
be noted that no negative amount of substances can be defined. If a 
component should have a negative sign as a result of subtraction, the positive 
equation (directed to the right) should be multiplied by such a positive 
number that makes subtraction possible in the range of positive numbers.

5. Multiplication (division) of equations with a cyclic process sign is done by 
multiplying (dividing) each term on both sides of the equation, leaving the 
turning number unchanged.

6. Arrangement of the equations with the cyclic process sign cannot be accom
plished by transferring internal cycle members from one side to the other, 
even by changing their signs. External components can be arranged accord
ing to the general rules if this does not result in components with a negative 
sign.

7. A variation of the turning number in equations with cyclic process sign is 
necessary if quantitative relations should be investigated for different turning
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numbers, if equations with different numbers should be added, or if cycles 
should be coupled with other cycles or other stoichiometric forced 
trajectories. The turning number can be changed by multiplying or dividing 
the turning number and the stoichiometric coefficients of the external 
components in the stoichiometric equation by the same number (on both 
sides of the equation), while the stoichiometric coefficients of the internal 
(cyclic) components remain unchanged. Only integers as multiplication and 
division factors may be used.

An alternate method for varying the turning number is the division of the 
stoichiometric coefficients of the internal components on both sides of the 
equation by the same number, by which the turning number is then 
multiplied. The non-cyclic components remain unchanged.

8. The cycle components are present on both sides of the equation in simple 
cycles even in the same amounts.

Examples for the application of the rules 

1. Design of an overall cycle equation

Let us write the overall equation of a three-step cycle shown in Fig. 2.8. The 
elementary steps are Eqs. [2.43] -  [2.45].

A\ + Xj ........... » A2 + Yj [2.43]

A2 + X 2 '" > A3 +Y2 [2.44]

A3 + X3 - > A1+ Y3 [2.45]

Assume that in the initial reaction mixture 1 mole is present of components Ai, 
Xi, X2, X3, respectively, and no A2 and A3 are present at the initial moment. 
With these conditions the overall equation of Eqs. [2.43] — [2.45] is:
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3 ^
A, + £ X ; ------© -----*• A, + l Y i  [2.46]

i=l i=l

Because in fluid machines processes go mainly in one direction, generally, no 
reversibility is shown in the overall equation, i.e., the ± sign in the cycle process 
sign is omitted:

3 A 3
A i + Z X ;  ------(D----- - A, + XYi [2.47]

i=l i=l

v2 x2
Fig. 2.8. A chemical cycle consisting of three elementary steps.

2. Addition (by varying the turning number) 

Let us add up the following cycle equations:

Ai + I X i A
i=l

A i + I Y /
i=l

4 A 1 + 8 £ X ( 1
i=l

4A + 8Z Yi
i=l

i'=l i'=l

[2.48]

[2.49]

[2.50]
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First, the equation should be brought to a common turning number. Expediently 
Eq. [2.49] is brought to a turning number of 1. This can be done in two ways, 
depending on whether the values of cycle components or the reacting substances 
and the product formed are to be kept constant. In the first case, Eq. [2.49] is 
transformed into

[2.51]
i=l i=l

In the second case

A
[2.52]

i=l i=l

Thus the sum of Eqs. [2.48] -  [2.50] according to the first variant is:

i=l i'=l i=l i'=l
[2.53]

according to the second case:

A D

i=l i'=l i=l i=l
[2.54]

These two alternate possibilities mean no mathematical uncertainty: they are the 
consequence of the catalytic nature of cycles to be discussed later.
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Generalization o f cycle stoichiometry

We assumed in the derivation of Eq. [2.47] as the initial condition that in the 
reaction mixture only A\ is present among the internal components at the initial 
moment. The process is naturally taking place in the same way, if only A2 or A3 
is present initially:

A 2 + I X i
i=l

A
A 2 + I Y í

i=l
[2.55]

A 3 + I X !
i=l

A 3
-®-----► A ß + ^ Y j

i=l
[2.56]

or, if an arbitrary mixture of A],A2, and A3 is present, e.g.:

K a 1+ ) / a 2 + Z x í — ® —  ̂ K a i + X a 2 + X y í
i=l i=l

[2.57]

or

i=l

A 3

-® — > y 3 A 2 + y3 A 3 + Y ,Y \
i=l

[2.58]

and in general:

S a j A i + i x i
i=l i=l

A 3 3
-CD-----> E c q A i + l Y i

i=l i=l
[2.59]

where a is a so-called fictive mole fraction, for which it is true that

2 > i  =1- 
i=l

[2.60]
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Equation [2.59] represents that the cycle has no beginning and no end: the cycle 
stoichiometry arbitrarily quantizes the process in such a way that it treats only a 
section of the process (fictive in terms of chemistry, but real in the molecular 
sense). In this section each molecule of the internal components, after passing 
once the closed, stoichiometric forced trajectory, returns into its initial state. 
Obviously, for u > 1 quantitative relations are provided by the equation for 
passing the trajectory more than once. From this it is clear that u can only be an 
integer and no real fraction.

On expanding the validity of cycle stoichiometry for the general cycle shown in 
Fig. 2.7 we obtain:

A
t a i A i + t x i ------CD----- - t a j A i + t v i
i=l i=l i=l i=l

[2.61]

for which it holds that

X a i = l  [2-62]
i=l

If the cycle cannot be decomposed into bimolecular steps, instead of Eq. [2.61], 
the following equation should be used:

Z a iA i + X X x i j ------ CD------► X a iA i + X  X Yij' t2 -63]
i=l i=ij=i i=l i=lj'=l

where index j is the serial number of external partners entering in to the reaction, 
whereas j' are the products exiting from this same reaction.

Kinetics of cycles

A cycle can also be regarded as a reaction chain in which there are no initial and 
end steps, i.e., each internal member of the chain is simultaneously an 
intermediate. This is possible, as, according to Eq. [2.35], the end product and 
the starting substance of the reaction chain are identical. Thus, for each step of
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the cycle, differential Eq. [2.21] can be written by considering Eq. [2.35]. The 
time course of a three-step cycle can be described by the following equation
system:

ái = k 3a 3 x 3 - k 3a iy 3 + k ] a 2 y i - k i a i X !  [2.64]

á 2 = k 1a 1x 1 - k ] a 2yi + k 2 a 3 y 2 - k 2 a 2 x 2 [2.65]

á 3 = k 2 a 2 x 2 - k 2 a 3y 2 + k 3a !y 3 - k 3a 3x 3 [2 .6 6 ]

From this system of equations it follows that

3
Z a i = 0 [2.67]
i=l

i.e., that the total concentration (total amount) of the internal components in an 
untapped cycle (i.e., in a cycle without OR-type branchings) cannot be changed 
as a consequence of the operation of the cycle, though the amounts of individual 
internal components can vary between 0 and the total amount of the internal 
components arbitrarily, at the expense of the other components. For untapped 
cycles, Eq. [2.67] is valid in general, i.e.:

2 > i = 0 [2.68]
i=l

An example for chemical cycles

As an example illustrating chemical cycles let us look at the citrate cycle (Fig. 
2.9). The abstract graph of this cycle constructed with the symbols we 
introduced, is shown in Fig. 2.10.
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AcCoA

malate

H20 

HOOC-CH

HC-COOH
fumarate

FADH2

H2C - COOH I
HC- COOH I

HOCH - COOH 
isocitrate

NADP

\ r

co2 

nadph2

Fig. 2.9. The citrate cycle. The reaction chain is not separated into bimolecular elementary steps. 

The simplified elementary steps are:

l. oxalic acetate + AcCoA +H20 citrate + CoA [2.69]

2 . citrate isocitrate [2.70]

3. isocitrate + NADP > ketoglutarate + NADPH2 + C 02 [2.71]
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4.ketoglutarate + NAD + GDP + P; + H20

succinate + NADH2 + C 02 + GTP [2.72]

5. succinate + FAD < > fumarate + FADH2 [2.73]

6 . fumarate + H20  ( > malate [2.74]

7. malate + NAD  ̂ > oxalate + NADH2 [2.75]

The overall equation of the citrate cycle is 

7
X  X a iAi + A cC oA  + 2NAD + NADP + FAD + GDP + P{ + 3H20  

i=l
citrate

7
X  X  a i A i + CoA + 2NADH2 + NADPH2 + FADH2 + GTP + 2C 02 

i=l

[2.76]

where

7
0 < a i < 1 but X a i = 1 

i=l
[2.77]
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Equation [2.76] on the one hand describes the cycle in a stoichiometrically 
correct manner by showing that the process does not take place in the absence of 
organic acids Ai—A7. On the other hand, it also shows that the presence of any 
of the acids or their mixtures within the limits provided by the equation is 
sufficient for the oxidation of the given amount of acetyl groups into C02.

The catalytic nature of chemical cycles

A catalyst is a substance that accelerates a chemical reaction without being used 
up or changed in its nature and amount due to the reaction. In one part of 
catalytic reactions the catalyst acts by adsorbing the reactants on its surface,

Fig 2.10. The abstract graph of the citrate cycle. Denotations:

Ai = oxalic acetate 
A2 = citrate 
A3 = isocitrate 
A* = a-ketoglutarate 
A5 = succinate 
Ae = fumarate 
A7 = malate

Xu = AcCoA 
Xi2 = H20  
X31 = NADP 
X41 = NAD 
X42 = H20
X44 = Pj

Yu = CoA 
Y31 = NADPH2

y32 = c o 2 
Y41 = nadh 2

y42 = c o 2
Y43 = GTP 
Y6i = fadh 2
y71 = nadh 2
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whereas in other cases the catalyst itself reacts temporarily with one or more 
components of the catalytic reaction but at the end of the reaction returns to its 
original state. In the following we only deal with this latter case, i.e., with 
homogeneous catalysis, and by catalysts we always mean only homogeneous 
catalysts, i.e., catalysts acting through chemical transformations.

It is characteristic for a catalyst that with a small amount of it an arbitrarily high 
amount of reactants can be transformed if we disregard eventual side-processes, 
e.g., poisoning of the catalyst or decomposition. The catalyst acts by decreasing 
the activation energy of the reaction in question. It also has a directing effect; it 
catalyzes only one of the possible alternate reactions of the reactants.

The amount of the catalyst -  partly due to its indefmiteness -  can not be built 
into the usual stoichiometric equations, because it is present in the same amount 
at the beginning and the end of the reaction. Thus it appears on both sides of the 
stoichiometric equation and is eliminated. Therefore, the need for a catalyst is 
usually indicated by writing it above the arrows in the equation:

catalyst
A + X ( > B + Y [2.78]

This symbolism is generally satisfactory, as (1) the amount of the catalyst is 
usually smaller than those of reactants by orders of magnitude; (2 ) and the 
catalyst is not consumed in the reaction, thus there is no need for calculating 
with its amount.

Homogeneous catalysis is practically done by simplest fluid machines, i.e., 
chemical cycles, or by their more complex variants. A debate between Cagniard 
de la Tour, Theodor Schwann, and Berzelius one and a half centuries ago 
illustrates how complicated these variants can be. The former two considered 
yeasts performing fermentation as living beings, whereas Berzelius regarded 
them as mere catalysts as illustrated by the following quote: “Yeast is a mere 
catalyst. It is no more living than a precipitate of alum“ (Marquand, 1968).

Berzelius was right concerning the catalytic nature of yeast (but was wrong as to 
its nonliving nature), as it accelerates a process (which may also take place by 
itself) -  the oxidation of sugars to C 02 -  by decreasing the activation energy, 
thereby enabling the process to take place also at ambient temperature at a 
considerable rate. The yeast accelerates only one way of the possible oxidation 
processes (or, more exactly, only several of them, preferring one or the other,
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depending on the external conditions). The “substance” performing the 
transformation, the yeast, is not consumed in the course of the reaction (on the 
contrary, its amount increases; this fact, however, does not contradict its 
catalytic nature, as we shall see in detail when discussing the autocatalytic 
processes).

The fact that the catalyst takes part in the chemical reaction but its amount does 
not change means that it operates in a cycle, or at least in the limiting case of 
cycles, in the “two-member cycle,” in the forward and backward transformation. 
It can be established that homogeneous catalysts operate in a cycle and vice 
versa: chemical cycles are catalysts (Gánti, 1971, 1975a; Eigen and Schuster, 
1979). This statement can be supported as follows:

a. The intermediates of a chemical cycle react chemically with the molecules of 
the “substrate to be transformed” (in the discussion of cycles these were 
considered as external reaction partners, Xj). As a result of this, products Yj are 
formed in stoichiometric amounts, but the total amount of cycle intermediates 
remains unchanged. This is proved stoichiometrically by Eq. [2.63] and 
kinetically by Eq. [2.68]. Thus, the given cycle is the catalyst of the following 
transformation:

I  Xj --------- > £  Yj [2.79]
i i

b. Transformation Eq. [2.79] also takes place without the cycle intermediates 
(only very slowly), as all the components needed stoichiometrically are present 
(for this, the internal cycle components are not necessary) and the process is 
thermodynamically possible because it can take place, even by the cooperation 
of the cycle, only if the total free enthalpy of the products is smaller than that 
of the starting substances. Thus the cycle only accelerates thermodynamically 
possible transformations.

c. This accelerating effect of the cycle is achieved by the decrease in the 
activation energy needed for the transformation. The starting substances and 
the end products are located at different sites of the chemical space divided by 
a potential barrier (without this, transformation Eq. [2.79] would take place 
instantaneously). The chemical cycle decreases the activation energy by 
enabling the process to take place on a stoichiometric forced trajectory going 
around the potential barrier by means of its intermediates.
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d. The cycle -  because of the entrance of its intermediates into the transformation 
as reaction partners -  specifically accelerates that one of the 
thermodynamically possible reaction paths of which is made stoichiometrically 
possible by its intermediates.

e. Finally, an arbitrarily small amount of the intermediates of the cycle can 
transform an arbitrarily high amount of substrate. Namely, on transforming Eq. 
[2.63] according to the rule for varying the turning number for an arbitrary u, it 
can be written:

Z a i A i + u i i X i j ----- © ----- ♦ i a j A i + u t f v i j  [2.80]
i=l i=lj=l i=l i=l j=l

X Í > i A i + í í X ij ------® ----- * iAi + t ZYij [2.81]
i=l i=l j=l i=l i=l j=l

Equation [2.80] shows that in the case of a sufficiently large turning number, an 
arbitrarily high amount of substrate can be transformed to products with an 
unchanged amount of intermediates. Equation [2.81] means that the amount of 
cycle intermediates can be reduced also by increasing the turning number 
simultaneously. In extreme cases, even one intermediate molecule can transform 
1 mole substrate to product; in this case the turning number should be 
Avogadro’s number, i.e., u = 6.02 x 1023. (The number of turns is not equal to 
the revolutions per minute; dimension of u is turn, arid not tum/time!)

Let us examine the previous idea on the example of the already mentioned 
citrate cycle. Albert Szent-Györgyi observed that certain organic acids, which 
now are known as the intermediates of the citrate cycle, increase tissue 
respiration. He also established that the increase of tissue respiration is not in 
stoichiometric accordance with the amount of organic acids added; thus the 
effect is of catalytic nature. The explanation for this phenomenon was given by 
Hans Krebs, who showed that the organic acids were regenerated in the process 
through a cyclic series of chemical transformations. The citrate cycle is called 
Krebs cycle or also Szent-Györgyi—Krebs cycle.

Later on, when the individual steps of the process were also clarified, it was 
revealed that every elementary reaction step is catalyzed by a separate enzyme. 
Thus, it was slowly forgotten that Szent-Györgyi found the organic acids being
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the catalysts. In fact, in this case we deal with a two-level catalysis: the enzymes 
are the catalysts for the individual steps, and the whole system behaves as a 
catalyst for the following transformation:

AcCoA + 3H20  + 4R = 2C 02 + CoA + 4RH2 [2.82]

We shall deal with this two-level catalysis later on in detail.

The catalytic nature of the citrate cycle for process [2.81] is clearly seen from 
Eq. [2.76], which shows that the amount of intermediates can be varied 
arbitrarily by changing simultaneously the number of cycles. Equation [2.76] 
can be naturally written in a form corresponding to Eq. [2.80] as well.

Enzyme reactions

It has already been shown that cycle stoichiometry makes it possible to treat 
catalysts qualitatively as well as quantitatively as stoichiometric components. 
Let us show this by the example of enzyme reactions.

Michaelis and Menten (1913) were the first to show that the catalytic effect of 
enzymes is based on a reaction of the enzyme with the substrate, after which the 
enzyme is transformed back into its original state. Thus, an enzyme reaction can 
be decomposed to elementary chemical steps:

k, ,
E + S ( > ES -----E + P [2.83]

k'i

where E is the enzyme, S is the substrate, ES is the enzyme—substrate 
complex, and P is the product. As the dissociation of ES results not in E + P, but 
according to the first part of the equation going from right to left, in E + S, we 
have to assume that the second process is also a complex one, in the course of 
which the enzyme—substrate complex ES is first transformed into an enzyme— 
product complex, and this dissociates to enzyme and product:

E + S ~ > ES ( EP ( * E+P [2.84]
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P

Fig. 2.11. The cyclic process of enzyme catalysis.
E = enzyme, S = substrate, ES = enzyme—substrate complex, EP = enzyme—producl 
complex, P = product.

The graph of this process is shown in Fig. 2.11.

The elementary steps are:

E + S ( > ES [2.85]

ES ~ ) EP [2.86]

EP ( > E + P [2.87]

The overall equation of the process can obviously be constructed only by means 
of cycle stoichiometry:

3 E 3
X 2 > i E i + S ----- ® -----> X I c t j E j + P  [2.88]

i=l i=l

where

3
Ej = E, E2 =ES, E3 = EP and I o q  = 1

i=l
[2.89]
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Naturally, from the point of view of stoichiometric description, it is of no 
importance whether we regard the individual elementary steps as reversible or 
not.

Equation [2.88] shows the cyclic nature of enzyme-catalyzed reactions as well 
as the catalytic nature of the enzyme, the variability of its relative amount and its 
stoichiometric relation to the substrate.

If an enzyme catalyzes a bimolecular reaction of the following type:

S + X ( > P + Y [2.90]

then the latter can be decomposed into the following elementary steps:

E+S ( > ES [2.91]

ES + X ~ > EP + Y [2.92]

EP ( > E + P [2.93]

the overall equation of which is:

3 E 3
^ X d i E j + S  + X ------© -----> % X a iEj + P + Y [2.94]

i=l i=l

General considerations

For a better understanding of what will follow, changes are divided into two 
groups: occurrences and operations. An occurrence is a change taking place only 
once, i.e., the assembly or system is transformed from one of its states into 
another. The energy (if any) liberated in the process can be used to perform
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work. For example, the energy released by an explosion in a quarry is used to 
break up the rock; the kinetic energy of a falling hammer is used for driving a 
nail.

Explosions are also occurring in the cylinder of an internal combustion engine, 
and the chemical energy released can be utilized to perform work. In this case, 
however, the process can be repeated many times in the same way and with the 
same consequences. The falling weigh of a ram engine provides kinetic energy 
for the useful work (driving in a pile) again and again for repeated use. In other 
words, the internal combustion engine and the pile driver engine are operating. 
Part of the energy liberated is used in all these cases for directed, useful work. 
However, in the first two cases we have single acts of work, in the latter the 
work is being done continuously.

Continuous work can only be done by means of suitable devices. The 
characteristic of these systems is that the series of changes moves along a closed, 
cyclic trajectory of states, and the system keeps returning to its initial state. The 
nature of the work and of the forced trajectories is always identical, independent 
of the character of the energy source. For example, in the case of PV (pressure- 
volume)—work (combustion engine, plunger pumps, cooling aggregates, etc.), 
the forced trajectory is also of the PV type. In the case of kinetic work it is a 
geometrical path, independent of whether the operating system obtains its 
energy from a chemical, electric, or other energy source. Chemical work 
requires chemical forced trajectories. Continuous chemical work is derived from 
closed chemical trajectories, i.e., chemical cycles.

Operating systems are always driven by the flow of energy under a difference in 
potential. They operate by forcing this energy to a trajectory that at the same 
time ensures their operation. The chemical cycle uses the energy difference 
existing between the total free enthalpy (in English literature: free energy) 
contents of its starting substances and end products.

It is perhaps a little unusual to speak about a “directed useful chemical work” in 
connection with a chemical cycle. We justify this by an example. It is known 
that one of the most promising fuels is hydrogen, which is already used as a 
rocket propellant. It is obvious that the preparation of H2 by the decomposition 
of water is a “directed useful work.” From Eq. [2.82] it is seen that the citrate 
cycle does the same: the energy obtained by the combustion of the acetyl groups 
into C 0 2 is utilized for the preparation of H2 (bound to a carrier) through the 
decomposition of water (and partly from the acetyl groups). In fact, aerobic 
living systems utilize this H2 bound to a carrier as “fuel,” and they bum it in the
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so-called terminal oxidation to water (also in a cycle). The energy thus obtained 
is used to support life processes, such as motion, via chemical energy carriers.

Thus, chemical cycles are the simplest fluid machines; in other words the 
simplest systems capable of operation, i.e., continuous, directed, useful work. 
They are also the most important constructional elements of more complex fluid 
machines.

Self-Reproducing Chemical Cycles

As was mentioned in the introduction, one of the greatest advantages of machine 
construction in the chemical space over that in the mechanical and electric fields 
is that in the chemical space self-reproducing machines can easily be designed 
and constructed. The American scientist bom in Hungary, J. von Neumann, 
showed first that in principle it is possible to construct such devices that, if the 
necessary parts are provided in a satisfactory amount, are capable of 
constructing new devices completely identical to themselves (Neumann, 1966). 
The self-reproducing automaton of Neumann contains three automata, one for 
“control”, one for “construction,” and one for “copying,” and, in addition, 
information concerning the design and operation of the automaton. The scheme 
of its operation is shown on the block diagram in Fig. 2.12.

Several decades have passed since the publication of the ideas of Neumann, and 
no self-reproducing automaton has been constructed. This is not by chance, 
because the design of a real Neumann type automaton would be very 
complicated.

To the knowledge of the author, no description appeared in the literature for 
constructing self-reproducing automatons with self-reproducing parts. This is no 
wonder because (1) no self-reproducing part is known in the field of mechanical 
or electric automata; (2) and if there were such parts, no self-reproducing 
automata could be built from them, as the operation of mechanical and electric 
automata is organized in a real space, and the new parts, bom in this same space 
would destroy this organization. To the contrary, in the chemical space all these 
can be realized, because in chemistry there are self-reproducing processes 
capable of providing the „parts” of fluid automata; and the organization of fluid 
automata is independent of the direction of geometrical space, thus the new parts 
coming into existence do not destroy the organization of the fluid machine
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>:A>: B C

Ä B' C

A B í:ü:

Ä B' C

I is feeded to A by C

The A produces the AB'C automaton

I is feeded to B by C

A M  C

A’ B‘ C

B produces I'as a copy of Y

A B M .

Ä B' C

Conned the I with A'B'C automaton

A B

Ä B‘ C

o
o

C gives a starting sign to C
and both automatons start new cycles

Fig. 2.12. The block diagram of the operation of the automaton by J. von Neumann.
(though they influence its operation). In the following sections we introduce the 
main types of self-reproducing parts of fluid machines.

Simple self-reproducing cycle

The principle of a self-reproducing chemical cycle is shown by the example of a 
simplified scheme of the so-called formose reaction. The Russian scientist 
Butlerov showed in 1861 that in an alkaline medium, in the aqueous solution of



Constructional Elements of Fluid Machines 45

formaldehyde, sugar-type compounds are formed spontaneously (formose 
reaction).

nCH20
(n=2...7) >

c h 2 on “̂r [2.95]

It has been shown that the process takes place with a characteristically 
accelerating reaction rate; i.e., this is an autocatalytic process, which means that 
the products catalyze the formation of the same compounds. The polymerization 
in the formose reaction is a quite complicated process, but the main idea can also 
be understood on a simplified scheme.

In the first step of the formose reaction, two molecules of formaldehyde react 
with each other:

HCHO + HCHO --------- > C2 H 4 0 2 [2.96]
formaldehyde glycolaldehyde

This is a slow reaction step. However, glycolaldehyde reacts quickly with a 
further molecule of formaldehyde. The glyceraldehyde thus formed also reacts 
fast, as a result of which an aldehyde with four carbon atoms appears (it is 
already a simple sugar, a so-called tetrose).

This, in turn, easily decomposes into two molecules of glycolaldehyde:

c 2h 4o 2 + c h 2o ------ > c 3h 60 3 [2.97]

c 3h 6 o 3 + c h 2o - ------ > C4Hg04 [2.98]

c 4 h 8o 4 ------> 2C2H40 2 [2.99]

From Eqs. [2.97] - [2.99] it can be seen that we deal with a cycle, as a 
component on the left side of the first equation is chemically identical with a 
component on the right side of the last equation (i.e., an overall equation can be 
written for it only according to the rules of cycle stoichiometry). On the other 
hand, it can also be seen that a molecular self-reproduction takes place in the
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course of the reaction, because at the end of the cycle, the internal starting 
molecule appears in a doubled amount:

The graph of the process is seen in Fig. 2.13. Variant b) of the figure shows that 
during the process from a substance containing 2 carbon atoms a compound with 
4 carbon atoms is formed, which decomposes to two compounds containing 2 
carbon atoms each. That is, if a glycolaldehyde molecule passes along the cycle 
once, two molecules of glycolaldehyde are formed from it, which react further 
with formaldehyde. As a result, at the end of the second cycle we have 4 
molecules of glycolaldehyde, at the end of the third 8 , then 16, 32, 64, 128, etc.

Fig. 2.13. Simplified graph of the formose reaction, a) The autocatalytic cycle, b) 
highlighting of the process of self-reproduction through the change in the number of carbon 
atoms: the molecule of two carbon atoms becomes first a molecule with three, later with 
four carbon atoms; the latter is divided into two molecules with two carbon atoms in each, 
which starts again the reaction from the beginning.

Let us examine the properties of the system on the basis of the scheme of a 
general self-reproducing cycle shown in Fig. 2.14. The elementary steps are the 
following:

C2 H 4 O 2 + 2 CH2 O ------0 ----- > 2C2 H 4 0 2 [2 .100]

Ci
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A 1 + X 1 <-------
->

A 2 Y1

A 2 + X 2 <-------
-> a 3 + Y2

etc

Ak + X k <------
—>

Ak+1 + Yk

etc

An-1 + X n-1 <------
—>

An + Yn-1

A n Xn <-------
—» 2 Aj + Yn

[2 . 101]

[2. 102]

[2.103]

[2.104]

[2.105]

On constructing the overall equation of the process let us assume first that at the 
beginning only component A] is present, i.e., the cycle starts from Ai:

Al + I X i ------0 ----- * 2 A1 + £ Yi [2.106]
i=l i=l

or, if we can not break up the cycle into bimolecular steps and there are reaction 
steps in which more external reaction partners enter the reaction simultaneously 
or more external products are formed:

n 1 A n 1'
A i + Z I X i k -------0 -----> 2 A 1 + X I Yii=lk=l i=l k'=l

[2.107]
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where index i shows the serial number of the reaction starting from A l5 and 
indices k and k' are the serial numbers of reaction partners and products, 
respectively, in this reaction.

For the stoichiometric overall equations of self-reproducing reaction cycles 
connected by the cyclic process sign, the same addition (subtraction) 
multiplication (division) and rearrangement rules hold as for simple chemical 
cycles. However, the rules for transforming the turning number valid for 
simple cycles do not hold for self- reproducing cycles. Namely, according to 
the definition of the cyclic process sign, the equation is valid if components Aj 
return to their original state on passing along the stoichiometric forced 
trajectory, and the cyclic transformation for each initial Aj takes place u times. In 
the case of simple cycles, the quantity of the individual Aj components does not 
change; therefore the amount of external compounds used up and the products 
formed is on one hand proportional to the turning number, on the other hand 
these amounts are independent of the quantitative distribution of intermediates, 
because every intermediate reacts with the same partners and results in the same 
products, only in different sequences, depending on its position.

Fig. 2.14. A general scheme of the self-reproducing cycle.
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In contrast to this, in a self-reproducing chemical cycle the amount of substances 
Aj does not remain unchanged, and their entering the reaction should also be 
taken into account according to the definition of the cyclic process sign. Thus, 
the second cycle of process Eq. [2.106] is:

n A n
2 A ! + 2 X X i ------0 ----* 4Aj + 2 ^fYj

i—1 i=l

For two turns of the cycle it can be written:

Ai + 3 ^ X i ------é -----> 4Aj + 3 ^ Y j
i=l i=l

i.e., the external substances consumed and the external products formed are not 
directly proportional to the number of turns. In the case of u turns:

Al+ ( 2 u - ' ) z x i - - - - ® --- ► 2uA 1 +(2u - l ) i ; Y i [2.110]
i=l i=l

or, more generally, if at the beginning f moles of Ai are present:

fAj + (f-2 U- f j ^ X j - - - - ® --- ♦ f - 2 UA! + (f-2 U- f j l Y j  [2.111]
i=l i=l

[2.108]

[2.109]

Operation rule:

The turning number in stoichiometric overall equations of self-reproducing 
cycles can be varied by multiplying or dividing the power of the exponents 
in the equation and the turning number by the same number.

Equation [2.111] is, however, not the most general form, as it holds only for the 
case, when at the initial moment only the first intermediate of the cycle is 
present, i.e.:
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n
2 > i  = a i [2.112]
i=l

or, equivalent with this,

n
Z a i = ° [2.113]
i=2

In practice this case occurs only seldom; generally, different intermediates of the 
cycle are present simultaneously. In this case, every i-th intermediate consumes 
the starting compounds needed for one cycle, i.e.:

and it also uses up a doubled amount of them in the reaction series beginning 
with the duplication step and going until the i-th intermediate (Fig. 2.15). 
Therefore, the starting material needed for self-reproducing systems 
characterized by elementary steps [2.101] -  [2.105] is increased by a further
additive member and, correspondingly, the reaction products formed should also 
be increased by a member.

n
[2.114]

i=l

Fig. 2. 15. Component Ai consumes raw materials necessary for its reproduction after one cycle, 
whereas after the duplication step their double amount is used up.
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n i-1
2 > i Z x zi=2 z=l

[2.115]

n i-1
Z<*ilYz
i=2 z=l

[2.116]

Taking into consideration these additive members, the stoichiometric overall 
equation of self-reproducing cycles characterized by elementary steps [2 .101] -  
[2.105] for u cycles is:

n / \ Í n n ( i-1
f I > i A i + ( f 2 u - f ) I X i  + I « i Z X z
i=l [i=l i=2V z=l )\

\f n n f  i-1 ^
+ I  a i + l Y :

I i=l i=l V Z=1
[2.117]

or, if the reaction path cannot be decomposed into bimolecular steps

n / \| n 1 n f i-1 l
f i a i  Ai+(f2u- d l S X ik + I  aí I  I x
i=l i=lk=l i=2v z=lk=l kzkli=lk=l i=2V z=lk=l )

----- © —

n / \| n 1' n
f2u I a iAi + (f2u - f | l I  Yik. + I  

i—1 i=lk'=l i=l
(  i-i r

a i l  lY z k '  
i=1V z=lk'=l )

[2.118]

These equations are already too complicated to understand the stoichiometric 
relations of chemical machines. For the sake of simplicity, in what follows, we 
will indicate the external material needed in a chemical system by X and its 
products by Y . Thus for one cycle of Eq. [2.117]
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n n ( i-1 \
X - I X i  + 2

i=l i=2
« i Z x z

V z=l )
[2.119]

and

n n f  i-1 N
Y - Z Y i + X  « i l Y z

i=l i=2v z=l >

and for Eq. [2.118]

n 1 n (  i-1 1' ^
X-IIXik + S «iE l x zk

i=l k=l i=2v z=lk'=l

[2.120]

[2 . 121]

and

n (  i-1 1'
Y = H Y ik. + I  « i l l Y *

i=l k'-l i=2V z=lk'=l
[2. 122]

If the self-reproducing cycle is not of the type corresponding to elementary steps 
[2.101] -  [2.105] (for this case, detailed examples will be shown), the values of 
X and Y also change. However, the simplified formulation

f £ a i A i + (f2u - f ) <  -  _ © --- » f2u f > i A i  +(f2u - f )Y [2.123]
i=l i=l

holds also in these cases.

Equation [2.123] can be regarded as the general stoichiometric overall equation 
of self-reproducing chemical cycles.
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Kinetics of self-reproducing cycles

The time course of self-reproducing chemical cycles can be described by the 
differential equation system characterizing the elementary steps by the reaction 
kinetic equations of the Guldberg—Waage type. This is identical with Eq. 
[2 .2 1 ] for the general members of the cycle by taking into consideration the 
feedback in the same way as it was done for simple cycles in the case of Eqs. 
[2.64] -  [2.66]. For steps being in a direct connection with the self-reproducing 
step [2.105], however, kinetic equation [2.21] does not hold:

The differential equation system consisting of n equations, which describes the 
self-reproducing cycle of elementary steps [2.101] -  [2.105], is not linear 
because of [2.124] and [2.125] and cannot be solved by analytical methods. 
Thus, the time course of these systems can only be obtained by numerical 
integration if we have concrete numerical data.

Examples of self-reproducing cycles 

The formose reaction

As was already mentioned, the formose reaction is a complicated reaction 
network that will be discussed later in connection with biogenesis. Now, 
considering it as an example, let us assume that the process according to Eqs. 
[2.97] -  [2.99] takes place. In this case, its general, stoichiometric overall 
equation (based on [2.117]) is:

ái = 2 k na nx n - k 'nai2 y n - k j a ^  + k i a 2yi [2.124]

an — ^n-lan -lx n-l kn_ianyn_i ^nanxn + ^nal Yn [2.125]

i=li=l

where
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Aj — C2H4O2, A2 — C3H6O3, A3 — C4Hg04 [2.126]

Reductive carboxylic acid cycle

It is almost identical with an inversely operating citrate cycle: its graph is shown 
in Fig. 2.16.

To construct the overall equation of this process, Eq. [2.118] should be applied, 
because the process is not broken down to bimolecular steps. The reductive 
carboxylic acid cycle shown in Fig. 2.16, however, does not correspond to a 
self-reproducing cycle characterized by steps [2.101] -  [2.105] as shown in Fig. 
2.14, because the excess formation of A\ does not occur at the expense of An, 
but from an internal member, Ag. Thus the newly formed A] does not consume 

12 12
raw materials Z x ik» and it does not form products Z ^ ik  at the end of the 

i=9 i=9
cycle. Correspondingly, the raw material requirement and the quantity of 
products are the following:

12 2 8 (  i-1 2
X = Z Z X ik + Z  < * i Z Z X zki=lk=l i=2v z=lk=l

and

12 2 8
Y = H Y ik + £

i-1 2
« i l Z Y *

i=l k=l i=2 \  z=lk=l

[2.127]

[2.128]

Other self-reproducing cycles

Numerous other self-reproducing cycles and reaction systems are known. With 
the malate cycle, the Calvin cycle, and the bromate cycles we will deal later in 
more detail.
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ATP

C02

H20

nadh2

PEP

^1
piruvate

■ ^ P i
oxaloacetate

malate

FADH2
fumarate

H20

FAD

ATP

CoA

succinate

citrate

isocitrate
NADP ~ \ t

ADP

succinate-CoA

C 02
FDred

CoA l \ v ----- C02
ŷ FDox I NADph|2

----------------- - a-ketoglutarate

Fig 2 .16. The reductive carboxylic acid cycle. 
Notations:
At =  oxaloacetate Xu =  NaDH2

Q<zii>

A2 =  malate x31 =  fadh2 y 21 =  h 2o
A3 =  fumarate X41 =  ATP Y31 =  FAD
A4 =  succinate X42 =  CoA Y41 =  ADP
A5 =  Succinyl-CoA X51 =  c o 2 y 42 =  P,
Ae =  a-ketoglutarate X52 =  FDred Y51 = CoA
A7 =  isocitrate Xei =  NADPH2 Y52 =  FD0X
Ae =  citrate Xß2 =  c o 2 Y6i =  NADP
Ag =  acetate X91 = CoA Ye, =  Ai
A10 =  acetyl-CoA Xg2 = CoA Y 9 1  =  ADP
An =  piruvate Xio,i = CO2 y 92 =  P,
a12 =pep Xio,2 = FDred < 0

II O O >

Xn,i =  ATP Y 10,2 = FD0X
X12.1 =  h 20 Yn , =  ADP
Xl2.2 -  C0 2 Y12,i =  P,
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Self-consuming cycles

In principle, by the inverse operation of self-reproducing cycles (with cyclic 
process sign from right to left, or with a negative turning number) we obtain a 
self-consuming cycle. However, because in self-reproducing cycles generally 
irreversible elementary steps are also included, thus such cycles generally can 
not be reversed. Self-consuming cycles can be involved in the energy household 
of fluid machines: by their aid a controlled decomposition of energy-rich 
nutrients becomes possible, i.e., controlled energy supply is achieved. A 
characteristic example of this is the so-called pentose—phosphate cycle, which 
ensures the oxidative decomposition of carbohydrates in a self-consuming 
network and can be regarded as an inversely functioning Calvin cycle. This 
phenomenon is dealt with in more detail when we are discussing the metabolism 
of living systems.

Storage and Replication of Information

Every object is a carrier of information about itself, as well as a carrier of 
information concerning its origin and environment. In technology, however, not 
the “storage of these types of information” but of those, independent of the 
object itself is considered information. Books, tapes, films, punched cards, 
records, etc., carry information on their own material, construction, etc. and also 
pieces of information not concerning the carrier of the information itself, but 
something completely different, e.g., the plot of a novel, the financial 
management of a firm, a piece of music. In the following we consider storage 
only this excess information storage.

A common feature of systems capable of storing information in this sense is that 
they carry the information in the form of signs. A sign can be anything: a point, 
a line, a letter, a groove, magnetism, a hole, a knot, etc., from which there a 
satisfactory amount is, and which is recognizable for a system capable of 
reading the information. Information can be carried also by fluid systems, e.g., 
the quantity of CO2 can serve as information for a fire alarm system.

When storing information, however, the signs have to be fixed in space and 
time. These fixed signs may carry information through their quality (e.g., traffic 
signposts, the first ten Arabic numerals), through the quantity of identical signs 
(e.g., the first three Roman numerals), through the quantitative ratio of two or 
more signs (e.g., colored graphs showing a percentage distribution), or through
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the sequence of different signs (e.g., a written text). The capacity of this last 
mentioned mode of information storage is practically infinite.

In fluid chemical systems information may be stored by their chemical compo
nents or molecules. These molecules as signs, however, should also be fixed in 
space and time. Polymerization (polycondensation) processes provide the 
possibility for this. The template polymerization processes are suitable to copy 
the stored information.

Template processes

Template polymerization is a process for synthesizing macromolecules on the 
surface of a preformed, so-called template macromolecule by polymerization or 
polycondensation. We call all kinds of polymer formation template 
polymerization, if the polymer is built on a surface with the same structure 
regardless of the mechanism, i.e., whether polymerization or polycondensation 
of the monomer molecules takes place. The first template polymerization 
process was suggested by Watson and Crick based on the assumed molecular 
structure of DNA on a merely speculative basis (Watson and Crick, 1953a, b). 
They also showed that template polymerization is a process suitable for the 
replication of information stored in a certain sequence of molecules, and thereby 
for coding the genetic message of living organisms and for transferring it into 
their descendants. Several other template polymerization processes have been 
found since then. First of all it turned out that in the cells the synthesis of RNA 
takes place also by template polymerization. Cser and co-workers showed that 
the polymerization of acenaphthylene is also a template process (Cser et al., 
1974). More recently, Armin Weiss postulated that certain clay minerals, e.g., 
montmorillonite, are also formed by a template process (Weiss, 1981). Template 
processes that we so far know, are practically irreversible.

In the theoretically simplest case, the pattern is provided by a homopolymer 
strand molecule. In this case, the molecule built into the strand serves as a 
pattern surface for binding the same, but free molecules (Fig. 2.17); this is called 
homologous pairing. Denoting the monomer molecule by V, the polymer 
molecule built of n monomer molecules by pVn (this serves as pattern), one 
elementary step of template polymerization can be represented by the following 
stoichiometric equation:



58 Theoretical Foundation o f Fluid Machineries

Fig 2.17. In the theoretically simplest case, identical building stones incorporated into a 
fibrous template serve as binding sites for free molecules of the same kind (monomers). This 
is called homologous pairing.

V + pVnVi --------- » pVnVi+1 [2.129]

or, in the case of a condensation mechanism:

V’ + pVnVi ----------> PVnVi+1 + R [2.130]

where pVnVi is the template molecule with the just synthesizing strand 
consisting of i pieces of monomer V on it, which, after the reaction step, will 
have a length of Vi+i. R is the by-product of condensation. From the known 
template processes, the formation of polyacenaphthylene from acenaphthylene is 
a polymerization process whereas the synthesis of nucleic acids is 
polycondensation.

If the template is built of different molecular elements, i.e., it is a co-polymer, 
there can be two types of reading mechanisms: pairing of identical molecules 
(homologous pairing) or complementary pairing. In the first case the new chain 
will be identical to the pattern, whereas in the second case it will have a 
complementary structure (negative copy). The new copy of a negative strand is a 
positive strand, i.e., every second generation of copies is identical. If the 
template is built from two different molecules, the elementary steps of 
polymerization can be described by the following equations:
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V + pVnZm(ViZk) --------- » pVnZm(Vi+1Zk) [2.131]

or

Z + pVnZm(ViZk) --------- » pVnZm(ViZk+1) [2.132]

where V and Z are the monomers of the co-polymer template.

Template polymerization on a homopolymer according to steps of [2.129] takes 
place:

nV + pVn ---------> PVnVn --------- > 2pVn [2.133]

or, in poly condensation processes according to [2.130]

nV’ + pVn ---------> pVnVn + nR --------- > 2pVn + nR [2.134]

where process pVnVn —» 2pVn signifies the separation of the newly synthesized 
strand from the pattern surface, as a consequence of which both strands become 
templates. The consecutive series of elementary steps in this case, too, moves 
along a trajectory that returns into itself. As a result of this the initial template is 
doubled, i.e., this process can also be regarded as a self-reproducing cycle:

pV„ + nV ----- P(& —  2pV„ [2.135]

or for u cycles:

pVn + (2u- l)n V ----- -P® -----♦ 2upVn [2.136]

The overall equation of homologous pairing is:

nV + mZ + pVnZm ------® -----* 2pVnZm [2.137]

that of complementary pairing:
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mV + nZ + pVnZm ------® -----> pVnZm + pVmZn [2.138]

i.e., the quantities of the old and new strands are reversed. Equation [2.137] 
represents a self-reproducing process, whereas Eq. [2.138] does not, because in 
the latter case the pattern and the product are not the same. However, if a 
negative and a positive strand react simultaneously, the process becomes self-. 
reproducing:

(n + m)V + (n + m)Z + pVnZm + pVmZn - — (D----* 2(pVnZm + pVmZn)
[2.139]

In template polymerization processes this condition is generally fulfilled, 
because the stable form of macromolecules is mainly a complex consisting of a 
positive and a negative strand. This is discussed later in more detail.

For the general description of template polymerization of co-polymers 
consisting of more than two monomers, the usual formalism for characterizing 
polymers should be modified in the following way:

pVnZm = pnVmZ [2.140]

or, more generally, for symbolizing polymers built of k types of monomers:

where Vj is the i-th type from the k types of monomers, and iq is the amount of 
the i-th monomer in the co-polymer fiber. Using Eq. [2.141] for constructing the 
general equation of template polymerization we obtain for homologous pairing:

For complementary pairing, the overall equation of this self-reproducing process 
can be derived from the individual steps of the formation of negative and 
positive fibers. When denoting the positive fiber by pic] Vj, the negative ones by 
pKjVj, the individual reactions are:

[2.141]

[2.142]
i=l
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k
V i+ p K ' iV j ------0 ---- ► pK^Vi+pK-Vi [2.143]

i=l

and

k
I k[ V i + p K ^ V i ------0 ---- > pK-Vi+pK-Vj [2.144]
i=l

If

pKjVj = pKjVj +PK- Vj [2.145]

and

k k k
I kíVí ^ I kíVí + I k? Vj [2.146]
i=l i=l i=l

the general equation of template formation with complementary pairing can be 
obtained as follows:

(2“ - i j ^Ki Vi  + p iq V i------® ----- , 2u PKiVi [2.147]

If the process is taking place according to a polycondensation mechanism, rather 
than by polymerization, the condensation by-products should also be added to 
the right side of Eq. [2.147].

Example for calculating template polymerization

The application of the stoichiometric equations of template polymerization is 
shown by the example of the replication of DNA. DNA is built of four kinds of 
building elements by complementary pairing. The mechanism of the replication 
is of the poly condensation type.

Raw materials:
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Vf = dATP = A' 
V2 =  dTTP = T' 
V3 = dGTP = G' 
V4 = dCTP = C'

(deoxyadenosine triphosphate) 
(deoxythimidine triphosphate) 
(deoxyguanosine triphosphate) 
(deoxycytidine triphosphate)

Because of the condensation mechanism, only the part remaining after the 
separation of the condensation by-product is built into the DNA. Because the 
by-product is pyrophosphate (PP), for the sake of simplicity the ionic state and 
the water in the reaction are disregarded, and the units incorporated into DNA 
will be denoted as follows:

Vl = dAMP = A (deoxyadenylic acid) 

V2 = dTMP = T (deoxythimidylic acid)

V3 = dGMP = G (deoxyguanylic acid)

V4 = dCMP = C (deoxycitidylic acid)

Let the composition of the template nucleotide be the following:

KjA + k2T + K3 + K4 C [2.148]

Because of to the pairing properties of nucleotide bases in the double helix of 
DNA

K ! = k2 and K3 = k4 [2.149]

DNA can be characterized as follows:

DNA = p[iq (A + T) + k3 (G + C)] [2.150]

Using these statements, for the replication of DNA the following equation can 
be written as follows:

p [k1(A + T) + k3(G + C)] + k1(A' + T ' ) + k3 (G' + C') — *

2p [k1(A + T ) + k3(G + C)] + 2(k1 + k3)PP [2.151]
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Kinetics of template polymerization

It turned out that the template polymerization process -  suggested by Watson 
and Crick in 1953 -  takes place in living organisms with the help of special 
enzymes. This mechanism was proved experimentally by Komberg by the 
template-dependent synthesis of oligodeoxyribonucleotides catalyzed by DNA- 
polymerase III (Komberg, 1960). A significant number of enzymes have been 
found since then that are also capable of catalyzing the template-dependent 
polymerization of DNA and RNA.

The kinetics of enzyme-catalyzed template polymerization is naturally different 
from that of nonenzymatic processes. The nonenzymatic template-dependent 
oligomerization of nucleotides has also been proved by several authors 
experimentally (Sulston et al., 1968; Oró and Stephan-Sherwood, 1974; 
Lohrmann and Orgel, 1977; Ninio and Orgel, 1978;). We deal here only with 
the kinetics of nonenzymatic template processes, because in the general 
treatment of fluid machines we do not take into account enzymes as catalysts.

However, attention should be called to the fact that the kinetics of 
polymerization processes is very complex and, in fact, the kinetics of template 
polymerization is not elaborated sufficiently. We provide here only a formal 
kinetic treatment that enables us to investigate the interaction of template 
polymers as parts of fluid machines with the system and to be able to simulate 
the behavior of such systems by computers.

Without enzymes, template polymerization can only be realized if chain 
propagation occurs by the formation of strong (e.g., covalent) bonds, whereas 
the preceding pairing must take place by weaker, e.g., hydrogen bonding. 
Otherwise, the newly synthesized strand would not be able to separate from the 
surface and the template polymerization process would stop. In nucleic acids, 
pairing, i.e., the coupling to the surface occurs by hydrogen bonds (Fig. 2.18).

It can be deduced theoretically (Gánti, 1974a, 1979a), but also shown 
experimentally (Michelson and Monny, 1967; Scruggs and Ross, 1970) that in 
case of fiber polymer templates, fiber structures with at least two strands are 
stable, because the strength of coupling between the template molecule and the 
new strand growing on it increases with the degree of polymerization. The 
notation pVn introduced in the discussion of the stoichiometry of template 
polymerization, should therefore represent a macromolecule complex consisting 
of at least two homopolymer strands, the length of which is pVn/2, where the 
monomers V inside one fiber are coupled to each other by covalent bonding,



64 Theoretical Foundation o f Fluid Machineries

Z
\ v

z

zr

I I
V -V
I Iz— z 
I I
V -V
I I
z— z 
I Iz— z 
I I
V ------ V
I I
V -VI I

IC

z
z

t f

I

I I
V— z 
I . I 
V— z 
I I
z— V 
I I
V— z 
I I
Z------ V
I I
V— z
Z- -  -V I I

Fig. 2.18. The monomer sequence of the new chain built on the heteropolymer template is 
identical with that of the template in homologous pairing (a): In complementary pairing the 
binding molecule is not identical with that to be bound. The new chain has a so-called 
complementary structure. It is also called a negative strand, as a new copy of it is identical with 
the starting “positive" strand.

whereas the monomers V opposite to each other are held together by secondary 
bonds (Fig. 2.18).

If the monomers are capable of forming more hydrogen bonds simultaneously, 
three fold or quadruple-stranded structures may also be stable in suitable spatial 
arrangements. Some examples for this are known among synthetic 
polynucleotides. We restrict our discussion, however, for double-stranded 
templates in which the pattern is provided by the individual strands after their 
separation. A stable double-stranded complex can not play the role of a pattern, 
as its coupling surface is not free. To become template active, the two strands 
have to be separated from each other. In the case of nucleic acids, this takes 
place with the help of special, so-called unwinding proteins.

In nonenzymatic reactions, the environmental conditions (temperature, 
concentration of monomers, ion activity) must change, to ensure the separation 
of the double-stranded complex. The possibility for this is provided by the so- 
called breathing mechanism. The sum of the binding energy of numerous 
secondary bonds may exceed significantly the binding energy of a covalent 
bond, but the energy of the individual hydrogen bonds is lower than the average 
thermal energy of water molecules in the liquid state of water. Consequently, 
though the double-stranded structure is stable in aqueous solutions, several ( 10-  
2 0 ) hydrogen bonds at the end of the chains break up and regenerate regularly,
i.e., the chain ends continuously open and close. This motion of the chain ends
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resembles the breathing motion; therefore this process is called breathing 
mechanism (Fig. 2.19). If for some reason the regeneration of the broken-up 
chain ends is hindered (e.g., strong thermal motion, high free monomer 
concentration), the next bonds in the sequence can also be broken, and the 
process can lead to the decomposition of the otherwise stable chain by a zipper 
like repetition of this process.

In the following we deal with the case in which the separation of templates is 
started by a high concentration of the free monomers serving as raw material for 
polymerization. Template polymerization is made possible, namely, by the fact 
that the monomers are capable of coupling to the surface of the template by 
weak, secondary bonds. Naturally, this coupling occurs also on the temporarily 
open chain ends, but the thermal motion can easily remove the individual bound 
monomers. Thus the open chain ends can close again. The higher the 
concentration of monomers, the greater the probability of the coupling of 
monomers to the chain ends by pairing.

On introducing monomer V in an increasing concentration into the solution of 
template pVn’ a critical concentration v* can be reached theoretically, at which 
the probability of coupling monomers V to the temporarily free chain ends is 
greater than that of the regeneration of the chain end. In this case, the original 
double-stranded structure is not restored at the chain end, but more secondary 
bonds are broken to which new monomers are coupled. In this way, on both 
strands the synthesis of a new strand begins, thus two new double-stranded

Fig. 2.19. At the end of the double-stranded template, bonds open because of thermal motion, 
and then, they regenerate (breathing mechanism). This makes the zipper like opening of the 
double-stranded complex possible.
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structures are formed. If between the monomers coupled to the free template 
chain parts the formation of chemical bonds begins, the separation process is 
continued until a total decomposition of the original double chain. Meanwhile, 
on the individual strands new strands are formed, producing thereby two 
template molecules from the original one.

Thus template reactions, regardless of the nature of the mechanism of the 
elementary steps (polymerization or polycondensation), contain two kinds of 
steps: initiation and chain propagation steps. Formally, the initiation step can be 
considered as an oriented arrangement of the first monomer at the chain end. 
This is the rate-determining step. In the given mechanism, this only occurs at a 
relatively high concentration of the monomer, but the propagation of chains, i.e. 
the arrangement of further monomers is fast. The coupling of monomers 
stabilized by secondary bonds is regarded to be much faster than the arrange
ment of monomers on the template (Békés et al., 1979).

Thus the progress of the template polymerization process can be characterized 
by the consumption of monomer V:

Vdecr. = - ^ P vn v [2.152]

where vdecr. is the rate of consumption for monomer V, pvn is the concentration 
of pVn, and A, is a proportionality factor.

Both the measure and the interpretation of coefficient A differ for the initiation 
and the propagation steps. In the initiation period, A can be interpreted as a 
fictive rate constant of the elementary step

kin >
p V „ + V  - pVnV, [2.153]

k;n

for a polymerization mechanism, or as the fictive rate constant of the elementaiy 
step

pvn+v' pVn Vj + R [2.154]
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for a polycondensation mechanism. Its value, according to the previous 
discussion concerning the separation of double fibers is:

x = o, if v < v * [2.155]

X >0, if v > v * [2.156]

In the propagation period, however, X is unequivocally the real rate constant of 
the irreversible elementary steps

pVnVi+V --------- ► pvnv i+i [2.157]

or

pVnVi + V '  --------- > pVnVi+1 +R [2.158]

The number of template molecules pVn formed in the process is proportional to 
the quantity of monomers V consumed:

P^n = X Vdecr. = % ^ P vn ' v t2-159]

General remarks

The stoichiometric and kinetic equations describing the template polymerization 
process reveal the composition of the template and the newly synthesized fibers, 
i.e., the quantity of monomers incorporated and their ratio to each other, but 
obviously do not give any information about the sequence of the monomers 
incorporated. Yet the template is suitable for storing information by the 
sequence of signs as well as by the quantity of signs built into it. The template 
polymerization process itself makes the replication of information carried by the 
template possible.

The reading of information is different if the information is stored by the 
sequence or by the quantity of signs. The quantity of signs can also be read in a 
stoichiometric way, thus in principle it is easy to design a fluid machine using
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the information carried by the composition of the template. The theoretical 
possibilities for utilizing information carried in the sequence of signs is dealt 
with only in the second volume of this book, in connection with the early 
evolution of living systems.

Compartmentalization

A trivial precondition for the operation of every internally controlled system is 
that the geometrical distance between the parts of the system should be smaller 
than the range of forces ensuring the interaction between them. This condition is 
generally given by the construction of mechanical and electric machines (hard 
automata), but for fluid systems, this condition should be ensured. For example, 
the radio as an instrument is a hard automaton in which the spatial contact of 
interacting parts is by construction built into the system. A network of radio 
transmitter—receiver system is, however, a fluid system in which the position of 
the transmitter and receiver may be arbitrarily varied, provided that the distance 
between them is not greater than the transmission distance of the transmitter.

From this point of view, the fluid systems can be studied and interpreted at both 
the molecular and macroscopic levels. The condition of functioning at the 
molecular level is the temporary close contact of molecules, because the range 
of chemical binding forces (whose change results in the operation of the system) 
is extraordinarily short. This special closeness is realized only for a very short 
time by many orders of magnitude shorter than the operation time of the fluid 
system. For operation it is also necessary that during its operation time the 
system should always include molecules in this close contact. This means that 
the precondition of controlled operation of fluid systems is the control of impact 
probability of the interacting molecules. At the macroscopic level, this can be 
ensured at a given temperature by controlling the concentration as a chemical 
parameter. Thus, in fluid systems, the concentration plays a similar role as the 
distance between the parts in hard systems.

For adjusting a desired concentration, it is necessary to fix the volume. This 
requirement assumes a wall preventing the spreading of the fluid system because 
of flowing or diffusion. In the design of fluid machines, this can be an artificial 
wall (the wall of a flask or reactor), but in the case of self-reproducing automata 
this wall should be provided by the system itself. A possibility for this is given 
by two-dimensional fluid membranes.



Constructional Elements o f Fluid Machines 69

The formation of two-dimensional fluid membranes consists of physical steps 
rather than of strictly chemical reactions. Singer and Nicolson showed that the 
matrix of biological membranes is built from a molecular double layer consisting 
of phospholipid molecules that behave in the plane of the membrane as a liquid, 
whereas in the direction perpendicular to it as a solid. In the two dimensions of 
the layer the molecules are moving relatively freely, whereas to leave the layer a 
significant input of external energy is needed (Singer and Nicolson, 1972).

The formation of a two-dimensional liquid requires elongated molecules, one end 
of which being hydrophilic, the other one hydrophobic in nature (amphipathic 
molecules). The Gibbs free energy of the hydrophilic part is smaller in a solvent 
with a high dipole moment, whereas that of the hydrophobic end is smaller in a 
solvent with a small dipole moment. Because of this, these molecules aggregate 
spontaneously in aqueous solutions by orienting their hydrophobic ends to each 
other, thereby forming for themselves a medium with a small dipole moment. A 
particular form of this kind of aggregation is the formation of two-dimensional 
fluid membranes, into which the membrane-forming molecules are spontaneously 
incorporated (Fig. 2.20).

Stoichiometry

Although the incorporation into a membrane is not a chemical reaction, the 
stoichiometry of this process can be treated by methods described earlier for self- 
reproducing cycles (Gánti, 1975a, 1976b).

Let us denote the membrane-forming molecule by T, the membrane built of n 
pieces of molecules T by T„ ? where the quadrangular frame symbolizes the 
two-dimensional, i.e., membrane character. The “elementary step” of membrane

Fig. 2.20. In an aqueous medium, amphipathic molecules turn to each other with their 
hydrophobic parts and aggregate. The result of this process may be a sphere-like aggregate 
(a), or a two-dimensional fluid membrane (b).
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growth is in this case:

[2.160]

The self-reproducing nature of the membrane is seen from the overall equation of 
n pieces of elementary steps (2.160):

[t7 + nT ----------> t 2„ = T1 n T1 n

This means, on one hand, that by incorporation of n pieces of molecules T the 
number of membrane forming molecules has become doubled and, on the other 
hand, it shows that the surface of the membrane has also become doubled, 
because the membrane, during the process, can spread only in two dimensions 
and the average surface of one molecule T in the membrane is constant at 
identical temperatures.

Accordingly, Eq. [2.161] also describes a self-reproducing process like Eqs. 
[2.113] and [2.136]. However, processes [2.113] and [2.136] are periodic in 
nature, i.e., self-reproduction at the molecular level has a meaning only for 
periods represented by integers. This means that the process can be 
unambiguously characterized by a certain turning number, whereas process 
[2.161] is continuously growing and a u duplication number can only formally be 
given for it, as an analog of the turning number:

+ (2u-l)nT [2.162]

Formal kinetics o f membrane growth

A possible formal kinetic treatment of membrane growth was elaborated by 
Békés and co-workers (Békés, 1975, Békés et al., 1979). They assumed that the 
rate of incorporation of monomers into the membrane (i.e., the number of moles 
T incorporated in a time unit) is proportional to both the surface area of the 
membrane and the concentration of the monomer in the solution being in contact 
with the surface of the membrane:
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—Ja- = ki„t-F(T) [2.163]
dx

where is the number of molecules T incorporating into the membrane, x is 
the time, t is the concentration of T in the solution, F is the actual surface area of 
the membrane that is a function of the progress of the process and thus also of 
time, and kin is a proportionality factor providing the number of moles of T 
incorporating into one surface unit, at unit concentration of the monomer. 
Equation [2.163] is not a reaction kinetic equation of the Guldberg—Waage 
type, because it includes not only concentrations but also extensive quantities 
(mole, surface area).

The surface area F(t) of the membrane can be interpreted as the multiplication 
of the quantity of monomers built into the membrane (Tin(T)) and of the specific 
surface area of the unit mass of the monomer (Fx):

FW =Tfa(t)-F x [2.164]

where

surface - mol' 1 [2.165]

Based on Eqs. [2.163] and [2.164] we can deduce the rate of membrane growth 
as:

HF
^  = k i n -Fx -t-F(x) [2.166]
dx

If no other drain for T is present in the system, we can also derive the change in 
the concentration of the monomer in the solution during the growth of the 
membrane from Eq. [2.163]:

dx deer.
[2.167]
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-kjn t F [2.168]

where expression
dt
dx,

is the decrease in the amount of T in the solution
deer.

given in moles. The concentration change of the solution can be obtained by 
dividing both sides of Eq. [2.168] by volume Q:



III. Design of Simple Fluid Machines

Coupling of Simple Parts

The coupling of fluid parts (reaction systems) with one another means that one 
part (one of the reaction systems) produces one or more chemical components 
that are consumed as raw materials during the operation of another part (reaction 
system). It is common to speak about kinetic (catalytic) relations when 
discussing the connections between chemical, or mainly biochemical, reaction 
systems. These relations, however, can be transformed unambiguously into 
stoichiometric relationships by the aid of cycle stoichiometry and can be treated 
as such.

Upon coupling fluid parts (reaction systems), systems can be obtained that 
behave as entities and have properties not presented in any of their parts 
(constituting chemical systems). Thus, these systems are built from chemical 
systems as building elements, and consequently, they can be called chemical 
supersystems (Gánti, 1979a).

Coupling of chemical cycles with reaction chains

Let us consider the system shown in Fig. 3.1, in which a chemical cycle is 
coupled to a reaction chain with an AND-type branching. The coupling is 
strictly defined stoichiometrically; the overall stoichiometric equation of the 
system can be obtained by the summation of the overall equations of the cycle 
and of the reaction chain:
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3 _  3 _
^ a j A j + u X ^ ------© ----- * ^TotjAj + uYA + uBj [3.1]
i=l i=l

uBj + uXg ■> uBr+i + uYg [3.2]

3 _ 3
2 > íAí + u(x a + X b ) ----- ® ------ £cqAi+u(YA +YB)+uBr+, [3.3]
i=l i=l

It is apparent from the equations that a catalytic relationship exists between the 
cycle and the reaction chain; the cycle catalyzes the elementary reaction step 
XAi —> B). At the same time, this relation is strictly defined stoichiometrically.

The kinetic behavior of the complex system characterized by the overall 
equation [3.3] can be described by a differential equation system in which the 
concentration changes in the branching reactions are given by equations similar 
to Eqs. [2.29] -  [2.31], whereas those for other components are given by 
equations similar in form to Eq. [2.21].

The coupling of cycles by AND-type branchings results in fluid systems in 
which the rate of operation can be controlled for any part simultaneously by 
controlling any of the reaction steps. Consequently, a system consisting of parts 
coupled by AND-type branchings is a stoichiometrically strictly controlled fluid

Ya2 Xa2

Fig. 3.1. Coupling of a cycle with a reaction chain by an AND-type branching. In each turn of 
the cycle, one unit of Bi (amount identical to the sum of the intermediates) is formed, which 
can react further to B2, B3, etc. The connection between the cycle and the chain is 
determined by stoichiometry.
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system, independent of whether the reactions are reversible or irreversible.

Coupling between a cycle and a reaction chain can also be brought about by OR- 
type branchings (Fig. 3.2). This relation is defined by the amounts of available 
raw materials and the reaction rate constants. As a consequence, for systems 
shown in Fig. 3.2, no generally valid overall stoichiometric equation can be 
given. Their kinetic behavior can be described by a differential equation system. 
The equations for components participating in branching have the form of Eqs. 
[2.32] -  [2.34], and the behavior of the other components can be described by 
Eq. [2.21].

Simple chemical cycles coupled with OR-type branchings can operate as fluid 
machines only if the amount of internal components of the cycle consumed by 
tapping is replaced in another process, i.e., if the elementary steps of the reaction 
chain are reversible. In the opposite case, the internal components of the cycle 
would be totally used up, and thus, the cycle would cease to exist (Xgo is in this
case a “catalyst poison” for the cycle).

On the contrary, in case of reversibility, the OR coupling makes possible inside 
the fluid machine the quantitative control of the cycle as a catalyst. In extreme 
cases this involves the complete switch-off of catalysis by the complete 
consumption of the internal cycle components, or its switch on by the production 
of cycle components in the process from the left to the right. The OR-branching 
can be used in this case as a control switch of the catalytic processes taking 
place in fluid machines.

Fig. 3.2. Coupling of a cycle with a reaction chain by an OR-type branching. In the case of 
excess X ^ . -s and Xq. - s , the amount of Bi produced is stoichiometrically indefinite,

determined but kinetically.
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Fig. 3.3. Coupling of cycles by AND-AND branchings. The stoichiokinetic balance equation 
describing the coupled operation is the same as the equation describing the number of cogs 
and turns in the coupling of cogwheels.

Coupling o f cycles with one another

Cycles can be coupled with one another stoichiometrically by AND-AND, OR- 
AND, and by co-enzyme couplings.

The AND-AND coupling is not a rigidly defined one, despite the two 
stoichiometrically rigid couplings. Its overall equation can be obtained by the 
summation of the overall equations of the two cycles:

3 A 3

I t t i A ;  + X A ------<D-----> E « i A i  + Ya . + X b, [3.4]
i=l i=l

3 B 3
Zßi Bi  + X B ------0-----* Zß i Bi  + Yb [3.5]
i=l i=l

I c t i A i + i ß i B i + X A
i=l i=l

+ XB
A,B 3 3 _  _
“0 -----  ̂ X c q A i + X ß i B i + Y A + Y B

i=l i=l
[3.6]
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where

Ya , - X B| [3.7]

but in the equations this component is written as X ßt Ya :
3

= £ Yi and ßj are
V i=2 )

the fictive mole fractions of the internal intermediates of cycle B. For this, 
similar to Eq. [2.60] it holds that

S P i = i
i=l

[3.8]

However, Eq. [3.6] describes only one of the stoichiometrically possible 
couplings between cycles A and B; there are innumerable variants possible 
within the given type. The one mole of Xg] , necessary to the operation of the

cycle B as it is shown in Eq. [3.5] can be provided by cycle A in any variation of 
the amount of internal cycle components and the turning number if the 
multiplication of the total mole number of the internal components of the cycle 
(vA ) and of the turning number (uA) is exactly one mole. Consequently, Eq.

[3.4] can be substituted by every equation which has the following form:

vAj I > ía í +X a ----- ® -----* vAjZ a iAi+ Y A [3.9]
i=l i=l

and for which it is true that

V A  ‘ U A  =  1 m ° l
[3.10]

Obviously, to be able to sum [3.9] and [3.5], the turning number must be 
changed to 1. According to the rules of changing the turning number: 3

3 _  A 3 _
u A v a Í > í A í + X A ------CD----- * u Av A X a iA j + Y A [3.11]
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where for the product uA. v ^  constraint [3.10] remains valid.

One factor of product uA . vA namely the vA is of quantitative, stoichiometric 
nature. The other one, uA is of kinetic character, as it represents the number of 
turns and, even if it is not directly depending of time, it is in any case a measure 
for the progress of the reaction. Therefore coefficient

Ha = va Ua t3-!2]

is called a stoichiokinetic coefficient (Gánti, 1979b, 1980).

A similar train of thought can also be applied for cycle B, as for the consumption 
of 1 mole of XB every variation of mole numbers vB and turning numbers uB is
suitable if it is true that

VßUB=lmol [3.13]

Thus, by analogy to Eq. [3.11] it can be written for cycle B that:

3 _ B 3 _
vBub X P íB í + XB ------CD----- > v Bu ß Z ß i Bi + Y B [3.14]

i=l i=l

Introducing

p B  = v b u B
[3.15]

the more general equations [3.16] -  [3.18] can be given instead of Eqs. [3.4] -  
[3.6].
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3 A 3
Ma I > íA í + X A 

i=l
(D— *' Ma  X a iA i + y a

i=l
[3.16]

3 B 3
mb X ß i B i + x b

i=l
— ® — Mb X ß i B i + y b

i=l
[3.17]

3 3 _  _ A.B
M A Z a i A i  + Mb Z  ß i B i  +  X A  +  X B ---------------® -------------->

i=l i=l

3 3
MA I > i A i + M ß Z ß iB i + YA + YB [3.18]

i=l i=l

However, Eq. [3.18] is not yet completely general, as it implies that jiA = Mb = 1 
mole. For the complete stoichiometric coupling of two cycles (i.e., for a 
coupling in which one of the two cycles produces exactly as much of the 
coupling intermediates as is consumed by the other) not the validity of 
conditions [3.10] or [3.13] but that of

M a = M b  t 3 - 1 9 ]

is required. Accordingly, for the complete stoichiometric AND-AND coupling 
of two cycles, it is necessary, that their stoichiometric coefficients are equal. 
Thus, the most general form of Eq. [3.18] is:

r r' _ _ A,B
^ I a iAi + MB Z ß i ' Bi' + MAX A + MBX B ------ ® ------*

i=l i'=l

r r'
Ma Í > íA í + p b  Z ß i ' B i' + Ma y a  + Mb y b 

i=l i'=l
[3.20]
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Thus, the AND-AND coupling of the two cycles is not stoichiometrically but 
stoichiokinetically rigid; i.e., it results in a system defined stoichiokinetically.

Though the chemical cycle cannot be compared in any point to a wheel 
operating in geometrical space, an interesting comparison may be made between 
the complete coupling of chemical cycles and that of cogwheels.

The relation between two coupling cogwheels is given by the equality

n 1u 1 = n 2 u 2 [3.21]

where ni and n2 are the numbers of the cogs in the two cogwheels, and Ui and u2 
are the numbers of their turns, respectively. It can be seen that the number of 
cogs (the diameter of the wheel) or the number of the turns can be separately 
chosen at will, but the selection of one factor defines unequivocally the value of 
the other in the given coupling. The analogy with condition [3.19] is obvious. 
Therefore, condition [3.19] is also called the “cogwheel principle” (Gánti 
1979a).

The metabolic network of living systems consisting -  with a minimum number 
of exceptions -  of AND-AND cycles. Reactions called “elementary” in 
biochemistry are catalyzed by enzymes, but in effect, every enzyme-catalyzed 
reaction is a cycle corresponding to Eq. [2.94]. Hence every reaction chain 
where the elementary steps are catalyzed by enzymes is the series of chemical 
cycles connected by AND-AND couplings (Fig. 3.4). As long as the series of 
cycles does not contain OR-branchings, it satisfies the condition

M-e , = Ee 2 = - F E r [3.22]

EiSi E1S2 E2S2 E2S3 E3S3 E3S4

Fig. 3.4. A biochemical reaction chain the steps of which are catalyzed by enzymes is. in 
fact, a series of chemical cycles coupled by AND-AND branchings, with stoichiokinetically 
determined quantitative relations.
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in the case of complete coupling. The steps of metabolism in living systems are 
thus really coupled in a cogwheel-like fashion with each other, but whereas in 
mechanical automata the number of cogs and turns are determined by the 
construction, in fluid machines, the turning number and the mole numbers of 
cycle components (which are analogous to the cogs) can be varied even during 
operation without disturbance to any the functioning of the machine only, if in 
the course of such changes the condition [3.22] is continuously fulfilled.

The operation of two chemical cycles can also be coupled in such a way that a 
product of one cycle transforms in a series of reactions into the raw material of 
the other cycle (Fig. 3.5). In this case, the two cycles are coupled by a reaction 
chain, where the first component is connected to the first cycle and the last one 
to the second cycle by AND-branchings. The overall stoichiometric equation of 
this system [3.26] consists of the sum of the overall equations of the two cycles 
[3.23], [3.24] and the reaction chain [3.25].

3 A 3

Ha 2 > íA í + Pa X A 
i=l

®  “ *■ H A X a iA i + ^ A YA 
i=l

+ Pa c i t3-23!

3 B 3
f^B X ß i Bi + HBX B " 

i=l
®  -*  i*b X P íb í + ii b y b

i=l
[3.24]

v cCi + vcX c > v cX B, + X A + v cYc [3.25]

( 3
XaiAi +ZßiBi +xA +xB +xc

Vi=l i=l )

( 3 3 \
X a i A i + X ß i B i + Y A + Y ß + Y c

Vi=l i=l

A,B
------(D—

[3.26]

because
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YA2 XA? YB3 XB3

Fig. 3.5. The operation of two chemical cycles can be coupled in a way that a product of 
one cycle is transformed into a raw material of the other cycle through a chain of reactions. 
These processes can also be described quantitatively by stoichiokinetic balance equations.

M̂A = = M-C = 1* [3-27]

Cycles connected by OR-AND or OR-OR couplings are indeterminate both 
stoichiometrically and stoichiokinetically. They can play a decisive role in 
certain special constructions (e.g., in oscillating reaction systems). No general 
description of them is given here; their special role is discussed in detail in the 
treatment of individual automata.

The coenzyme coupling of cycles, which is in fact a double AND-AND 
coupling, is very common (Fig. 3.6) and is only given an extra name due to its 
great practical importance. In contrast to the usual definition, coenzyme is meant 
by us as a compound that is capable of existing in two forms (e.g., oxidized- 
reduced, phosphorylated-dephosphorylated) and that is converted by the 
different cycles of the same system in one or the other direction. These 
coenzymes, which are denoted in their activated state by Q , in their inactive

Fig. 3.6. The so-called coenzyme coupling of cycles occurs very often in biochemical 
systems. By coenzyme, though contrary to usage but corresponding to the biochemical 
practice, we mean compounds that may exist in two forms (e.g., oxidized-reduced, 
phosphorylated-dephosphorytated) and the different parts of the same system transform 
them into their one or other form.
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state by Q, have special transport functions in the chemical space (e.g., electron, 
hydrogen, phosphate transport). In the second part of this book, when discussing 
the metabolic network of living organism, it will be shown that the coenzymes 
participating in metabolism do not conform to the classical definition of 
coenzymes, but correspond to the definition given here.

The coenzyme coupling between two cycles is indeterminate stoichiometrically 
but is determinate stoichiokinetically. To prove it, let us start from the equations 
of the two cycles. On the basis of Fig. 3.6:

4 _
^ a X ^ j A ;  +  |í a X A  +  H q Q

i=l

A  4 _
■CD-----* H A Z a iAi + ha ya +HqQ*

i=l
[3.28]

4 _  B 4 _
^ ß Z ß i ß i  +  B B X B  +Hq Q * - - - - CD--- > P b  X ß i Bi + ^BYB + Mq Q

i=l i=l

[3.29]

It is apparent from Eqs. [3.28 -  [3.29] (but also from Fig. 3.6) that the coenzyme 
Q itself operates also in a cycle; thus, in this case the two cycles are coupled by 
a third, intermediate cycle (Q). Therefore, the rules of cycle stoichiometry 
should be applied also to Q. According to this, the amount of Q is not defined 
stoichiometrically, because an arbitrary amount of Q is capable for complete 
coupling between the two cycles, if for the turning number Uq the following 
condition is fulfilled:

VQUQ = P q  = Ha = f̂ B = ft [3.30]

where vQ is the total number of moles of Q + Q*. Also because of the cyclic 
nature, the operation of the system is not influenced stoichiometrically by the 
ratio of Q and Q*. The overall equation of the system is thus

(  4 4 2 _  _
p I a iA i + £ ß iB i + 2 a QlQ i + x A + x B

vi=l i=l i=l

AQB
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(  4 4 2
H Z a iAi + Sß i®i  + S a QjQi + YA + Yß [3.31]

Vi=l i=l i=l

where oq  are the mole fractions of the internal intermediates of cycle Q, for 
which it also holds that

Second-generation cycles

In the chemical space, a series connection of wheels can be constructed and 
usefully operated, what would be completely meaningless for mechanical 
automata. This structure consists of 1, 2, ..., r AND-AND-connected wheels 
where each wheel turns the next one whereas the r-th wheel operates the first 
one. The “perpetuum mobile” constructions are usually built on similar 
principles. On such a feedback of serial connection of wheels a “wheel built of 
wheels,” a “super-wheel” may be constructed. Such constructions are 
meaningless in case of mechanical automata.

Among fluid machines, however, the supercycles built of cycles can easily be 
realized, and as we see later, they play important role in the metabolism of living 
organism. Their construction is shown in Fig. 3.7. For clarity’s sake, the external 
raw materials and external products are omitted in the figure. Similarly, the 
small cycles (first-generation cycles) are illustrated as cycles with three 
members. Naturally, both these and the second-generation cycles built of them 
(supercycles) may consist of arbitrary numbers of units. It is clear from the 
figure that the sum of cycles Aj constitutes a second-generation cycle, B. The 
second-generation cycles are naturally not perpetuum mobile either; their 
operation in ensured by the difference in the total free enthalpy of the raw 
materials and the reaction products.

Naturally, the stoichiometric overall equation of second-generation cycles can 
only be obtained by the summation of the overall equations of individual cycles 
Aj, if all the cycles are connected to each other by AND-AND couplings.

r
[3.32]

i=l
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For reasons of a simpler treatment, let us introduce the following identity:

r
Zaj iA j i  — Aj 
i=l

[3.33]

where subscript j is the serial number of the cycle, whereas subscript i denotes 
the serial number of intermediates Aj inside the j-th cycle. Using this 
simplification, the equation of a second-generation cycle can be given by Eqs. 
[3.34]-[3.37].

A1 + XA, + Br --- - © -----♦ A j + YAj + Bj [3.34]

A 2 + X A2 +B 1
a 2

- ® — ► A2 + YS j + B 2 [3.35]

Ar + X Af + B r_1 -
A.

-----® -----* Ar +YX [ + B r [3.36]

t ß j B j  + icxjAj  + i x x . ------® -----> t a j A j  + t ß j B j  + t Y T
j=l j=l j=l j=l j=l j=l

[3.37]

From equation [3.37] it also can be seen that the first-generation cycles Aj
(building the cycle B), behave as cycle components, i.e., their distribution is 
arbitrary, if the condition is satisfied that

I a j =1
j=l

[3.38]
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Fig. 3.7. A second-generation cycle (supercycle) where cycles connect to cycles. A similar 
coupling of wheels in technical systems would be meaningless, but they have a very 
important role in biochemical systems. All enzyme-catalyzed cyclic systems are like this 
(e.g., also the Szent-Györgyi— Krebs cycle), because in them, enzyme-catalyzed cycles are 
coupled through the substrate to a second-generation cycle.

The distribution of the individual components Aj can be arbitrary within the 
individual cycles Aj in accordance with the condition given by Eq. [2.62].
Neither can the individual intermediates Bj drop out at the summation of Eqs.
[3.34] -  [3.36], because they also constitute cycles and can also be present in an 
arbitrary distribution, if their fictive mole fractions satisfy the relation

r
I ß j = l
j=l

[3.39]

The double-catalytic nature of the citrate cycle, described in Chapter II, can also 
be understood with this understanding of second-generation cycles. As was 
mentioned, in the citrate cycle organic acids are transformed into each other in 
such a way that during one cycle the carbon atoms of one acetyl group are
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oxidized into C 02, while hydrogen is liberated and the hydrogen atoms become 
bound to hydrogen-transferring coenzymes (see Eq. [2.81] ). Thus, the citrate 
cycle is the catalyst of the transformation of acetyl groups into C02 and 
hydrogen, bound to a carrier. This process includes the serial transformation of 
organic acids which consists of seven, individually enzyme-catalyzed 
“elementary” steps. However, according to Eq. [2.94], the enzyme-catalyzed 
elementary steps are also cycles themselves, and the successive cycles are 
connected by AND-AND couplings according to the “cogwheel principle”, 
described by Eq. [3.20]. Thus the enzyme-catalyzed citrate cycle has the 
structure of a supercycle, as it is shown in Fig. 3.7. Its first-generation cycles are 
catalysts for the organic acids, whereas the second-generation cycle formed from 
the organic acids is a catalyst for the complicated oxidation process of the acetyl 
groups.

Similar to the citrate cycle, every second-generation cycle performs catalysis at 
two levels: its elementary cycles catalyze the individual transformations

x-
r

I va,Ya , [3.40]

whereas the second-generation supercycle itself catalyzes the following complex 
multistep complex transformation:

f > j X Ä. --------- > f > jY Ä. ^ X a,b --------- > Y A3 [3.41]
j=l J j=l J

Equation [3.37] is not completely general, because in it the mole number of the 
internal components of each Aj cycle is 1, although according to the cogwheel 
principle, the total mole numbers may change arbitrarily if the individual turning 
numbers also change appropriately. The condition for complete coupling is that

^ ä , = ^ ä2 = - = t ‘Ä, = ^ ä  [3'42)

from what also follows that
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[3-43]

By introducing the following notation

Z a j X j ^ A  [3.44]
j=l

[3.45]
j=l

£ x X . * X  [3.46]
j=l J

the general form of equation [3.37] can be written as follows:

H -A  + UgB + v - X ------0 )----- * |a=A + |iBB + v= Y  [3.47]

where

^ = H b = v x = v y [3'481

To calculate the operation of supercycles, instead of the citrate cycle already 
mentioned, the simpler urea cycle is used as an example. This consists of four 
serial-connected enzyme reactions: -r

1. ornithine + carbamoyl-P ------0-----> citrulline + Pi

2. citruline + asparaginate
A 2

------© -----> arginosuccinate +H20

3. aginosuccinate
A3

------0-----* arginine + fumarate

4. arginine + H2O
A4

------0----- - ornithine + urea
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The intermediates of cycles Ai -  A4 are the following enzymes or their 
complexes, formed with the substrates and products:

Ai = omithine-carbamoyl-transferase

A2 = arginosuccinate synthetase

A3 = arginosuccinate-lyase

A4 = glycine-amidino-transferase

The raw materials of the individual first-generation cycles

Xa , = carbamoyl-P

Xa 2 = asparaginate

X a 3 = 0

X a 4 = H20

Their reaction products are:

Y a . = Pi

Ya 2 = h 2o

Ya 3 = fumarate

Y a 4 = urea

The intermediates of the second-generation cycle are:

B, = ornithine

b 2 = citrulline

b 3 = arginosuccinate

b 4 = arginine

On applying Eq. [3. 47] on the urea cycle and assuming that the enzymatic first- 
generation cycles have three members, i.e., that they operate according to
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Eqs. [2. 85] -  [2. 87], we obtain:

4 3 4 4 3  A,B
£ ^ x . Z a jiA j i + ^ B Z ß j Bj + X v A . Z x ji — <£>— * 
j=l J i=l H  H  i=l

Z M X . Í a jiA j i + | i B Í P j B j  + Í v AjÍ Y ji [3.49]
j=l J i=l j=l j=l i=l

where

M̂Aj = = v Aj 0 = 1,2 ...4) [3.50]

Equation [3.49] provides the necessary conditions for the stoichiometrically 
complete coupling of every component of the supercycle, but it does not contain 
any information concerning the operation rates of the individual cycles. Thus, 
one of the cycles may as well do its task in a hundredth or thousandth of the 
time, necessary for the second or the third cycle. The optimal operation of the 
system means that the rates of material production of the individual cycles are 
coordinated. Eq. [3.29], by its stoichiometric character can ensure this as well, if 
the turnover numbers under the given conditions are known for the enzymes 
present.

By turnover number of an enzyme (its molecular activity) we mean the number 
of the substrate molecules, that can be transformed by one molecule of the 
enzyme in one minute if the conditions are optimum. However, on one hand 
these optimum conditions are not the same for the operation of different 
enzymes, and on the other hand, it is not at all certain that the system is operated 
under the optimum conditions of its enzymes. Thus, for optimization 
calculations, the turnover number under the given conditions is needed. This will 
be called the actual turnover number, and is expressed as

r\ = tum/time [3.51]

From Eq. [3.51] it follows that
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u = r| • t [3.52]

where t is the time.

Comparing the Eq. [3.12] to Eq. [3.42], and Eq. [3.52], we obtain the condition 
of complete coupling as

vA1TlA1TA, = vA2-nAjA2 = v A3TiA3TA3 = v A4riÄ4TA4 [3.53]

As the condition of optimum operation is that

tA; = *A2 = *A3 = *A4 [3-54]

it follows that at optimum operation

vA,TlA, = vA2TlA2 = vA3̂ lA3 = vA4rlA4 [3.55]

from which equation the amounts of enzymes ensuring the optimum operation of 
the system can be calculated with the knowledge of the actual turnover numbers.

Industrial applications

The only purpose of the examples for industrial applications shown here and at 
the end of the next chapter is to prove that these are real possibilities for 
practical applications of the abstract relationships derived on the basis of the 
theory of fluid automata. However, the industrial processes shown in the follow
ing have been implemented not as fluid automata, but as chemical or 
biochemical procedures, as the theoretical basis of fluid automata have not yet 
been elaborated. They have been implemented on the basis of chemical and bio
chemical considerations, as well as on practical experiences, and not based on 
automaton theory. The investigation of the metabolism of living organism and 
the in vitro realization of parts of these processes resulted already in the 1930s, 
to the operation of such systems. Based mainly on the work of Neuberg and 
Ostem, these systems could be used for the preparation of some important 
intermediates of the metabolism of living organisms. For this purpose, usually
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yeast extracts, obtained in different ways, were applied in which numerous 
enzymes of the yeast metabolism were present, and by dosing the appropriate 
substrates, the individual elementary processes could be operated separately. 
Such processes were used for the preparation of adenosine triphosphate, 
fructose-1, 6 -diphosphate, and 3-phosphoglycerinic acid, among others.

This author recognized that in yeast extract the intermediates of numerous first- 
generation enzyme cycles are present. Fluid systems of various organizations 
can be produced and operated by the controlled addition of the appropriate 
substrates from these cycles. By systematic research, between 1965 and 1972 
several technological processes were elaborated which were or are used in the 
Reanal Factory of Laboratory Chemicals for the industrial production of 
laboratory biochemicals (Gánti, 1975b). Details of these technologies have 
appeared in the literature or have been patented (Gánti et al., 1970; Csóka and 
Gánti, 1973). The major part of industrial examples shown in this book 
illustrates the organization principles of these processes.

Preparation of phosphoenolpyruvic acid

For the preparation of phosphoenolpyruvic acid (PEP), dialyzed enzyme extracts 
from rabbit muscles or frog’s legs were used first (Lohrmann and Meyerhof, 
1934). Following that, two different organic chemical processes have been 
elaborated for the synthesis of PEP (Kiessling, 1935; Baer and Fischer, 1959). 
Belitsev and Saenko applied dried yeast for the synthesis of PEP (1946). The 
tiresome nature of all these procedures prompted Tankó (1959) to prepare PEP 
from 2-phosphoglyceric acid by using enolase. 2-Phosphoglyceric acid (2-PGA) 
was prepared from 3-phosphoglyceric acid (3-PGA) by a non-enzymatic 
procedure. His method was also tedious because of both the preparation of 2- 
PGA and that of pure enolase.

Fig. 3.8. Preparation of phosphoenolpyruvic acid from 3-phosphoglyceric acid through the 
AND-AND coupling of enzyme cycles according to the patent of the author and his co
worker.
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In living organisms, 3-PGA produced by the biological decomposition of sugars 
is transformed by phosphoglyceromutase into 2-PGA, which then transforms 
into PEP, catalyzed by enolase. It is obvious that, because these processes take 
place in yeast with a considerable intensity, in an extract made of yeast cells, in 
which among other enzymes phosphoglyceromutase is present but there are no 
enzyme substrates, by the addition of 3-PGA only these two enzyme cycles will 
operate (in an AND-AND coupling), and PEP will be produced (Fig. 3.8). In the 
knowledge of the actual turnover numbers, the optimum amount of enzymes can 
be calculated from the following relationship:

VEjTlE, = vE2*lE2 [3-56]

The procedure permits the easy preparation of PEP in high purity and large 
amounts (Gánti and Csóka, 1975).

Preparation of 3-phosphoglyceric acid

The starting material for the synthesis of PEP, 3-PGA is also an intermediate of 
biological sugar decomposition (alcoholic fermentation). As fluoride ions inhibit 
enolase, in a system containing all the components necessary to the alcoholic 
fermentation of sugar, on the addition of fluoride ions, phosphoglyceric acids, 
mainly 3-PGA, accumulate. Thus, such a system can be used for the production 
of 3-PGA. As a fermentation system, the use of a suspension made of dry yeast 
is recommended. The scheme of this system is shown in Fig. 3.9.
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This system provides numerous examples for the modes of coupling hitherto dis
cussed. Reaction chain E1-E 4 is a consecutive series of first-generation 
(enzymatic) cycles connected by AND-AND couplings. The glucose-fructose 
diphosphate reaction chain connecting them has an AND-type branching from 
cycle E4 and provides glyceraldehyde phosphate and dioxyacetorte phosphate. 
Cycle E5 is connected to cycle Ei by a coenzyme coupling, as is cycle E5 to 
cycle E3. (In fact, here a stoichiometrically undefined OR-coupling is broken 
down into two separate processes, treatable stoichiometrically, as a given 
molecule of GAP has the “choice” to enter either cycle E5 or cycle E5' 
similarly to the molecules of ADP. In the same way, the molecules of ATP can 
also “choose” between entering cycle Ej or E3.) In the knowledge of the actual 
turnover numbers, the amounts needed for optimum operation can be calculated 
similarly to the earlier examples, and even the production capacity can readily 
be given with their help.

It is apparent from Fig. 3.9 that NAD (nicotinamide-adenine dinucleotide) is 
needed for the operation of cycle E5.

G

Fig. 3.9. Industrial production of 3-phosphoglyceric acid (3-PGA) from glucose. In this 
process, enzyme cycles are connected by AND-AND couplings and (through ATP-ADP) by 
coenzyme coupling.
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Consequently, the capacity for synthesizing 3-PGA is limited by the NAD 
content of a given yeast preparation. This can be circumvented by the addition 
of NAD, but its price exceeds by orders of magnitude that of 3-PGA. Thus, the 
addition of NAD is uneconomical. However, NADH2 formed from NAD can be 
regenerated with the alcohol-dehydrogenase present in the system, if 
acetaldehyde is added continuously to the system (Gánti, 1975b). Thus, between 
cycle E5 (E 5')  and cycle Ek (Ek') just beginning to operate, a coenzyme 
coupling is established. Therefore, according to the phenomena discussed 
earlier, the system can operate continuously with an arbitrarily small amount of 
NAD (Fig. 3.10).

The whole system can work with the much cheaper saccharose instead of 
glucose as well, because the enzyme invertase, also present, breaks down 
saccharose to glucose and fructose, and the latter can also enter the process with 
the help of fructokinase, likewise present. The overall process is illustrated in

G

Fig. 3.10. The production of 3-PGA can be made significantly more inexpensive if the 
necessary NAD is prepared inside the system through a coenzyme coupling with a 
dehydrogenase cycle.
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Fig. 3.11.

Fig. 3.11. A version of the former system modified by the author, which made the 
production even more economic by inserting a further enzymatic cycle. This made it possible 
to use the cheaper beet sugar instead of glucose.

In this case the amounts of enzymes necessary for optimum operation can also 
be calculated on the basis of the previous discussion, if we know the actual 
turnover numbers. For yeast extracts, however, not only the actual turnover 
numbers are unknown, but also the amounts of the individual enzymes in the 
extracts are determined by the composition of the yeast and the procedure for its 
extraction. Hence a calculation with turnover numbers would be not only 
impossible, but also useless.

However, the future benefit of such a calculation procedure is immediately 
apparent if we consider the increasing use of enzymes bound to a carrier, in 
which case the actual turnover numbers under different conditions could even be 
contained in the letter of guarantee. By such bound enzymes prefabricated 
elements of fluid machines would be available, and would permit the realization 
of complicated systems to synthesize precontrived, very complex, special 
compounds, or required optical isomers. These will probably have a very
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important role in the pharmaceutical industry, e.g., in the preparation of steroid 
hormones.

Coupling of Self-Reproducing Constituents

Coupling of simple parts into self-reproducing systems

Before discussing the coupling of self-reproducing systems, let us investigate the 
case in which the coupling of non-self-reproducing cycles with reaction chains 
results in a self-reproducing system. Such a system is shown in Fig. 3.12. This 
is, in fact, an AND-type coupling of a simple cycle with a reaction chain capable 
of the production of one of the internal components of the cycle. The overall 
stoichiometric equation of this system is obtained by the summation of the 
overall equations of the cycle and of the reaction chain. It should also be taken 
into account, however, that the coupling of the two systems results in a self- 
reproducing supersystem. That is the amounts of the internal cycle components 
are doubled in each turn, and that the individual A;- s (i ^1) consume excess raw 
material according to Eq. [2.115] and, according to Eq. [2.116] they produce 
excess product at the closing of the cycle. Based on these considerations, the 
overall stoichiometric equation of the system shown in Fig. 3.12 is the 
following:

3 \ f 3 2 3 i-1 1 A
IcqAj + (2U-1 >

[ > a , + I X Bj + í > I X Z
i=l [ } = 1 j=l i=l Z=1 J

3 l f  3 2 3 i-1 1
2U2 > i Ai + \ 2U --1 I YA; + L y B + í > i M -< N

i=l l i = l j=l i=2 z = \  )
[3.57]
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At

YAl XA,

Fig. 3.12. Coupling of a chain and a cycle to a self-producing system. Each turn of the 
cycle results in the duplication of its intermediates. The system is stoichiometrically 
determined.

For an example of this type of coupling we can refer to the so-called malate 
cycle, the scheme of which is shown in Fig. 3.13.

The elementary steps of the malate cycle are the following:

1. Malic acid + NAD > oxaloacetic acid + NADH2

2. Oxaloacetic acid + AcCoA + H20 ----- > citric acid + CoA

3. Citric acid <-----
— > isocitric acid

4. Isocitric acid ( — > succinic acid + glyoxylic acid

5. Succinic acid + FAD <-----
— > fumaric acid + FADH2

6. Fumaric acid + H20 — > malic acid

7. Glyoxylic acid + AcCoA + H20  ( — > malic acid + CoA
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A,

A4' A '

Fig. 3.13. An example of the realization of the theoretical scheme in Fig. 3.12 is the
malate cycle. 
Symbols:
A, = malic acid Xah = NAD ya11 = n a d h 2

A2 = oxaloacetic acid X/̂ 21 = AcCoA Y A2i = CoA
A3 = citric acid Y a 79 — H20 yA51 = fa dh 2
A4 = isocitric acid Xasi = FAD YBii = CoA
A5 = succinic acid Xa61 = H2
Ag = fumaric acid Xbh = AcCoA 

Xei2 = H20

The overall equation of the malate cycle, according to Eq. [3. 57] is Eq. [3.58],

'
(AcCoA + H20)+/ Í  6 } ( 6 T

(2U-1 1 + I a , NAD + 1+ X « ,
\  i=2 J l  i=2 )

+ (1 + cx6XFAD +H 20)+ ACC0 A + H2 O ----- @ —
ate

i  6 > f 6 T
l + I a , n a d h 2 + 1+ £ a  1

\  i=2 > L i= 3  )
CoA + (l + )FADH2 +

+ CoA [3.58]
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Let us notice that the reductive carboxylic acid cycle discussed earlier and shown 
in Fig. 2.16 can also be considered as the coupling of a simple cycle with a 
reaction chain (Fig. 3.14). Finally, it should also be noted that autocatalytic cycles 
can also be obtained by the coenzyme coupling of reaction chains. This is shown 
by the example of a practical, industrial procedure.

PEP-co2.
H20 \  I ADP

co2
j ^ j p teá

I----------piruvate -— -  L -----------AcCoA

i f  < v

Pi

oxaloaceta te

NADH2 -

NNAD

malate

1̂
fumarate

H20

fadh2

CoA
FDn ADP'

1^-CoA
ATP

ace ta te

■ oxaloacetate- - /

citrate

isocitrate

NADP

IV A D P Pj

I “ Jj  .

ATP /
CoA

i
FDred

CoA c 0 2
I NADPH2 

---------------- a-ketoglutarate

Fig. 3.14. By representing the reductive carboxylic acid cycle in a somewhat different way, 
it is seen that this is also a self-producing system corresponding to the schem e in Fig. 3.12.
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The coupling o f a self-reproducing cycle with a reaction chain

This coupling can also be either of the AND- or the OR-type. The AND-coupling 
is a simple one, as the connection with the chain does not influence the 
stoichiometry of the self-reproducing cycle components. Such a system is 
illustrated in Fig. 3.15. Its simplified stoichiometric equation is:

On the other hand, the system in which a self-reproducing cycle is connected 
with a reaction chain by an OR-coupling has very interesting properties (Fig. 
3.16). Because of the OR-coupling, the system obviously becomes indefinite 
stoichiometrically. Its kinetic nature can be described by a nonlinear differential 
equation system in which the concentrations of components in the self- 
reproducing steps obey Eqs. [2.124] and [2.125], those participating in the 
branching obey Eqs. [2.32] and [2.34], and those of the other components can be 
described by equations corresponding to Eq. [2.21], This differential equation 
system cannot be solved analytically; the behavior of particular systems can be 
calculated by numerical integration.

Nevertheless, certain general properties of the system can be deduced even 
without the integration of the differential equation system. Supposing a source 
with a constant concentration XA and a sinkYA , the sum of the intermediates

of the autocatalytic cycle (£a,A,) would increase exponentially, if there were no 
OR-branchings in the cycle. Because of the OR-branching, however, part of the 
cycle intermediates continuously leaves the system. This is why the OR- 
branching is also called “tapping,” and such types of cycles are called tapped 
cycles. The ratio of molecules A2 present in the reaction mixture entering the 
self-reproducing process and those taking part in tapping is determined by the 
value of the following expression:

kA2a2XA2 _ kA2*A2 
kB0a2xB0 kB0xB0

[3.60]

If this value is greater than 1, the amount of cycle intermediates increases 
exponentially, and the more intensive, the greater this value. If this value equals 
1, the amount of cycle intermediates remains constant, and if it is smaller than 1,
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Fig. 3.15. The coupling of a self-reproducing system with a reaction chain through an 
AND-branching. The system is stoichiometrically determined.
the amount of cycle intermediates decreases in spite of the cycle being self- 
reproductive.

Systems with these types of couplings are suitable for producing internal 
reserves, especially if their elementary steps are reversible. Namely, at high 
concentrations of XA- the accumulation of internal cycle components takes place 
with a high -  and exponentially increasing -  rate, whereas on decreasing XA, the 
accumulated components can be mobilized in a linear function of time. 
Vegetables optimize the utilization of the periodically available light energy by 
means of the so-called Calvin cycle through such couplings.

As an example, let us see now a simpler system. The fundamental principle of

Al
xA,

( / ‘- V
—  a2 —

( * A S

Ya2

B,

Fig. 3.16. The coupling of a self-reproducing cycle with a reaction chain through an OR- 
branching. The OR-branching taps the production of the intermediate of the self- 
reproducing cycle, thus the amount of intermediates can decrease in spite of self
production, if the tapping is strong. The system is determined only kinetically, not 
stoichiometrically.
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Fig. 3.17. A more detailed representation of the formose cycle shown schematically in Fig. 
2.13. Empty circles mark the carbon atoms coupled with keto-groups, full circles those 
coupled to hydroxy-groups. Solitary empty circles stand for formaldehyde. It may be seen  
that the ketotetrose transforms either to aldotetrose and participates in the self-reproducing 
cycle, or to pentose, tapping thereby the cycle. The ratio of the two processes is determined 
by the kinetic parameters. By changing the kinetic parameters, the amount of intermediates 
can be both increased and decreased.

the formose reaction has already been shown in Chapter II, and it has also been 
mentioned that in reality, this reaction forms a more complex system. Here we 
show one of the tapping of the basic autocatalytic formose cycle and mention that 
this process has another tapping and a feedback that is also discussed later.

It is seen in Fig. 3.17 that the ketotetrose formed in the self-reproducing cycle can 
transform either into aldotetrose or ketopentose. This alternative branching 
probably played a basic role in the origin of life because this made the coupling 
of prebiotic metabolic systems with prebiotic nucleic acid synthesis possible.

Oscillating reaction systems

Among mechanical constructions designed by man, timekeepers and mechanical 
constructions based on periodic motions (oscillations) had already appeared in 
early times. The wish to be able to construct oscillating systems from fluid 
constituents is thus justified, even more so as it is well known that living 
organisms functioning as fluid systems can also produce periodic and oscillation 
phenomena, and they also have an inner timekeeper (biological chronometer). In 
fact, as early as the second half of the 19-th century publications appeared 
mentioning oscillation phenomena taking place in chemical reactions; however,
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they were considered mostly as incidental events or experimental errors. In 1920, 
Lotka published the principal scheme of a reaction system for which it was 
proved mathematically that such a system, if it exists, has to oscillate:

A + X — —>2X [3.61]

X + Y - ^ - > 2 Y [3.62]

Y —> ----- — > --------> --------> [3.63]

In 1958, the Soviet chemist Belousov discovered that on mixing the diluted 
sulfuric acid solution of citric acid with potassium bromate and a cerium salt, the 
color of the mixture periodically changes between white and pale yellow. The 
phenomenon was well reproducible; thus another Soviet researcher, A. M. 
Zhabotinskii investigated and modified it in detail (Zhabotinskii, 1964). In the 
literature the reaction is known now as the Belousov—Zhabotinskii (BZ) reac
tion. The properties and elementary steps of the BZ reaction have been 
extensively studied for the last two decades and numerous variants have been 
found. As a result of these studies, it has been established that the BZ reaction 
does not conform to the scheme of Lotka. Therefore new general models have 
been constructed, among them the “Brusselator” proposed by Prigogine and 
Lefever (1968), and the “Oregonator” put forward by Noyes, Field, and Kőrös 
(Field et al., 1972).

It can readily be shown that in spite of the mathematical correctness of the model 
of Lotka, there is no chemical reality in it. If the molar masses of the individual 
components are symbolized by mA, mx, and mY, from [3.61] -  [3.63] it follows 
that

m A = mx = m y [3.64]

i. e., the molar masses of all the components are identical. Thus in such a system 
only intermolecular rearrangements can take place, but no real chemical reactions 
can occur. The same can also be shown about the Brusselator and other abstract 
models of oscillating systems.

There are no such theoretical problems with the Oregonator, but in this case there 
are contradictions between the properties of the system derivable from the model 
and of the real behavior of the system (Noszticziusz, 1980).
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For this reason, and based on the behavior of a modified form of the reaction, 
Noszticziusz and co-workers recently took the stand -  contrary to the generally 
accepted opinion -  that the BZ reaction contains not one, but two autocatalytic 
systems. This view is in accordance with the idea of Lotka. Oscillation is the 
results of the coupled operation of the two autocatalytic systems (Noszticziusz 
and Feller, 1982; Noszticziusz and Farkas, 1981). However, a general and 
detailed reaction scheme for the oscillating systems has not been elaborated by 
these authors.

In the following it is shown that by means of the methods shown in this book, a 
general reaction system can easily be written that necessarily oscillates because of 
its mode of coupling (Gánti, 1984). The system consists of two autocatalytic 
cycles connected by an OR-coupling, where the second cycle (because of its OR- 
coupling) is tapped (Fig. 3.18).

It is seen from the figure that the first part of the system corresponds to a self- 
reproducing cycle tapped by an OR-branching, the kinetic properties of which 
are determined basically by the value of the following ratio:

Supposing an infinite source of constant concentration with respect to XA -s, 
then the value of the product kAi x ^ 2 is constant, whereas k B;jb3 varies, as b3
is the intermediate of a tapped autocatalytic cycle in which the concentrations of 
the components change (depending mainly on the ratio of the feed and the 
tapping).

Thus A increases, if

[3.65]

kA2xA2 > kB,b3 [3.66]

and decreases if

kA2xA2 < kB3b3 [3.67]

On the other hand, the value of B depends on the ratio
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Fig. 3.18. By coupling two self-reproducing cycles tapped through two OR-branchings in 
the way shown, it can be achieved that the individual cycles change the kinetic parameters 
for each other in such a way that the concentrations of cycle intermediates change 
periodically. This leads to an oscillatory system.

k B3a 2
[3.68]

which means that B increases if

k B,a 2 > k cx c t3-69]

and decreases if

k B,a 2 < k cx c [3-7°]

Hence, if the concentration of B3 is relatively low, the value of A2 increases, but 
above a certain concentration of A2 not condition Eq. [3.70] but Eq. [3.69] is 
fulfilled. That is, the concentration of B starts to increase as well. But if the 
value of b3 exceeds a critical threshold, instead condition of Eqs. [3.66], [3.67] is 
satisfied; thus the concentration of A2 begins to decrease. If, however, the value 
of a2 decreases below a critical threshold, instead of Eq. [3.69], again Eq. [3.70] 
starts to operate; i.e., the concentration of B begins to decrease. But the decrease 
of the concentration b3 below a critical value results again the fulfillment of 
condition Eq. [3.66], i.e., concentration A increases again and the whole series 
of processes is resumed, the system starts to oscillate. Such an oscillation is 
shown in Fig. 3.19, which is the result of the numerical integration of a
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differential equation system consisting of Guldberg—Waage type differential 
equations valid for the system shown in Fig. 3.18 (Gánti, 1984). The differential
equations used are the following:

á, = 2 k Aja3x A3 - k Aia j x Ai [3.71]

á 2 = k Aia ^ A] - k Ä2a 2x A2 - k B3b3a 2 [3.72]

á3 = k A2a 2x A2 ~ k A3a3xA3 [3 73]

b1= 2kB3b3a2 - k BixBib1 [3.74]

b2 = k B1x B,b l " k B2x B2b 2 [3.75]

b3 = kB2 xB2 b2 - k B3b3a2 ~ k2xC, b3 [3.76]

c = k cXcih3... [3.77]

For the sake of simplicity the elementary steps in Eqs. [3.71] -  [3.77] are 
considered as irreversible, but the oscillating nature discussed is also valid if the 
steps are reversible. The concrete behavior of the system depends strongly, 
however, on the concrete values of rate constants and concentrations.

In Fig. 3.20, it is seen that the elementary steps of the Belousov—Zhabotinskii 
reaction can be given according to the general oscillation scheme shown in Fig. 
3.17. In other words in accordance with the viewpoint of Noszticzius et al. 
(1981, 1982), the BZ reaction consists of two autocatalytic cycles; oscillation is, 
however, made only possible by the specially located OR-branchings.

In oscillating fluid systems we have examples showing clearly the difference 
between a chemical system and a chemical super system. By the appropriate 
coupling of two chemical systems (reaction systems), i.e., two self-reproducing 
cycles, we obtained something that behaves uniformly, has a nature (oscillating 
nature) that is not owned by either of its constituents, and that originates from the 
mode of the organization of the constituents (it ceases to exist on changing the 
mode of organization). As the constituents themselves are chemical systems, 
constructions built from them and standing at a higher level of organizational 
hierarchy can rightly be called supersystems. In the next section, quite different 
supersystems, the fluid automata, are treated.
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Fig. 3.19. The numerical integration of the kinetic differential equation system of the 
elementary steps of the reaction system shown in Fig. 3.18, demonstrates that the 
concentration of cycle intermediates can, in fact, change in an oscillatory manner.

BrMA

H 2 0 ^ J

Fig. 3.20. The discovered elementary steps of the well-known oscillatory reaction of 
Belousov and Zhabotinskii can also be coupled in the way shown in Fig. 3.18.
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Coupling of self-reproducing cycles and template polymerization: 
fluid program control

In the preceding section two self-reproducing cycles were coupled with each 
other. Now the coupling of two likewise self-reproducing systems is discussed, 
one of which is a cycle, the other one template polymerization. Coupling can be 
achieved if the cycle, in addition to its self-reproduction, also generates the 
monomers constructing the template, i.e., the raw materials of template 
polymerization, which are used for the self-replication of the template (Fig. 3.21). 
The system shown in the figure consists, in fact, of two self-reproducing cycles 
connected by an AND-branching, as the replication of template polymer pVn can 
also be considered as a particular self-reproducing cycle (Fig. 3.22). Thus the 
stoichiometric overall equation of the system can be obtained by the summation 
of the equation of the self-reproducing cycle A

A
nAt + n X x i ------© -----* 2nA1 + n £ Y i +nV [3.78]

i i

and the Eq. [2.133] describing the replication of pVn:

A
nA1+pVn + n £ X 1 ------© -----* 2 1 ^  + 2pVn + n£Y* [3.79]

i i

From Eq. [3.79] it is apparent that the self-reproductions of the two subsystems 
became mutually dependent of each other, pVn is namely not capable of 
reproduction if cycle A does not produce V (in the meantime also reproducing 
itself), whereas if for some reason the replication of pVn ceases, V accumulates 
and thus hinders the operation of cycle A through reversible reaction steps.
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I
Pvnvi+i

Fig. 3.21. Coupling of the operation of a self-reproducing cycle with template 
polymerization through an AND-branching. The process is determined both 
stoichiometrically and by the length of the template (degree of polymerization). This makes it 
possible for the template to control stoichiometrically the cycle through its length, or, in more 
complicated cases, by its composition.

pVnV2
\  /

p V n V j

V

Fig. 3.22. Template polymerization can also be illustrated as a self-reproducing cycle
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Let us study the properties of this system in more detail. In considering first a 
system coupled according to Fig. 3.21 but not containing pVn , we can establish 
that in the presence of raw materials XA the cycle starts to operate and
produces materials YA , V, and A, (the latter can further transform into A2 and
A3). In accordance with our original assumption, a limitless source of a constant 
concentration of XAj is ensured, as well as a sink of similar nature forYA .
Because of the autocatalytic nature of the cycle, the concentration of components 
A, increases in the course of the operation of the system; thus the rate would also 
increase because the reaction partner of A,- s is available in an unrestricted 
amount.

This, however, is not what occurs. Namely, in the system not only the 
concentration of components Aj is increasing, but also that of component V, 
because its reaction partner pVn is not present in the system; thus it cannot react 
further. The accumulating amount of V, as it is formed in a reversible reaction 
step, begins to hinder the rate of reaction step A2 <-» A3 and through this, the 
reaction rate of the whole cycle. Finally, at a certain concentration vmax' the
reaction step A2 <-» A3 reaches equilibrium, and the operation of cycle A ceases, 
in spite of its autocatalytic nature.

Let us wait until this system reaches its equilibrium state. Then let us add to it a 
single template molecule pVn, ensuring at the same time somehow that at the end 
of the template reaction the newly formed pVn fiber could not be separated from 
the template in order to avoid a repeated starting of the reaction. (At this point we 
do not consider this possibility, but later on we discuss systems in which this 
requirement is automatically fulfilled.) Thus template polymerization begins, one 
molecule of V is linked to the surface after the other, and after “n” reaction steps 
a new p Vn fiber is built. In the meantime, n molecules of V disappear irreversibly 
from the reaction mixture, the equilibrium ceases to exist, and cycle A begins to 
operate again.

How long is cycle A functioning? Exactly as long as it replaces molecules V 
consumed in the template polymerization, i.e., it produces n molecules of V. In 
the course of this, however, it also produces n molecules of Aj, part of which 
transforms naturally into A2 and A3. (Though these products slightly shift the 
equilibrium but we will disregard this for the time being, because later, when we 
use this construction, this effect will be eliminated.)
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If molecule pV„ added to the system is twice as long (n is two times greater), the 
amount of molecules Aj newly produced becomes also twice as high. If the length 
of the template molecule is fivefold, the production of A; is also five old, as if 
template molecule pV„ were some kind of production program for cycle A from 
which the system reads off how many molecules of A, it should produce. This is 
a real read-off, as the system proceeds on the template from monomer V to 
monomer V “reading o ff’ its task, marking every read-off unit by covering its 
free binding surface with a free monomer V, and fixing this coverage by bringing 
about a covalent bond between monomers V, i.e., by a polymerization reaction. 
This process is continued until the whole program is executed.

Now, let us make possible the separation of the template and the newly 
synthesized fiber. Reading off is possible again (but now on two molecules of 
pVn). The system reads them off again and produces thereby 2n molecules V -  
corresponding to the two molecules of pVn -  and, at the same time, as many 
molecules of A, as well. Thus pVn plays the role of a program in the system, 
where the molecules V constituting the template polymer and acting as signs 
determine the production program of the whole system, for the present only by 
their amount, in the quantitative sense. Thus the system operates program 
controlled -  the controlling is done by pV„.

In order to understand better this program-controlling role, let us consider a 
slightly more complex system. As template polymer, let us now take a co
polymer built from units V and Z by homologous pairing (pVnZm), as shown in 
Fig. 2.18a, the replication of which is described by Eq. [2.137].

nAj + nXA — 1
<

 0 ! —* 2nA]+nYA +nV [3.80]

mB] + mXß -
B
®-— * 2mB] + mYB + mZ [3.81]

nV + mZ + pVn
pVZ

— <D— * 2pVnzm [3.82]

nAj + mB| +pVnZ m + nXA + mXB ------® —

2(nAi +mB! + pVnZ m)+nY A + mYB [3.83]
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It is obvious that for its replication n molecules of V and m molecules of Z are 
needed. As cycle A does not produce molecules of Z, let us introduce into the 
system the intermediates of cycle B shown in Fig. 3.23 as well. The 
stoichiometric overall equation of the whole system is thus composed from the 
overall equations of cycles A and B, together with that of the replication of 
template pVnZm (above).

It can be seen from Eq. [3.83] that the operation of the three self-reproducing 
cycles is synchronous.

Now, let us carry out also in this system the previous thought experiment, i.e., let 
us introduce into the system first only the intermediates of cycles A  together 
with the raw materials, but without the template, and let the system equilibrate. 
Then let us add a co-polymer template molecule, pVnZm. Similar to the former 
case, template polymerization takes place, in the course of which n molecules of 
V and m molecules of Z are bound simultaneously on the polymer. 
Correspondingly, cycle A  produces n molecules of V and at the same time, it 
also grows by n molecules of Aj. Similarly, cycle B produces m molecule of Z, 
becoming richer itself by m molecules of B,. The composition of the added 
template determines how long the individual cycles are functioning, which means 
that the template really carries useful information concerning the operation of the 
system. If we add only template pVn to the system, only cycle A  will operate; in 
the presence of only template pZ^ in the system, only B is functioning. If we 
introduce template pVnZm into the system, in which all molecules of Z are located 
at the beginning of the template, and all those of V only after them, then first 
only cycle B starts to operate, and cycle A  starts only when the template 
polymerization has already reach the polymerization steps of monomer V.

Thus we can see that the program-controlled operation can be realized in fluid 
systems, too -  though in these examples only in a primitive manner -  where the 
program is written into template polymers, and information is carried by the 
molecules constituting the template polymer and acting as signs through their 
qualities and quantities. Information storage in similar systems can also be 
realized by the sequence of signs, but this is dealt with in more detail in the 
second volume of this book in connection with the origin of living systems and 
the development of their genetic apparatus.
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Industrial applications

It was mentioned earlier that self-reproducing systems can also be obtained by 
connecting reaction chains by coenzyme coupling. As an example, here we show 
the industrial production of fructose-1,6-diphosphate.

Production of fructose-1,6-diphosphate (FDP)

The enzyme system of yeast was used first for the production of FDP by Neuberg 
and Lustig (1942). The products of this procedure are among the oldest 
commercial biochemicals. The procedure which is shown is essentially the 
operation of their system (Fig. 3.24). It is seen that in the course of the 
decomposition of one mole of FDP into ethanol it is capable of the 
phosphorylation of 4 moles of ADP into ATP. Because only two moles of ATP 
are necessary to the transformation of one mole of glucose into FDP, the 
decomposition of FDP results in the formation of two moles of FDP not 
immediately in a self-reproducing cycle, but by coenzyme coupling. The process 
is not a real self-reproducing cycle; because it begins as a consequence of the 
stoichiometric coupling even if not a single molecule of FDP is present in the 
system (neither are chain intermediates present). There must be at least two

i
pVrAn+l

Fig. 3.23. Coupling of a self-reproducing cycle by template polymerization in the case of 
complementary pairing. The figure illustrates the growing of the negative strand.
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molecules of ATP as activated coenzyme present, as well as NAD and the 
necessary reactants and enzymes. The larger part of this system is identical to the 
system synthesizing 3-PGA shown in Fig. 3.10, but as it does not contain 
fluoride ions, the operation of enolase is not inhibited. Thus it produces the 
acetaldehyde needed for the regeneration of NAD itself

In constructing the stoichiometric overall equation of the system producing FDP 
shown in Fig. 3.24, stoichiokinetic conditions for the coupling of cycles and 
those for coenzyme coupling should be considered. Thus the overall equation of 
the process is the following:

19 4 2 E ,A D P,N A D
Z p g E J + XPÄDPADPI + ZPNÄDkNADk+2G  + 2P1 ------® ----- *
j=l J i=l ‘ k=l

19 _  4 ___  2 _ _ _ _
I p e  Ej + I p Xd p ADPi + E n N Ä ä NADk +2Et0H + FDP + 2C 02 [3.84] 
j=l J i=l ' k=l

Similar to the production of 3-PGA, the use of saccharose as a raw material, is 
also possible here (Gánti, 1975b). The block scheme of the system is shown in 
Fig. 3.25. Its stoichiometric overall equation differs from Eq. [3.84] only in that 
here, one more enzyme cycle (invertase) should be taken into account and that at 
the left side of the equation. S is to be substituted for G among the raw materials.

Production of adenosine triphosphate

The first industrial procedures for the preparation of ATP were based on the 
extraction and subsequent purification of ATP contained in muscles (Bailey, 
1942; Szent-Györgyi, 1942; Koenig and Svarz, 1945). Ostem and co-workers 
Terzakowec, Baranovsky, and Hubl showed in their papers published in 1937-39 
that the autolysate of yeast and the so-called Lebedew liquor prepared of yeast, 
dried with acetone, is capable to the phosphorylation of adenosine in the presence 
of fructose diphosphate.
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They could isolate AMP and ATP from their reaction mixture (Ostem and 
Terzakowec 1937, Ostem, Baranovsky and Terzakowec, 1938; 
Ostem,Terzakowec and Hubl, 1938). The procedure of Ostem et al. has also 
been patented (GDR Patent, 1, 248. 057).

Based on the previous discussion, the scheme of the system of Ostem can be 
given, as shown in a simplified form in Fig. 3.26. The stoichiometric overall 
equation of the system is:
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Fig. 3.24. Industrial production of fructose diphosphate (FDP) by enzymatic reactions. The 
system consists of four linear reaction chains formed by enzymatic cycles through AND- 
branchings. The raw material of two of them is glucose, and that of the other two is FDP. 
However, by coupling the linear chains by coenzyme coupling (NAD, ATP), the system 
produces the FDP also by itself, even in excess, becoming thereby a self-reproducing 
system. The “ac. aid.” means acetaldehyde.
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41 _  8 ____ « ____  E.ADPNAD
Z  me Ej + Z häDP ADPi + Z unäD, NADk + 3FDP + 4A + 6PS--- (C--- >
j=l J 1=1 ' k=l
41 8

+ X f ^ A D P + XPNAEZNADfc + 4ATP + 6EtOH + 6CO2 
j= l J i= l ' k = l

[3.85]
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Fig. 3.25. A version of the system shown in Fig. 3.24 as modified by the author, making the 
system more economical. The raw material is beet sugar, instead of the earlier glucose.
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The strong similarity of the systems producing 3-PGS, FDP, and ATP is apparent 
already with a superficial inspection of their block diagrams. The basic series of 
procedures for the three systems are identical: the fundaments are the 
decomposition of FDP, only different modes of coupling are applied to connect 
the parts of the three systems. It should be emphasized, however, that these block 
diagrams are artificial stoichiometric constructions not reflecting the multiple 
OR-branchings existing in them. For example, each ATP or ADP molecule can 
enter different reactions simultaneously. If we do not take this into consideration, 
we can easily project impracticable systems. For example, Fig. 3.27 shows a 
mode of coupling by the aid of which ADP can be apparently easily produced. 
However, this process is unrealizable because ADP shown as an end product is 
also an intermediate; thus in the reaction system there is always a mixture of 
AMP, ADP, and ATP present.

According to our studies, the Ostem system does not produce only ATP either. It 
was shown already by Ostem et al. that among the end products, in addition to 
ATP, AMP is present as well. We have shown that at the end of the reaction a 
1/3: 1/3: 1/3 mixture of AMP, ADP, and ATP is present (Gánti, 1975b).

Nevertheless, it is possible to make the system produce ADP with a good yield 
by taking into account not only the stoichiometric relationships but also the 
kinetic behavior. In the Ostem system, in addition to the enzymes shown in Fig. 
3.26, there are numerous other enzymes that -  because of the lack of substrate -  
are not included in the operation of the system. Such enzymes are, among others, 
the very active kinases, having a high turnover number and functioning almost 
irreversibly, which consume ATP and produce ADP in the course of their 
operation. Thus, if suddenly a great amount of glucose were added to the Ostem 
system after it had reached its equilibrium state, ATP present in the system would 
transforms into ADP in a couple of minutes. If at this moment we were to stop 
the enzymes functioning in the system, besides 1/3 part of AMP, 2/3 part of ADP 
could be obtained, which could be isolated from AMP.

From the previous discussion it can be seen that the same basic system (in this 
case the system consisting of the enzymes of yeast extract as cycle intermediates) 
can be operated in many ways and used for different purposes, depending on 
which parts of it are made to function by stoichiometric control (e.g., addition of 
sacccharose or acetaldehyde) or by kinetic control (addition of fluoride in the 
production of 3-PGS or addition of glucose in the production of ADP), i.e., by 
inhibiting or accelerating certain parts of the system.
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Fig. 3.26. Production of ATP from adenosine and FDP by means of a glycolytic enzyme 
system and phosphorylating enzymes. No information about its industrial application is 
available.
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Fig. 3.27. Production of ADP according to a patent of the author and his co-workers. It is 
utilized industrially.



IV. Proliferating Fluid Automata

The Forms of Genesis

The appearance of new material systems is usually considered as the result of 
formation, production, reproduction, or self-reproduction. The last is generally 
identified with proliferation. However, when treating fluid automata it seems to 
be expedient to distinguish between proliferation and simple self-reproduction. It 
is obvious, namely, that in the case of cycles described in Chapter II, Self- 
reproducing chemical cycles, template polymerization discussed in Chapter II, 
Storage and replication o f information, or program-controlled fluid systems 
created in Chapter III, Coupling o f self-reproducing cycles and template 
polymerization, self-reproduction is realized only at the molecular level, thus the 
self-reproduction of these fluid systems results at the macroscopic level in the 
increase of the concentration of their components only. However, by the self
reproduction of automata we usually mean more than that, namely that one au
tomaton becomes two, i.e., the new system is spatially separated from the parent 
system. This is possible also for fluid automata, as it may be observed in 
numerous examples in the living world. We call the type of self-reproduction of 
fluid automata where the newly formed systems are spatially separated from the 
parent system “proliferation”, similar to the definition used in biological 
terminology.

The situation is further complicated by the fact that in the literature the 
expressions “reproduction” and “self-reproduction” are used ambiguously. As it 
will be shown in a set of examples in certain cases this is a serious source of 
misunderstandings. Cycle stoichiometry makes it possible that the different forms 
of genesis could be unequivocally distinguished in their mathematical treatment.



122 Theoretical Foundation o f Fluid Machineries

Definitions

Formation is a process in which raw materials and occasionally energy are 
necessary for the genesis of a new system, but there is no need for a pattem of 
the new system, or for information describing it or for such an organized system 
that would produce the newly formed system in a definite process. The stochastic 
material balance of formation can be given by the following simple algebraic 
equation:

Z X ^ l Y j  [4.1]
• j

where Xr s are the raw materials, and Y,-s are the products. For fluid systems, 
formation processes are, e. g., the uncatalyzed chemical reactions.

Production is a process in which, in addition to raw materials, the presence of a 
productive system is also required for the genesis of new products. This system -  
because of its specific organization -  produces the new system by a strictly 
determined series of events, and operating in a cycle is able to create the product 
in question again and again. The mathematical characterization of the production 
process can be shown by cycle stoichiometry:

A + £ X ,  ------é)-----* A + X Y j 14.2]
i j

where A is the productive system capable of continuous operation. In fluid 
systems, the catalysts, i. e., the chemical cycles are such productive systems.

Reproduction is a productive process in which for the preparation of the new 
system, in addition to the raw materials and the productive system, the product is 
also needed as a pattern. The product can be substituted by the information 
describing it (i. e., the program of the productive system). Thus in reproduction, 
the product (or the information substituting for it) has a controlling role in the 
process. Reproduction can also be described by cycle stoichiometry:

A
A + B + I X i  -  — CD--- * A + 2B + X Yj [4.3]

i J

where B is both the pattern and the product. If in the reproduction process not the 
product itself, but only the information describing it serves as the pattern, Eq. 
[4.3] may be modified in the following form:
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[4.4]

where PB is the instruction for the preparation of B, and (n-1) is the number of 
systems B produced in one cycle of system A. An example for reproduction is 
the synthesis of DNA catalyzed by DNA polymerases, where polymerase is the 
productive system, the template DNA is the pattem, and its copies are the 
products. One can mention the DNA synthesis by DNA dependent RNA 
polymerases as an example for reproduction based on information only. Here the 
productive system is the DNA-dependent RNA polymerase, the information serv
ing as pattem is carried by DNA, and the products are RNA molecules having a 
sequence corresponding to the nucleotide sequence of the DNA. Thus, this 
process can be described by the following equation based on Eq. [4.4]:

Epoj+DNAt + p X NTPi ------CD-----* Epo,+DNAt +RNAv +vPP[4.5]

where Epd is the DNA-dependent RNA polymerase, DNAt is the DNA acting as 
template, NTP are the nucleotide triphosphates (in a composition determined by 
DNAt), RNAV is the RNA molecule with a degree of polymerization of v, and PP 
is the polymerization product liberated in polymerization.

Self- production is a process in which the product of the production system is an 
identically organized system that, in turn, is also capable of the production of 
such systems. However, the self-productive system produces the product 
(identical with itself) so that it does not use itself (or the program concerning it as 
controlling information) as a pattern. Its mathematical characterization with cycle 
stoichiometry is the following:

Such self-productive processes are the formose cycle and the malate cycle, which 
were shown earlier, or the Calvin cycle.

Self-reproduction is a special case of self-production in which the productive 
system does not only produce systems identical with itself, but it also uses itself 
as pattem. Such processes are, for example, the nonenzymatic template 
polymerization of nucleic acids, the template polymerization of acenaphthene 
(Cser et al., 1974), or the replication processes of certain clay minerals (Weiss,

A

A
A + XXj ------0 -----> 2A + £ Y , [4.6]
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1981). Nevertheless, self-reproduction cannot be distinguished in its 
mathematical formulation from that of self-production. The [4.6]-type equations 
from self-production are suitable also for their description.

In fluid systems, neither self-reproduction nor self-production leads to the 
macroscopic spatial separation of the system. Thus, e. g., the self-productive 
nature (in chemical terminology: autocatalytic nature) can only be established 
from the rate of increase in the concentration of the products. The situation is 
similar for self-reproducing program-controlled fluid systems derived in Chapter 
III: the template polymer acts here partly as a direct pattern and partly as a carrier 
of information for the self-reproduction of the system. However, the new system 
produced does not separate spatially from the parent system. For this reason, in 
the course of reproduction, the formation of new program-controlled automata 
would not be detectable, only the controlled and regulated increase in the 
concentrations of the compounds. In addition, because of the lack of spatial 
separation, the new programs (patterns) produced and the old ones would 
interfere in the operation of each other. Thus, such a system would reproduce 
itself as a chemical system but would fail to do it as a fluid automaton, because 
as a result of reproduction we would not obtain two systems identical in their 
operation with each other and the starting system. For this, the spatial separation 
of the two systems is necessary.

Therefore, for fluid automata it is by all means necessary to distinguish between 
self-production (self-reproduction) and proliferation, including also spatial 
separation. If we denote this compartmentalization by brackets, the cycle 
equation of proliferation can be given as follows:

L A | + Z x ; 2 + LY , [4.7]

where [£A,] is the sum of the components being in the compartment. Some types 
of proliferating fluid automata are discussed in the further sections of this chapter 
in more detail.

Examples

1. The synthesis of nucleic acids by template polymerization has various 
names in the literature. It is called self-production, reproduction, self- 
reproduction, self-copying, replication, and self-replication, and sometimes
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even proliferation, though this expression is usually put between quotation 
marks. On the basis of the previous discussion, it is obvious that first it is 
necessary to distinguish enzymatic synthesis and nonenzymatic synthesis 
of nucleic acids. In the former case, the enzyme present has the productive 
function, i.e., the nucleic acid does not reproduce itself, but the enzyme 
produces the nucleic acid on the pattern of the template. Consequently, for 
the enzymatic nucleic acid synthesis the expressions “reproduction” and 
“replication” can be correctly used.

The situation is different if the nucleic acid is synthesized in a 
nonenzymatic process. (This may be done mainly under abiogenic 
conditions.) In this case, the nucleic acid itself “assembles” its replica from 
the constituents; thus this process can rightly be called self-reproduction, 
self-copying, or self-replication.

2. In his first paper describing hypercycle theory, Eigen (1971) claims that 
proteins are capable of self-reproduction. He supports his theory by the 
fact that antibiotic Gramicidin S, which is a cyclic decapeptide and thus -  
in a bold way -  may be regarded as protein, is synthesized in the 
productive organism without the aid of nucleic acids, although the amino 
acid sequence of the decapeptide is well defined. The synthesis is done by 
an enzyme that is a protein, so in this case, a protein synthesizes another 
protein.

In fact, this concept is insupportable. First of all, the cyclic decapeptide 
can not be regarded as a protein. Moreover, the synthesizing enzyme is not 
a simple protein molecule but a complex with a molecular weight of 
280000, consisting of a great number of protein molecules. Thus, here not 
a protein is synthesizing another protein, but a complicated enzyme 
complex produces a decapeptide. This means that it is a simple production 
process and not self-reproduction.

In addition, as no pattern or coded information equivalent to it is involved, 
the process cannot be called either reproduction or self-reproduction. 
Although it is true that the amino acid sequence of decapeptide Gramicidin 
S is not coded in a nucleic acid, but neither is such a coded information to 
be found in the synthesizing enzyme complex, nor does the synthesis take 
place on the pattern of a ready decapeptide. The formation of the sequence 
is the consequence of the operation sequence originating from the spatial 
arrangement of the individual enzymes in the enzyme complex. In the 
course of this synthesis, first two pentapeptides are synthesized with a
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definite sequence, which are coupled into the cyclic decapeptide. The 
equation of the process is the following:

5 f-compl
Ecompi.+ CD * Ecompi + Gr.S. + 10H2O [4.7a]

i=l

where Ecompi. is the synthesizing enzyme system, As, are the individual 
amino acids, and Gr.S. is the decapeptide Gramicidin S. Equation [4.7a] 
clearly shows that in this case simple production occurs without 
reproduction or self-reproduction.

3. The confusion in biology about proliferation began with the discovery of 
Ivanovskii, who showed in 1892 that the mosaic disease of tobacco is 
caused by an infective agent smaller than bacteria. Loeffler and Frosch 
proved in 1897 that the pathogen of foot-and-mouth disease proliferates 
and, on the basis of this, they claimed that the virus considered previously 
as a poison (in Latin, virus = poison) is in fact a living organism. At the 
turn of the century it was a general view that the most characteristic 
feature of living organisms is their ability to proliferate, and that only 
living organism are provided with this ability. For example, the French 
philosopher Felix le Dantec tried to characterize living organisms by the 
following equation:

a + Q = A.a + R [4.8]

where, differently from the symbols used is this book, a is the sum of the 
active materials of the living organism, Q is the nutritive, R is the refuse 
materials, and X.=2,4,8,16,32,... It is obvious that on the one hand, the 
equation is not correct (see cycle stoichiometry), and on the other hand, it 
corresponds to the general equation of self-reproduction; thus every 
autocatalytic system can produce such “proliferation”.

In the 1930s, researchers succeeded in crystallizing the tobacco mosaic 
virus, and, as at that time crystallization was considered as a characteristic 
of inorganic materials, the virus was regarded as nonliving. At the end of 
the 1950s and the beginning of the 1960s it turned out that the infectious 
materials of viruses are their nucleic acids; moreover, that the nucleic acids 
are the carriers of information and they have “self-replicating” properties. 
Viruses were considered again as proliferating systems, mostly as living 
organisms. However, it was discovered that the virus does not replicating 
itself, but the infected cell produces the nucleic acid of the virus (and its
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protein) with its own productive system according to the pattern and 
information carrier of the virus nucleic acid. On the basis of this, the virus 
could not be regarded as a proliferating unit and as such a living organism. 
In order to circumvent this difficulty, in the literature the view is prevalent 
that the virus outside the cell is not living (it also obtained a special name: 
virion), whereas the cell + virus complex is already a living system.

This hypothesis is also obviously insupportable. The nucleic acid of 
viruses is not proliferating. It is produced by an apparatus that may be an 
enzyme system in a test tube (which is obviously nonliving), or it may be a 
living cell. The product (the virus) would not become living because of the 
only fact that it is produced by a living organism.

Proliferating Microspheres

The events of fluid systems discussed so far have all been events in the chemical 
space. However, proliferation -  according to its definition by Eq. [4.7] -  is an 
event in the geometrical space. Thus, in order to produce proliferating fluid 
systems, the events of the chemical space should be transformed into events in 
geometrical space. The possibility for this is provided by the formation of fluid 
membranes discussed in Chapter II, CompartmentalLation. If, namely, in a 
solution containing a membrane built of molecules of T with properties defined 
in Eq. [2.160] as building elements, and a chemical system is also present that is 
capable of synthesizing the molecules of T, the molecules formed this way will 
be spontaneously incorporated into the membrane, increasing thereby its 
geometrical surface.

In Fig. 2.20b it is clearly seen that the hydrophobic parts of the amphipatic 
molecules built into the membrane are in a water-free microenvironment, as they 
are surrounded by the hydrophobic parts of the other molecules of T. It can also 
be seen, however, that the hydrophobic parts of molecules of T located on the 
edge of the membrane are uncovered from one side -  here they are in contact 
with water. The membrane can be stabilized by joining the free ends to each 
other. In this way, an endless, closed surface is created that encompasses part of 
the solution (compartment).
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Because of the elastic forces playing a role in shaping the surface, the membrane 
becomes spherical, as it is only the spherical surface where the curvature and 
thus the force acting against the elastic forces is the same at every point of the 
surface. This is why the newly formed membranes strive to have spherical shape. 
These membrane-surrounded spheres are of microscopic dimensions; therefore 
they are called microspheres (Fig. 4.1).

The simplest proliferating fluid systems are the microspheres surrounded by two- 
dimensional liquid membranes. In the later part of this chapter we shall be 
acquainted with several of them, though the concrete examples are discussed 
rather in the second part of the book, when treating the abiogenic formation of 
living systems.

Coupling, Stoichiometry

Let us consider a microsphere, the limiting memhrane of which consists of n 
pieces of molecules of T, and denote it with Tn Let there be in the 
compartment (in the liquid volume surrounded by the membrane) n intermediate 
molecules of a cycle with a given character present (Sa,A,). The cycle should be 
characterized by the stoichiometric equations [4.9] — [4.13].

Fig. 4.1. Two-dimensional liquid membranes often form spheres of microscopical 
dimensions, thus separating part of the solution from the external space.
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Let us further assume that the membrane of the microsphere is permeable for the 
molecules of X and Y, but it is not permeable for the molecules of A,. It is 
obvious that because of the spontaneous growth of membranes characterized by 
Eq. [2.160], a stoichiometric coupling is created between the operation of the 
chemical cycle and the membrane growth through molecules of T. The function 
obtained by the summation of stoichiometric overall equations [2.161] and [4.13] 
is (where the brackets symbolize the compartment).

nAj+nX ( > nA2 [4.9]

nA2 ( > nA3 +nY [4.10]

nA3 ( > nA4nT [4.11]

nA4 ( > 2nAj [4.12]

4 A 4
n X a iAi +nX ------0-----> 2 ^ a j A j  + nT + nY [4.13]

i—1 i=l

4
2n X a i Aj +

i=l
+ nY [4.14]

It is worth comparing the operation of this supersystem with that of the 
oscillating supersystem discussed in Chapter III. In both supersystems the 
operations of two self-reproducing systems are coupled: in the oscillating 
supersystems that of two self-reproducing cycles; in the proliferating 
microspheres that of a self-reproducing cycle and a membrane formation. In the
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oscillating reaction the two self-reproducing systems work against each other, 
and this fact is responsible for the oscillating nature. In the microsphere the two 
coupled systems work together, helping each other (the cycle would cease to 
operate if the molecules of T formed were not consumed by the membrane, and 
the membrane could not grow if the cycle were not producing T). Thus this 
system does not oscillate, but -  if we consider only the stoichiometric relations -  
it grows infinitely. It is another point that -  as we will see -  the growth may be 
transformed into proliferation by nonstoichiometric factors. One of the basic 
reasons for the different behaviors of the two systems is that in the case of 
microspheres, in the second self-reproducing system the membrane growth is not 
tapped.

It can be seen from Eq. [4.14] that the two systems become stoichiometrically 
dependent on each other: the stoichiometric conditions for the proportional 
membrane growth are created by the increase in cycle intermediates. Thus at the 
time the amount of cycle intermediates becomes doubled, the stoichiometric 
conditions for the doubling of the membrane materials are also given. We see in 
what follows that this stoichiometric constraint leads to the division of the 
sphere.

Operation: growth and division

Let us take a microsphere the composition of which corresponds to the member 
in brackets at the left side of Eq. [4.14], i.e., which is surrounded by a membrane 
consisting of n molecules of T, and where in the membrane altogether n pieces of 
intermediates A, are present. If the osmotic pressure inside the microsphere is 
identical or greater than the pressure outside -  than the membrane is exactly 
spherical. Inside the membrane, the osmotic pressure is created by the 
concentrations of the intermediates Z,Ai and those of X and Y. However, the 
concentrations of X and Y may be regarded as identical inside and outside the 
microsphere, as the membrane is permeable for them and the diffusion path is 
very small (the diameter of the microspheres being about 1 pm).
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Fig. 4.2. Coupling of proliferating microspheres. The chemical cycle operating inside the 
sphere produces not only its own intermediates, but also the building elements of the 
membrane. Thus the surface of the membrane increases, but the system becomes 
unstable because of the increase of its volume; therefore the sphere divides into two 
spheres. The detailed mechanism is described in the text.

As a starting state, let us consider a microsphere in osmotic equilibrium with its 
surroundings. For this -  in addition to materials X and Y -  such I, external 
materials should also be present that can not permeate the membrane and have a 
concentration capable of compensating the osmotic pressure of internal materials 
A,. If as a first approximation we consider the osmotic pressure to be 
proportional to the concentration, it holds that

where abbreviations (int) and (ext) stand for internal and external spaces, 
respectively, <p is the proportionality factor, and &j is the Active mole fraction of 
materials I, ( £ ei =1)

A f  \
S a iai + Xj(intj = q> Z e .I , + xl(ext) +yi(ext) [4.15]
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Let us see what happens during the operation of the microsphere. First of all X 
reacts with A(, i.e., its amount decreases. Its concentration, however, remains 
practically unchanged, as the amount of X consumed is replaced by diffusion 
from the external space. In the second reaction step Y is formed, but according to 
our initial conditions, its concentration does not change either, as the excess Y 
diffuses out of the sphere. In the third step T is produced, but no significant 
concentration of it can be obtained either, as the result of the process described 
by Eq. [2.160] it is incorporated into the membrane. Finally, in the last reaction 
step represented by Eq. [4.12], cycle intermediate Ai is formed as excess, which 
can be transformed into other intermediates (i = 2, 3, 4). Thus, in the process the 
amount of intermediates A, is increased, and if the volume of the microsphere 
would remain unchanged, their concentration would increase as well.

However, the volume of the microsphere does not remain unchanged. The 
surface of the membrane, namely, increases proportionally to the amount of the 
molecules of T incorporated according to Eq. [2.164], Because the formation of 
molecules of T is proportional to the formation of molecules of Aj, and their 
incorporation into the membrane is fast and irreversible, at first approximation 
we may say that the growth of the membrane surface is proportional to the 
increase in the amount of cycle intermediates:

where F is the specific surface area of the membrane for one molecule of T, and 
X is the time.

The condition of osmotic equilibrium is from equation [4.15]:

(
d 2 > i Ai

dx dx
[4.16]

Z a ia i = Z eiii [4.17]

where i, is the concentration of materials I, in the external space.

As

[4.18]
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where (Q)x is the volume of the microsphere in time x. From equation [4.16]:

f  \

X a iA.
v i ) i

(F)T-f
*

[4.19]

and

(Q),

thus

X a ia i = (Q)t ^ (F)j

[4.20]

[4.21]

which shows that the concentration of the internal materials in the microsphere 
would decrease continuously in spite of the continuous formation of internal 
intermediates. This would be the result of the quicker increase of the volume of 
the microsphere than that of its surface, which is proportional to the increase in 
the amount of its internal materials. Consequently, the sphere would lose its 
osmotic equilibrium state with the external space, and an osmotic vacuum would 
be generated inside it. However, this can not take place, because sooner or later 
the membrane of the microsphere will get dented, and the microsphere will 
become deformed.

The microsphere is surrounded, however, by a two-dimensional liquid 
membrane. This deformed sphere shape does not result in a stable state for the 
microsphere because of the non-uniform distribution of strain. Therefore the 
system strives for a stable state. Such a state can only be realized by the division 
of the sphere into two spheres. The new actual surface after the division is the 
sum of the surfaces of the two new spheres:

(F)t =F1 + F2 [4.22]

and the actual volume is the sum of the volumes of the two new spheres:

(Q),=Qi +Q2 P23]
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If the division takes place just when the amount of internal materials (and thus 
the surface of the membrane) becomes doubled, it holds that:

(F)t -= 2(F )0 = F ,+F2 [4.24]

where t* is the time of duplication in the amount of materials. The condition of 
osmotic equilibrium, however, is that simultaneously it is also valid that:

(Q)x- =2 (Q)o =Q1 + Q2 [4.25]

Conditions [4.24] and [4.25] can also be expressed with the radii of the 
microspheres:

2r02 =r,2 + r22 [4.26]

and

2r03 = r,3 +r23 [4.27]

where r0 is the radius of the original microsphere in osmotic equilibrium, and n 
and r2 are the radii of the microspheres originating from the division. It can be 
proved that besides the trivial solution ri = r2 = r0 no other solutions can be found 
(Gánti and Gáspár, 1978); i.e., the growing microsphere can only be stabilized 
when its surface and internal materials are doubled, and in this case only by 
division into two spheres identical with the original one in their dimensions and 
compositions. This, in turn, means that this self-reproducing microsphere 
satisfies the conditions of proliferation defined in Eq. [4.7], With these condi
tions, instead of Eq. [4.14], the following equation can be written:

4
n Z a iAi + 

i = l
+ nX 2

4

n Z a iA i +
i=l

+ nY [4.28]

which clearly shows the proliferating nature of the self-reproducing microsphere.

Kinetics

The kinetic description of the operation of microspheres is given on the basis of 
the works of Békés et al. concerning the kinetics and computer simulation of 
chemotons (Békés, 1975; Békés et al., 1979). The kinetic description of
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proliferating microspheres can only be carried out by formal kinetics, partly 
because some processes are not of chemical character (membrane growth, 
division), and partly because in the kinetic description of membrane growth not 
only concentrations are involved, but, as has already been discussed, also 
extensive properties [mole, surface).

The graph of the dividing microsphere is shown in Fig. 4.2. The kinetic 
characterization of the system includes the kinetic equations of elementary steps 
[4.9] - [4.12], the equations describing membrane growth [2.164] - [2.169], and 
the equation concerning the volume change caused by membrane growth. The 
differential equation system thus obtained has no analytical solution; the 
examination of the behavior of the reaction system is carried out by the numerical 
integration of the differential equation system. In the kinetic description, we 
assume that the diffusion of X and Y through the membrane is very fast in 
comparison to the reaction rates. The division of the sphere fT2n r*  2 [Tn | is not 
interpreted kinetically -  it is taken into account in the form of a computer 
statement.

Equations used in computation are the following:

áj = 2 ^ 4 8 4  -  k'4a^ ) -  kjajx + k)a2 [4.29]

a 2 = k ja jx -k ' , a 2 - k 2a 2 + k'2a3y [4.30]

a3 = k 2a2 - k 2a3y - k 3a3 + k'3a 4 t [4.31 ]

a4 = k3a3 -  k 3a4t -  k 4a4 + k^af  [4.32]

The concentrations of the individual components, however, are dependent not 
only on the reaction rates, but also on volume changes caused by membrane 
growth. Consequently, the increase in the surface should also be calculated, and 
by using this result, the actual volume in the given time should be calculated as 
well.

The number of molecules of T incorporated into a unit surface of the membrane 
is n. In this case, according to [2.164]:

¥ * = -  [4.33]
n

Let us introduce the relative surface f:
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,  f W
“ F(o)

Its rate of change according to [2.166] is:

[4.34]

[4.35]

The relative volume for a sphere (actual volume divided by the initial volume) is:

[4.36]

As for every body it is true that

[4.37]

and as identity is valid only for the sphere, thus

Qt < f  2 [4.38]
6v7l

For a sphere, the actual volume can be determined by comparing Eqs. [4.35] and
[4.38], The flux of the concentration of monomer T is given by the equation:

t = k3a3 -  k3a4t -  km + f  ̂  [4.39]

The behavior of the whole supersystem is characterized by the equation system 
consisting of Eqs. [4.29] -  [4.32], [4.35], [4.38], and [4.39],

Every concentration can be calculated with the help of Eq. [4.38] in the 
following way: At x = 0, the concentration of each internal component is known 
for a membrane with n members f  = 1, Q (x)o = 1/6 Vtt . The computer program 
calculates these parameters (concentration of internal components, relative 
surface, actual volume) by using these data for time x0 + Ax at a constant volume 
of Q (x)0. The concentrations obtained multiplied by Q (x)o provide the actual
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mole numbers, and by the division of these by volume Q (x)t0+At the actual 
concentrations belonging to time t0 + At are obtained. By using these as initial 
values, the calculation are repeated for t0 + 2At, etc. On choosing an ap
propriately small At, this calculation cycle leads to a quite accurate simulation of 
the process taking place at changing volumes.

Proliferating “Fluid Clockworks”

The diving microsphere the scheme of which is shown in Fig. 4.2 is only one 
simple variant of the infinitely great number of possibilities. The autocatalytic 
cycle characterized by Eqs. [4.9] -  [4.12] and ensuring the operation of the 
microsphere may be substituted by any complex autocatalytic network if the 
condition is fulfilled that the surface of the membrane and the total amount of 
internal materials not diffusing through the membrane increase proportionally to 
each other. Therefore the basic condition ensuring proliferation is of a 
quantitative, stoichiometric nature. It can be seen in Fig. 4.2 that the system 
contains only AND-type branchings; consequently it is a stoichiometrically 
defined, “stoichiometrically rigid” system.

We have seen that OR-branchings are stoichiometrically undefined. However, it 
was also mentioned that in more complex systems they can become defined via 
other stoichiometric couplings. Let us examine the functioning of the 
microsphere if membrane grown is coupled with an autocatalytic reaction 
containing OR-branchings.

Microspheres with OR-branching

The system shown in Fig. 4.3 is very similar to the proliferating microsphere 
shown in Fig 4.2. The difference is that in this case the membrane-forming 
molecule is produced by an OR-branching and not by an AND-branching; thus 
its amount is defined only kinetically rather than stoichiometrically. As the 
osmotic relations are determined by the total amount of A, molecules and the 
volume, these should be investigated in parallel. According to Eq [4.20], the 
increase in the volume is proportional to the increase in the surface, i.e., to the 
3/2th power of the amounts of molecules of T produced. The osmotic relations 
are thus determined by the fraction of molecules A3 transforming into and A], 
respectively. At first rough approximation we would assume that if
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áj > k t2 where
3

[4.40]

the amount of internal materials increases faster than the volume of the sphere -  
thus the osmotic pressure inside the microsphere continuously increases, and this 
leads sooner or later to the disruption of the microsphere. If

áj = k V 2, [4.41]

the amount of the internal materials and the volume increase proportionally, and 
the microsphere remains in osmotic equilibrium: it does not divide. If, however,

á j < k i 32, [4.42]

the growth of the microsphere leads to its division. In the case of the validity of 
Eq. [4.42] three sub-cases can be distinguished, if

Xa

I

Fig. 4.3. Dividing microsphere with an OR-branching. This system is not determined 
stoichiokinetically any more, thus it can divide only under specific kinetic conditions.
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áj > t, [4.43]

the successive division results in larger and larger microspheres; if 

á j = t . [4.44]

the division provides microspheres of identical dimensions; and if

áj < t, [4.45]

the results are smaller and smaller microspheres.

In fact, the growth of the system cannot be described by Eqs. [4.40] -  [4.45], 
they only serve for the characterization of the alternatives.

Because microspheres with OR-couplings are kinetically defined, and kinetic 
parameters depend on numerous factors (concentrations, temperature, rate 
constants, catalytic effects, etc.), it is obvious that the behavior of the 
microspheres with OR-couplings is not so unambiguous as that of microspheres 
with stoichiometrically defined AND-couplings. It is therefore expedient to 
ensure the stability of microspheres by constructing them with AND- couplings. 
But before showing this in an example, let us examine the behavior of a micro
sphere containing two autocatalytic chemical systems.

Microsphere with an oscillating chemical system

The oscillating reaction system shown in Fig. 3.18 is a kinetically self-stabilized 
autocatalytic system because the concentrations of its internal components do not 
grow exponentially; instead they oscillate about a certain value. Let us couple its 
functioning with membrane growth stoichiometrically by choosing the reactions 
so that the component C formed in the tapping of the second cycle would be the 
membrane-forming component (or its precursor). In other words, let C be 
identical with T:

Let the membrane be closed to a sphere the internal volume of which contains the 
intermediates of the reaction system. The membrane should be impermeable for 
the intermediates, but permeable for X and Y. The scheme of the system is 
shown in Fig. 4.4.

C = T [4.46]
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Fig. 4.4. A microsphere coupled with an oscillatory system. The stoichiometric forced 
coupling (B3->T), however, dilutes the system; thus the parameters of oscillation change 
constantly.

We have already mentioned that the behavior of the oscillating system strongly 
depends on the rate constants of the elementary steps, but we have not studied in 
detail the nature of this dependence. Without going into details, we note here that 
the amplitude of oscillation may increase or decrease depending on the values of 
k (even to great extent). The amplitude for the system shown in Fig. 3.19 is 
nearly constant at the given kinetic parameters (it increases slightly).

The system shown in Fig. 4.4 behaves in a very complicated manner depending 
on the kinetic parameters. If the amplitude of oscillation about a certain 
concentration is constant, the system becomes diluted because the membrane 
surface increases as a consequence of the operation of the reaction system. This 
dilution results in the division of the microsphere into smaller and smaller 
microspheres.

Unfortunately, no more general conclusions can be drawn about the operation of 
the system. Its operation can only be studied with concrete numerical values by
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the numerical integration of the differential equation system of the elementary 
steps.

Proliferating “fluid clockworks ”

Let us modify the system shown in Fig. 4.4 by stoichiometric feed-back that 
stoichiometrically restricts the total amount of the intermediates of the reaction 
system by retaining its kinetic elasticity. For this purpose, the reaction partner of 
A3 -  instead of XA3 -  should be compound D that cannot diffuse through the 
membrane and that is formed in cycle B, in two elementary steps. The block 
scheme of the system is seen in Fig. 4.5.

This stoichiometric feedback does not terminate the oscillation of the reaction 
system, as the oscillatory nature depends on the values of fractions [3.65] and 
[3.68] and on their ratio, but it modifies the course of the oscillation. At the same 
time, this feedback makes the stoichiometric study of the system possible.

In order to understand this, let us first examine the oscillating reaction system 
alone by assuming constant volume and kinetic parameters at which the system 
oscillates with constant amplitude. This means that when starting at any time of 
the process, after exactly one period the concentrations of all the intermediates 
(and, by assuming constant volume, also their amounts) are identical with their 
initial values. That is, if we investigate the behavior of the oscillating system 
shown in Fig. 4.4 under such conditions, and measurements are made at times 
that are exactly the integral multiples of the time of the period of oscillation, i.e., 
always in the same phases of oscillation, we see that the concentrations of 
intermediates (and their amounts) are unchanged, but in the meantime, certain 
amounts of Xa,, XBi, and XT are consumed and stoichiometrically proportional 
amounts of Y^, YB„ Yc and T are formed.

To the analogy of the cycle symbol, let us introduce a stoichiometric period 
symbol:

■>
n

which means that the equation containing it is valid then, and only then if the 
oscillating reaction passed through just n periods, where n is an integer. The
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stoichiometric processes of the oscillating system shown in Fig. 4.4 under the 
conditions discussed previously are represented by the following equation:

3 3 2
l a , A ,  + Xß,Bj + h £ X A. + hXT ------ ^ ----- >
i=l i=l i=l 1

3 3 2
S a IA1 + E ß iB i + h l Y Bi + hYT + hT [4.47]
i=l i=l i=l

where h is the amount of T produced in one period in moles (or molecules). This 
equation also shows that the amounts of the intermediates are not in a 
stoichiometric relation to the amount of T formed, but the raw materials used up 
and the products formed are naturally in such correlation. On denoting the total 
of raw materials needed and products formed by X and Y, respectively, Eq
[4.47] may be written as:

A + B + hX ------ -----------> A + B + hY + hT [4.48]
1

By using the same symbols for the oscillating system in Fig. 4.5, we obtain:

A + B + hX ------ -----------> A + B + hY + hD + hT. [4.49]

This equation shows that excess D is also formed in an amount identical with 
that of T. However, the increased concentration of D increases the rate of 
reaction A3 ->2A|, thus prompting the system to increase the amounts of its 
intermediates. After a sufficiently long period of time, i.e., after attaining the 
steady state, we find that the same amount of D is transformed into A] as it is 
formed in a unit time. In this case it is true that

A + B + hX ------ ^ ----- > (l + h) (Ä + B)+ hT + hY [4.50]
1

i.e., the stoichiometric condition for the proliferation of the microsphere is 
satisfied: the increase of the molar amounts of intermediates not permeating the 
membrane is identical with the molar amount of membrane-forming molecules. 
Analogously to the derivation of the stoichiometric overall equation of 
proliferating microspheres we can derive that
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[hu(A+ B)+| Tm I] + huX ------© -----* 2[hu(A + B)- Tn + huY [4.51]

where u is the number of periods of the oscillating system between two division 
of the sphere, and

hu = m [4.52]

Thus, if a system organized as shown in Fig. 4.5 and satisfying the stoichiometric 
condition [4.51] can be constructed, in this system internal intermediates and 
membrane-forming material are produced by an oscillating reaction system in the 
course of which the system grows, and it divides into two identical, oscillating 
microspheres at the u-th oscillation. The new spheres are passing through the 
same process again. Consequently, we obtained a proliferating fluid system the 
division of which is governed by an internal clockwork.

However, in reality Eq. [4.51] is valid only by significantly neglecting some

Fig. 4.5. The only difference from Fig. 4.4 is that one of the raw materials of cycle A, D is 
produced by cycle B. This stoichiometric feedback results in a stoichiometric coupling of A, 
and T production ensuring the stoichiometric conditions for a dividing microsphere. In this 
dividing microsphere an oscillatory reaction system operates.
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facts. First of all, the volume of the system is not constant, as it becomes strongly 
increased because of membrane growth and as a consequence of this, the system 
becomes diluted, which, in turn, works against a constant amplitude. The 
amplitude is also influenced by the new intermediates formed, but in the opposite 
direction. The feedback through intermediate D also modifies the course of 
oscillation.

Chemotons

The theory and also this book have obtained their name and title from the 
supersystems called chemotons that will be discussed in this chapter in more 
detail; we will survey the history of the birth of chemoton models including the 
development of chemoton theory. Chemotons are proliferating microspheres the 
operation of which is controlled by template polymerization processes based on 
the information contained in the templates serving as a program. In other words, 
we can call them program-controlled, self-reproducing, proliferating fluid 
automata. In the second part of this book we show in detail that these chemical 
supersystems are provided with the basic properties of prokaryote living systems, 
i.e., they satisfy the criteria of life. The chemoton models can consequently be 
considered as the minimum models of living systems. Thus, chemoton theory is 
not only the theory of fluid automata but also an exact theory of the nature and 
organization of living systems; moreover, as we will see, first of all and basically 
it is the latter. Finally, as we will also see, if we have an exact minimum model of 
living systems that can also be easily handled mathematically, with its help the 
origin of life can also be revealed and followed. Though it is only one application 
of the chemoton theory, it is often considered as the theory for the origin of life, 
because this was the first field where the theory achieved its spectacular results. _ 
The biological aspects of chemoton theory are treated in the second part of this 
book.

The chemoton theory has been constructed and elaborated by the author of this 
book. The basic idea arose in 1952 from the following question: what mechanism 
makes it possible that all living systems -  without any exception -  have two 
opposite, even contradictory properties? These are (1) the adaptability (mainly the 
ability of homeostasis) requiring a balancing mechanism, and (2) the ontogenesis, 
consisting of some strictly defined, one-directional, irreversible series of events. 
At that time the author thought that this is only possible if living systems contain 
two different (but in their operation coupled) subsystems, one having the 
balancing function, and the other controlling the irreversible processes. As the
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fundamental systems in living organisms are of chemical (biochemical) 
character, these subsystems had to be sought among chemical systems.

It soon turned out that the “balancing” function could be performed by reversible 
chemical cycles (or by their more complex forms, the reaction networks). 
However, at that time no chemical process capable of the controlling function 
was known. The author recognized at the end of the 1950s that template 
polymerization described in 1953 for the replication of DNA is suitable for this 
control function. At the beginning of the 1960s, the primeval chemoton was 
constructed (in some papers it is called boundless chemoton) that contained an 
autocatalytic chemical cycle and a coupled template polymerization process. It 
became clear that this complex system as a whole (in our present-day 
terminology, this supersystem) is a self-reproducing system. It seemed that the 
prokaryote systems are of similar construction, and that this system may be the 
minimum model of prokaryotes. The publication of this hypothesis was 
precluded at that time because of the logical confusion of the attitudes of 
biologists toward the nature of life. The author had to elaborate first the so-called 
criteria of life by means of which the living and nonliving could be distinguished 
from each other, and he had to provide a foundation for the chemoton concept as 
well. All these considerations were published in the first edition of his book 
entitled “The principle of life”, in Hungarian (Gánti, 1971). In this edition, the 
chemoton is described as consisting only of two subsystems corresponding 
practically to the program-controlled self-reproducing fluid automaton described 
in Chapter III. Today we do not consider these systems as chemotons, as we 
defined chemotons as the minimum systems of life.

It soon turned out, namely, that only compartmentalized systems can be regarded 
as living systems; therefore the primeval chemoton had to be complemented with 
membrane formation. The formal description of this (Eqs. [2.160] -  [2.161]) and 
the coupling of membrane formation with the other processes was carried out by 
the author, but the processes indicated formally could not be filled with physical 
meaning, because the membrane theory of that time did not fit into the model. In 
1972, Singer and Nicolson published their theory concerning the two- 
dimensional liquid nature of membranes, and by this, the formalism of the third 
subsystem of chemotons obtained a real, physical foundation.

In the meantime, the computer modeling of chemotons also began under the lead 
of Ferenc Békés, in which later numerous other researchers participated (A. 
Nagy, M. Korpádi, M. Hidvégi, T. Csendes, L. Demeter, etc.). The description of 
the chemoton model containing three subsystems was first published in 1974 
(Gánti, 1974b), and, in the same year, it was presented together with its computer
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simulation (Békés, 1975) at the IXth. Congress o f  FEBS (Gánti, 1975a). The 
chemoton model presented in 1974 has been later refined in some details, but it 
did not change essentially.

The examination of the operation of the chemoton model affirmed the author’s 
conviction that living systems are cybernetic systems with organization principles 
analogous to those of mechanical and electric automata, the organization of 
which are, however, realized in a chemical space. Therefore, the possibility of 
designing fluid (soft) automata arose in an increasing number of publications 
(Gánti, 1975c, 1978b, 1979b, 1980b, etc.). Nevertheless, the chemoton theory as 
the theory of fluid automata is published comprehensively for the first time in 
this book.

In the meantime the author elaborated and published the cycle stoichiometry 
(Gánti 1976a,b, 1978a). Cycle stoichiometry proved to be suitable for the 
description of metabolic processes of living organisms. In the study of chemical 
networks the necessity of differentiating between AND- and OR-type branchings 
arose, and the graph for the representation of reaction networks was also 
elaborated and used in this book. This also proved to be very profitable; e.g., by 
its help it was relatively easy to construct the theoretical block schemes of 
oscillating reaction systems (Gánti, 1984).

The earliest works of the author discussing chemoton theory have already dealt 
with an explanation of biogenesis based on this theory. It became clear at the end 
of the 1970s that the autocatalytic cycle may be substituted by the formose 
reaction, and through the ribose formed in this reaction, a stoichiometric coupling 
can be established with the nucleotide or RNA synthesis (Gánti, 1978c). By 
complementing this with a supposed nucleotide-imidazolide reaction pathway 
and an isopreneoidal membrane synthesis, Hídvégi was able to complete the 
system hypothetically in a way, that a reaction network was formed that 
corresponded to the chemoton model, and that could have proceeded also under 
prebiotic conditions (Hidvégi, 1982, unpublished results). This system 
reproduces all its components in the course of its operation and contains the three 
subsystems of the chemoton. Thus a so-called prebiotic chemoton model was 
produced, built of concrete chemical components, the spontaneous formation of 
which seems to be a real possibility under prebiotic conditions (Gánti, Hidvégi, 
and Békés, 1984).

A real development way could be derived from this model for the formation of 
enzyme and gene function (Gánti, 1983), for some basic genetic phenomena 
(Gánti 1974a, 1979a), for the formation of coenzymes (Korányi and Gánti,
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1981); (Korányi, 1982), etc. Thus the chemoton model also proved to be fruitful 
in biology.

Chemoton coupling

Chemotons consist of three subsystems: a self-reproducing cycle (or any 
complicated reaction network), a template polymerization system, and a 
membrane surrounding the former two. The main point of chemoton coupling is 
that a stoichiometric interlocking exists between the three subsystems that 
determines fundamentally the quantitative relations between the three subsystems 
constituting the supersystem. It has to be emphasized that only the basic 
relationships are defined stoichiometrically, as during the operation these may be 
modified to a certain extent by kinetic effects.
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Fig. 4.6. The design of a chemoton. Three self-producing subsystems are stoichiometrically
coupled: cycle A -> 2A , template polymerization pVn -> 2pVn and membrane formation 
fm -> 2 [Tm I This coupling results in a proliferating, program-controlled fluid automaton, 

the so-called chemoton.

The three different chemical systems in the chemoton have different functions: 
the membrane system ensures compartmentalization, which means that it ensures 
the concentrations necessary to the appropriate rate of reactions by keeping the 
volume constant, and it selects the compounds entering and leaving the 
compartment. The self-reproducing chemical cycle (or reaction network) 
produces its own components and also those necessary for the self-reproduction 
of the other two processes. The template system controls quantitatively (and 
except for the simplest cases, also qualitatively) the chemical processes of the 
whole supersystem and triggers division. The template carries coded information 
for the whole system. Thus, the chemotons are program-controlled proliferating 
fluid automata. The block scheme of the simplest chemoton is shown in Fig. 4.6. 
We shall discuss the properties and behavior of chemotons in the basis of this 
scheme.The same basic coupling principles are suitable for the construction and 
design of more and more complicated block diagrams, several of which are 
discussed later in more detail.

mAj + mX < mA2 [4.53]

mA2  ( > 1TLA3  + mY [4.54]

mA3 < ~>mA4V' [4.55]

mA4< “̂ m A 5 + mT' [4.56]

mA5 < ~^2 mA1 [4.57]

5 5
m Z a iAi +mX ------0 -----* 2 m ^ a j A j  + mY + mV' + mT'

i=l i=l

[4.58]
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Stoichiometry

The stoichiometric equations of the chemoton shown in Fig. 4.6 are seen above.

Equation [4.58] is the overall equation of the self-reproducing cycle subsystem of 
the chemoton. This is coupled with the overall equation of the template process:

nV' + pVn ------0 -----> 2pVn +nR [4.59]

For the duplication of the membrane m pieces of molecule T are required: 

-----® ----->mT + 1 2m

Molecules of T are produced from T through T :

mT'------>mT*

mT* + mR-----> mT

[4.60]

[4.61]

[4.62]

According to Eq. [4.59], at the replication of a template n pieces of molecule R 
are produced. As the polymerization degree of the template (n) is generally by 
orders of magnitude smaller than the number of molecules of T forming the 
membrane that surrounds the system, i.e.:

n « m [4.63]

the amount of R needed for the duplication of the surface of the membrane can 
be ensured by the replication of g pieces of template:

gnV + g -pVn ------CD-----* 2g pVn + gnR [4.64]

where

g n  = m [4.65]

Considering also the membrane process (i.e., the division of the sphere):
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[4.66]

the overall equation of the chemoton represented in Fig 4.6 can be obtained by 
the summation of equations [4.58], [4.60], [4.61], [4.62], [4.64] and [4.66] by 
taking into account also equation [4.65] as follows:

5
m Z a iAi +  g - P V n +i=l

+ mX

CH

- ® ----- -

m Z a iA i + g ' P V n +  T> i=l
+ mY [4.67]

Equation [4.67] shows that the whole system becomes duplicated in one cycle. 
The brackets in the equation symbolize the compartment that also becomes 
duplicated.

At the derivation of Eq. [4.67], we calculated in pieces of molecules. However, 
the equation is a stoichiometric equation, thus it is also valid when considered in 
moles. In this case the strange situation arises that the amount of chemotons is 
also measured in moles, though no physical background can justify the choice of 
6.023 x 1023 pieces of chemotons, as their quantitative unit.

Qualitative survey o f operation

Based on our knowledge concerning fluid automata, we can understand the main 
features of the operation of chemotons without a detailed kinetic investigation. 
Our consideration is based in the block scheme shown in Fig 4.6 and Eqs. [4.53] 
-[4.67].

Let the starting conditions be identical with those formulated for the study of the 
behavior of the proliferating microsphere:

1. Let the membrane be permeable for X and Y, but impermeable for the 
internal intermediates, for pVn and for compounds I, in the extra-chemoton 
space.
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2. At the starting time of the operation, let the chemoton be in an osmotic 
equilibrium with its surroundings.

3. Let the surrounding be an infinite source of X and an infinite sink of Y.

4. Let the composition of the chemoton in osmotic equilibrium correspond to 
the composition of the chemoton described by Eq. [4.67].

Starting from a state corresponding to points 1 -  4, the following events occur: X 
starts to react with Ai, consequently the amount of X decreases, but its 
concentration does not, as the amount used up will be replaced by diffusion. At 
the same time, A2 is produced that transforms into A3 and Y. The concentration 
of Y doesn’t increase as Y diffuses into the external space. A3 transforms further 
into A4 and V. We mentioned earlier that the stable structure of pVn is the 
double-stranded structure; here we suppose, therefore, that the molecules of pVn 
form here also a double-stranded structure consisting of two strands with the 
length of pVn/2. This structure is, however, not template active, so template 
polymerization can not be started, the molecules of V can not react, and thus they 
accumulate. A4 transforms further into A5 and T', and the latter transforms 
irreversibly into T . However, in the absence of R, T* cannot react further, thus it 
also accumulates. On the other hand, A5 reacts further and divides into two 
molecules of Aj, which results in the increase of the internal cycle intermediates.

Thus, in this first phase of the process the metabolism starts, and, as a 
consequence, the intermediates of metabolism accumulate. Not only their 
amounts are increasing, but also their concentration, as the membrane does not 
grow because of the lack of T, thus the volume of the chemoton does not change. 
At the same time, the increasing concentration of V hinders the operation and the 
chemical reactions in the chemoton slow down. The increasing concentration of 
intermediates creates an increase in the osmotic pressure as well.

The increase in the concentration of intermediates is limited by the concentration 
of V , (V reaching the value V ) that destroys the double-stranded structure of 
the template molecules of pVn. At this point, molecules of pVn become template 
active, and thus template polymerization begins. As a consequence of this, R is 
liberated that reacts with T* forming thereby T, which results in the growth of the 
membrane. The consumption of V puts an end to the hindrance of the cycle, thus 
the rate of the cycle increases, and because of membrane growth the volume 
increases, the concentrations decrease, and the osmotic pressure diminishes.
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By the time the template reaction is ended, just m pieces of R are liberated, 
which makes the formation of m pieces of molecule T possible (the amount 
needed for the duplication of the membrane). The membrane becomes doubled 
and by the mechanism described for the proliferating microsphere, the chemoton, 
because of the osmotic vacuum inside it, divides into two chemotons identical to 
the original one and also to each other. The chemotons thus formed are in 
osmotic equilibrium with their surroundings, therefore each of the processes can 
start again.

It is also clear from this qualitative survey that the chemotons are not only self- 
reproducing systems but also systems proliferating by division. It can also be 
seen that pVn has a governing role, as on the one hand template polymerization 
triggers the growth of the membrane, and on the other hand, the total length of 
the templates determines the dimension of the newly formed surface. Later on, 
when examining more complex chemotons, we shall see that templates are also 
capable of controlling quantitatively the network of metabolism of chemotons, 
and in even more complex chemotons, they may also control the reaction rates of 
the elementary steps of the network of metabolism.

Kinetics

The kinetic description is, in this case as well, only formally of the Guldberg— 
Waage type, because in the individual equations not only concentrations are 
included, but also extensive quantities such as mole, surface, etc. Kinetic 
description is based on the kinetic processes discussed already for autocatalytic 
cycles, template polymerization, membrane growth, and proliferating 
microspheres. Nevertheless, in order to avoid back-references, we provide here 
the whole equation system of the chemoton having the organization shown in 
Fig. 4.6.

The elementary chemical processes serving as a basis for the construction of the 
kinetic equations according to Fig. 4.6 are the following:

k- >
A, +

k',
[4.68]
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Aq >A ^+Y  [4.69]
k'2

k3 >
_____^4+V' [4-70]

k3

k4 >
A4^ Z ^ A 5 +T ' [4.71]

As < ^2Ai [4.72]
( k;

V' + pVn Vr - ^ p V „ V i+l + R where (i = 1,2,...n) [4.73]

p v n v n k7- ^ 2 p V n [4.74]

T ' k8 -»T* [4.75]

k9
[4.76]T* + R ~~*T

( k9

T + Tm+i AO Tm+(i+[) where (i=0,l,2,...m ) [4.77]

The kinetic equation describing the behavior of the chemoton shown in Fig. 4.6 
can be derived based on Eqs. [4.68] - [4.77] and taking into account our earlier
knowledge as follows:

áj =2(k5a5 -k ^ a ia ^ - k ia ix  + k '^  [4-78]

á2 = kjajx -  k'ja2 -  k2a2 + k ^ y  [4.79]

ä3 = k2a2 -  k'2a2y -  kßa3 + k'3a4V [4.80]

á4 = k 3a3 -k '3a4V -k4a4 + k'4a5t' [4 81]
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á5 = k4a4 -  k4a5t' -  k 5a5 + k^ajaj [4.82]

v' = k3a3 -k '3a4v -k 6 v 'p v nvj [4.83]

t = k9t*r -  k'9t -  k 10t f — [4.84]
QW

t* = kgt' -  kQt^r + k^t [4.85]

t ' = k4a4 - k 4a5t '- k g t ' [4.86]

The extent of the formation of pVn is proportional to the consumption of v' in 
moles:

(V0cons =_A'vPVnVi where (i=l,2,...n) [4.87]

The increase of the surface is proportional to the concentration of the molecules 
ofT:

f  = —k 10t • f  [4.88]
n

and the formation of T is proportional to the consumption of R:

(0cons= - k9t*r + k'9t [4.89]

The change in the concentration of R is

f = X,v'pVnV j-k g t^ r -k ^ t  where (i=l,2,...n) [4.90]

The volume can be calculated as follows:
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Q « x  = f 2 ^  [4.91]

3

In general, we assume in the calculations that

x = 0 [4.92]

and

y = 0 [4.93]

Computer study of operation

As an example, we show the results of the computer simulation of the chemoton 
shown in Fig. 4.6 carried out by Csendes (1984). In this case, simulation means 
the numerical integration of the equation system [4.78] - [4.93] by the computer 
at arbitrarily chosen starting parameters. The kinetic parameters chosen are:

kj = 2

k2 = k3 = kj = 100

k5 = ké = k7 = k8 =k9 = k,0 = 10 

k'i = k '2 = k '3 =k'4 = k'5 = k '9 = 0.1 

k '6=1.0

The initial concentration values chosen are:

a] =0.32 a2 = 2.49 a3 = 4.93 34= 1.94

a5 =34.34 v' = 48.77 t' = 18.68 II O
s © Cj

oÖII■4—» -I II o Ö x =  100.0

ÖII

v* = 400 F= 1.0 n = 25

Initial concentrations are chosen so that they differ only to a small extent from 
the concentrations at the point of division of the “adapted” (see later) chemotons.
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Division itself is not formulated kinetically; it is considered in the form of a 
computer statement as a result of which at the time of the duplication of the 
surface, the surface and the amount become halved. Thus, the results obtained 
always refer to one chemoton (or to the average value of many chemotons).

The curve sections between two divisions following each other in time represent 
the component concentrations of chemotons originating from each other by 
division. In biological terminology, the chemotons successively formed are called 
generations, and the time between two divisions is the generation time.

The results of the simulation are shown in Fig. 4.7. Generation times are in 
sequence as follows: 0.33, 0.31, 0.29, 0.29, 0.29, and 0.29 (relative unit). It is 
clear from the figure that chemotons behave according to their qualitative 
interpretation shown in The qualitative survey o f operation of this chapter: in the 
first period after division the concentrations of cycle intermediates always 
increase and in this period there are no T and R present in the system and the 
amount of pVn and the surface are constant. When the state is reached where V  > 

the amount of pVn becomes doubled, first R, then T is formed, the surface 
(and volume) suddenly starts to increase, concentrations decrease, and then 
division takes place.

The model shown in Fig. 4.6 was computed using various external and internal 
parameters. The most important general conclusions are the following:

1. The operation in the adapted state is independent of the starting 
concentrations of intermediates. This means following: if we consider the 
curves of concentration changes for the intermediates at numbers of 
generation large enough (at the sixth-eighth), the courses of the curves for 
the different generations are identical with each other under equal external 
conditions. This is the state we call the adapted state. Obviously, it also 
means that immediately after division the concentrations of components 
are identical in every generation. The initial concentrations in Fig. 4.7 have 
no integer values because they belong to a nearly adapted state that was 
calculated by a preceding computer simulation.

If we start from any extreme concentration values, the curves of 
concentration changes for the successive generations very rapidly 
approximate that of the adapted state that is determined by the external 
conditions and the reaction rate constants. The only criterion is that some 
of the cycle intermediates should be present, if only in a very low concen
tration. As an example, in Fig. 4.8 the results of a simulation are shown 
where all parameters are equal to those in Fig. 4.7, but among the
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intermediates of the chemoton, only Ai is present, i.e., a2 = a3 = a4 = a5 = 
0. It can be seen that a very long time is needed for the reproduction of the 
first generation, but the third generation is already practically in the

adapted state. This is also reflected in the generation times, which are 
1.12, 0.31, 0.29, and 0.29 (Csendes, 1984).

2. The variation of reaction rate constants obviously induces changes in the

Fig 4.7. Computer simulation of the operation of a chemoton in six generations 
Curves illustrate the change in component concentrations as a function of time, as 
obtained by the numerical integration of the differential equation system consisting of 
the elementary kinetic steps. (The scales on the ordinates are greatly different!) A 
detailed explanation appears in the text.
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operation rate of chemotons and in the concentration of intermediates, but 
it does not change the character of the curves. Chemotons are capable of 
operation at all variations of k values of the metabolism network at which 
the energetic driving force at the given concentrations is ensured. 
However, to every v value an x range can be assigned at which the cycle 
reaches equilibrium before v' could reach v .

3) Chemotons are capable of compensating changes in the concentrations of 
nutrients very efficiently. Taking the reaction rate in first approximation 
proportional to the concentration we would expect that, eg., when 
decreasing the nutrient concentration by a factor of 100, the reactions of 
the chemoton would also slow down to the same extent, as the rate [4.78] 
of reaction [4.68] is definitive to all metabolism processes of the system. 
Thus, generation time should increase by about two orders of magnitude.

However, this is not what occurs in fact. The generation time of 
chemotons hardly changes in wide concentration ranges, as with increasing 
x the value of a] decreases and vice versa; i.e., the system keeps the value 
of ai • x nearly constant (Békés, Gánti and Nagy, 1979). As an example, 
we show that if in the simulation resulting in Fig. 4.7 the value of x is 
decreased from 100 to 1, the generation time increases only from 0.29 to 
0.47, because at the same time the value of a\ is increased by about a 
factor of 50 (Fig. 4.9) (Csendes, 1984).

Thus, chemotons are not only functioning and proliferating systems but 
also surprisingly autonomous ones as well, capable of making themselves 
highly independent of external and internal changes.

Fig. 4.8. The chemotons of extreme internal component distribution are, after a few 
generations, adapted to the environment. Curves show the adaptation of a 
chemoton in which only component At has been present at the beginning from 
among the cycle intermediates and only in a small amount. It can be seen that 
adaptation occurs for the third-fourth generation.
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Fig. 4.9. Chemotons are capable of compensating for the changes in the external 
conditions to a great extent. For example, this curve shows that if the concentration 
of nutrient X, is decreased to a hundredth of its initial concentration, the 
concentration of its reaction partner, increases to about a hundred times 
(relative to its concentration in Fig. 4.7); therefore the value of product aiX, 
determining the reaction rate remains nearly constant. Thus the chemoton 
preserves its proliferation rate despite the decreased nutrient concentration.

Chemoton variants

The chemoton model shown in Fig. 4.6 is only one of the numerous possible 
chemoton variants; moreover, it is one of the simplest variants imaginable. A 
significantly more complex chemoton model including about 100 intermediates is 
shown in the second volume together with the network of concrete chemical 
components.

The elementary chemical steps in the model represented in Fig. 4.6 can be 
regarded as complex reactions as well. It is important only that the cycle 
(network) should have a part producing V', T', and A,. The producing sequence 
of coupling intermediates can also be varied; this causes only minor changes in 
the course of curves and in the generation time (Csendes, 1984). As an example, 
we provide the generation times of chemotons for the model corresponding to 
Fig. 4.7, but producing Y, V' and T' in different sequences.

It is much more difficult to decide whether the autocatalytic cycle can be 
connected to the other two subsystems also by OR-branchings instead of AND- 
type branchings, and if it can, whether such a chemoton can be treated 
stoichiometrically, with the OR-branching being stoichiometrically indefinite.
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Sequence of production Generation time (g)

v ' r  y 0.27

r  v ' y 0.27

V' Y T 0.28

Y V' T' 0.29

Y T' V' 0.30

T  Y V' 0.30

This problem is very important, as most reaction networks abundantly contains 
OR-branchings. Let us examine for this purpose the chemoton shown in Fig. 
4.10 in which V' is formed by an OR-branching. Here V' is produced from A3 in 
an alternative process. The relative rate of formation of V' thus depends only on 
the two reaction rate constants of the alternative reaction paths: if the reaction is 
shifted to the direction of formation of V', template polymerization can readily be 
started, even more so as in OR-couplings, the increase in v' inhibits only its own 
formation, and the operation of the cycle is not hindered; in fact it is accelerated 
because of the inhibition of its own formation process. The accumulation of T', 
however, inhibits also in this system the operation of the cycle, as T' is formed 
by an AND-branching. As in the further reaction pathways the products of V 
and T' react in a stoichiometrically definite manner, the operation of the whole 
system is stoichiometrically defined.

The system shown in Fig. 4.10 is much more sensitive to the relative reaction- 
rate constants than the one shown in Fig. 4.6. Chemotons coupled only by AND- 
branchings are namely stoichiometrically stable, which means that under certain 
combinations of the k values, the chemoton either functions or does not, but it 
does not become stoichiometrically unstable. However, this can occur in the 
system shown in Fig. 4.10. If, e.g., the formation rate of V' is too high with 
respect to the formation rate of T', v' can reach twice or even more times the 
concentration v during the times needed for the formation of amounts of T 
necessary for the duplication of the membrane surface. Thus in this time four, 
eight or even sixteen times the amount of pV„ can be produced. Therefore
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chemotons also containing OR-branchings are not stable in every range of the k 
values.

Fig. 4.10. A chemoton containing an OR-branching. Its stoichiometric stability is restricted to 
definite ranges of k’s.





V.Outlines of Self-Organizing Fluid Computers

Introductory Remarks

In technique, computers are designed on two basic principles: digital and analog. 
Digital computers are far more widespread than analog ones. According to J. von 
Neumann (1959), the brain is a partly digital, partly analog system.

In comparison to the initially immensely monumental computers, the computers 
of today have unbelievably small dimensions. The size of computers is decreased 
by orders of magnitude by miniaturization and subsequent microminiaturization; 
however, we are surely not at the end of this process. It is enough to remember 
what we mentioned in the introduction, that, e.g., the brain of a mosquito easily 
fulfills properly all the requirements expected from the autopilot. From this it is 
clear that miniaturization can be further increased. However, these practical 
examples belong to the natural technique of the living world rather than to the 
world of our artificial technique.

The most daring technicians of human society are now concerned with the 
possibilities of nanominiaturization -  they search for the possibilities of realizing 
“nanocomputers” (Robinson, 1984). This would also be of digital technology, 
with its basic operating principle being the triggering of molecules existing in 
two states from one state into the other. It is, however, doubtful whether this can 
be realized at all. Technical difficulties are, of course, immense. Nevertheless, the 
main reason for doubt is not of a technical nature but of a conceptual one: the 
order of magnitude of the energy differences between the two states of the 
molecules already lies in the region of molecular noise. Is it possible to construct 
reliable computers in this region?

In any case, doubt is strengthened by the fact that the living world did not utilize 
this principle in constructing its own “computers”. On the basis of our present
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knowledge it seems that the nervous system does not function on this principle, 
though its real operation principle is not yet known.

This chapter is aimed to show that, according to the knowledge of the author, 
through the application of fluid systems computers can be designed on fully new 
principles in addition to those operating in the digital principle. This new 
principle is closer to the analog principle than to the digital one but is not 
identical with it. The systems designed by its aid are very similar in their 
properties and abilities to the nervous system and the brain. It is not unfeasible 
that the brain functions on similar principles, but -  in lack of appropriate data -  
the author does not claim this. It can be established, though, that the systems 
outlined in the following are much closer in their operation and properties to the 
“biological computers” than today’s technical computers are.

It should be emphasized that this chapter contains only drafts. In contrast to the 
previous chapters, the systems of which could be characterized quantitatively in 
an exact manner and could be illustrated with practical examples or at least by 
computer simulation, the systems shown in this chapter are mainly qualitative 
abstractions, the illustration of their operation is shown only through logical 
conclusions, and as they are very complicated it is not impossible that some of 
the conclusions may be insufficient or imperfect.

Nevertheless, they are shown here because the new basic operation principles are 
very promising: they may carry the possibility of self-building, self-organizing, 
self-programming (learning) computers capable of decision, abstraction, and 
eventually also having ego consciousness. It would be a mistake to let this 
possibility remain unknown only because the methods of describing them exactly 
and quantitatively are not yet bom. It may also be true that the detailed 
mathematical description of these systems is principally impossible, as the 
number of degrees of the freedom of the system is nearly infinite, and in 
addition, it is continuously changing during operation. However, as we will see, 
in spite of this fact, it seems to be possible to design such computers, and perhaps 
eventually they will be realizable.
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Constituents of Fluid Computers

Connection to the electric field

Our technical computers use electric energy as their basic energy source. It seems 
that the operation of “biological computers” is also based on electric energy. 
Consequently, it is expedient to base the operation of our fluid computers on 
electric energy. In order to do that, we have to transform chemical energy, which 
is the basis of the operation of our system, into electric energy.

What does the transformation of “chemical energy” into mechanical or electric 
energy means? Chemical energy is a macroscopic concept; as such energy does 
not exist in molecular dimensions. But binding energies, kinetic energies 
originating from the translation, rotation, and vibration of the molecules, and 
electric energies originating from the charge and polarization of the molecules, do 
exist. In chemical processes, the main role is played by the transformation of 
binding energies and other energies into one another, and the macroscopic 
resultant of these is considered as a “chemical” energy change.

Consequently, there is no need to “produce” mechanical or electric energy from 
chemical energy, as the latter contains the former submicroscopically. But the 
forces generated by the energies of the individual molecules are statistically 
disordered, and these forces neutralize each other macroscopically. In order for 
these energies and forces belonging to them to manifest themselves 
macroscopically, the statistical disorder of the molecules should be terminated. If, 
e.g., molecules are ordered into a crystal lattice, binding energies appear 
macroscopically as rigidity or elasticity. Van der Waals forces (and partly also 
electric forces) appear at the interfaces of liquids as surface tension, kinetic 
energy as pressure if a wall is placed into the path of the molecules, etc. In the 
functioning of muscles, the change of shape of millions of molecules is ordered 
into one direction, and it appears macroscopically as contraction or relaxation.

It is well known that a major part of chemical processes produces or consumes 
electrically non-neutral particles: positive charges in the form of protons or 
cations, and negative charges in the form of electrons or anions. For example, in 
the following two-step reaction chain the first step produces negative electric 
charge, whereas the second one consumes it:
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The first step of the [5.2] reaction chain, however, consumes positive charge 
(proton), whereas the second step uses up negative charge (electron), and the 
third step consumes also a negative sulphate anion:

2e'

PbCV
4+

/ ^ l
PbSO,

4 H+ 2 H f i

— »  discharge 
->------ charging

[5.2]

If the two processes take place simultaneously in the solution, the electrons 
produced in the first step are consumed in the second process. However, if the 
two processes take place simultaneously but are spatially separated, in the first 
process electron excess is created, whereas in the second step an electron 
deficiency appears. On transferring the electron excess from the first space into 
the second by a suitable electric conductor, e.g., a metal wire, electric current can 
be obtained (Fig. 5.1).

By the same example, the method for transforming electric energy into chemical 
energy may also be demonstrated. Each elementary step of both reactions is a 
reversible one, i.e., they proceed in both directions. This means that the reaction 
proceeds from the left to the right or in the opposite direction depending on the 
concentrations of the components. However, electrons are involved in both 
processes as reaction components. Thus if electrons are forced to pass backward 
in the wire by a suitably strong electric potential difference, both chemical 
processes will proceed backward as well; i.e., the macroscopic electric energy is 
transformed into chemical energy. The example shown is the basic operation 
principle of the lead battery.
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Fig. 5.1. If an electron-producing and an electron-consuming process take place 
simultaneously but are separated in space, than in the first space electron excess, and in 
the second one electron deficiency is formed. W e may transfer the electron excess from the 
first space into the other one by an electric conductor; thus we may obtain an electric 
current. In reversible reactions, the processes can be reversed by using electric potential. 
Batteries function this way. The figure illustrates the chemical processes in a lead battery.

The spatial separation of the elementary or molecular electric charges of the 
reaction space may be readily realized by means of membranes; in this case an 
electric potential difference appears between the two sides of the membrane. 
Such a potential difference can also appear spontaneously in the two sides of 
semi-permeable membranes if one of the charge-carrying anions and cations is 
not capable of diffusing through the membrane (Donnan potential).

In the major part of biological membranes special cation-transporting

í t í m i f f T T T T Í T Í f c y í T Í
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Fig. 5.2. Macromolecules with a hydrophobic and a hydrophilic end may immerse 
themselves into the two-dimensional fluid membrane like ships into the sea, and they can 
freely float in it.
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mechanisms are involved that realize a selective concentration difference for 
certain cations (Na+, K+, Ca^, Mg**, etc.) on the two sides of the membrane. The 
potential difference thus generated may be very high, in the order of magnitude 
of 10s V/cm. This potential difference is utilized in living organisms either for 
electric work (electric eel, the electric signaling systems of certain fishes, nervous 
system, regulation of the cardiac rhythm, etc.), or for producing chemical energy 
(photosynthesis, terminal oxidation, etc.).

As an example, Fig. 5.3 shows the principal scheme of the photosynthesizing 
mechanism of halobacteria as one of the simplest energy transforming system of 
the living world. Here first light energy is transformed into electric energy, and 
then electric energy is transformed into chemical energy.

As we have already mentioned, biological membranes are of a two-dimensional 
liquid nature. The membrane-forming molecules are amphipathic, i.e., they are 
charged in one end, which is hydrophilic, whereas the chain-part of the 
molecules is of hydrophobic (lipophilic) nature. Thus, the surface of the 
membrane formed by them has a strong electric charge, whereas its internal part 
does not. Globular macromolecules with one hydrophilic and one hydrophobic 
part can submerge themselves into the two-dimensional liquid membrane like 
ships into water, and they can freely float along the membrane surface. Globular 
macromolecules of a lengthy form with two hydrophilic ends and a hydrophobic 
internal part can submerge themselves into the membrane so that one end sticks 
out on the one side of the membrane, the other on the other side (Fig. 5.2).

hy
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ATP

Fig. 5.3. Because of proteins immersed into biological membranes, an asymmetric charge 
distribution can occur on the two sides of the membrane. Charge carriers are here ions 
instead of electrons. Here the simplest such system, the photosynthesizing system of 
halobacteria, is shown, where charge carriers are H+ ions.
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Halobacteria realize photosynthesis by the help of such protein molecules 
protruding from the membrane. One of their proteins having this character -  the 
bacteriopurpurine -  is capable of absorbing light and simultaneously, it loses a 
proton from the end located in the outer surface of the membrane, and its inner 
end takes on a proton. Thus, as a result of illumination, protons are continuously 
transferred through the membrane from inside of the bacteria into the extra
cellular space where the proton concentration increases; i.e., the pH of the 
external solution significantly decreases. The potential difference thus formed 
between the two sides of the membrane can reach the value of 105 V/cm.

The proton gradient formed may decrease in such a way that the proton is bonded 
to the other protein of the membrane, to adenosine triphosphatase (ATPase) and 
thus it returns into the internal space. The proton loses energy during this process 
as it proceeds in a strong electric potential field in the direction of decreasing 
potential. This energy is utilized by ATPase for synthesizing ATP (the general 
energy carrier of living organisms) from ADP. Whereas the former protein 
transforms light energy into electric energy by the help of the membrane, ATPase 
transforms electric energy into chemical energy. In the course of the whole 
process, the proton gets back to its original place, and this proton cycle can also 
be regarded as a continuous ATP-producing system operated by light energy. The 
whole process is shown schematically in Fig. 5.3. There is also a system known 
for the transformation of the chemical energy of ATP into light energy, the so- 
called luciferin—luciferase system. Such a system is found, e.g., in fireflies or in 
luminous bacteria.

On principles similar to the system of the membranes of halobacteria, but 
significantly more complex, multistep systems operate in chloroplasts and also in 
mitochondria utilizing oxidation energy. However, in these systems the proton 
pump is coupled with an electron transfer system.

The membranes may also be considered as very efficient capacitors, where the 
electrolytes on the two sides of the membrane play the role of the armature of the 
capacitor and the membrane itself that of the insulator. The capacity of these 
capacitors may be increased by the coupling of suitably arranged membranes. In 
a parallel coupling the intensity of the current obtained is increased, whereas in a 
serial coupling their potential will be higher. On discharging these capacitors, an 
electric signal is generated. These sorts of signals have a significant importance 
in the functioning of the nervous system. Electric fish can produce electric 
shocks having a potential of 102 V and an intensity of current of several amperes.
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Fig. 5.4. An l-switch. It is a microsphere provided with electric connections and with a 
membrane of specific properties. Connections marked by thin arrows are those for incoming 
signals; on them electric signal can only move to the microsphere. Signals can leave the 
microsphere only on the place marked by the thick arrow.

The I-switch

Let us take a microsphere surrounded by a two-dimensional liquid membrane. 
Let the two-dimensional liquid forming the membrane be very viscous. 
Moreover, let it be that this membrane can be polarized, so that the electric signal 
given onto it propagates in the form of a wave. For example the membranes of 
neurons behave in this way. Let us connect electric wiring to the membrane of 
the microsphere in a random distribution. The connections -  except for one -  are 
provided with rectifiers so the electric signal can proceed through them only in 
the direction of the membrane sphere; thus the signal cannot take away electric 
signal from the membrane sphere. Let us call these connections the carriers of the 
incoming signal. Let the signal depart freely on the one non-rectified connection 
that will be called the carrier of the outgoing signal. (For brevity’s sake, they will 
be called CIS and COS, respectively.) These connections are, in fact, the inputs 
and outputs of the switch. However, the expressions “input” and “output” will be 
used for connections of the network built of the switches. The whole system is 
shown schematically in Fig. 5.4. The connections are represented in the figure in 
a two-dimensional distribution; nevertheless, they should be interpreted in three 
dimensions, i.e., the connections are distributed randomly on the surface of the 
sphere. The number of connections is arbitrary, but it should be greater than two. 
The individual CISs are numbered in the figure for the sake of clarity.

Let us examine what happens if an electric signal is introduced onto the 
microsphere through some of the CISs. For simplicity’s sake, let the signal be a 
single sine wave the wavelength of which is in the same order of magnitude as
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Fig. 5.5. The incoming signal spreads on the membrane surface with identical intensity and 
speed in every direction; i.e., a spherical wave front starts from the signal on the surface of 
the sphere.

the diameter of the microsphere, but somewhat smaller. The CIS selected will be 
the one marked by 5. The incoming signal polarizes the membrane around the 
connection, i.e., here the potential is changed with respect to its environment 
(e.g., first in the positive, then in the negative direction). This potential change 
propagates along the membrane because of membrane properties defined earlier. 
In the plans of the membrane there is no preferred direction (the membrane being 
a two-dimensional liquid), thus the signal propagates with identical intensity and 
speed in every direction on the surface of the membrane, i.e., a circular wave 
front starts around the connection (Fig. 5.5). The local energy (potential) of the 
wave front first decreases with the distance to the connection, partly because part 
of the energy is dissipated as a result of the polarization of the newer and newer 
surfaces of the membrane, and partly because the total energy of the wave is 
distributed on an increasing surface area. As the wave front surpasses the half of 
the sphere, its local energy increases again, because the energy of the wave front 
now distributes on a decreasing surface area. Finally, in the point opposite its 
entry, the wave front is condensed into one point where its intensity is maximum 
-  but smaller than that of the incoming because of the dissipation of part of the 
energy.

The energy not dissipated leaves through COS. The parts of the signal arriving 
from different directions cover different distances between the CIS marked by 5 
and the COS; thus they arrive at COS at different times. Therefore the signal 
leaves through COS with a small intensity and a tailing.

The shape and intensity of the outgoing signal depend on the relative position of 
the CIS and the COS. If the CIS is located just at the opposite side of the surface 
of the sphere, the length of the path of the signal to the COS is the same in every 
direction; thus the waves propagating in different directions arrive
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simultaneously to the COS, and the shape of the outgoing signal will be identical 
with that of the incoming signal. Only its intensity is decreased by the energy 
consumed by the polarization of the membrane (Fig. 5.6a).

If the CIS and the COS are near to each other, the signal propagating in different 
directions runs across very different distances on the surface of the microsphere; 
thus the signal leaves through COS with a great tailing (Fig. 5.6b). Because of 
this, the intensity of the outgoing signal is very low. In addition, a major part of 
the waves evades the COS, runs around the surface of the microsphere several 
times, and during this, it interferes with waves coming from other directions and 
at the end ceases to exist.

Fig. 5.6. If the incoming and the outgoing site on the sphere are opposite to each other, a 
similar, through somewhat weakened signal leaves as compared to the incoming (a). In 
every other arrangement, a strongly weakened and deteriorated signal leaves the sphere
(b).

Let us see what happens if electric signals arrive simultaneously at the surface of 
the microsphere through two different CISs. Let the two selected CISs be the 
ones marked by 3 and 5. Both signals initiate a potential wave in the membrane 
but on different points of the surface of the microsphere. The wave fronts meet 
after a certain time (Fig. 5.7) and in points where they are in the same phase they 
amplify each other; in opposite phases they weaken each other. Let us call the 
amplifying parts of the meeting points the wave maxima intersections. In the 
intersections of the wave fronts the potential maximum is higher because of the 
amplification. These potential maxima travel along the surface of the sphere 
corresponding to the intersections of the wave fronts. If the connection of a COS
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is located in the way of the traveling wave maximum, the intensity of the signal 
leaving the microsphere (the potential) suddenly increases when the interference 
maximum coincides with the connection point of the COS. The propagation of 
the wave takes place in the form of a wave front. The traveling of the 
interference maximum is only virtual one and it occurs along a curve on the 
surface of the sphere.

The same occurs, of course, if through any two of the CISs, signals are 
introduced simultaneously; only the direction of the propagation of wave fronts 
differs, thus the courses of virtual traveling of the interference maxima are also 
different on the surface. The arriving of signals through the CIS will be called in 
the following the operation o f the CIS.

What happens if three CISs are operated simultaneously? Obviously, a complex 
interference pattern is created: the interference pattern of waves propagating from 
three different directions on the surface of the sphere. In fact, we are interested 
only in the interference maxima produced, and not in the interference pattern or 
its variation, as these interference maxima may be the signals carried by COS. 
Thus, our task can be simplified by separating the three simultaneously operating 
CISs into two pairs of simultaneously operating CISs. We shall examine the 
traveling curves of the interference maxima and then we shall only investigate, 
where these traveling curves of the interference maxima intersect each other.

Let the simultaneously operating CISs be the ones marked by 1,3, and 5. Let us 
examine first the interference of signals arriving at CISs 1 and 3. The 
interference maximum travels along the curve marked by the dashed line (Fig. 
5.8). Studying the interference pattern of CISs 3 and 5, we find that the 
interference maximum reaches the COS in the course of its traveling and an 
amplified signal leaves through the COS (Fig. 5.9). However, as according to our

Fig. 5.7. At the meeting point of potential waves that start simultaneously from two different 
CISs waves of identical phases interfering with each other produce maxima by 
strengthening each other.



174 Theoretical Foundation o f Fluid Machineries

Fig. 5.8. The maxima migrate on the surface of the sphere because of the propagation of 
the waves. The figure shows the migration of the maximum formed as a result of the 
simultaneous triggering of CISs 1 and 3.

initial conditions CISs 1, 3, and 5 are operated simultaneously, the intersection of 
the traveling courses of the two interference maxima are of importance (Fig. 
5.10). In this point, a maximum higher than any other maxima is produced, 
because of the three signals arriving here from three different CISs amplify each 
other mutually and to the highest extent. The position of this signal depends on 
the situation of the operated CISs and on the wavelengths of the signal. Its 
position is point like, and if the position of the CISs is fixed in the surface -  
provided a given wavelength and propagation speed of the signal -  the position 
of the interference maximum does not change either. If the position of the 
interference maximum is identical with that of the connection of the COS, an 
intense signal leaves the COS. In Fig. 5.10, the position of the interference 
maximum and that of the connection of the COS do not coincide. Thus the COS 
does not operate to a significant extent if electric signals arrive simultaneously at 
CISs 1, 3, and 5.

However, our microsphere is connected not only to these three information 
carriers, but to many more others (for simplicity’s sake, in the figures, there are 
seven shown). If another three CISs are operated simultaneously, the triple 
maxima are produced at another point of the sphere surface. As numerous 
simultaneously operated triplets may be formed from CISs, there are also 
numerous points on the sphere surface where threefold maximum may be 
produced. The COS transfers an intensive signal in every case when the place of 
the threefold maximum and the connection of the COS coincide.

There is, of course, no reason why more than three CISs could not operate 
simultaneously on the surface of the microsphere. In this case, no new maxima 
with respect to the threefold ones are produced, but the intensity of the signals in
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the maxima can increase or decrease further because of the interference of signal 
waves arriving at the other operated CISs.

Thus, if we build our system into a signal-transferring network, it behaves as a 
switch, which operates always when one of the maxima of the interference 
pattern produced by the incoming signals coincides with the connection point of 
the COS. It does not operate or operates only with a low intensity, however, if 
this condition is not fulfilled. Thus in what follows, this system will be called an 
interference switch, or briefly an I-switch.

Fig. 5.9. The interference maximum, in the course of its migration, can reach the place 
where the signal leaves if the arrangement of the CISs and the COS is geometrically 
suitable. In this case, an intense signal leaves the sphere. In the figure, this is the case at 
the simultaneous triggering of CISs 3 and 5.

Fig. 5.10. The common interference maximum of three simultaneously triggered CISs is 
developed in a non migrating point. Its position is identical with the crossing point of the 
interference maximum curves of the CISs triggered pair. The figure shows the 1 , 3, 5 
interference maximum, as the crossing point of the migration curves of maxima 1, 3, and 5.

An important notice: The operation of the interference switch has been shown 
on a switch with a sphere surface because this is the most suggestive and can be 
well visualized. The operation of the interference switch (and the constituents 
of fluid computers to be discussed later) is not restricted to the sphere surface.
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It can be realized with any form of surfaces. However, for simplicity’s sake, the 
operation of these constituents (with some exceptions) is discussed as if they 
were of spherical form.

The F-switch

The F-switch (firing switch) is an I-switch in which a fluid capacitor is built at 
the connection of the COS. This capacitor discharges if a potential higher than a 
threshold potential Vk arrives at the connection point. Let the potential of the 
signal originating from the discharge and transferred by COS be (Vt) at least one 
order of magnitude higher than the threshold triggering the discharge of the 
capacitor, i.e.,

Vt >10Vk [5.3]

In turn, the absolute value of the threshold potential Vk should correspond to the 
potentials of the threefold interference maxima on the surface of the interference 
switch membrane. The representation of the firing switch is shown in Fig. 5.11.

Thus, the firing switch is “mute” (i.e., it does not transmit amplified signal) until 
electric signals arrive at least through three CISs simultaneously into the switch 
and one of the interference maxima produced on the membrane by the incoming 
signals coincides with the connection point of the COS. If this coincidence exists 
(i.e., the COS of the simple I-switch would operate), the capacitor at the

Fig. 5.11. F-switch. A fluid condenser is built at the connection of the COS, which discharges 
only if the connection point of the COS and the microsphere is reached by a potential 
greater than a threshold value of Vk. The condenser is marked by the double line at the 
base of the COS.
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connection of the signal carrier discharges, and a very intense signal leaves 
through the COS. This process is called the firing o f the F-switch. This behavior 
is similar to that of neurons on the so-called axon hill at the connection point of 
their axons.

The C-switch

As was already mentioned in the I-switch (and consequently, also in the F- 
switch) the position of the connections is arbitrary. Let us, however, suppose that 
interference maxima stronger than a certain threshold value induce power effects 
that -  though to a small extent -  alter the position of the connections so that they 
“attract” the connections, i.e., they move them slightly toward themselves. Only 
interference maxima coinciding with the position of connections do not produce 
such effects, as their energy departs through the COS, or, in the case of the F- 
switch, is utilized for the induction of firing. Further, let the extent of power 
effects inducing the alteration of the connections be small but proportional to the 
strength of interference maxima. This means that the position of connections on 
the surface of the microsphere is not, or only slightly, altered by interference 
maxima originating from small signals, and more strongly by interference 
maxima originating from the mutual amplification of several signals or from 
signals of high intensity.

Let us examine the behavior of the switch during operation. For this, let us 
suppose as an example that two CIS triplets are operating, e.g., the 1-3-5 and the 
3-4-7. Let the frequency of operation be much higher, e.g., tenfold, for CIS 1-3-5 
than that for 3-4-7. The periodicity (time distribution) of the operation of the 
CISs is arbitrary. In addition, other CISs should also operate randomly, but with 
a lower frequency.

As the wavelength of the signal is about the same as the diameter of the 
microsphere, at the simultaneous operation of a CIS triplet generally one 
interference maximum is produced, the position of which is given relative to the 
position of CISs. However, according to our earlier consideration, the formation 
of an interference maximum slightly alters the position of the connections. Thus, 
at a subsequent operation the position of the maximum is slightly changed. If the 
given CIS triplet operates frequently, the position of the maximum belonging to it
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also wanders on the surface of the sphere, similarly to the connections of CISs 
and the COS.

Moreover, the formation of an interference maximum alters not only the position 
of the connections of CISs generating it but also the position of all non operating 
ones as well. Thus, e.g., the potential position of the maximum produced at the 
operation of CISs 1-3-5 (further on maximum 1-3-5) is also changed if 3-4-7 or 
any other triplet combination is operating. Therefore in the surface of the self
conditioning switch (further on the C-switch) the position of connections and 
maxima are in constant motion during its functioning. This traveling, though 
totally random and of a chaotic character, is the function of how the CISs are 
operating, with what frequency, intensity, and sequence.

Let us turn our attention first to the traveling of maximum 1-3-5 as an example. 
The operation of the different CIS triplets is random, thus the distribution of the 
power effects causing the elementary traveling of the maximum is of a statistical 
nature concerning their extent and direction. As a consequence, the pathway of 
the maximum is similar to the path of Brownian motion. However, sooner or 
later this path will cross the connection point of the COS. When maximum 1-3-5 
coincides with the connection point of the COS, the simultaneous operation of 
CIS triplet 1-3-5 becomes ineffective for the movement of the connection points, 
as the energy of the interference maximum departs through the COS. As 
according to our assumption signal combination 1-3-5 is most frequently 
operating, in this case the largest effect modifying the C-switch is ineffective. 
The C-switch “learned” that stimulus combination 1-3-5 is the most frequent and 
from this time on, it fires for every 1-3-5 stimulus combination until its maximum 
point does not leave the connection point of the COS.

For simplicity’s sake let us now assume that if a maximum point has once 
reached the connection point of the COS, it is not able to leave it. (In fact, this is 
not really the case, as it will be discussed later.) This assumption involves that 
stimulus combination 1-3-5 does not modify the geometry of the switch any 
more, but the other stimulus combinations do. Therefore the connection points on 
the surface of the C-switch (and thus the other interference maxima) are moving 
further. In this case, the second most frequently operating stimulus combination 
(3-4-7) becomes determinative. Its maximum point moves about until it coincides 
with the connection point of the COS as well. From now on, the C-switch is 
firing at stimulus combination 1-3-5 and also at combination 3-4-7. From now 
on, stimulus combination 3-4-7 also ceases to be a modifying factor to the C- 
switch. The switch „has learned” that besides stimulus combination 1-3-5, 3-4-7 
is also a frequent combination and it becomes responsive for it also.



Outlines o f Self-Organizing Fluid Computers 179

We have chosen as our starting condition for our example that the operation 
frequency of stimulus combination 1-3-5 is about ten times greater than that of 
stimulus combination 3-4-7, but this latter one is more frequent than the others. 
Thus it is obvious that the effects continuously modifying the geometry of 
connections in the microsphere decrease by one order of magnitude when 
maximum 1-3-5 coincides with the connection point of the COS and by a further 
order of magnitude when maximum 3-4-7 also reaches the connection point of 
the COS. Therefore we may say that the C-switch is stabilized to a great extent 
from the point of view of its connection geometry controlling its operation. We 
also may say that the switch „has learned” which are its most frequent stimuli 
and reacts to them by firing.

Let us investigate, however -  at least qualitatively -  how stable this connection 
geometry is. Thus, our starting position now is that the maxima of the two most 
frequently operating stimulus combinations coincide with the connection point of 
the COS. Their operation does not change the geometrical position of the 
connection points. Nevertheless, other stimulus combinations are operating if 
only infrequently, and their interference maxima do not coincide with the 
connection point of the COS. Thus the operation of each such combination 
slightly modifies the geometrical position of the connections. This means that the 
maxima being already in “firing position” moves away a little from the 
connection point of the COS. However, an infrequent stimulus combination is 
probably followed by a frequent one, and as maxima attract the connection 
points, the slightly removed interference maximum pulls back the connection 
point. Thus though the infrequent stimulus combinations continuously modify the 
connection geometry, the C-switch provides for a connection geometry in the 
course of modification in which the maxima of the frequent stimulus 
combinations coincide permanently with the connection points of the COS.

What happens if the frequency of stimulus combinations changes and, e.g., 
instead of combination 1-3-5 combination 2-4-6 becomes most frequent? In this 
case, maximum 2-4-6 wanders about until it coincides with the connection of the 
COS and it remains there until its frequency is not changed significantly.

The behavior of the C-switch is thus independent of which stimulus combination 
is most frequent, and after a certain conditioning time it fires always to the most 
frequent combinations. Thus, the C-switch is not a programmed switch but one 
being capable of self-conditioning; it learns the most frequent stimulus 
combinations and always reacts to them by firing. If the frequency of stimulus 
combinations changes, it adjusts itself correspondingly to the new frequency.
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Thus it changes constantly, and this change is conditioned by changes in its 
surrounding.

A possible way to realize the C-switch

In this book we provide only the conceptual outlines of fluid computers; 
therefore, in general, we do not discuss mechanisms enabling their realization. 
However, the C-switch is their most fundamental element, thus it is appropriate 
to show that it is not an abstraction, lacking reality. Its realization -  or in 
biological systems its eventual existence -  is imaginable, and the understanding 
of its operation is of such importance to what follows that it seems to be 
expedient to study its operation in examples that seem to be real. However, it has 
to be emphasized that these examples are only possibilities for realization in order 
to illustrate that such physicochemical mechanisms exist, the utilization of which 
may enable us to realize these switches.

Let us remember that as the basis for the I-switch (and thus also for the C- 
switch) we have chosen a microsphere surrounded by a two-dimensional liquid 
membrane. We also postulated that the membrane should be quite viscous. This 
means that the connections can float freely on the surface of the microsphere, but 
they do not change their position without a power effect, and thus if the C-switch 
is not suffering such an effect, the relative positions of the connections on the 
surface of the switch are not changed.

The connection may consist of wiring made of a foreign material; in this case the 
end of the wiring floats submerged into the two-dimensional liquid of the 
membrane (Fig. 5 .12a), but it may also be imagined so that the outer layer of the 
membrane itself forms a micro-capillary (Fig. 5.12b). Finally, the connection 
may be realized also in such a way that the wiring and the membrane are not in 
direct contact with each other, but the charges of the wiring fix the position of 
the connection electrostatically (Fig. 5.12c). We see that the connection can be 
moved by a relatively small power effect in all these cases. Figure 5.13 shows the 
three different types of connections in another representation.

Let us now see how the interference maximum of the electric wave can modify 
the position of the connections. First of all, it should be taken into account that 
the membrane-forming molecules carry charges on their external ends because of 
their amphipathic nature. Thus the potential maximum attracts or repulses them 
depending on their charge. If the effect reaches or exceeds that needed for the
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Fig. 5.12. Possible types of connections: a) the connection is immersed into the matrix of 
the membrane, b) the connection is a fiber of the membrane material, c) the connection is 
the contact of a membrane surface, and a membrane fiber with a clublike end. 
tearing out of a membrane-forming molecule, or if the effect is large enough, 
more molecules may leave the membrane, and holes are generated in their place. 
When this effect ceases to exist, the holes are naturally filled up as the membrane 
material flows there owing to its two-dimensional liquid nature.

This filling up of the holes means, however, that the material of the membrane 
moves slightly toward the hole from every direction. Thus if connections are built 
into the membrane, they slightly approach the hole also. If the interference 
maximum is always located at the same place, the hole is also generated at the 
same point, thus the connections wander continuously toward the interference 
maximum. A large interference maximum throws a great number of molecules



182 Theoretical Foundation o f  Fluid Machineries

out of the membrane; thus a great hole is created, and the connections move to a 
greater extent toward it than in the case of smaller interference maximum. An 
interference maximum with energy smaller than that needed for throwing out a 
membrane-forming molecule from the membrane does not cause any change in 
the geometry of connections. This means that there is a threshold for the intensity 
of energy below which the geometry of the C-switch is not altered.

From the previous discussion it could be concluded that the size of the C-switch 
microsphere diminishes all the time during its operation because the membrane 
constantly loses its material. It is, however, not true. When discussing the 
properties of two-dimensional liquid membranes we have already mentioned that 
the tearing off a membrane-forming molecule from the membrane requires 
energy, but its incorporation into the membrane is a spontaneous process because 
it results in energy liberation. Thus, the membrane-forming molecules thrown out 
by the interference maximum are built back into the membrane spontaneously, 
not into the same place where they were liberated from, but more or less 
randomly distributed on the whole surface of the membrane. Because of this, the 
modifying effect of interference maxima on the connection geometry is slightly 
decreased by the building back of membrane-forming molecules, but it does not 
cease completely.

Let us now examine the case when the position of a certain interference 
maximum already coincides with the connection point of the COS. In this case 
the energy of the maximum is either conducted away through the connection, or

Fig. 5 .13. Views of the connections discussed in Fig. 5.12.
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it is used for initiating firing, but it is not capable of throwing out elements from 
the membrane. We have already discussed that the position of the interference 
maximum coinciding with the terminal may be modified by the membrane- 
distorting effect of other interference maxima. Thus, the coinciding maximum 
moves slightly away from the terminal; however, when it is operating, it throws 
out elements from the membrane from the immediate neighborhood of the 
terminal, and as a consequence, it pulls the terminal back on itself. Thus, if this 
maximum operates frequently, it corrects the distorting effect of other maxima 
continuously. Therefore the frequently operating maximum and the terminal 
cannot separate from each other.

It should be mentioned, however, that other mechanisms can also be imagined for 
altering the geometry of connections. If, e.g., the connection seen in Fig. 5.12a is 
electrically charged, it can be directly attracted or repulsed by the interference 
maximum. Similarly, the interference maximum can also have a direct effect on 
the connection shown in Fig. 5.12c, because this connection carries a significant 
charge in itself. Thus it can be moved in the surface of the membrane because of 
the electric field caused by the maximum without any damage to the membrane. 
Finally, it should be noted that the connection geometry can be altered in such a 
way that the shape of the switch itself is changed so that it is not a sphere but has 
an irregular shape corresponding to the stimuli. Such examples seem to exist in 
the living world, too.

As we can see, molecular mechanisms can be outlined that are capable of con
tinuously modifying the connection geometry of C-switches ensuring meanwhile 
the coincidence of the position of the COS and the most frequent interference 
maxima.

Chemotons of limited proliferation

The elements of fluid computers described so far are very similar in their 
construction to the proliferating fluid automata discussed in Chapter IV. The idea 
is obvious that the millions or billions of constituents of fluid computers should 
not be produced one by one, but that these parts themselves should have the 
ability of proliferation and thus several proliferating elements could develop 
themselves into a computer, by proliferation in a given volume. For this purpose 
such elements of limited proliferation are needed that stop proliferating when the 
necessary number of constituents is produced by proliferation (but they do not 
stop operating with the termination of proliferation).
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The proliferating fluid automata described in Chapter IV are obligatorily 
proliferating because of their stoichiometric coupling; i.e., if they operate, they 
always produce new internal materials in a stoichiometric amount that leads 
necessarily to their increase and/or proliferation. If they are operating, they 
proliferate as well; they do not have an operating but non proliferating state. This 
property originates from the autocatalytic nature of their metabolism. For a non 
proliferating operation a non-autocatalytic network or cycle is needed. However, 
this in turn cannot ensure proliferation. In order that a fluid system would be 
capable of both proliferation and operation without proliferation, a system is 
necessary that contains both autocatalytic and non autocatalytic cycles (networks) 
coupled in such a way that they should be able to operate independently of each 
other also in an alternate manner. The simplest solution for this purpose is an 
autocatalytic cycle containing a shunting reaction bridge with an alternative 
coupling (Fig. 5.14).

Let us design a chemoton with such a combined metabolic system. Let us further 
suppose that for the operation of the network a raw material J is needed which is 
not capable of permeating the membrane of the chemoton. The block scheme of 
this chemoton is shown in Fig. 5.15.

The network shown in Figs. 5.14 and 5.15 became stoichiometrically indefinite, 
of course, because of the alternative branching in it.

Fig. 5.14. A self-producing process containing a shunting reaction bridge through an OR- 
coupling, which makes the ceasing of self-production possible by retaining operation.

V‘
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Nevertheless, the limits of the proliferation ability of chemotons can be calculated 
with sufficient accuracy. A network containing such an alternative shunt can be 
divided, namely, into two parallel operating cycles, one of them being 
autocatalytic, the other one not. The metabolic network of the chemoton shown 
in Fig. 5.15 can be divided, e.g., into the two cycles above ([5.9] and [5.13]).

Correspondingly, the cycles characterized by the overall equations [5.9] and 
[5.13] are operating in parallel in the chemoton seen in Fig. 5.15. The ratio of the 
rates for the two cycles (with given rate constants) can be shifted by varying the 
concentration of component J: at high concentrations of J the operation of the 
autocatalytic cycle ensuring proliferation is predominant, whereas at low 
concentrations that of the simple, non autocatalytic process without proliferation 
is predominant. If there is no J at all in the system, it is operating but not 
proliferating because of the lack of production of V and T.

Because we postulated that component J is not able to permeate the membrane of 
the chemoton, and it is not produced in the internal space according to our 
chosen network, the chemoton may proliferate only until the internal reserves of J 
are consumed. Because according to the stoichiometric relations of the network 
one molecule of T and V are formed from one molecule of J, the number of 
possible descendants of the chemoton built of m pieces of membrane-forming 
elements is:

where q0 is the number of molecules of J present in the starting chemoton. 
However, the number of possible descendants given by Eq. [5.14] cannot be 
achieved, as the chemotons in which

are not capable of division, if q, is the actual number of molecules of J.

The minimum possible number of descendants can be obtained if we determine 
the maximum amount of J that may remain in the chemoton without starting a 
division. Assuming divisions to occur with mathematical stringency, this value is 
for one individual chemoton is

d = —u max m
[5.14]

qi <m [5.15]

q i = m - l [5 .16]
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Fig. 5.15. The operation of the chemoton containing the shunted cycle shown in Fig. 5.14 
can be independent of its proliferation. The number of descendants of this chemoton is 
determined by the amount of component J.

(In reality, the division is more flexible.) In the case of minimum number of 
descendants the maximum unused amount of J is:

—l) [51?]

Thus the minimum number of descendants is:

d = q° 
m,n 2m-1

[5 .18]
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It should be emphasized that the chemoton of limited proliferation shown here is 
only a very simplified construction showing only the coupling principle: the cycle 
ensuring operation may be substituted by any complex, non autocatalytic 
network. Moreover, it may also be substituted by a network containing an 
autocatalytic part if the autocatalytic effect is compensated inside the network, as 
is the case in the reaction network shown for oscillatory reaction systems.

The Basic Network

Design o f the basic network

In the knowledge of the properties of computer constituents discussed previously 
we can try to design the simplest coupling networks and study their properties. 
For this purpose, let us carry out the following thought experiment. Let us 
introduce a nutrient substratum into a vessel of an appropriate size and place a 
chemoton (or chemotons, if necessary) of limited proliferation into it. The total 
amount of J present in the chemoton (or chemotons) should be chosen so that 
their total volume would not exceed the half of the volume of the vessel after they 
had finished proliferating; i.e., there would be some extra-chemoton space left 
between the chemotons, but their possible movement should be somewhat 
limited. Let the total number of chemotons be e.g., ~108. The membrane of 
chemotons should have membrane properties required for the I-switch, i.e., the 
electric signal should pass along it in a wave like manner.

After the cessation of proliferation, let an electric connection be created between 
the cells by means of wiring. First, chemotons on the two opposite walls of the 
vessel should be wired: they should be provided with CISs and COSs so that in 
chemotons on the side CISs should come in through the vessel from outside, and 
COSs should further these signals toward the other cells; whereas in chemotons 
on the other wall COSs should lead out of the vessel and CISs should come from 
inside, from other chemotons. The total of chemotons the CISs of which are 
coming from outside the vessel will be called the zero-th layer, with their CISs 
being the inputs of the system (in what follows referred to as inputs), whereas the 
total of chemotons the COSs of which lead out of the vessel will be called the last 
layer (a)-layer), with their COSs being the outputs of the system (referred to as 
outputs).
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Thus all the chemotons with input are in one side of the vessel, and those 
provided with output are on the opposite wall. Let us give serial numbers for 
inputs (1, 2,...,n), and similarly for outputs (1,

Then let the COSs of the zero-th layer connect to free chemotons, the total of 
which will be called the first layer. Thus the COSs of the zero-th layer are the 
CISs of the chemotons in the first layer. Then let us provide the chemotons of the 
first layer with COSs too, and connect them to further free chemotons, the total 
of which forms the second layer. By repeating this procedure we obtain the third, 
fourth, etc., layers. Finally all the free chemotons will be used up. The last bound 
chemotons form the penultimate layer the COSs of which are connected to the 
chemotons in the last layer, the COSs of which are the outputs of the system.

Let us now see what happens if electric signals are given to the system through 
the inputs. As we have not postulated that the CISs and COSs are located at 
exactly the opposite sides of chemotons, the signals cease to exist practically in 
zero-th layer. Let us therefore postulate that in every chemoton the connection 
points of COSs are provided with firing condensers that we have characterized in 
the discussion of F- and C-switches, and that the condensers of chemotons in the 
zero-th layer always operate if a signal arrives at them through the CIS (e.g., 
because the CISs and COSs are located at opposite points of the chemoton 
sphere). Thus, the chemotons of the zero-th layer are always operating if a signal 
arrives through their input.

If signals are given through the inputs into the system thus modified, we obtain 
essentially the same as in the former case with the difference being that the 
signals cease to exist now in the first layer and not in the zero-th. Namely, for the 
operation of the individual chemotons of the first layer at least three inputs 
should be active simultaneously, as we explained by discussing the C-switch. 
Because the chemotons of the first layer are coupled only with one chemoton in 
the zero-th layer, they have only one input; therefore this condition cannot be 
satisfied.

Each chemoton in the first layer needs at least three inputs for its operation. 
Therefore the COSs of the zero-th layer should be branched, and so one 
chemoton in the zero-th layer should be coupled to at least three or even more 
chemotons in the first layer (Fig. 5.16). Let the connections be totally random. 
This also means that the number of inputs arriving to the chemotons of the first 
layer can be different from chemoton to chemoton. Thus, a chemoton in the first 
layer can operate if signals arrive to it through at least three inputs of chemotons 
in the zero-th layer simultaneously. In denoting the k-th chemoton in the i-th
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Fig. 5.16. For the triggering of a chemoton in the first layer, at least three chemotons in the 
zero-th layer that are connected with it have to be triggered.

layer by i/k, chemoton l/2 in Fig. 5.16 cannot operate at all because it has only 
two inputs, but chemoton 1/4 can operate if signals arrive through inputs 0/1, 0/3, 
and 0/4, or 0/1, 0/4, and 0/j, or 0/3, 0/4, and 0/j simultaneously. (For simplicity’s 
sake, signal combinations will be symbolized in the following by 0/1,3,4; 0/1,4,j; 
0/3,4 j ;  etc.)

It should be emphasized that it may operate, but it is not certain that it will 
operate. The simultaneous input at the three CISs is namely a necessary but not a 
sufficient condition of operation. It is also necessary that the given connecting 
element (in this case the chemoton) should be conditioned to the incoming signal 
triplet, as was explained also for the C-switch. Thus the 1/4 chemoton in Fig.5.16 
operates only for the signal triplet from the possible combinations of 0/1,3,4; 
0/l,4,j; and 0/3,4 J for which it is conditioned. Therefore, it depends on the 
variations of the wiring between the two layers for what combination of signals 
arriving at what inputs will a certain chemoton in the first layer operate but also 
on which stimulus combinations are more frequent or more scarce.

As a consequence of conditioning and the random distribution of wiring, when 
the system is stimulated, the number of operating chemotons is smaller in the 
first layer than in the zero-th if the COSs are only triple branched.

The wiring between the first and second layers is the same as between the zero-th 
and first layers; correspondingly, the problems are also identical. The 
precondition for the operation of the chemotons in the second layer is likewise 
the simultaneous functioning of their three CISs. As the distribution of 
connections is here also random and the conditions of conditioning are also valid,
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only fewer chemotons are capable of operation in the second layer than in the 
first one if the COSs are only triple branched.

In constructing connections in a similar way between the further layers it is 
obvious that the number of chemotons capable of operating is, layer by layer, 
smaller. This is why the average number of branchings should exceed three. The 
role and features of the number of branchings are discussed later.

It has been mentioned already that only basic principles are discussed concerning 
fluid computers. The possible mechanism of realization is not treated for wiring 
either. In order to prove, however, that there is no conceptual hindrance in their 
realization, the nervous system can be named as an example, where neurons are 
the units of limited proliferation creating a spontaneous wiring between each 
other. The axon network is the analogous system to the wiring of the fluid 
computers. It may also be mentioned that in first approximation, the growing of 
wire like extensions from membranes affected by electric impulses of suitable 
frequency and intensity might also be possible through simple physical or 
chemical mechanisms.

Operation of the basic network

If the wiring is complete, we have the basic network of a fluid computer having 
several hundreds of thousands of inputs and about as many outputs. In this phase, 
we put electric signals through the inputs in vain, as the outputs do not operate 
because the switches are not conditioned. In order to condition them, signal sets 
of identical combinations should be transmitted to them repeatedly and regularly. 
(By signal sets we mean signals arriving at different inputs simultaneously.)

However, we already come up against a difficulty at the beginning of 
conditioning: the precondition for the operation of a conditioning switch is the 
simultaneous arrival of signals to at least three CISs. At the same time, 
chemotons in the first layer obtaining signals from chemotons in the zero-th 
layers are located at different distances. Thus the signals arrive at different times; 
consequently they cannot interfere, and thus the switch cannot be conditioned. To 
solve this problem, we should suppose that electric signals proceed faster by 
orders of magnitude in the wiring than in the membrane of the switch; thus the 
phase delay is negligible compared to the time period of the signal.(It is 
interesting to note that in the nervous system the situation is the same: the wiring 
-  axon -  is surrounded by a so-called myelin sheath and the signal proceeds on
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this sheath by orders of magnitude faster, so that it “jumps over” the distances 
between the wires, covered by the myelin sheath).

After this assumption, there is no more hindrance o f conditioning: if we transmit 
a signal combination often enough to the chemotons of the zero-th layer, i.e., 
three or more inputs are operated simultaneously, this conditions first the 
switches in the first layer, and if these are conditioned, the conditioning of the 
switches with the appropriate wiring in the second layer begins, then that of the 
third, fourth, etc., layers. After a suitably long conditioning period, the 
chemotons in the last layer become also conditioned, i.e., the first outputs begin
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Fig. 5.17. In the random wiring between the layers, the pathways are conditioned by the 
repeating stimulation combinations. Finally, each stimulation combination has its own 
pathway, and a pattern corresponding to this appears on the output of the network.
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to operate, and thus the first orbits are formed (Fig. 5.17).

If thereafter another signal combination (stimulus combination) is transmitted to 
the system, with a high enough frequency, the second, third, etc., orbits are also 
formed. The newly formed orbits can destroy the earlier ones, but this is not 
necessarily so -  the occurrence of this depends on the stimulus combination. The 
safety of the orbits can be protected by the frequent operation of the stimulus 
combination belonging to them.

It cannot be known which output will operate on stimulating a given input, as the 
stimulation of the same input may activate different outputs depending on the 
simultaneous stimulation of other inputs. The network of wiring determines 
which set of outputs may be activated by a given stimulus combination, but 
which one of them would really operate is determined by conditioning. The fewer 
the number of branchings of COSs between the layers the more the network is 
the determining factor; the more the number of branchings the more conditioning 
is determinative.

Energy supply of the basic network

Current can pass through the elementary components of today’s technical 
computers without suffering a significant loss. The operation of fluid computers 
is based, however, on interference, thus the energy transmitted is in the majority 
of cases only a part of the energy provided. An amplification of the signals 
coming from the switches is needed, and this necessitates the presence of a 
“firing condenser” at the starting point of the COS. This ensures that signals of 
identical intensity and shape would start from any switch during their operation.

The constituents of the technical computers do not have independent activity; 
they operate at the expense of energy provided from outside the network. On the 
other hand, the signals coming out of the constituents of fluid computers 
originate from the discharge of condensers in the network, and these condensers 
have to be recharged by the switches themselves after discharge. If this were not 
necessary, the basic network of fluid computers could be constructed from 
chemotons of unlimited proliferation, as their proliferation could be stopped 
simply by the withdrawal of the nutrient. However, in this case the chemotons 
would be only passive constituents without any internal activity. In a network 
built of such simple interference switches the signal would soon be lost, and the 
network would become unable to operate.
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In the chemotons of the network built of chemotons of limited proliferation 
described earlier, however, chemical activity is preserved also after stopping the 
proliferation because of the properties of the OR-connected, not self-reproducing 
network. This chemical activity should be used for the generation of electric 
energy, i.e., the OR-coupled abstract cycle shown in Fig. 5. 15 should be 
substituted by a real, not self-reproducing network capable of generating charge 
partition and charging thereby electrically the condenser of the COS of the 
chemoton. The possibility for this has been already discussed in Chapter V, 
Connection to the Electric Field.

In order to recharge the condensers of the individual constituents again and again 
a continuous nutrient provision and the removal of the reaction products are 
necessary. This is possible as the suitable nutrient can be introduced continuously 
into the extra-chemoton space. Essentially the same procedure is realized in the 
brain by the cerebrospinal fluid and the blood system connected to it.

Thus whereas the computers used now in technology are working with an 
external current supply, fluid computers generate current in their individual 
switches exactly at the time it is needed and they function with an external 
chemical energy supply (i.e., with the continuous feed of nutrients).

Study o f the basic network /

Shape recognition by light sensitivity

In order to study the operation of the basic network, its inputs should be 
connected to some type of sensors. These sensors, independently of their 
properties, transmit uniform signals to the inputs if they obtain signals for which 
they are sensitive. For the sake of simplicity, let our first sensor be a light- 
sensitive system and the operation properties of the basic network be studied in 
the example of shape recognition. For this purpose, an artificial eye should be 
prepared, and the outputs of this eye should be connected as inputs to our basic 
network.

The artificial eye should have so many receptors (light sensors), as many input 
gates the basic network has, i.e., as many chemotons are in the zero-th layer. As 
we said, in our network there are about 108 chemotons, let us assume that about 
105 of them are in the zero-th layer, i.e. the basic network has 105 inputs. Thus in 
the artificial eye 105 receptors should be arranged in close packing, expediently
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on a concave surface, and the outputs of each receptor should be connected to an 
input of the basic network. It is arbitrary that the output of which receptor is 
connected to which input. Let us place a lens in front of the receptor surface so 
that it should display the external world exactly on the receptor surface.

Light should effect the emission of uniform signals at the outputs of individual 
receptors -  signals capable of operating the chemotons in the zero-th layer of the 
basic network. Let us call the signal emission of the receptors the operation of 
receptors. Further, let the signals emitted be uniform and independent of the light 
intensity arriving at the receptor. The number of signals per second, i.e., the 
frequency of operation will be a function of the intensity of light.

The scheme of the artificial eye is shown in Fig. 5.18. The distance between the 
receptors and the basic network is arbitrary, of course, and the connection 
between receptors and chemotons in the zero-th layer may also be brought about 
by wiring. For clarity’s sake, only one single COS is shown from the wiring 
between the zero-th and the first layers.

Let us fix the artificial eye (henceforth simply “eye”) at a certain position and 
place a blackboard in front of it so that the image of the blackboard made by the 
lens should fall onto the receptor surface. The board should be freely movable in 
its own plane and the actual position of the board may be characterized 
unambiguously by planar coordinates.

As a first step, a light point of finite dimensions should appear on the blackboard, 
and the latter should be arranged in a position such that the image of the light 
point should fall onto the middle of the receptor surface. In this case, several tens 
of receptors located at the middle of the receptor surface begin to operate, i.e., 
they transmit signals to several tens of chemotons in the zero-th layer of the basic 
network. These chemotons begin to operate as well, but for the time being, the 
signals get lost as the chemotons of the C-switch in the first layer are not yet 
conditioned. However, with regular stimulation, the COSs of the C-switches in 
the first layer that regularly gets signals from the chemotons of the zero-th layer 
move slowly to the maximum points and begin to fire.
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lens

Fig. 5.18. The structure of a light-sensitive sensor and its coupling to the associative 
network.

After a sufficiently long stimulation, the several tens of chemotons of the C- 
switch in the first layer also fire regularly and start conditioning the connected 
chemotons in the second layer. After the second, the third, fourth, etc., layers are 
conditioned, until finally the elements of the ©-layer also become conditioned 
and simultaneously the outputs of the system also begin to operate. Conditioning 
is finished when no further new outputs can be made to operate.

Assuming that the position of the receptors and that of the outputs are fixed, we 
can determine what correlation exists between the operating receptors and the 
operating chemotons of the network. If -  as we have assumed -  the position of 
the eye and the board do not change when imaging a point, the receptors 
operating are arranged in the immediate vicinity of each other on the receptor 
surface. Wiring is, however, fully random, as we have supposed earlier, thus the 
position of operating switches in the layers below is irregular, though determined 
by conditioning. The operating chemotons in the last layer thus form an irregular 
but defined pattern, which is identical in every case when the middle of the 
receptor surface is exposed to a point like light source.

Thus, during conditioning, a series of trajectories are developed in the network 
that are capable of transmitting signals from the individual receptors to the
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outputs of the network without attenuation if the receptor set operating has the 
same combination (pattem) as the conditioning pattem.

The number of stimuli needed for the conditioning of switches to a given 
stimulus pattern depends on the difference in the geometry of the switch in its 
conditioned and unconditioned states. Thus, the development of individual 
trajectories needs different amounts of stimuli. However, because the signal 
frequency transmitted from the receptor depends on the intensity of the stimulus 
arriving at the receptor; it is obvious that the trajectories are developed faster 
with stronger stimuli and slower with weaker ones. Thus in the case of condi
tioning shown in our example, the higher the intensity of the light point used for 
conditioning, the sooner the trajectory corresponding to the point is formed.

Let us now place an observer of geometrical skills behind our system who 
observes the pattern of the operating outputs. This observer is provided with the 
knowledge of the actual coordinates of the position of the board and is capable of 
moving the board in both direction in the plane but does not know the patterns on 
the board. Thus he can note the pattern developed by the point in the middle 
without knowing, however, the object that developed it.

If this observer begins to move the board, he finds that no output operates for any 
coordinates of the board except for the position where the known pattern appears. 
As a next step, a horizontal line should appear on the board that crosses the point 
of previous conditioning. Our observer sees now the known output operation 
pattern, but contrary to the former case this pattern appears in every case when 
the vertical coordinate remains unchanged, independently of the variation of the 
horizontal coordinate. Based on his geometrical knowledge, our observer may 
now establish that a horizontal line should be seen on the board.

A similar situation can be observed if the line crossing the conditioning point is 
vertical. In this case, however, the given pattern of the outputs operates when the 
horizontal coordinates are identical with that of the conditioning point. When 
knowing the coordinates of the board, the observer can identify every open or 
closed curve on the board by observing simultaneously the movement of the 
board and the pattem of the given outputs. The identification can also be made, 
of course, if the board stands still but the position or direction of the artificial eye 
is varied by the observer in a known manner.

Let us now condition the board also to the horizontal line crossing the point. A 
series of new trajectories are formed, and they may deteriorate the trajectories of 
the point. In order to avoid this, the point should also be shown frequently to the
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eye. After an appropriate conditioning time, the output pattern corresponding to 
the line is developed, which also contains the pattern (eventually slightly 
modified) of the point. Following that, conditioning may take place for the 
vertical line as well, in a similar way.

If the observer starts again to study the patterns on the board he finds that for the 
recognition of horizontal and vertical lines there is no longer a need to know the 
coordinates of the board, and for the recognition of slanted lines one single piece 
of data, the angle of rotation, is enough. In addition, lines crossing each other in a 
right angle and with the knowledge of rotation angles, planar surfaces with 
straight borderlines can also be recognized without knowing the co-ordinates of 
the position of the board.

By exchanging the board for an illuminated planar surface, it can be observed 
that the output patterns corresponding to the point and the horizontal and vertical 
lines appear now in every position. This shows that the patterns of operating 
outputs are not only characteristic for the patterns to which they are conditioned, 
but it also reflects the correlation between the patterns, i.e., in our case the fact 
that in geometry, lines are developed by the one-dimensional transformation of 
points, and planes by parallel transformation of lines.

All this may also be done in three dimensions if the focal length of our lens in the 
artificial eye is variable and the variation in the distance of the object can be 
followed.

Study o f the basic network 11

Shape recognition by touching

Shape recognition is possible also by touching. In this case, however, the 
receptors of the sensor should fire not for light effects but for being touched, and 
in such a way that the frequency of operation should be proportional to the 
pressure observed by the sensor. On the sensory surface of the perceptive organ 
(which is expediently either concave or convex) receptors should be arranged in a 
close packing and -  similar to the artificial eye -  they should be connected to 
chemotons in the zero-th layer of a network similar to the former one. 
Obviously, there is no lens in the sensor, as the sensory surface is in direct 
contact with the object.
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Let us touch a point like object to the middle of the sensory surface. Exactly the 
same phenomenon occurs as in the case of exposing the artificial eye to a point 
like light source: from several tens of receptors in the middle of the sensory 
surface, signals are transmitted to the network. As the signals are identical with 
those in light perception, conditioning occurs the same way as described 
previously. The pattem of the operating outputs, however, will be different, 
because the wiring of the network is random. Nevertheless, for the correlations 
between the patterns of the different elementary configurations everything holds 
as established for the network connected to an artificial eye, because the validity 
of those statements does not depend on what type of effects are operating the 
receptors. The output pattem depends only on the pattem of simultaneously 
operating receptors: thus the statement that the pattern of the operating outputs is 
not only characteristic for the configurations to which they are conditioned, but 
reflects also the correlation’s between these configurations is valid in this case, 
too.

Coupling of the basic network to other sensors

Let us prepare a special variant of the pressure sensor discussed in the previous 
section. In this sensor the receptors should be located inside a sphere filled with a 
suitable liquid. In addition, let there be inside the sphere a freely moving ball 
having a significantly greater density than that of the liquid. Because of gravity, 
the ball is always at the bottom of the sphere. Therefore, if we change the 
position of the sensor, different receptors will be stimulated by the ball. On 
connecting the receptors of the position sensor to the elements of the zero-th layer 
of a network, different sensory trajectories can be developed in the basic network 
corresponding to the different positions of the sensor. After conditioning, an 
outside observer can determine the spatial position of the sensor from the pattem 
of operating outputs if he knows the pattern of conditioning.
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Fig. 5.19. Structure of a sensor sensitive to motion and position.

Moreover, this sensor can perceive not only its own position but also the changes 
in its movements, i.e. its positive or negative accelerations. Because the signal 
frequency of the sensor (in the present case the pressure exerted by the ball) is a 
function of the intensity of the stimulus, the stimulus frequency of the operating 
receptors also measures the gravity and/or the forces originating from 
acceleration. However, there is no possibility for the utilization of this effect of 
the basic network as yet.

The comparison of positions to a magnetic field can also be carried out by a 
similar sensory system. In this case, instead of the ball, a solid body should be 
placed into the liquid that is ferromagnetic, magnetized and the density of which 
is exactly the same as that of the liquid. In this case, in the absence of a magnetic 
field the body floats freely in the liquid, but in a magnetic field, however, it is 
pressed to the receptors corresponding to the direction of the field, and the extent 
of pressure is proportional to the intensity of the magnetic field (Fig. 5.20). With 
an electrically charged body floating in an insulating liquid, the position relative 
to the electric field can be analogously perceived.

If a multitude of receptors operating with sound vibration are located on a 
perceiving (sensory) surface, we have an artificial ear. On connecting this to a 
basic network, not only the pattern corresponding to the individual pitches 
appears on the output of the basic network, but also the special output patterns of
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Fig. 5.20. Structure of a sensor sensitive to magnetic fields.

the combinations of the simultaneously operating tones of different pitches after 
sufficient conditioning.

A sensory surface built of receptors sensitive to chemical effects can serve as a 
tasting or olfactory organ when connected to a basic network. Likewise, from 
receptors operating at different temperatures a temperature-perceiving organ can 
be constructed in an analogous manner.

General remarks

The systems described previously have some common characteristic features 
which are worth examining.

1. Whatever sensors we use, signals of the same type and shape arrive at their 
basic networks from their receptors.

2. The basic networks are randomly wired and have no functioning 
trajectories without conditioning.
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3. Conditioning always occurs by the serial operation of receptor assemblies 
rather than by operating only individual receptors. Therefore, the 
trajectories developed represent the pattern of simultaneously operating 
receptors.

4. The trajectories corresponding to conditioning provide a pattern of the 
operating outputs of the basic network that is not predetermined but 
arranged unambiguously by conditioning and by the random wiring. This 
pattern unequivocally reflects the pattern of stimulated receptors effecting 
conditioning.

5. The operating patterns of outputs reflect not only the conditioning patterns 
but also the correlation between the effects perceived by the receptors.

6. The trajectories developed can be regarded as long-term memory elements 
of the basic network because they develop as a result of systematic 
conditioning and they can be preserved, theoretically, infinitely by repeated 
use.

7. The trajectories, as long-term memory elements, can be developed either 
by long-term, weak stimulation or by short-term, strong stimulation.

8. The world surrounding our systems may be studied by whichever sensors 
we choose. The result is always the system reflecting the real world 
through the special pattern of the operating outputs.

Finally, it should be noted that the receptors belonging to these different sensor 
types are realizable. Every type of receptor described previously occurs in the 
living world, though the functioning mechanisms of receptors of electric and 
magnetic field strength is not known as yet.

Cogitator Networks

G-elements

Let us introduce a new constituent of the fluid computers -  the generator 
elements (G-element). These elements are basically also chemotons of limited 
proliferation in which, however, in the nonproliferation state, instead of the 
simple cycle, an oscillating reaction system operates. Their scheme is shown in 
Fig. 5.21. The metabolic network of G-elements necessarily contains two 
autocatalytic cycles (A, B) and three OR-branchings (A2, A3, B3). In the 
proliferating state, the usual internal intermediates of chemotons (V ', T', 2A|) are
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produced by autocatalytic cycle A through the sequence A] -> A2 -* A3 -» A4 
->A5-> 2A i. However, this sequence can only operate until component J, 
providing the internal pool, is depleted.

After the consumption of J, the system remains operative: in this case two 
autocatalytic cycles are working in the reaction network and which cycles are 
connected with two OR-branchings the sequences of which are: A! -» A2 -» A3 
-> A5 -» 2Ai and Bj -» B2 -> B3 -> 2B], Because of the OR-branchings at A2 
and B3, the system oscillates according to the principles given in Chapter III, 
Oscillating Reaction Systems. Let us select our concrete oscillatory system so the 
variation in the concentration should, at the same time, mean a change in the 
redox potential. (The known oscillatory chemical systems are in general redox 
systems; oscillation is usually recorded by the change in the redox potential.) 
Thus in the presence of component J the selected G-elements proliferate, whereas 
in the absence of J they produce an oscillating current.

Networks consisting of C- and G-elements

Let us prepare a network from C- and G-elements in a thought experiment in the 
following way: let us place into our vessel containing the nutrient medium one or 
several C- and G-elements with a J content determined so that after the cessation 
of proliferation, the sum of elements C and G (C + G) should occupy 60 - 70% of 
the whole volume. The two elements should be present in about the same 
amounts. Let the wiring be formed between the C-elements, and then let the 
inputs of the system be connected to the receptors of a sensor. A part of such a 
system is shown schematically in Fig. 5. 22. G-elements are represented here by 
small triangles. Let every G-element be electrically connected to a COS of a C- 
element. This is shown in the figure by placing the triangles representing the G- 
elements on the top of the COSs.

Let us now examine the functioning of the system. If the receptors are not 
stimulated in the C-network (i.e., in the basic network), the only thing happening 
is the charging of the condensers of the C-elements. The G-elements produce an 
oscillating current corresponding to their basic properties. The period (or rather 
the half period) of the oscillating current should have the same shape and length 
as the signal coming from the C-switch at firing, but its amplitude should be one 
order of magnitude smaller than that of the signal. Further, smaller or larger 
groups of G-elements should be capable of synchronizing their operation, i.e. 
these elements should be in the same phase of the oscillation wave at a given
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Fig. 5.21. Scheme of the G-element. The proliferation of the system stops after the depletion 
of component J; then the system, however, is capable of an oscillatory operation.

time. This synchronization should be promoted by the electric signal running 
through the network. In the absence of such signals, at the initial time the 
operation of the G-elements is asynchronous; thus in this state, no special events 
occur.

Let us now examine what happens if the conditioning of the network with a 
given stimulus combination begins. We explained earlier that the trajectories 
develop layer by layer as a result of a series of stimuli, until at last the whole 
trajectory system belonging to the given stimulus combination is developed, and 
the firing pattem corresponding to this stimulus combination appears at the 
outputs. In the meantime, however, the oscillations of the G-elements of the
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I» I> I» I> I> I> I> I>
Fig. 5.22. A network consisting of C- and G-elements. Triangles on the wiring represent the 
G-elements.

trajectories are synchronized corresponding to the running signals. Thus, on 
abruptly stopping the stimulation, current continues to pass through the tra
jectories developed as a consequence of electric signals generated by the G- 
elements as long as the G-elements belonging to this trajectory are synchronized. 
The intensity of these signals does not reach the threshold value necessary for the 
discharge of the condensers of the C-elements; thus the outputs do not operate 
but the signals pass along the trajectory developed and successive G-elements re
supply the energy of the signals lost on the C-elements. Therefore, although the 
intensity of the signals is not enough to discharge the condensers of the C- 
elements, the current generated by the G-elements still passes along the trajectory 
developed by conditioning. At the outputs, a continuous pattem appears 
consisting of weak signals and corresponding to the stimulus even after the 
ceasing of the stimulation as long as the necessary synchronization of the G- 
elements exists.

An observer with suitable knowledge can thus establish from the distribution 
pattem of electric signals at the outputs what stimulation has been given to the 
sensors of the system immediately before. This means that whereas the 
trajectories developed by conditioning may serve as a mechanism suitable for 
long-term storage, the temporary synchronization of G-elements may provide a 
mechanism for short-term storage, i.e., it ensures a short-term memory. The 
realization of this synchronization is not impossible, as in living organisms there
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are numerous examples for the electric and mechanical synchronization in the 
functioning of cells.

Basic cogitator network

In its design, the basic cogitator network is identical with the C + G network, but 
its G-elements, in addition to their former properties, are not only capable of 
synchronization effected by an electric signal, the amplitude of their oscillation 
increases temporarily as well. Let the increase of the amplitude be the function of 
the frequency of the electric signals, i.e., that of the intensity of stimuli obtained 
by the system. The upper limit of this increase should exceed the “firing” 
threshold value of the C-elements. In the absence of repeated stimulation let the 
oscillation return to its initial state.

Let us now examine the operation of this basic cogitator network. When the 
development of the first trajectories begins by conditioning, an activation of G- 
elements occurs in the sections of trajectories already developed. These G- 
elements may provide synchronous signals, which are above the threshold value, 
to the COSs of the C-elements of this section, thus helping the stimuli to develop 
the trajectory, which because of this effect can be formed in a relatively short 
time even by weaker stimuli.

If the development of a given trajectory is finished, the signal running through it 
activates the G-elements along the trajectory. The G-elements amplify the effect 
of the stimulus and, on the other hand, after the cessation of the stimulation, they 
maintain the firing of the trajectory until the intensity of their oscillation 
decreases below the threshold value. Thus, following the stimulus the observer 
sees not only electrical activity at the corresponding output pattern because of the 
trajectory developed, but for a short time also a firing pattern, as if the given 
stimulus combination were present. The “life time” of the specific patterns 
corresponding to the very short stimuli is thereby prolonged, making the 
processing of information contained in the pattern possible for the observer.

As the oscillation intensity of the activated G-elements decreases below the firing 
threshold after the cessation of the stimulation, the firing pattem at the outputs of 
the system also ceases to exist. However, the pattem itself remains there for a 
long time as a “latent image”, because, as was discussed in Operation o f the 
Basic Network, the subliminal signals of synchronous G-elements connected to 
the trajectory are running through the trajectory and appear at the outputs of the
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trajectory. Thus the observer, if he is provided with an instrument for studying 
the subliminal pattem, observes the given pattem as long as the synchronization 
persists between the G-elements along the trajectory.

The operation of synchronous G-elements slowly becomes asynchronous by 
itself, and as a consequence, the latent image of the output pattern disappears 
slowly as well. However, the appearance of a different stimulus accelerates 
desynchronization, or it may even interrupt abruptly the synchronous operation of 
the G-elements along the trajectory. The different stimulus, namely, runs along 
other trajectories, but as a C-element may be the element of many trajectories or 
trajectory combinations, if the two trajectory systems have common elements, 
these become synchronized to the new stimulus. This thereby terminates the 
synchronization of the operation of G-elements belonging to the trajectory system 
of the previous stimulus.

Thus in the basic cogitator network on one hand the effect of stimuli is 
lengthened as compared to the time of the stimulus, and on the other hand, a 
gradually fading “after image” of the stimulus is formed in the system. Both the 
lengthening of the effect of the stimulus and the after image can be erased by 
new stimuli of different combinations.

Secondary wiring

When discussing the I-switch, we assumed that the connection points of CISs let 
signals through only in one direction, namely from the network to the switch. 
Nevertheless, this does not mean that the trajectories themselves should not lead 
to both directions. Thus in the basic cogitator network, the signal produced by the 
G-elements may run through the network both forward and backward. 
Consequently, in the C-switches of a trajectory system where the G-elements are 
synchronized, a secondary interference pattem develops originating from the 
interference of signals emitted by the G-elements of the trajectory system. This 
interference pattem is not identical with that developed in the individual C- 
elements by the conditioning stimulus combination, though it also contains that 
pattern, because the geometrical position, the propagation rates, and wavelengths 
of the CISs of the elements are identical. However, the G-wave arriving 
backward from the COS of the given element is superimposed on the 
“conditioning” interference pattern. A constant wave maximum -  not coinciding 
with the COS -  may thus be developed on the surface of the C-element.
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Nevertheless, we postulated that the signal intensity (wave amplitude) of G- 
elements is one order of magnitude smaller than the threshold signal intensity of 
firing (and at the same time the amplitude needed for the pushing out of 
membrane elements from the membrane). Thus, the maxima of the secondary 
interference pattern originating from the synchronous operation of G-elements do 
not modify the conditioning state of C-switches, at least in ä first approximation.

Let us suppose, however, that the constant location of the maxima of the 
secondary interference pattern make the C-elements develop output gates at the 
places of the maxima. For this, as has already been mentioned, a simple physical 
mechanism is imaginable. If, namely, the interference maximum is smaller than 
the value necessary for pushing out the membrane-building elements, it is not 
capable of destroying the membrane, but it makes the two-dimensional liquid 
somewhat convex at that place. This hump is obviously smoothed again, and the 
rate of this smoothing is determined by the viscosity of the membrane liquid. If 
the frequency of the oscillation of the G-elements is shorter than the time needed 
for such smoothing, the membrane hill further increases because of the distortion 
force of the repeatedly appearing maxima. As the maxima of the periodically 
arriving signals enter this hill again and again, it transforms gradually into an 
appendix. After reaching a certain length, this appendix stabilizes itself and does 
not recede, even if the of interference maxima generating it ceases to exist. At the 
same time, if the appendix is transformed into a filament of appropriate length, 
and the interference maximum running into it exists as an independent signal, a 
not dissolving soliton unit runs further until its energy is dissipated or until it 
dissolves on a spreading surface.

Thus from the C-elements a secondary wiring starts as a result of the secondary 
interference pattem generated by the G-elements synchronized along the 
trajectories. The “wires” increase until they are connected, e. g., to another C- or 
G-element or to another wire. In this case, namely, the energy of the signal can 
leave the given wire through the connection, and the “wire-increasing” effect 
ceases to exist. There are naturally no firing condensers at the starting points of 
this secondary wiring, therefore they are unable to generate unit signals, and 
unable to fire, they only passively conduct the signals reaching them. Therefore 
the signals are extinguished much faster on these wires than on the primary 
wiring.

The network of axons was mentioned as an analog of primary wiring because the 
starting points of axons are capable of “firing”, and, along the axons, signals can 
be transmitted by orders of magnitude faster. The secondary wiring may be 
compared with the dendrite network of the nervous system.
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Associative network

The reader should remember that the elements of a trajectory system conditioned 
to a stimulus are located not side by side, but are dispersed statistically; i.e., the 
C- and G-elements and the wires activated to certain stimuli are more or less 
randomly distributed. This way, in the neighborhood of an active C-element, 
activated C- and G-elements and wires, as well as those in the ground state, are 
equally present.

Let us assume that the surrounding elements influence the development of the 
secondary wire of a C-element in such a way that the wire grows better in the 
direction of the element (or other wire) being in the active state. As a result, the 
growing wire is sooner or later connected to another active element or wire. The 
active element (or wire) to which this growing wire is connected may be an 
element (or wire) of the trajectory belonging to the same stimulus, or it may be an 
element (or wire) of a trajectory system belonging to another, simultaneous 
stimulus. Thus the secondary wiring forms secondary connections between 
different trajectory systems that often operate together. We call these connections 
secondary connections because the different trajectories often have common 
elements, and this may cause overlapping also in the primary wiring between the 
trajectories.

Let us now make a thought experiment for studying the operation of such a 
network. Let the network be conditioned to stimuli A, B, C, D, E, and F; i.e., it 
should have separate trajectory systems for all of these stimuli. Let the system be 
stimulated relatively often by stimulus combinations ACD and also often by 
stimuli D and E together. In this case, e.g., the secondary wiring belonging to the 
trajectory system of stimulus A is also connected to trajectory systems C and D, 
and the secondary wiring belonging to the trajectory system of stimulus E is 
coupled also to D. The secondary wiring belonging to D is connected to 
trajectory systems A, C, and E as well.

Let the system be stimulated by A and let us see what happens. The stimulus runs 
through the already developed trajectory system A and the firing pattem 
belonging to stimulus A appears at the outputs. At the same time, the G-elements 
of trajectory system A are activated and synchronized, i.e. the firing pattem 
persists at the outputs for a short time even after the cessation of stimulus A. As 
trajectory system A has common elements with trajectory systems C and D, these 
elements activate parts of the trajectory systems C and D, too. This activation is 
promoted by the coupling of the secondary wiring of trajectory system A to 
trajectory systems C and D, synchronizing and activating thereby the operation of
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G-elements in trajectory systems C and D. Thus at the outputs of the system, in 
addition to firing pattern A, details of the latent image of C and D also appear. 
An observer can thus establish that the system was stimulated by A, but also that 
stimuli C and D are also operative because details of their latent images also 
appeared at the outputs.

As stimulus D usually stimulates the system simultaneously with stimuli A and 
C, and also with E, the synchronizing effect may assert itself to a small extent 
also for trajectory system E. On the other hand, if the system is stimulated by E, 
the G-elements of the D network are also synchronized, and the effect can 
propagate to a small extent also to A and C. We may say that the operation of A 
can synchronize trajectories C and D and initiate E and vice versa. The operation 
of E can synchronize D and initiate A and C. Thus in this network the stimuli 
acting together can directly associate as a latent image to a given stimulus, 
whereas those act as initiation that are often acting together with the stimuli 
primarily associated.

The “dream ” of the associative network

Let us interrupt the connections between the receptors and the zero-th layer of the 
system by built-in switches, i.e., let us ensure that no stimulus can reach the 
system. Let us now observe what happens. As in the space between the elements 
(C- and G-chemotons) there is a nutrient liquid, so the metabolic networks of 
chemotons are functioning. The chemotons are in the non-proliferating state in 
the system, therefore the chemical energy produced by their metabolism is not 
utilized for the production of internal substances necessary for their growing, but 
for producing electric energy. As a consequence, the condensers in the C— 
elements become charged, and in the G-elements an oscillatory current is 
generated.

Let us suppose that the electrical energy appearing at the outputs leaves the 
system. The oscillatory current produced by the G-elements appears at the 
outputs as a random pattem because of the lack of stimuli, and also leaves the 
system. However, the electric energy produced by the C-elements can only leave 
the elements in the form of firing, and the precondition of firing is the 
appearance of the appropriate stimuli, which, in this case, cannot occur because 
of the lack of external stimuli. Thus, the C-elements of the system are slowly 
oversaturated with energy and they are discharged randomly by the incidental
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giant maxima of the asynchronous oscillatory current produced by the G- 
elements.

In this energetically oversaturated state such a random discharge may induce an 
avalanche like series of firing. This means that not only individual trajectories are 
activated; developing at the output the pattern which corresponds to the stimulus 
belonging to these trajectories, but at the same time this firing synchronizes the 
associative trajectories. The synchronization of the associative trajectories may 
make these trajectories also operate, synchronizing thereby further associative 
trajectories, and so on. This process may propagate along a series of trajectories 
in a chain like manner or in the form of branched chains.

What can be experienced by the observer? At the beginning a randomly changing 
latent pattem appears at the output; however, this pattem does not coincide with 
any of the patterns of concrete stimuli. Then a firing pattern appears abruptly at 
the output, but this is identical with the pattern of some concrete stimulus 
(though this concrete stimulus did not affect the system). At the same time, the 
latent images of the associative stimuli also appear, and several of them 
transform into firing patterns incurring the formation of the latent pattern of their 
associative stimuli. Now these begin to fire forming thereby further latent 
patterns, and so on.

The observer can thus establish that for a certain time no controlled activity can 
be experienced, and then the system behaves abruptly as if it obtained a series of 
stimuli. Between two consecutive stimulus patterns a connection can be observed 
similar to that between real stimuli. However, the virtual series of stimuli is 
without any logic, as it does not follow the logic of any real series of stimuli.

Thus, the firing series of the output of the system contains real elements, but it is 
a series of firing corresponding to a series of events without any connections. The 
observer may only characterize the behavior of the system as if a series of dreams 
would run through the associative network.
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Design of Cogitators

Abstractor subunit

Let us take four different sensing organs: an organ of sight, an organ of touch, an 
organ of hearing, and a system for text reading. Let us connect one associative 
network to each of them (Fig. 5.23). Let us make the sensing organs perceive the 
outside world. Every sensing organ begins to develop the trajectories in the 
associative networks belonging to them according to the stimulus combinations 
and their frequency experienced by them. On stimulation, the firing patterns 
corresponding to the stimuli appear at the outputs of the network in the 
developing trajectories. After an appropriate conditioning time, the outputs of the 
network command a set of patterns containing the occurrences of the outside 
world experienced by the sensors in a coded form. As it has been shown, 
connections between the patterns appearing at the outputs of the same network 
are adequate, with the occurrences giving rise to the stimuli belonging to them. 
Thus, the firing patterns of the outputs of each network contain information 
about the outside world in a coded form corresponding to the stimuli arriving at 
the sensors belonging to them.

Let us then connect a fifth associative network to the former four so that the 
outputs of associative networks I - IV are connected to the inputs of associative 
network V. For this fifth associative network the former four networks play the 
same role as the individual sensors do for networks I - IV. Thus, the conditioning 
of associative network V is not performed by direct external stimuli but by the 
firing patterns of the outputs of networks I - IV. Let us call further on this 
associative network abstractor, the sensing organs sensors, the associative 
networks directly connected to them that transform the stimuli into firing patterns 
coders (Fig. 5.23).

Thus in the development of the trajectories of the abstractor, the firing patterns of 
coders plays the role of stimuli. As the abstractor is connected simultaneously to 
several different coders (in our example to four), the simultaneously appearing 
patterns at the outputs of different coders translate into interdependent stimulus 
combinations for the abstractor, and common trajectories are conditioned for 
them in it. Thus, for our starting example, in the abstractor a common trajectory 
system is developed for the point seen and sensed, and for the word “point” heard 
and read. Correspondingly, after conditioning a randomly developed, but, for the 
point, characteristic firing pattern appears at the outputs of the abstractor if the
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sensors see and sense the point simultaneously, and hear and read also 
simultaneously the word “point”.

However, the abstractor, similarly to the coders, also contains an associative 
network. Correspondingly, because of the secondary wiring, synchronization is 
also transmitted from the operating trajectories to “related” trajectories. If, after 
appropriate conditioning, only one of our four sensors is stimulated (e.g., it only 
“hears” the word “point”), the stimulus runs through only a part of the developed 
trajectory in the form of firing, so only a part of the whole point pattem is active 
at the outputs. Because of secondary wiring, however, the whole trajectory 
system becomes conditioned and the whole pattem belonging to the point appears 
in the form of a latent image. Moreover, by decreasing the stimulus threshold of 
firing for the trajectory elements, or by increasing the amplitude of synchronous 
oscillation, it can be achieved that the whole image appears as a firing pattern 
even if only one or another stimulus of the stimulus combination developing the 
conditioning appears. This means that if the given occurrence is experienced only 
by one or another sensor, the abstractor is capable of compensating this defective 
experience as if it were experienced by all of the sensors simultaneously.

When examining the properties of basic networks, we have established that the 
connections between the firing patterns of the outputs reflect the connections of 
the occurrences of the real world in an adequate manner. This holds, of course, 
for the abstractor network. For the abstractor, however, the firing patterns of the

I seeing | |touching| | hearing |reoding

I n in IV

sensors

coders

Fig. 5.23. If the output patterns corresponding to the stimulation combinations coming from 
the different sensors are introduced into an associative network (abstractor), a common 
trajectory system develops in it by the information system corresponding to the different 
perceptions caused by the phenomena.
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coders stand for the outside world, thus the connections of the patterns appearing 
at the outputs of the abstractor do not reflect directly the real world, but the 
abstract image of the real world as coded by the coders.

As the abstractor also contains an associative network, phenomena similar to 
dreaming can also occur in it. By coupling it with coders, these dream-like, 
spontaneous firings may be transmitted from the coders to the abstractor. Thus, 
this complex system is capable of developing common “dreams”.

In the abstractor, as in all associative networks, the trajectory systems developed 
are the means of long-term memory storage, whereas the synchronization of G- 
elements around the trajectory systems may play the role of short-term memory.

Decoder subunit

We have shown in Chapter V, Design o f the Basic Network that if the average 
number of branchings of the COSs is small, the number of chemotons operating 
in the subsequent layers of the network decreases layer by layer. The opposite of 
this is also true: if the number of branchings is large, the number of operating 
chemotons increases layer by layer. This makes the controlling of the ratio of 
pattem elements operating at the input and output possible. It has already been 
shown that if a COS contains on average three or fewer branchings, the signal 
coming in from the input is probably lost in the network. Under such 
circumstances, a firing pattem can only be expected at the output if many signals 
arrive simultaneously at the input, i.e., if many chemotons fire simultaneously in 
the zero-th layer. Even in this case, the number of units operating at the output is 
much smaller than the number of units operating at the input, i.e.,

i »  o [5.19]

where i is the number of units operating at the input, and o is the number of units 
operating at the output.

If the number of branchings in the COSs is, on an average, very large, the 
number of active chemotons increases layer by layer, the number of operating 
outputs is much larger than that of operating inputs, i.e.,

i «  o [5.20]

Obviously, an average number of branchings can be found where the numbers of 
operating outputs and inputs are identical:
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i = o [5.21]

However, it should be emphasized that Eqs. [5.19] - [5.21] are only statistically 
valid -  the real i/o ratios may be quite different from pattem to pattem.

It is expedient to choose networks for which Eq. [5.20] holds as sensor- 
connected coders because these amplify the information by making a large 
number of signals from a few signals. This decreases tremendously the possibility 
of misinterpreting the information on one hand, and on the other hand, it 
increases the possibilities for trajectory variations. Also as abstractors, networks 
for which Eq. [5.20] holds are suitable.

For solving our further problems, we need a decoder subunit that is capable of 
reconstructing the input pattern from the firing patterns of the outputs of a 
network belonging to it. It is obvious that if for the original network Eq. [5.20] 
holds, condition [5. 19] should be valid for the decoder unit, i.e., the decoder of a 
network rich in branchings should be itself poor in branchings.

Concerning the abstractor, we have established that the information about the 
outside world arrives at its input in a coded form. At the same time, it should also 
be remembered that the abstractor itself also functions as a coder: it transforms 
the firing pattern arriving at its input, and at its output a firing pattern appears 
that does not even resemble that of the input belonging to it. If we want to create 
a decoder subunit, we can choose also an abstractor as the corresponding coder 
unit.

So let us take an abstractor rich in branchings and another associative network 
poor in branchings that we will develop further into a decoder. The number of 
output units in the abstractor should be equal to that of the input units of the new 
associative network and, vice versa, the number of input units in the abstractor 
should be equal to that of the output units of the new associative network. As a 
first step, let us connect the two units to each other in such a way that the output 
units of the abstractor should be coupled to the input units of the new associative 
network in an arbitrary sequence.

Let us now condition the new associative network to the output patterns of the 
abstractor. In the new associative network, the trajectory systems corresponding 
to every output pattern of the abstractor are developed so that at the same time, 
the number of firing units decreases layer by layer. By the appropriate choice of 
“branching richness” of the new associative network it may be achieved that the
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number of firing units of its output should be on the average identical with that of 
the firing input units of the abstractor belonging to the same information.

Thus we have two connected associative networks: the first is the abstractor in 
which the number of firing units increases layer by layer, and the other is the 
prospective decoder in which the number of firing units decreases layer by layer. 
The coupling of these two systems is shown in Fig. 5. 24. Thus, if the abstractor 
increases the number of firing units from its input to its output, e.g., by one order 
of magnitude (e.g., from 10 to 100), the decoder-to-be decreases the number of 
firing units from its input to its output on the average by one order of magnitude 
(in our example from 100 to 10). However, the firing pattern of the output of the 
decoder-to-be is not identical with that of the input of the abstractor; therefore it 
is not yet capable of decoding the information coded by the abstractor.

It would only be possible to speak about decoding if at the outputs of the 
prospective decoder the same firing pattern appeared as the one eliciting the 
process at the inputs of the abstractor. This would be theoretically possible by 
arranging the wires going out of the outputs of the decoder-to-be according to the 
sequence of the firing pattern of the input. For easier comprehension, let us see a 
simplified example. Let the elementary units of inputs and outputs be arranged in 
a square net. According to our earlier example, let ten elementary units operate at 
the input of the abstractor. These ten elementary units should form a firing 
pattern that in the square net corresponds to an L-shape. The firing pattern of the 
input lets operate an increasing number of connections on the square net of the 
output of the abstractor. However, the pattern of these is totally different from 
that of the input. Its shape is a function partly of the random wiring and partly of 
conditioning.

From our point of view it does not matter what pattern appears at the output o f 
the abstractor. It is only essential that this pattern should be transmitted to the 
input of the prospective decoder. From here on, the number of firing units 
decreases layer by layer, and finally at the output of the decoder-to-be ten firing 
units operate, but not arranged in an L-shape. Therefore let us take a new square 
net consisting of firing units, and let us connect ten wires of the firing units of 
the COS of the output of the decoder-to-be to ten firing units of this square net 
arranged in an L-shape. With this, we have achieved that the L-shaped firing 
pattem of the input of the abstractor results in the same firing pattern on the 
square net in spite of the fact that this pattem is transformed by the abstractor 
into coded information. Thus, the second network really transformed the coded 
information into the original, i.e., decoded it; the second network became a 
decoder (for the time being, only for one single input firing pattern).
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I I I
abstractor

to-be
decoder

I T T
Fig. 5.24. The decoder-to-be must have a special network that decreases the firing-pattern 
strengthened by the abstractor to the original strength.

This procedure may be carried out, of course, for any input firing pattern or for 
their combinations thereby making the second network a decoder for them. 
However, this artificial arrangement of connections cannot be realized in reality, 
because of, among other reasons, the enormous number of connections and 
pattern variations. Our example has only an instructive purpose, and serves only 
as an explanation of the connection principles. This mode of connections can 
only be applied in a fluid computer if this coupling can be realized in a self-

decoder

I
Fig. 5.25. The feedback of the output of the decoder to the input of the abstractor enables 
the system to let its trajectories work, even if it is not stimulated; i.e., it is capable of 
recalling its earlier experience.
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organizing manner, similarly to our earlier examples.

Simple cogitator

Let us take an abstractor, connect it to a decoder network, and have the terminals 
of its outputs feed back to the input of the abstractor. Let us assume that the ends 
of the wires grow toward the synchronously functioning units in such a way as 
we have postulated for the development of secondary wiring. In this case the 
operating output wire-ends of the decoder increase toward the firing units of the 
input of the abstractor and become coupled with them, i.e., with the same input 
patterns that triggered the firing at the output. Thus, the second network 
automatically becomes the decoder of the first one (the abstractor). It searches 
automatically for its own feedback to every stimulus pattern in the course of 
conditioning and it produces the given stimulus pattern repeatedly at the input of 
the abstractor. By this, a positive feedback is realized in the information system 
(Fig. 5.25).

Let us now complete the system shown in Fig. 5.23 with such a decoder 
feedback, and let us examine its functioning. The block scheme of the system is 
shown in Fig. 5.26. The system should already be conditioned for the different 
stimuli. Let a short stimulus act on the system. The stimulus arrives through the 
sensors of the coder, and the firing pattern of the coder develops. This pattem 
gets to the input of the abstractor and there the conversion of its code takes place 
again, in the course of which the abstractor trajectory system belonging to the 
stimulus becomes activated. The appropriate trajectory system of the decoder be
comes activated from there, and it feeds back the information in the converted 
code into the input of the abstractor. This feedback activates again the same 
trajectory system and, on repeated feedback, it is activated again and again. Thus 
a cycle of trajectories is formed that activates itself again and again. If the 
abstractor and the decoder contained (non-associative) basic networks, in the 
absence of a new stimulus the dynamic state caused by the original stimulus 
would exist as long as the abstractor and the decoder are capable of functioning 
at all.

However, the abstractor and decoder are associative networks, and because of 
this, activation propagates to one or another of the trajectory systems operating 
simultaneously most often. We have already mentioned that the operation of a 
trajectory system may disturb the synchronous operation of the elements of the 
other trajectory system, and thus the original trajectory system may become



Outlines o f Self-Organizing Fluid Computers 219

deactivated. But now, in our case, the newly activated trajectory system activates 
a trajectory operating often simultaneously with it, thus the process propagates 
from trajectory to trajectory.

This means, that in the absence of external stimuli, in the system shown in Fig. 
5.26 the activity originating from a single stimulus does not cease to exist but it 
propagates from trajectory to trajectory. Such trans-activation occurs always 
between trajectories that often operate simultaneously. This means, that behind 
the subsequently operating trajectories the connections of the occurrences of the 
outside world are represented, that there is a “logical” relationship behind them. 
The firing patterns appearing after each other at the output of the abstractor 
correspond, namely, to individual occurrences of the real world (as the individual 
trajectories are conditioned to those). Two subsequent firing pattern usually code 
occurrences appearing in the reality together, i.e., events, where a “logical 
relationship” exists. However, patterns separated by more than two steps (e g., 
first-third, first-fourth, second-sixth) are not necessarily in a “logical” 
relationship with each other. Consequently, the firing patterns of stimuli that are 
very distant from and independent of the original stimulus appear at the output of 
the abstractor. If we consider the conditioned trajectories as memories (because 
they act as the long-term memory storage units), we may say that the abstractor 
when connected to a decoder wanders about among its memories so that there is 
a logical relationship between two recalled memories. The “pathway” of this

Fig. 5.26. By complementing the system shown in Fig. 5.23 with a decoder feedback, we 
obtain a simple cogKator, which is capable already of solving logical problems as well.
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roaming is, however, random.

The whole process strongly resembles the chain of thoughts that develops in the 
course of human thinking. There is also a logical relationship between two 
subsequent thoughts, but eventually the thoughts wander very far away from the 
original ones. Owing to this analogy, we will call “cogitator” the systems that 
contain a decoder feedback.

The spontaneous roaming of memory taking place in the cogitator also resembles 
the process that we called the “dreaming” of the associative networks. This 
resemblance follows obviously from the fact that both are based on the activation 
of “related” (i.e., operating often simultaneously) trajectories. The roaming 
differs, essentially, from the “dreams” of associative networks, however, in so far 
that the former lacks the irrational elements of the latter that originate from 
random firings. As the cogitator also consists of associative networks, it can also 
“dream”. The preconditions for this are discussed later.

Let us call the frequently simultaneously operating trajectories twin trajectories. 
Every trajectory has, of course, numerous twin trajectories. These twin 
trajectories also have their own twins, which, in turn, also have twins, etc. The 
total of these will be called “related” trajectories. Ultimately, all trajectories of an 
associative network are related to each other. This not-quite-exact concept is 
useful because with such adjectives as nearest, near, distant, and very distant, we 
can well characterize groups being in a genealogical connection.

The chain like series of trajectories in which two neighboring members are in a 
twin relation will be called a relational branch. It is obvious on the basis of the 
previous discussion that if stimulated, the activity of the cogitator starts from the 
trajectory of the stimulus and runs through relational branches, beginning from 
the trajectories of the nearest relatives towards trajectories of the more distant 
ones. Experience shows that the same is done by the human brain.

The problem solving ability o f the cogitator

If a stimulus appears not only once as a “momentary impression” but repeatedly 
again and again or if it acts continuously, the operation of the cogitator can not 
roam toward distantly related trajectories because the repeated activity of the 
original trajectory disturbs the synchronization of the related trajectories. 
Therefore only the twin or nearest related trajectories are activated together. 
However, because every trajectory has numerous twins and on repeated or
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continuous stimulation of a given trajectory either this or that twin is activated, it 
means that around a repeated or continuous stimulus the cogitator plays out the 
initial possibilities of pathways leading to other related trajectories. That is it 
makes the initial logical steps of logical pathways (relational branches) leading to 
other occurrences operate. Thus in its basic operation, the cogitator examines the 
relationships between the stimulus arriving at it repeatedly or continuously and 
the other stimuli, or equivalent to this, what occurrences are usually coupled to a 
given occurrence.

This operation of the cogitator is a typical IF-THEN function: “if this happens, 
then what will follow?” This type of IF-THEN step is also the main feature of the 
problem-solving ability of the human brain. It can thus be expected that by a 
series of such steps, the cogitator will also be capable of solving problems.

Now let us take two different stimuli that are related but not twins and see what 
happens when they act on the system. The trajectories of both stimuli will 
operate, and then the different twin trajectories will be randomly activated around 
both stimuli. Sooner or later it happens that the initial trajectories at the ends of 
the relational branch connecting the two stimuli (the twin trajectories of the 
operated trajectory falling on this branch) are operating simultaneously. This 
means that the relational branch -  in contrast to all the others -  is activated from 
both sides simultaneously, i.e., the probability of activation of the trajectories 
belonging to this branch suddenly increases as compared to the trajectories of all 
the other relational branches. If the two stimuli are not very distantly related, the 
trajectories belonging to this branch are activated from both sides and a situation 
can occur when all of the trajectories of this branch are active.

As the trajectories of a relational branch are in a twin relation with the ones 
before and after them, this means that the cogitator has found a series of stimuli 
(and at the same time, a series of phenomena belonging to them) on which 
passing through step by step it can get from one phenomena to the other through 
a series of connected phenomena (i.e., through elementary logical steps). That is, 
the cogitator found the logical chain connecting the two phenomena through 
elementary logical steps, which is the essence of problem solving.

If the two simultaneously operating trajectories are far too distantly related, 
activation can not pass through the relational branch connecting the two 
trajectories, and the cogitator can not find a logical relationship between the two 
phenomena setting off the activity of the two trajectories. In this case, the 
recalling of a phenomenon operating an intermediate trajectory laying on the 
same relational branch (in the following an auxiliary stimulus) may help, as this
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halves the length of the activation series. A similar phenomenon can be found 
also in the problem-solving process of the human brain: if we can not solve a 
problem, the recalling of an intermediate chain link in our chain of thoughts may 
result in a “jumping in” of the solution.

There are many relational branches by which we can get from one trajectory to 
another. This fact partly reflects the manifold characteristics of the relationships 
in the real world. But this fact partly follows from the situation that in the 
development of the degree of relationship between trajectories -  phenomena 
without any direct causal relationships, only experienced simultaneously by the 
cogitator -  can also play a role. Thus the cogitator may form “logical 
relationships” between two simultaneous stimuli by the activation of trajectories 
of different relational branches. In the absence of an “auxiliary stimulus”, it is 
totally by chance which one of the possible relational branches is activated. 
However, it is obvious that the appearance of an auxiliary stimulus makes 
probable the activation of the relational branch to which its trajectory belongs. A 
similar phenomenon may also be observed during human problem solving.

Cogitators with Time Coder

T-elements

Although the operation of cogitator elements occurs in time, the cogitator itself is 
not capable of perceiving the passing of time or of the time “distances” between 
events except for the simultaneous occurrence of two events. For processing 
events in time, a fluid clockwork is needed that provides the system with a 
standard time to which the cogitator can relate the time of events of the external 
world. It is expedient to choose an oscillator as the basis of the fluid clockwork, 
similarly to the praxis in hardware technology. Fluid oscillators exist; we have 
already dealt with oscillatory reaction systems in Chapter III, moreover, we have 
already applied their oscillatory properties in simple fluid constructions.

However, an oscillator in itself is not yet a clockwork. For a clockwork, 
accumulators are also needed that are capable of summing the periods of the 
oscillator, expediently repeated periodically. I will describe here schematically 
one of the simplest time accumulators. Let us call this unit a timing unit or briefly 
a T-element.
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To construct a T-element we need a firing switch (F-element) with a condenser 
that is discharged automatically after having reached a critical charge, i.e., this 
firing is not produced by an electrical signal coming from outside, but from its 
own state of charge. Let the chemical system producing the electrical charge 
necessary for charging the condenser be an oscillatory chemical reaction, which 
is identical in its mode of coupling with that of the “proliferating fluid 
clockwork” shown in Fig. 4.5. Instead of membrane building elements T, 
however, it should produce component E (,) having an electric charge and capable 
of transferring this charge to the condenser of the switch (Fig. 5.27). The sign on 
E refers to the charged state of the component. This charge may be either positive 
or negative, but in the same system the signs are always the same.

Another basic difference to the oscillatory system of the proliferating fluid 
clockwork shown in Fig. 4.5 is that component D, that ensures the feedback 
between the two cycles, should not be produced here directly in cycle B, but 
through an intermediate process in such vesicles from which it can only be 
liberated if the membrane of the vesicle is destroyed. This destruction of vesicles 
should take place as a result of a certain electric impulse. (This is, e.g., the 
mechanism of the operation of vesicles ensuring the transfer of nerve impulses in 
the synapses that occurs through a chemical process.) Thus the T-elements also 
react to the appropriate electric signal, but they do not bring about the discharge 
of the condenser as in F-elements. Instead this reaction results in the liberation of 
component D through the opening of vesicles.

Thus, when the T-element obtains the electric impulse, it opens its vesicles, 
component D streams into the internal space of the element, and the oscillatory 
reaction begins. The oscillatory reaction produces new electrical charges that are 
accumulated on the condenser. Component D' is also formed and enters in the 
meantime the regenerated vesicles. Here it is transformed into component D and 
accumulates, hindering thereby the supply of component D for cycle A. The 
stoichiometry of the formation of D and E(,) can be calculated analogously to 
Eqs. [4.47] - [4.50]. As for one period the consumption and formation of D are 
identical, the choice of the amount of D stoichiometrically determines how much 
electric charge can be produced by the reaction system in one opening of a 
vesicle. Thus by the appropriate selection of D it can be achieved that by the 
reaction of component D formed in a single opening of the vesicle such an 
amount of E(,) should be formed that is necessary for a single charging of the 
condenser.
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Fig. 5.27. The schem e of the T-element. The oscillatory system produces electric charge 
E(,), which is collected in the condenser. Molecules D' transform into molecules D in a 
vesicle, but they are stored there until a corresponding electric impulse opens the vesicle.

Thus a T-element conforming to these conditions in its static state contains 
component D in its vesicles. The electric impulse liberates D, which triggers the 
oscillatory reaction providing thereby component E(,) which has an electric 
charge. This charges the condenser which is discharged again and provides an 
electric signal to the COS through the rectifier. In the meantime, component D is 
consumed in the reaction, but D , which is formed, diffuses into the vesicles and 
transforms there into D, forming a pool inside the vesicles. The oscillatory 
reaction stops and will start again only if the vesicle is reopened as a result of an 
outside electric signal.
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Simple fluid clockwork

Let us connect in a series n pieces of T-elements so that the COS of every 
element should be the CIS of the following one, and every COS should have a 
branching. The COS of the n-th T-element should be connected to the first T- 
element as its CIS. This way we obtain a cycle containing n series-connected T- 
elements (Fig. 5.28).

Fig. 5.28. A simple fluid clockwork. The serially coupled T-elements are closed into a circle. 
The charging of the condensers of the T-elements starts only when the condenser of the 
previous T-element discharges and the electric impulse coming from there liberates 
component D from the vesicle.

Let us examine the operation of this system. Let us suppose that the amount and 
concentration of the internal intermediates of T-elements, the dimension of the 
elements, etc., as well as the external parameters ensuring their operation 
(concentration of nutrients, temperature, etc.) are identical. Let us provide the 
first T-element with an electrical signal of appropriate strength. Its vesicles open 
up, component D is liberated, the chemical oscillator starts to operate, and the 
condenser becomes charged. After a given time, the condenser is discharged, 
which triggers the operation of the oscillator in the second T-element. The first 
element oscillates further with an ever-decreasing intensity; in the meantime
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component D is accumulated in its vesicle and the oscillator ceases to operate. 
Following the triggering obtained from the first element, the same process takes 
place in the second T-element, then this triggers the operation of the third T- 
element, then in turn that of the fourth, etc., until finally the firing of the last 
element triggers, once more, the oscillator of the first element and the process 
starts again. This is already a real clockwork transmitting signals through the 
branching starting from the COSs of its different elements in every time unit, and 
this process is repeated in n time units.

This simple clockwork, however, cannot be connected directly to the cogitator. 
The signals coming out and marking different points of time should be 
transformed into different firing patterns for the cogitator to be able to utilize the 
information. For this purpose, the terminals of this simple clockwork should be 
branched and the ends of the branchings should be connected to the input 
elements of a coder containing a non-associative network (Fig. 5.29). Let the 
coder be of an amplifying nature (i.e., containing very many branchings); thus 
the number of firing units significantly increases from the input to the output. It 
is obvious from the previous discussion that on the firing of different T-elements 
dissimilar, but for the individual elements characteristic trajectories are 
conditioned and at the output of the coder a firing pattern characteristic for the 
given time unit appears.

/  time coder \  
/  INA) \

V

Fig. 5.29. Simple fluid clockwork with a time coder. The time coder contains a non- 
associative network that transforms the impulses coming from the clockwork into output 
firing patterns. These patterns can already be fed into the cogitator.
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Complex fluid clockwork

The simple clockwork described previously is mainly suitable for measuring 
short periods of time, as it does not show the time continuously. It only flashes in 
every period, so it does not provide information on the time between the changes 
of periods. For the measurement of longer periods it is better to design a 
clockwork capable of showing the passing of time continuously.

In order to do this, let us take first a simple clockwork with the coupling shown 
in Fig. 5.28, in the T-elements of which the quantity and concentration of 
components are chosen so that the period needed for charging their condensers 
should be at least one order of magnitude larger than in the former clockwork 
measuring shorter intervals. Let us denote the clockwork for measuring shorter 
time intervals as Clock I, the other one as Clock II.

Let us connect Clock II to an amplifying coder containing a non-associative 
network in the way as has been done for Clock 1. After conditioning, at the 
output of the coder the firing pattern characteristic for the given time flashes at 
every operation of the clockwork. Let us now connect the coder to a decoder also 
containing a non-associative network (Fig. 5.30). The decoder feeds back the 
input firing pattem to the input of the coder and continuously produces the output 
firing pattem until another stimulus arrives from outside, which destroys the 
synchronization of the activity of the trajectory. As the coder can obtain an out
side impulse only from Clock II, the firing pattern of the given time is conserved

Fig. 5.30. If the time coder of a simple clockwork is connected to a decoder containing a 
non-assodative network, the firing pattern of the time impulse produced by the clockwork is 
retained on the output until the arrival of the next impulse from the clockwork.
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at the output of the coder until Clock II provides the signal of the subsequent 
period of time, because both the coder and the decoder consist of non-associative 
networks.

After that, the operation of the two kinds of clockworks may be combined. The 
signals of Clock I should be transmitted to a coder consisting of a non-associative 
network, which will be called a time-coder. The firing pattem of the coder of 
Clock II should also be transmitted to the same time coder (Fig. 5.31). From the 
output of the time-coder the position of long periods can be read off continuously 
and at the same time, the variations of short periods are also flashed periodically 
on it. The system can be further developed using clocks with different periods.

Cogitator with clockwork

With the knowledge of these clockworks it is possible to design cogitators that 
compare the events of the outside world with the position of an internal timing 
system. A possible variant is illustrated with the block scheme shown in Fig. 
5.32, where the information coming from the time coder and the abstractor 
arrives at a common coder, the summator. In this case, the summator contains 
expediently a non-associative network and as to the number of its branchings, 
condition [5.20] may be considered as optimum; i.e., the case when the number 
of firing units neither increases nor decreases from its input to its output. It 
should be emphasized, however, that other construction principles may also be 
envisaged.

Fig. 5.31. A complex fluid clockwork: Clock II provides impulses in long periods, Clock I in 
short periods.
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Fig. 5.32. A cogitator with time coder. It is capable of processing phenomena not only in 
their space relations, but also in time.

Activity, Sleeping and Death

Activity

The operation of “hard” computers is ensured by the energy of an external power 
supply. In fluid computers, electric energy is generated in their constituents -  
every part is its own electric generator. This fact is very important from the point 
of view of their operation, because it prevents the computer from ceasing its 
operation in the case of a power cut. As we will see later, such an eventual, even 
short-time falling out of the operation has disastrous consequences for fluid 
computers.

Even fluid computers can not do without any external energy source, but this has 
to provide chemical and not electric energy for them. In other words, every 
element of the computer should be provided continuously with nutrients, and the 
chemical products of its operation, the refuse materials, should also be removed 
continuously. Namely, the driving force of the system is the difference in the free
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enthalpies of the raw materials and the refuse materials, and they are functions of 
the concentrations of these components. Thus, the thermodynamic driving force 
ensuring operation may be increased by increasing the nutrient concentrations or 
by decreasing the concentrations of refuse and vice versa.

However, the basic operation, i.e., the formation of firing chains produced by 
stimuli, is across wide ranges independent of the concentrations of the nutrients 
and refuse, as the operation of the F-elements has an “all or nothing” character; 
the charged condenser is discharged if it obtains a signal above the threshold 
value, and the signal emitted is independent of the nutrient and refuse 
concentrations. The time needed for charging the condenser is, however, not 
independent of them, but this effect does not influence considerably the operation 
of networks above a certain region of concentration differences.

The situation for G-elements is different. The behavior of oscillatory reactions 
depends strongly -  though in a manner not yet clarified -  on the concentrations 
of nutrients and refuse. Because we do not know the exact effect of 
concentrations, let us introduce temporarily the following terminology: let us call 
concentration increase a change in the concentration that results in an increase of 
the amplitude of oscillation (by leaving the frequency unchanged), and 
concentration decrease a change decreasing the amplitude of the oscillation (also 
by leaving the frequency unchanged). This terminology does not take into 
account whether the effect is caused by a change in the concentration of nutrient 
components or by an opposite change in the concentration of refuse materials.

Upon using this interpretation, we can establish that the basic operation of 
networks is not influenced by concentration variations within a certain region, 
but the associative activity is affected: the operation of G-elements is 
concentration-dependent. A higher nutrient concentration means larger amplitude 
that makes the synchronization of related trajectories easier, and it even increases 
the probability of the formation of firing chains induced by associative activity. 
This way it is possible to influence the operation of the cogitator by the 
concentration of nutrients.

Selective control o f operation

Let us place the individual units of the cogitator into separate cells in which the 
concentrations of nutrients can be controlled separately, independently of each 
other (Fig. 5.33). The boundaries of the cells are marked by dashed lines in the
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Fig. 5.33. The operation of networks is a function of the chemical parameters influencing the 
reaction rate. If the individual networks of the cogitator are placed into cells in which the 
chemical parameters can be changed independently, different “psychic” states of the 
cogitator can be produced. Such are selective observation, meditation, concentration on 
problem solving, sleeping, etc.

figure. This construction makes the control of the associative operation of the 
individual subunits possible. Let us examine the effect exerted by the separate 
control of subunits on the operation of the cogitator.

If the nutrient concentration of one of the coders I-IV connected to the sensors is 
increased, the associative activity of that coder also increases. This has the 
consequence that the phenomenon sensed by the sensor belonging to it is 
completed by the cogitator, i.e., the lower threshold value of the sensor-coder 
system is decreased, so the sensitivity increases. This effect is similar to our 
“concentration” on a certain sound, sight, touch, or smell, as the signals arriving 
from the given sensor are disproportionately amplified when arriving through the 
coder at the abstractor related to those coming from the other sensors. As the 
simultaneous operations of non twin trajectories can mutually destroy each 
other’s synchronism, the amplifying effect of the coder belonging to the 
individual sensors may be so large that the not-too-strong signals arriving from 
the other sensors are fully suppressed in the abstractor. In this case the cogitator
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does not perceive those weak phenomena that are otherwise sensed by its other 
sensors and their coders. This phenomenon is also known in the human brain.

This “selective attention” can be realized for every sensor separately or parallel 
for two to three sensors. If the nutrient concentrations of all the coders belonging 
to the sensors increase simultaneously, instead of “selective” attention a state of 
general attention takes place. In this case, namely, the signals arriving from the 
sensors at the abstractor become stronger as compared to those coming from the 
decoder-inductor. This means that the experiencing capacity of the abstractor 
comes into prominence in contrast to the thinking activity.

If in cell V belonging to the abstractor the nutrient concentration increases, than 
the associative activity of the abstractor becomes stronger, i.e., the information 
processing activity, the search for correlation increases; independently weather 
the information is coming from the sensors or the decoder. The learning capacity 
also increases when coupled to a decoder because by the feedback of the decoder 
information runs through the abstractor again and again, thereby assisting the 
modification of trajectories belonging to the outcoming information. This case is 
analogous to that usually described in connection with human mental activity as 
“having an interest is something”.

By raising the nutrient concentration in cell VI belonging to the decoder-inductor, 
the associative activity of the latter increases. As a consequence, the amount of 
signals originating from the decoder at the input of the abstractor, i.e., the 
intensity of the signal, increases as compared to those coming from the sensors. 
This process has a self-amplifying nature; however, this is limited by the 
concentration of the nutrient. If this concentration is high, the extent of 
amplification can reach a degree where the activity of trajectories, induced by the 
signals coming from the decoder, may destroy the activity of trajectories operated 
by the not-too-strong information coming from the sensors. In this case, the 
abstractor does not perceive the signals arriving from the outside world that have 
been sensed by the sensors of the cogitator and processed by the coders belonging 
to them.

It is easy to see that an increased nutrient concentration in cell VI enhances the 
“internal” activity, the thinking process of the cogitator, in contrast to the 
perceiving process induced from outside. This situation corresponds to the 
“intense thinking” or intellectual concentration of the human brain. This situation 
promotes the efficiency of the problem-solving mechanism described previously.



Outlines o f Self-Organizing Fluid Computers 233

Finally, we have to examine the behavior of cells connected to a clockwork. The 
T-elements of the clock contain chemical oscillators similar to the G-elements; 
thus, they also react sensitively to changes in the nutrient concentrations and even 
to temperature changes. The latter change the reaction rate constants of the 
elementary reactions of the chemical oscillator. Therefore, the temperature and 
concentrations should be kept rigorously constant in cell VII. At the same time, a 
temporary change in the concentration may provide a possibility to set our clock 
to temporarily fast or slow, thereby synchronizing its operation with an outside 
clock, e.g., with the change in the parts of the day.

The networks of coders and decoders in cell VIII are non-associative networks, 
thus the variation of nutrient concentrations do not affect them within a certain 
concentration range.

Sleeping and dreaming

We have examined previously what happens if the nutrient concentration in the 
individual cells is increased in relation to its normal level. Let us now see the 
consequences of a decrease in the nutrient concentration, however, without 
letting it fall below a certain critical threshold value. This threshold will be dealt 
with later.

If the nutrient concentration in the coders belonging to the sensors (cells I-IV) is 
decreased, the associative activity of the coders diminishes first, i.e., the coders 
can complete or amplify less and less of the partial information. Then the 
charging time of the condensers also decreases, as the frequency of discharge 
cannot keep up with the intensity of the stimulus. As a consequence, the 
operation of the sensors is dampened, but no qualitative change occurs in their 
operation.

If the nutrient concentration decreases in the abstractor (cell V), than the 
associative activity is reduced, the external stimuli are not followed by logical 
activity, and therefore reduced or eventually stopped the problem solving 
thinking, too. In the case of a larger decrease in the nutrient concentration the 
charging of condensers is also slowed down, and the frequency of firing 
decreases to an extent where the arriving stimuli are only partly processed or 
suppressed. The feedback arriving from the decoder is also dampened; 
consequently the i/o ratio of the abstractor is decreased, too.
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By decreasing the nutrient concentration in cell VI belonging to the decoder- 
inductor, the internal activity, i.e., the intensity of thinking is diminished at 
unchanged experiencing activity.

Let us now consider the case where the nutrient concentration in every cell 
belonging to the coders, the abstractor and the decoder-inductor is decreased. At 
first, the associative activity is reduced to minimum, thus the stimulus 
experienced by the sensors gets into the abstractor from the coders without 
amplification, and from there, also without amplification, into the decoder, and 
back to the abstractor. The system has a reduced sensitivity to the outside world, 
and at the same time, the internal activity becomes quieter, too. The number of 
the associations decreases, but the established associations is still retained for a 
longer time. The cogitator is in a state that is most similar to what is called 
meditation in the case of human brain activity.

If the nutrient concentration is further decreased, a second phase begins, in which 
the rate of the generation of electric energy is reduced to a near minimum and the 
change in the frequency of firing belonging to the change in the intensity of 
stimuli can not follow the variations in the external stimuli because of the small 
rate of charging of the condensers. This is a suppressed state in which the stimuli 
still arrive into the abstractor through the coders and are transmitted from there to 
the decoder-inductor, but the feedback is not capable of inducing a chain of 
firing in the abstractor any more. Thus, the system does not process the 
information obtained unless it gets a complex, very strong stimulus from outside. 
Its activity is restricted to the simple sensing of external stimuli without any 
response.

Upon further decreasing the nutrient concentration a third phase sets in. In this 
phase, the condensers are charged so slowly that the stimuli arriving from the 
sensors practically do not pass through the coders and do not get into the 
abstractor except for long, frequent, or high-intensity stimuli. In this case the 
operation of the abstractor becomes greatly independent of external stimuli.

The charging of condensers is, of course, very slow in both the abstractor and the 
decoder-inductor. Thus, the operation of the abstractor and the decoder is 
restricted to oscillation originating from the G-elements the amplitude of which is 
also very small because of the low nutrient concentration. Thus in this state, 
although the cogitator operates, it is only the basic operation in which neither 
sensing nor associative, information processing, nor problem-solving activities 
are included. It is only -  as we will see later -  an activity for state preserving.
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This state of the cogitator is similar to the sleep of human brain (and also to the 
state of fainting).

However, because under these conditions there is a slow energy production, the 
condensers of the abstractor still become slowly charged. Because there is a lack 
of external stimuli, they cannot be discharged and the majority of the F-elements 
(C-elements) become charged, too. A firing of one element occurring by chance 
or as a consequence of a dampened external stimulus may trigger an avalanche 
like series of firing that is fed back through the charged decoder, and this cyclic 
process is continued by transmittance from trajectory to trajectory until a break 
occurs in the process after the discharge of the majority of the condensers. This 
means that after the “sleeping state” of the system, a process takes place that has 
been called previously the “dream” of the associative network. This state is 
preserved in the system until the majority of the condensers become discharged.

This dreaming state of the sleep of the cogitator is followed by a resting state in 
which only the oscillatory activity and a slow charging of the condensers take 
place until the majority of the condensers is charged again. After that, the 
dreaming period initiated by an accidental firing sets in again. Thus in the 
sleeping state of the cogitator, resting and dreaming periods alternate, similarly to 
the activity of the mammalian brain.

Finally the case should also be examined when the nutrient concentration 
decreases below a critical value mentioned in the previous section, or even when 
nutrient provision is fully stopped and consequently the nutrient concentration is 
reduced to zero. For simplicity’s sake, let us first see what happens if the 
concentration of nutrients becomes zero.

In principle, chemotons containing only AND-branchings (i.e., those with 
untapped networks) cannot die because of the lack of nutrients; they cannot stop 
irreversibly the operation, as the internal components of their cycles (their 
stoichiometrically closed reaction network) are unable to transform themselves 
into non-network components. The situation is different for chemotons 
containing an oscillatory system as is shown in Fig. 5.27, where namely, both 
cycles are tapped (i.e., they contain OR-branchings); in these cases such 
concentration relations may be generated that lead to a reduction in the 
concentration of cycle intermediates to zero. This does not take place, however, 
when the nutrients are consumed, as for example one of the necessary conditions 
for an efficient tapping of cycle B is the high concentration of XE. Thus though 
the operation of the elements of the cogitator is stopped by the reduction of the 
nutrient concentration to zero, this is not irreversible. If the nutrient concentration
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increases again, both oscillation and the generation of charges start again 
automatically -  even without any external influence.

However, the operation capability of the cogitator is determined not only by the 
operation capability of its constituents but also by their geometry, as the position 
of interference maxima depends on the geometry of the elements and on the 
primary and secondary wiring. Both the elements and the wiring have a geometry 
determined by a two-dimensional liquid membrane, the form of which is 
determined partly by surface forces and partly by the electric field generated 
continuously during operation. If the nutrient concentration falls to zero and the 
electric activity is stopped, one of the forces preserving the geometry that is 
needed for the operation, the electric field, drops out. In this case the forces 
determining the surface properties of the liquid become predominant and the 
geometrical arrangement of the elements and the network is modified 
correspondingly.

This modification is presumably small for the individual elements, but the 
networks consist of very great numbers of elements and the changes are 
summarized within the network, finally deteriorating the coupling geometry of 
the already developed trajectories. Because of this, if the nutrient concentration 
increases again, though the electric operation of the individual elements starts 
again, the operation is not an ordered activity any more and the cogitator is 
unable to operate.

Thus, the operation of the cogitator must never be stopped. If it ever stops, 
irreversible changes will take place in it that cannot be corrected any more. This 
property of the cogitator is also very similar to that of the human brain. After 
total ceasing of brain functions there is irreparable damage and a restart of these 
functions is impossible (brain death).

Let us finally summarize what events follow each other if during operation the 
nutrient provision of the cogitator is suddenly stopped. When the nutrient 
concentration in the internal free space of the cogitator decreases, firing activity 
is stopped at first, and firing patterns do not appear at the outputs. However, in 
this state the latent images are still present, and they are fed back from the 
abstractor to the decoder, a state of “subconscious thinking” sets in. Because of a 
further decrease in the nutrient concentration this activity is decreased abruptly, 
and the system enters a state similar to deep sleep. From this point, the cogitator 
can be brought back into its operating state, but if the nutrient concentration 
decreases further, the electric activity becomes so low that it is no longer capable 
of compensating the effect of surface forces and the irreversible states described
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previously occur. The cogitator irreversibly becomes unable to operate. This 
“death” of the cogitator, which is the result of the lack of nutrients, takes place 
through states very similar to those of brain death.

Toward Fluid Robots

The cogitator as a robot brain

Previously we have outlined the constructional basis for a fluid computer capable 
of thinking and problem solving -  the cogitator. What we have shown are 
sketches and it is also possible that some details are incorrect and others may not 
be realizable. The point we wanted to make is to show that the design of 
computers may be imagined also in conceptually new ways. We intentionally do 
not use the word “computer construction”, because if these constructions can 
come into being in this or any similar manner, they will construct and organize 
themselves.

Moreover, fluid computers of the cogitator type differ from traditional computers 
not only in their basic principle, construction and constituents, but also in their 
abilities. The elementary operations of hard computers are elementary 
mathematical (algebraic) steps, and thus the simplest tasks for them are simple 
algebraic operations. To solve complex problems, they have to decompose the 
task into elementary algebraic steps, and therefore the more complex the task, the 
more difficult the solution with hard computers.

The human brain certainly does not function this way. A three-year old child is 
capable of producing an infinite variety of extremely complex, complicated 
movements and actions with the greatest assurance -  about the computer control 
of such actions we cannot even dreamed in technology. At the same time, the 
three-year old child is unable to solve even the simplest algebraic operation; it 
learns to count, add, and subtract only by the age of about six, after a long 
process of learning. The assumption seems hence logical that the human brain 
does not solve the complex problems in an arithmetical way. Of course, the same 
is valid for the brain of animals: an eagle or a wolf solves a series of complex 
kinetic and dynamic tasks during the capture of its prey that would be 
unimaginable by the aid of a computer, but they are unable to solve even the 
simplest mathematical task.
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It is almost pitiful to see the clumsy, primitive though extraordinarily precise and 
accurate movement of our “most developed” robots. It seems that our hard 
computers are not really suitable for controlling robots. The movement and 
activity of a robot should be very complex. It should gather information about its 
surroundings in a very complex and manifold manner simultaneously, and in 
carrying out its task, it should make decisions from moment to moment about the 
mode of its activity by considering the whole of the complex information, just 
like animals do. Today’s ways of information storage and reading, as well as 
information processing do not seem to be really appropriate.

Fluid computers of the cogitator type may be suitable just for this purpose. 
Simple addition, subtraction, and multiplication are probably very complicated 
tasks for a cogitator; the author himself does not know yet how they could be 
solved by the cogitator. Thus, it is hardly probable that bookkeeping, statistical, 
or data storage problems will be solved in the future by fluid computers, as for 
these purposes digital computers are far more suitable. However, cogitators can 
form a complex image about the world and they are capable of solving complex 
tasks that are difficult to formulate mathematically. They are not programmable 
in today’s sense of the word, but they can be taught, and even their basic 
operation is learning. If they operate, they also learn. Thus, they will be suitable 
first in all probability as robot brains, and robotics can really start to develop if 
we succeed in the artificial production of such systems capable of learning and 
processing the world in its whole complexity.

For a long time, the author has thought that the artificial production of cogitators 
is a task for the far future, that decades should pass until meritorious experiments 
may be started for its realization, as first chemotons of C-switch and G-element 
properties should be developed. The synthesis of such chemotons is not be 
expected in the near future.

However, in dealing with cogitators, the conviction grows in the author that 
cogitators may be built sooner than the synthesis of C- and G-elements is 
realized. The properties of cogitators are, namely, so similar to those of the brain 
that it may be supposed that the brain is functioning in a similar manner, and the 
C- and G-elements are in many respects related to neurons and glia cells. All 
these similarities suggest that perhaps it is possible to bring about associative 
networks in vitro from neuron and glia cells if the constant inputs -  playing 
here the role of organizing force -  and the drainage of the outputs are 
provided for. In this case, the construction of the first cogitator would require 
only years instead of decades.
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Fluid robots

Though the cogitator has a series of interesting and important properties, it is in 
its present form not capable in itself of functioning as a robot brain. The robot is, 
namely, a construction with an activity, or working capacity, which should be 
controlled by the robot brain. The cogitator shown so far is only capable of 
information gathering and processing, learning, and internal thinking activity, but 
in its present construction it is not yet capable of controlling activity. First of all, 
it should be connected to a fluid, semi-fluid or hard instrument ensuring an 
outward activity, i.e., to working instruments, effectors, in such a way that the 
activity of the effectors should be controlled by the signals arriving from the 
cogitator (Fig. 5.33).

However, in the cogitator there is no information yet suitable for the direct 
control of the effectors. The trajectories necessary for this purpose should also be 
developed in the cogitator by learning. But for learning their own activity, the 
sensors described so far that are transmitting the phenomena of the outside world 
to the cogitator are not suitable. The cogitator should also be connected to sensors 
reporting back the state and activity of the effectors to the cogitator -  sensors 
watching the internal state of the cogitator. Finally, it should also be completed 
with sensors indicating “good” and “bad”, which should be led back to the 
cogitator with a positive or negative feedback.

Sensors indicating “good” should always signal when the environmental or 
internal changes promote the optimum operation of the robot and the cogitator 
(e.g., nutrient provision, optimum temperature). Sensors signaling “bad” should 
operate in every case when the external or internal changes are working against 
optimum operation (e.g., too high or too low nutrient supply, temperature, speed).

A robot provided with effectors and such sensors learns automatically how it 
should “behave” in its surroundings in order to operate optimally. However, the 
robot should not only take care of its own operation, it should also do special, 
necessary, and useful work. For this, the robot should be taught. The possibility 
of this teaching is given automatically: the elements of the initially incidental 
activity of the robot that are useful for the task to be carried out should be 
“rewarded” by the simultaneous operation of the “good” receptors, whereas the 
elements not desired should be “punished” by operating the “bad” receptors 
simultaneously. Thus, because of the associative activity of the cogitator, the 
desired activity is amplified and the undesirable one is inhibited. This process is 
analogous to the well-known development of conditional reflexes in the animal 
world.
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To this, naturally, a complex system of positive and negative feedback, 
stimulation and inhibitions should be developed between the different units of the 
cogitator and the sensors and effectors. However, the principles of these feedback 
systems are the same as the general rules of cybernetics. Their system can be 
developed on the same principles as the feedback systems of hard automata, thus 
these are not dealt with here in more detail. In any case, concerning realization, it 
is encouraging that living systems solve their very complex functioning in a 
similar way, with perfection unattainable by us for the present.

However, it cannot be overemphasized -  as we have mentioned already several 
times -  that these are only outlines for fluid computers. They do not mean the 
only possibility; it is unsure if they could be realized in the form described here, 
or even that their construction would be capable of operation. It is not even 
certain that the switches would have to operate on the principle of interference. 
Nevertheless, the whole chain of thoughts seems to prove that in the construction 
of learning and thinking systems totally new ways are still open. If it would be 
possible on any principle “to condition” switches, to build between them wiring 
which is modified suitably by usage and which would ensures thereby the 
development of trajectories; if between the developed trajectories associative 
networks could be established -  then we could build computers more similar to 
the nervous system than to the computers of today’s technology. It would open 
up a new chapter in the history of robotics.
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