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Darwin’s theory had enormous impact on the understanding of the principles of evolution
in nature. It seems like by now enough facts have been accumulated to allow us to bend
towards the conclusion that these general principles are also applicable to pre-organic
evolution.

The idea that evolution of living things is a continuation (and acceleration) of the evo-
lution of non-living things is of course not new. However, it is quite hard to formulate
such notions as “natural selection” or “individual” even in terms of physics or chemistry,
let alone in mathematics.

In the article an attempt is made to formulate certain important notions of evolutionary
theory in mathematical language, specifically in the language of differential equations.

What can the theory of evolution have in common with differential equations? And
more importantly, why should we even try to formulate these notions in a language that
seemingly has nothing to do with the topic?

The theory of evolution deals primarily with such notions as “individual” and “species”.
Do these notions exist on the language of differential equations? Let’s first try to formulate
the notion of “an individual” as abstractly as possible.

Individual. And ”individual” seems to be an object, and not necessarily a living one,
that can be extracted from its surroundings, juxtaposed to the environment, and studied
independently from everything else - well, “individually”. At first glance it seems like this
has the most resemblance with the physical notion of a “closed system”. However, it is not
so.

So what is the defining characteristic of an individual? Being an informationally closed
system seems like an acceptable assumption for an answer to this question. And this
means the following. And individual can, and should, exchange energy and matter with
the environment, but this exchange is determined not by the state of the environment but
by the state of the individual himself.

State of an individual. And individual possesses a certain number of states, and tran-
sition from one state to the other is determined solely by his current or previous state.
The number of possible states for an individual can be very large for complex systems,
as it is given by a large number of variables. Luckily, the variables are usually organized
in a hierarchical manner, which means that the state is generally described by a small
number of main variables, and the rest just describe the less important details. Moreover,
concentrating on some small detail will reveal that it in itself is determined by a small
number of variables, and the rest - although they may be numerous - are once again not
that important.
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Thus, for many problems an individual can be sufficiently well described by a small
system of ordinary differential equations:

dx

dt
= A(x).

Let’s first look at some criticisms against this way to pose the problem. First objection:
A machine, whose behavior is described not by a system of differential equations but by a
discrete scheme or algorithm can also be an individual.

Discrete models. If we are talking about a real machine, a physically realized mechanism,
then it is crystal clear that discrete description of the algorithm is just a convenient disjoint
realization of continuous, although very quick, changes that occur in it. If the algorithm
is given in an abstract manner, then a theorem (not a proven one, though) about the fact
that each algorithm can be interpreted as an algorithm for numerical solution of some
differential equation is very likely to be applicable in this case.

Let us clarify this assumption on a simple example. Let a machine have n states S1, , Sn
that it goes through cyclically Sk → Sk+1, Sn → S1. Then this mechanism is part of
another mechanism that realizes the dynamics of a harmonic oscillator:

(1)
x′ = −y,

y′ = x.

Let’s now consider a more general mechanism. It is defined by finite number of states,
connected by arrows that represent transitions. It is nearly evident that this “set” of states
can be additionally defined to create a continuous vector field in the entire space set, i.e.
make it part of a continuous dynamical system. Descriptively one can say that discrete
mechanisms are dispersed in differential equations in the same fashion as rational numbers
are dispersed in the set of all real numbers.

Memory. Second objection: An individual can have memory. His behavior can be
determined not only by the current state but also by previous states, i.e. his history. An
example of such behavior can be modeled with an integro-differential equation

(2) dx
dt =

∫ t
0 K(x)d�.

In this case the behavior of a system with memory is equivalent to the behavior of a
larger system without memory. Indeed, let’s denote the integral in the right hand side with
one letter

(3)
∫ t
0 K(x)d� = y.

Then the system can be rewritten as

(4)

dx
dt = y,

dy
dt = K(x).
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It seems like in case of any meaningful inclusion of memory into “dynamical variables”
yields a larger system without memory but with deterministic behavior. From the differen-
tial equation point of view, this statement is related to the idea that a higher-order system
of equations can be transformed into a system of equations of first order with a larger
number of variables. A mathematician could offer (objections number three and four) a
model of “an individual”, described by difference or delay equations. These objections are
just variants of the first two objections.

Distributed Parameters. Fifth objection boils down to the following. A system can
have an infinite number of degrees of freedom. Then in order to describe it one could
need partial differential equations. We have discussed it above when we talked about the
number of states of an individual. In mathematics the main method for solving equations
with a large (or infinite) number of degrees of freedom is approximation of the problem
using an analogous problem with a smaller number of degrees of freedom. Eigenfunction
decomposition, series expansion, difference schemes are all just an approximation of an
infinitely-dimensional problem with a simpler and finitely-dimensional one. Success of
these methods suggests that the number of critical parameters is usually not that large, and
when it is, it is usually an indicator that the problem is not well-posed. By introducing the
parameters differently we can often bring the problem to a state with few critical variables.
A typical example of such a situation is movement of a large number of particles of the same
type, when introduction of reasonable general quantities - pressure and density as opposed
to uncountable number of variables (coordinates and particle impulses) - allows finding
simple answers to the main questions about general behavior of such system. (The price
that we pay for such a construction - not looking at the behavior of individual particles -
in certain important cases can at times turn out to be too high).

Model equivalence. Therefore, even though there exist very different mathematical mod-
els of an individual’s behavior (discrete, continuous with memory, with finite and infinite
numbers of degrees of freedom, etc.), all of them are seemingly equivalent, when each of
these models can be approximated by any other one of these models with any level of
precision. That’s why one can take any one as a base. Differences between them may be
important when studying particular problems but are very insignificant for the purposes of
methodological analysis. From now on for our purposes we will be dealing with the model
of ordinary differential equations.

Abstract scheme and the real object. So, let the individual’s behavior be described by a
system of ordinary differential equations

dx

dt
= A(x).

Here x is a multi-component vector, and A(x) is a vector function of the vector argument.

(In particular A(x) can be a linear function and then A = ∂A(x)
∂x is a square matrix.) The

meaning of the components of the vector x can be very different and is determined not
only by which individual is studied but also by the time scale on which the entire system
is studied.
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Assume that we are talking about a living creature, e.g. a mammal. If our investigation
is limited by short time intervals (on the order of a couple if minutes), then main focus
will be on breathing and heart beat. From a mathematical point of view it seems like
all other physiological functions can be considered nearly constant on such small time
intervals and the individual in this case can be modeled reasonably well by just the work
of their independently studied heart and lungs. Right now our task is not to discuss how
to construct a physical and then a mathematical model of the heart - for this one can look
at classical works by van der Pol and his followers. Let’s just make a note that in this case
extraction of the key variables has “morphological” meaning.

Organ - model. The heart is localized not only functionally but also geometrically. The
latter, of course, is not at all mandatory. If we were talking about gaseous exchange, then
the capillary network becomes an organ that is localized functionally but not spatially, and
is thus a model of an individual in this context.

If we were to study the behavior of an animal on large time intervals, e.g. on the order
of days, then in first approximation it is the parameters that deal with digestion that will
determine the dynamics of the system. From this angle other functions can be considered
to be nearly constant. It is rather curious to compare the directly opposite reasons for
why one may ignore certain processes. “Long-periodic” functions (such as reproduction,
for example) that occur on the scale of years or months, do not have enough time to
change significantly within a day. The other, “fast functions”, such as breathing, change
so quickly that only the average over a large number of their periods has any meaning (an
example from another area: let an individual be like a geyser that is observed on a time
scale of several eruptions. Then the conditions at which it functions - length and width of
the feeding channel, temperature, atmospheric pressure, etc. - can be considered constant.
Averaging over the fast changes in pressure and other variables leads to a simple relaxation
model of a geyser. It is clear that the mechanism that underlies work of a geyser is the
same as that of a neon lamp, although drawing parallels between the parameters of these
two models is not an easy task).

Some conclusions. Preliminary analysis leads to the following useful ideas: 1. An
individual’s organ can often be a good model of an individual. The word organ should be
understood in its general, “cybernetic” sense. For example, an engine is one of the organs
of a car, hard drive - one of the organs of a computer, coin slot - one of the organs of
a vending machine, etc. 2. The same individual can be modeled by completely different
models depending on the time and space scales of the process in question. For example,
from the point of view of elementary kinetic gas theory, an atom is a hard ball, and from
the point of view of the theory of interactions of matter with radiation it is a quantum
system, described by partial differential equations. 3. There exist individuals that are in
fact a hierarchy of oscillatory systems, ”stacked” one in the other like nesting dolls, at
least in the sense of time scales. When modeling such systems one always has to ask him-
or herself: “What time scales am I dealing with?”, and only deal with variables that are
comparable within the time scale in question. Slow variables can be considered constant,
and the dynamics of fast variables boils down to their means. (For example, statistical
schemes arise when one sets fast variables aside. That’s why we can always talk about
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averages over a measure in phase space, avoiding the ambiguous term “probability”, which
was largely discredited by all sorts of philosophical speculations).

Stability, instability and oscillations. Even if we take the arguments in favor of the
statement that “each individual has a system of differential equations that can be used to
model them” to be true, still, there is no evidence that “every system has a corresponding
individual”. Let’s consider a system of equations that has just one equilibrium, and a
stable one at that.

It seems like an example of a good model of a well-balanced individual. However, on
second thought, such a system does not correspond to our intuitive idea of an individual.
After all, an individual does something, then, as a result of this, something happens to him,
and he changes his state. Existence in just one single state can intuitively be seen as death
of the system. A system that reaches a state of stable equilibrium ceases to be a system
that could be capable of dynamical change. An opposite case - when the system is solely
unstable - is also not suitable as it basically represents progressive incompatibility of the
parts of the system, which eventually leads to the system’s decay. That is why oscillatory
systems seem most appropriate for description of an individual because it is a system that
on one hand preserves its structure and on the other is capable of change.

Large periods of time. So, systems that best describe an individual should be oscillatory
systems. One can understand this statement in the following way. Once upon a time, long
time ago, there were numerous different objects. Billions of years have passed since then.
Which of those objects are still around? Who stood the test of time?

Stable ones? No, because since they have long reached their stable equilibrium, they
became part of the environment. Let’s recall that it is the relative stability that is the
defining characteristic of the environment. Unstable ones? No, since they have degraded.
Therefore, it is only the oscillatory systems, processes and objects that have a possibility to
“survive”. Unquestionable existence of unstable objects seems to contradict this statement.
A vivid example of an active unstable object is the free oxygen of the atmosphere. However,
we know that oxygen is nothing else but the product of the vital activity of sea algae (90It
seems like in such an environment as the Earth, which spends enormous amounts of time
in the state of weakly-changing “streaming” (due to radiation from the sun) equilibrium,
unstable objects can only exist as a constantly renewing product of the activity of neutral
oscillatory systems.

Clarification. Variables and Parameters. In a mathematical model of an individual, his
behavior is always constant and does not depend on anything. However, a real individual
will behave differently in different environments. One can try to take this into consideration
by making the right side of the equations dependent on additional changing parameters:

dx

dt
= A(x, �).

Parameter �, just like the variable x, is a vector, whose size, actually, is in no way
related to the number of components in x. It is reasonable to believe that an individual
does not stop being an individual, and the same one at that, if his parameters have slightly
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changed. For now let’s ignore the delicate topic of what “slightly changed” really means
and focus on the meaning and role of the parameters �.

Individual and Environment. Let’s put an individual in different environments. As long
as he can still function as an individual, the environments are classified solely on the basis
of their effect on the individual. As long as just a given individual is considered, it is only
the structure of an individual that determines the amount and shape of information needed
to make predictions about the individual’s behavior. In particular, the environment, whose
effect on the individual does not change the parameter �, is to be taken constant.

Let’s consider such an ordinary object as a thermometer. What is the purpose of mea-
suring the temperature? It seems like it is in the fact that the value obtained allows to
make certain predictions. For instance, if the temperature is below 0oC, then water freezes,
and if it is over 0oC, then ice melts. It is important to note that only the final states are
predicted and not the details of the process itself. This calls for a natural generalization.
If we have any individual, then stationary values of his parameters � should be seen as
the generalized ”temperature” of the environment. This word choice emphasizes two very
important moments. First - normal temperature characterizes not so much the environ-
ment as the behavior of very simple ”scalar” systems in this environment. Second - the
more complex the individual becomes, the more complex the ”temperature” that charac-
terizes his equilibrium with the environment. That’s why, for instance, when considering
a chemical system, one needs to know not only the temperature but also the chemical
potential.

The need for multiple “thermodynamics”. Everything that has been said so far leads to
a conclusion that thermodynamics (an exceptionally unfortunate term - ”thermostatics”
would have been so much more precise) is a science about equilibrium environments for
maximally simple individuals that only have one parameter - inner energy. In this sense
the “regular” thermodynamics is, of course, the most universal theory, but that is also the
reason why it is nearly useless for the study of any more or less complex system - it is
simply too “rough” for that (there exist compounds, where stereoisomers are poisonous.
No entropy calculation will help avoid the effect of poison, since entropy has no idea
“where left is and where right is”). Therefore, from this point view any attempt to explain
behavior of not even “living” but also any more or less complex “non-living” system using
such principles as “minimal entropy flow” is already bound to fail. Complex systems
are not characterized by entropy or any one parameter alone precisely because even the
establishment of the state of equilibrium requires prior knowledge of all parameters � (it is
important to emphasize that we are talking about the environment being at equilibrium,
i.e. about parameters � being constant, and not about equilibrium state of an individual
(i.e. x being constant), since from our point of view an individual at equilibrium is a dead
individual). Of course, temperature and chemical potential are both part of the parameters
in alpℎa, but there could be many more.

Let’s summarize. Equilibrium between an individual and his environment is character-
ized by the values of his inner parameters �. The simplest (energy-related) systems require
only one parameter (temperature) in order to be described completely. More complicated
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systems also need to take into account other parameters in addition to temperature, and in
the more delicate cases energy-related notions such as entropy might not be as important.

Inclusion of environment in a mathematical model. The entire ”literary” model of an
individual in the environment that took so many pages to describe can be compressed to
two equations:

dx

dt
= A(x, �)

d�

dt
= �B(x, �)

This representation is actually very meaningful. The variables that describe an individual
and his environment are clearly divided. It is shown that such a division has clear meaning
when � = 0, while at small � it is solely asymptotic in nature. Presence of a small parameter
emphasizes the most important point: the effect of the environment is a process that takes
place much slower than the inner changes of an individual.

Such a model assumes a rather high level of generality: the effect of the environment
depends on the state of an individual, since the right hand side of the equation of � depends
both on x and �. This may lead to the appearance of desirable states. We are not going
to deal with this delicate question in much more detail here. Except for one important
aspect:

In the simplest cases, such as in the case of stable periodic regime of fast movements
of x(t), one can show that instead of parameter � one can introduce a new parameter �,
given by:

� = �+ �P (x, �, �)

dx

dt
= A(x, �)

d�

dt
= �B(�),

i.e. to remove the fast variables x from the system of slow variables. This is a rather
important fact.

Measure of Individuality of an individual. The expression for � emphasizes the ap-
proximation assumptions made in order to juxtapose parameters of an individual and his
“inner” variables. It is quite clear that this is directly related to the main question about
the possibility of separating an individual from his environment. However, by now we can
be more precise. The small parameter � gives a qualitative measure of “precision” with
which we can talk about an individual. One can give this parameter a more descriptive
meaning if we make a note that by the order of magnitude n = 1

� gives the number of
periods of oscillations, during which significant (of the order of 1) changes in parameters
take place. This number is in a way analogous to the notion of the “energy factor” in radio
engineering, where, by the way, its value is usually of the order 104. Thereby, “individuality
measure” � is the inverse of the “energy factor”. It would be curious to compare “energy
factors” of such objects as man, earth and computer. Let’s take one heart beat, one year
and the time for one computation as the main period; let’s also take average life span, the
time since the creation of the Earth and the time between two crashes as the large interval.
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Then, the Earth has the “energy factor” of 1010, man - 109 and a computer - 106 (note
that the author is talking about computers that were available in his time, not the modern
ones - transl.). Most importantly, all of these numbers are very large.

Let’ go back to our system of equations. In many cases the main interest lies solely in
the changes of the parameters of an individual. In these cases is it natural to leave just
the equation for �:

(5) d�
dt = B(�),

that is, having first introduced the slow “evolutionary” time

� = �t,

since time t of the fast variables x is not appropriate for the slow changes of parameters.
What has occurred is “splitting” of the system, resulting in a separations of an independent
system for slow variables. It is this “splitting”, a process of critical importance, that is
often the cause of much terminological misuse. For instance, one talks about stationary
states of an individual, and stable ones at that. (Condescending smirks of those, who do
not understand that “only stationary states are realized in nature” are not infrequent. The
author humbly confesses that he is one of blasphemous heretics who believe that an indi-
vidual has absolutely no need to remain in a “steady” state. It makes much more sense for
an individual to ensure the stability of external (one can even say “protective”) parameters
�, which would maximize his own inner freedom. It is in the number of independent fre-
quencies that have their own inner movement where the author tends to see the measure of
this inner freedom, the measure of the complexity of an individual.) In fact we are talking
about the stationary values of the parameter � and not about the stationary values of x,
which would mean death of an individual.

System complexity and oscillations. The important role of oscillatory systems can also be
understood from our new point of view. Let’s put an individual in different environments,
i.e., let’s change �. Systems of differential equations of motion usually have a state of
equilibrium, i.e. a point x0 for which A(x0) = 0. The nature of the stationary point of
course depends on the parameter �. The values of real parts of the eigenvalues of the
linearized system will also be functions of � (a note for non-mathematicians. These three
rituals - oh, and please, read till the end! - are performed during investigation of stability:
1) linearize the system, 2) calculate the eigenvalues, and 3) look at the real parts of these
eigenvalues. After this sometimes we get an answer and, well, sometimes we don’t). Let’s
set to zero (that’s one of the cases of “sometimes we don’t”) one of the real parts of

p(a) = Re�(�) = 0.

Even if there is only one parameter �, this equation should have a solution. The roots of the
equation determine the critical values of the parameter that could give rise to oscillatory
regimens, since the eigenvalues will often be imaginary. If there are not one but two
parameters �, then one can even expect double-frequency oscillations, etc.

So, in the parameter space there are surfaces of smaller dimensionality, and each point
on these surfaces defines a system characterized by complex, often oscillatory behavior.
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It is clear that the complexity of an individual’s behavior is directly correlated with the
number of his inner, intrinsic parameters.

We end up with the following picture. Very simple behavior of an individual, such
as death (since a corresponding system of equations has only the stable steady state)
corresponds to points in the parameter space.

However, there exists a surface, on which oscillatory behavior is possible. At the points
that are close to this border an individual could die, but that would happen depending on
the rate of oscillations. The closer to the border of the surface, the longer the oscillations
would last, until they become completely periodic exactly at the border.

Complication mechanisms. Transition of the system across the critical border is con-
ceptually very important. First of all, it becomes clear that separation of variables intro
parameters and inner variables is mainly asymptotic in nature (approaching a limit as �
tends to 0). Moreover, it turns out that a possibility for “complicating” an individual is
already built into the mathematical model.

Indeed, after having crossed the threshold, the system gains one more oscillatory degree
of freedom, since one of the variables, which before used to act like a parameter (tending
towards an equilibrium) is now a fully fledged oscillatory variable. A more careful analysis
leads us to the conclusions that the equations have at least two complicating mechanisms
that can have evolutionary meaning.

Bioresonance. The first one has to do with the fact that one of the individual’s evolving
parameters may cause him to reach a stability threshold. It is very tempting to interpret
this transition as the individual “having a hard time”.

But if all of the previous is correct, then the following exciting possibility appears. The
mere fact of “having a hard time” may give a stimilus to overcome these difficulties. Indeed,
several individuals reaching an oscillatory regime lay the grounds for the appearance of
resonance, and this union can actually be “multi-cellular” in nature. Of course, a resonance
does not necessarily mean complication of organization. It may be that one of the two
“resonating” individuals simply exists at the expense of the other - for instance, there
is a non-reversible transfer of energy from one pendulum to the other. But it may also
result in the appearance of a more complicated structure. It is actually a very interesting
mathematical problem - to find conditions, under which such a beautiful effect can happen
in a model.

Relaxation oscillations. There also exists another interesting possibility for evolutionary
complications of the system. Let’s imagine a system (a chemical one, for example), whose
activity is suppressed by the products of the activity of the system itself. Imagine there
also being another system that uses these products as fuel for its own work. In this case one
can say that in a way, the process evolves in an opposite direction. At first there appear
abrupt relaxation oscillations, since the use of the “connecting” product is mostly random
in nature. Roughly speaking, the second individual “walks around in the neighborhood”
of the first one, since the first individual does not yet produce enough “product” (and he,
in turn, does not produce enough because he is not “relieved” of the product in due time).
Then the system gets into a mutually productive regime, smoothing out the oscillations
and ideally working in a smooth stable regime.
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One individual or two? A perceptive reader has probably already noticed some “cheat-
ing” in the text - before we were talking about just one individual, and now there are two?
However, there is no contradiction from a mathematical point of view. The scheme is rich
and flexible enough to be able to equally well account for addition of a new individual to
the system, both in a sequential and in a parallel fashion.

Mathematically it can be shown as follows: if we have n individuals of type x and the
same number of individuals of type y, then we can simply declare a pair z = (x, y) to be
our compound individual, and so equations for Zk can be written in the same form as the
equations for xk.

That’s why in a mathematical model appearance of a new individual from two “old”
ones can just be seen as having had just one “complex” individual all along. Except under
some extreme conditions (e.g. at ttend inf) the full system separated into two independent
ones, and under other extreme conditions (e.g ttends+ inf) a system broken into parts can
lose all meaning.

This trick for studying complex systems is long known in physics - activated complex
method in quantum chemistry is a good example.

What else can happen to the environment?. The process of an individual reaching the
critical threshold, irrepsective of why and how, can have another interpretation. We make a
distinction between internal and external variables. At the time of a qualitative jump, when
an individual changes, a large portion of external parameters becomes internal parameters.
Thus, we can consider the new individual as the old individual that has integrated part of
the environment into himself (this phenomenon is not a whim of a mathematician. Let’s
look at two interesting examples. The salt content of animal blood is very similar to that
of ocean water - we’ve been carrying the medium that gave birth to us for billions of years.
Another example is termites that bring temperature and humidity of the tropics with them
wherever they go).

Such an “acquisition” of the optimal medium has its own drawbacks - although it did
make life easier, but it also requires protection. This necessity may stimulate further
expansion, an iterative process that will continue until centrifugal forces balance out the
centripetal forces.

Morphology and kinetics. In conclusion let’s briefly look at the connection between
structure and function. The oscillatory systems that we are looking at right now are
usually organized in one way or another. They usually have specialized compartments
that are somehow spatially separated. A geyser, for example, has trough, a cavity where
the chemical reactions happen, which creates a clear spatial heterogeneity, causing the
oscillations. Obviously, in this case heterogeneity is the main reason for oscillations. But
what was the reason for the appearance of this heterogeneity in the first place? It seems
like in a way, a geyser created itself. The hot water would leak out, cool down, causing
formation of sediments that in turn would shape the geyser. If even such a “monotonous”
kinetic activity can create such structures, what can the oscillatory chemical reactions do?

A conclusion that seems to follow from this is the following: today’s structure is a
consequence of yesterday’s kinetics. Biological structures are a morphological retention of
the kinetic properties of large molecules (and large molecules are in turn the materialized
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kinetics of small molecules). The formulation of this statement is probably a bit too
categorical. However, the point is, from an evolutionary perspective the study of kinetics
is the study of morphology (and vice versa).

Of course, it is not easy to see in every particular case that it is the kinetics that
determines the structure, but this does not make the problem less important.

So what was did this article tell us? It is hypothesized that in the non-linear oscillation
theory there is a problem that is conceptually close to the general problems of evolutionary
theory. It is the problem about the behavior of a system of equations of the type

dx

dt
= A0(x) + �A1(x, �)

when time is very large (t ≈ 1
� ).

The main portion of the article is devoted to the translation of the main notions of the
theory of evolution into the language of mathematics in order to tear these notions away
from the clingy arms of the “biologic specificity”. This gives rise to a series of physical,
chemical and even economical objects that are “homologous” to the given mathematical
model.

There are a number of completely opposite points of view on the subject of how far we
can take the axiomatic approach to the study of biological phenomena. Some believe that
everything can be modeled, and some believe that nothing. The author believes that one
cannot and should not try to model “everything” - there is no point to that - but “what is
most important” should be axiomatized.

If “the most important” is considered to be the behavior of the systems under critical
conditions, then it turns out - and that is the author’s main belief - that the behavior of
the system can be critical only over a very small number of parameters, and so the critical
conditions can be well described by relatively simple models. The latter statement might
find supporters even among the believers in the “indescribability” of biological systems.
The further we advance in modeling, the better we’ll be able to understand what is “truly
biological” in the living systems, something, that could not be described in any chemical-
physical-mathematically-justified way.

[Translated by I. Kareva (ikareva@asu.edu)]


