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- DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. g
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; Summary
A number of characteristics of ihe life phenomeria are analysed on the

physical basis so that life may be understood from the principles offphysical
science. This analysis includes the expon¢ntially multiplying system, the
concomitant linearly multiplying system, the self-controlled system, the self-
maintained Systemg the motor system, the sensory system, and the sensory-motor
coordination system. Combinations of these characteristics may bc used to
detine a variety of lives. }he definition may be generalizéd'tO'include sub-

_ life, primordial life, exo-life, super-life and pseudo-life which are special

cases of the generalized life defined by one 6r éeveral.of the above discussed
characteristics. Applications of the principles of pseudo-lives te social
(economic system) and humanistic (civilization) studies are indicated.

t
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A general theory of life based on the physical principles is developed

in two parts. The first part is a phenomenological study concerning the ques-

tion what is life. The phenomena'of life that are seemingly different from
physical systems are analysed in a number of aspects separately; each is
studied on the basis of physical laws systematically and exhaustively, so
that the various characteristics of life may be understood on the physical
_bésiso The second part is an attempt to deduce biology from physical sciencé

by showing that the appearance of the various characteristics of life in.the

evolutional history follows the dictation of the physical principles. It also

- tries to establish the general dynamical principles in biology. The ultimate

purpose is to learn the origin and evolution of life from the first principles

&

of physics. This papér concerns the first part; the second part will be con-

taihed in another paper (1)'referred to as Paper I11.
The characteristics of 11£e phenomena are llsted and analysed belowo The

definition of life will be dlscussed afterward

i, Exponentially multiplying system

One of the characteristics of life is the capability of living 5ystems to
multlply themselves 1dent1ca11y (or nearly identically) so that the number of
md1v1duals increases exponentially (or~ nearly 's0)- 4n- the course of time in an

infinite nutrlent medium. This characteristic corresponds to the phenomenon

of reproduction on the macroscopic level and to the function of replication of

DNA on the molecular level.
In the physical universe sﬁch a'sysfem may occur under proper conditions.
One example in nuclear astrophysics‘ié the’synthesié‘of,elements by the rapid

neutron absorption process (2) terminated by fission and repeated again and

v
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again., An exhaustive study will discover more of such systems. We shall’
limit oui'selves to the field of catalytic synthetic chemical. reactions on the
molecular level, to which:the presently known living systems gelongﬁ

Suppose in an infinite nutrient medium there are substrate molecules By,
By.... ready to be synthesized into macromolecules. Suppose there exists a
catalytic molecule Ay which catalyses the Synthesis of another molecule Ay
out of the B's., The number of A} molecules remains the same, catalyst being
ﬁsed over and over again without change. The number of A molecules will
increase iinearly in time, but not exponentiéllyo However, an exponentially
multiplying system may be constructed if A, itself is a catalyst which cata-
lyses the synthesis of another molecule Az out of the B's, and A7 in turn
catalyses the synthesis of Ay, and so on, ad infinifum, assuning the reaction |
rates are the same (or nearly so). The number of A's then increases exponen-
tially., Such a system involﬁing infinitely many catalysts is rare in occur-
rence, the probability being n®, where n is the average probability of one
molecule’s being a catalyst, - On the.other hand, if one of the A's, say A1,
happens to be identical with Aj, then an éxponentially multiplying system may
be formed with n catalysts, the probability of finding n catalysts being n",
now much greater than a”. The probability is greatest when n=19 corresponding
to auto-catalytic reactions. - However, there are quantum mechanical reasons
to believe that auto-catalytic synthetic reactiéns qré extremely improbable
and the most significant exponentially multiplying system is the n=2 system

(3). This may be looked upon in a naive way:; The catalyst and the product

 are the same, and one cannot expect the catalytic action to be carried out by

the complementary relation of molecular configuration, which seems to be the

major mechanism in biochemistry. The n=2 system is called the allowed system;



n=3 system is called the first forbidden system, etc.

Let us consider the allowed system which consists of two components Ai
and A;. In the multiplying process the first, third, fifth, etc. generations Vl
are in the form of A;, different from the second, fourth, sixth, etc. genera-
tions in the form of A;. The system is thus inhomogeneous.  On the other | v
hand, one may easily construct a homogeneous system by a slight variation:

Let the first generation bé a composite of A} and Ay The second generation is
thus a composite of Ay énd Ay which is identical with the first. We may now
recognize that this is just the way DNA operates. .The two sfrands of DNA are
the two components A; and Ay; in the replication process Ay catalyses the for-
mation of Ay and Ay catalyses the formation of Aj. ‘Each generation is a com-
posite of A} and A;.

It is gratifying to knbw that DNA belongs to the allowed system. If it
were_forbidden then there is alwéys the danger that some dayvan allowed system
will emerge and take over the world from the forbidden syéteme

Let us now conéider the first forbidden system which consists of three
components Ay, A, and Ag. Ay catalyses the synthesis of Aj which in turn
catalyses the synthesis of A; which in turn catalyses the synthesis of Aj,
thus forming a cycle. The homogeneous system may take the. form of a three-
stranded macromolecule with three-way pairing among the side chains of the
three strands, analogous to the pairing of DNA. One interesting point on the
error rate of replication may be mentioned here with regard to this kind of
hypothetical informational molecule. The error rate in single strand recogni-
tion is at most 103 (4). Thus the error rate in replication with a single-
stranded nucleic acid as the template is probably in the neighborhood of 1074, 1

On the other hand,.the error rate with a double-stranded DNA as the template
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is nearlynthe same as fhe'rate of spontancous mutation in reproduction which
is about 10-8. The large difference may be explained by the theory of rcpliv
cation previously developed by the author (S),. The error rate of double-
stranded DNA replication, because of the double check of the hydrogen-bonded-
base-pairs, is the square of tﬁatvof single-stranded DNA (10'4)2ﬂ agreeing
with the observed valuc of 108, The three-stranded molécule, because of the
three-way check, will have the replication error reduced further to 10712, ,
The low errorvrate'of double-stranded DNA over single-stranded nucleic acids
probably is résponsible to the fact that organisms based on double-stranded
DNA is capable of developing into very complex forms while those based on
single-stranded nucleic acids do not develop beyond the stage of virus. The
degree of complexbity from virus to man is increased by a factor of 104, judged
by the increase of the length of DNA. Onc may surmise that the changing of
the information molecule from double-stranded to triple-stranded would also
increase the limit of complexity by another factor of 1()4 because of the even
lower rate of replication error. If the somatic mutation theory of aging (6)

is right, the lower rate of error in replication and in other form of mutation

~of the triple-stranded molecule will enable the organism to live a much longer

life. Thus the hypothetical triple-stranded infbrmafion molecule would give
rise to the possibility of an organism much more long~1iving and much more
complex and thus ﬁrcsumably much more intelligent than us (superman!). It is
true that the lower rate of mutation leads to lower rate of evolution and the
question may be raised whether the age of the physical universe is long enoﬁgh
for the superman to evolve. In this respect it may be mentioned that mutation
in replication is not the major mechanism of evolution (see Paper II) and the

other mechanisms of evolution will operate without hindrance. Though the first



forbidden system has a lower rate of occurrenCe than the allowed system, the
number of planetary systems in the stellar universe is sufficiently large to

make the occurrence of the first forbidden system not impossible.

2. Concomitant linearly-multiplying system

In addition to being an exponentially m@ltiplying system, known living
systems are at the same time a linearly multiplying system correspondiﬁg to: \
the growth of the individual on the macroscopic level. On the molecular level
this corresponds to the function of transéfiption 6f DNA. The significant
point here is that both'sysfems are served by one and the same entity--the
DNA molecule, .

In the physical world it is easy to understand and construct linearly
multiplying systems. Ahy dne»stage orrmultimstate (not Cyclic) catalytic
reaction is a linearly multiplying system. But one entity serving two func-
tions is unusuai and has far reaching consequences in biclogy.

The significance of.the double function is that it reduces the burden‘of
reproducing the individual‘organ'ismo Without such a system the replication
process will have to reproduce the whole individual which involves a large
number of molecules and a complex structure. With such a system it is only
necessary to reproduce the genetic molecule; the development of the individual
from the genetic molecule is left to the linearly multiplying system (prin-
ciple of tﬁomstagé rocket). The task of replication is greatly simplified
and this is made possible only when the two functions are carried out by the
same molecule. The shnplificétion of the machinery of life makes the develop-
ﬁent.of complex forms of life possible.

- Is it possible in the physical world to construct one entity which serves

v
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a double function? In engineering we can always design a machine to serve a
specific function. One-purpose machines can always be expected¢ On the other

hand, in special circumstances and by good luck, it is possible to design a

machine to serve two independent functions. For example; the wheels of a

bicycle serve two'independent functions: one is that of a wheel, the other

is that of a gyroscopeo It is the speéial circumstances iﬁvolved (both

involve rotation) and the ingenuity of the inventor that make the combination
possibie; thig simplifies the machinery of a bicycle as a vehicle to a great
extent, Machines that serve two independent functions concomitantly are |
defined as supermachines of the first order; those that serve three independent
functions are defined as supermachines of the second order, etc. Supermachines
cannot be expected. On the other hénd, by.probability, out of a large number
of machines there is always a small fraction for which the special circum-
stances may make them possible to become supermachines, A supermachine
involves ingenuity but is by no means mysterious and can be understood in
temms of physical and statistical considerations. On the other hand, it does
involve an element of chance; and an element of chance here enters biology.
From the study of replication of DNA (5), one gains the impression that DNA

is a high-order supermachine (perhaps of the‘fourth or fifth order); and the |
development of life to the‘present‘state is very much dependent on the épecial

circumstances that make the DNA possible to serve a number of independent

. functions.

The recent works by Wigner (7) and Landsberg (8), which seem to imply
that quantum mechanics exclude life, bring out sharply the difficulty of dupli-

cating an individual organism, a complex molecular system no matter how small,

. from physical point of view, The difficulty is partly solved by developing



the concomitant lincarl:ywnmltiplyin.g system by which the molecular system
that has to be duplicated is reduced to a much simpler one (the genetic mole-
cule) and the phase space requirement is reduced substantially. The remaining'

difficulty of duplicating the genet'ic. molecule is solved by substituting the .

-

homogeneous, n=2 exponentially multiplying system for the n=1 system (3). o
| Thus the quantum mechanical difficulty is avoided by two acts of ingenious B
strategy, which, of course, are the results of évolutiono

Another point is in order here cbncerning the self-reproducing automata
of von Neumann (9). He proved that a self-reproducing machine is poséible
from computer engineering point of view, though he did not consider quantum
méchanics_and thermmodynamics. His automata may bé classified as the n=l
exponentially multiplying system; there is no: separation of reproduction and
growth and the automata are machines, not supermachines. The genetic material
, is totally conservative. Thc-*; progeny is fully mature at birth (ihstant. man)
like aﬁtomobiles coming off ags_embly line ready to perfomrm in full capacity.
While such a system may be considered as a form of generalized life (see later
discussion), its bearing on the understanding of the presently known life is
rather remote, His theroem does not tell us how and why the presently known
life, which is a n=2 system, a supermachine, semi-conservative, and nqn-xvjnsta_nt?
arises and operates, Furthemmore, if he considered quantum mechanics \yhen
constructing a molecular system, he would encounter the difficulty raised by
Wigner and Landsberg for being a n=1 system, If he considered thermodynamics
he would have the difficulty of eliminating all irreversible processes that
tend to decrease the amount of information. From the evolutional point of
view, this kind of lifé is so much less efficient than the presently known | v

life that its spontaneous generation is highly improbable.
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The question how the DNA dual-function supermachine comes into being has

been discussed in another paper (10) in connection with the mechanism of trans- .

cription, It is proposed that the transcription process is closely analagous

,tb replication,so much so that it may be regarded as a "mutant' of replication.

The biological evolution is assumed to start with the appearance of nonsense
self-replication molecules. 'Mutation" of the replication process produces
irrelevant product (trésh) instead of replica progeny. Among the maﬁy trash
producté sbme, by probability, may happen to be useful when associated with

the precursor. The combination thus survives better than others and becomes

the dominant species. This is the beginning of the individual organism which

is already endowed with a dual-function genetic molecule. This is also the
beginning of sense, and the end of nonsense of the genetic molecule. The
special circumstances that make the dual-function possible lie in the fact
that both replication and’trahscription involve the synthesis of a new nuclep-

tide chain with an old chain as témplate° The actual appearance of the duaiu

function system is the result of population statistics in evolution. Thus

the emergence of the supemmachine is understandable in temms of dynamic and
statistical analysis.

3, Self-controlled system

Another characteristic of life is the control mechanisms that put the
chemical reactions and physical ﬁrocesses in order in the development of the
individual, in fhe ;arrying out of the functions, in the adaptation of the
indifidual to the environment, and in reproductions--in other words, the
mechanisms that organize the physical and chemical processes into iinearly and
exponentially multiplying systems according to a specific schedule. These

characteristic vital activities have been amalysed and can be understood in
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terms of physics and chemistry. In genetics the operon theory (11) contri-
buted to the understanding of the control mechanism. In other areas the feed-
back control mechanism (12) and allosteric control mechanism (13) have been
developed. Other mechanisms may be developed later. Much work has been and
is being done which greatly clarifies the mechanism of self-control which used
to be considered a vital characteristic not subject to physical analysis.

It seems thét the above three aspects are sufficient to cover the

‘behavior of virus (the host cell is considered as the nutrient medium) and

some bacteria. With these three characteristics understood in terms of physics

and chemistry the behavior of these ,lowervorg'anisms may be understood from the
physical point of view, It may be noted that the three aspects involve only
properties of molecules and thermodynamic systems in proper combination and
proper sequence. Besides the combination and sequence the basic processes are
not different from inanimate material systems"-vin physics and chemistry and

therefore it is not surprising that these life forms sometimes bechave like the

inanimate material system--i.e., viruses may exist in crystal form and bacteria

may exist in the dehydrated form for a long time without change and without
activity. To put it symbolically, the transformation between life and “'death"
(14) is reversible. In higher organisms this chafacteristic disappears with

the emergence of another characteristic discussed below,

4. Self-maintained system
This is the characteristic reéponsible for the fact that life in the
higher forms is constantly active (cannot take a break) and the transformation
from life to death is irreversible. It manifests itself in biology in the

appearance of processes, one leading into another in succession and the last
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one leading into the first, thus operating in a ¢ycle, =~ The cycle, taken as-a
whole, is not a thermodynamic system nor, of course, a mere molecule; and
therefore is not a familiar bbject but a new entity in physics. Though the
cycle may eventually be analysed in terms of elementary physical and chemical
processes, the whole exhibits characteristicquuite different from and even

contradictory to those of thermodynamic systems and molecules. This is the

origin of many vital characteristics that seem to be different from or contra-

dictory to the behavior of physical and chemical systems (usually either

thermodynamic systems or molecular systems). To introduce the concept of

self-maintained system, we consider an example in physics: the discharge tube

~ from which the term "self-maintained" originates.

The gas in a discharge tube before dischérge is a thermodynamic system;
its properties are coﬁpletelyAspecified by a few parameters and are independent
of the past history. .One_mayvstudy a number of cause-effect relations--e.g.,
to determine its conductivity-under the action of é field, which is very low.
The discharge phenomenon begins with the Townsend discharge which is not Self»
maintained. Though the gas fn the tube increases the current by'mmltiple'
ionization, the maintenance of the cufrent depends on the supply of initial
ions from external sources (cosmic rays, etc.). If the external source of-

ions is completely eliminated the current stops. As the voltage supply

~increases the discharge passes through a stage called breakdown, after which

the discharge is called {low discharge which is self-maintained. In this
v if : : g
stage, even/the external source of ions is completely eliminated the current

%

‘will not stop, The tube now has its own supply of electrons and thus the cur-

‘rent.is self-maintained. What happens is that the accumulation of positive

ions at the cathode produces’eleétrons by secondary emission, upon bombardment
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tion. The superior efficiency of the self-maintained system is demonstrated
by the simple example in daily life that it is easier to keep the motor run-
ning idle than to stop and start it again, and also by the example that it is
easier to maintain a fire at all times than to make a new fire every time it
is needed. In fact, the keeping of the self-maintained fire is one of the
indispensable éperations of a primitive civilization (a formm of generalized
life«wsée later discussion). The superior efficiency makes the evolutional
process converge in this direction and is the reason for-the appearance of the
self-maintained system in higher organisms and.for the important role it plays
in them. |

e, Higher stability. Selfmmaintained systemé are stable in two respects:

in operation and in evolution. One of the necessary conditions for construct-

ing a self-maintained system is the built-in stabilizing mechanism that enablcs

the cyﬁle to be operated in éfeady stafe_@not di?erging or converging). This
is exemplified-ﬁy the glow dischérge tube wh%ch exhibits remarkably stable
terminal vbltagesso much so that it may be used a-Voltage regulator., The
operational stability is a desirable feature in biological systems; the evolu-
tion into higher organisms is marked by the development of systems of higher
stability (constant body temperature, for example) aﬁd thus by the appearance
of-selfwmaintained systems. From evolutional point of view, the operation 6f
the cycle depends on the exact coordination of the eleméntary proccsécs the
cycle is made of, and any mutation changing one elementary process may disrupt

the operation of the whole cycle and may become lethal, Thus, once a cycle

‘is established, it tends to prevent evolutional processes to change the opera-

tions away from the cycle. The evolutional process before the establishment

of the self-maintained system is random; afterwards it becomes stabilized and




15
no longer changes at random.' This is a fact that has both advahtages and dis~
advantages. For example, once the DNA-RNA-protein cycle is established, it is
mmossible for the system to evolve by infinitesimal changes from the n=2 sys-
tem to the n=3 system, which is superior in a certain sense. Also the |incar
information ﬁtoragezsystem of DNA is a rather pdor system for information
retrieval and this shortcoming can never be improved by infinitesimal changes
in evolution; the”significance of this point in developmental biology will be
discussed in Paper 11. Once the evolutional pfocess is no longer random, the
concept that evolution defelops the system of maximm efficiency should be
modified. Evolution by infinitesimal changes'seeks not the absolute ﬁaximum
but the local maximum subject to the conétraints déveloped by evolution itself
(1t is near-sighted and biased). The advantages.of the self-maintained sys-
tems make the evolutional process proceed towards them; the stability of the
systems prevents. the process to develop away from them. The result is a large
adcumulation of selfnmaintained‘systems, and this is‘why higher 6rganisms are
characterized by them. |

The glow discharge tube*opérates in a wide rénge of voltage of the power
suppiy and remains stable, On the other hand,’under higher supply voltage it

may pass into another self-maintained discharge, namely, the arc discharge with

the emergence of a new mechanism of electron supply, namely, the high/field

emission. Thas change of.sélf?maintained system is not impossible but is a
discontinuous, catastrophic affair, not the result of continuous evolution..
. Dynamic characteristics. In glow discharge the gas changes from a
good insulator to a good conductor. In passing from glow discharge to arc
discharge the tube may eyen exhibit negative resistance which is against the

1awsqu nature of ordinary substances (thermodynamic systems). 7Thus the self-




16

maintained system, compared with ordinary substance, exhibits a number of
unusual properties, yet they are not mysterious and can be understood in
terms of physical principles by analysing the operation of the cycleov Many
of the unusuél and even mysterious properties of life may be understood in '
terms of self-maintaihed operationsov

The crux of the matter is that self-maintained systems (such as a dis-
charge tubé) have input-output relations just as thermodynamics systems (such

as a resistor) have and thus may be used to perform the same functions of

thermodynamics systems but are not thermedynamics systems themselves and have

characteristic quite different from the latter. In physics and engineering
| design one usually deals with molecules (microscopic) or thermodynamics sys-
tems (macroscopic). A therhodynamics system is complefely specified by a few
parameters (thermmodynamical variable); the past hisfory of the system is com-
pletely fbrgotfen and irrelevahtb The input-cutput relations are uniquely
determined by the equation of state; The behavior of the system is completely
determined by the external factors (intensive‘ﬁroperties of the system in
equilibrium with the environment determines the extensive properties through
the equatibn of state)° These are characteristics of ”mechénical" systems in
the usual sense. Because most systems discussed in physics and engineering

' ’ physical.
design are of this kind, one tends to regard the whole/universe to be operated
on this basis and life phenomena become difficult to understand. The self-
maintained system is history dépendento The behavior of the system 1is deter-
mined not only by the external factors but also by the characteristics of the
ielementary processes of the'Cyclé, which we may define on a phenomenological

basis as the'"self", in the sense that they are not specified in the external.

Whereas the self may be analysed in terms of the mechanical behavior of the

6"‘\
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elementary processes, the emergence of the self as a detemining factor of the
output is a new manifestation, While we are still faf from an understanding
of the mental processes in terms of physics and.chemistry, we do find room in
the self-maintained system to explain phenomena fhat éannot be.explained by

thermodynamics systems, without intfoducing anything:beyond the principles of

physical science. (Even the concepts of the individual and the will may be

susceptible to physical analysis and the age-old philosophical problem of the
matter and the mind may eventually be settled on scientific basisu) This

point is not self-evident even from the standpoint of physics, as exemplified

by Wigner's recent view that quantum mechanics is not suitable for a complete

description of all natural phenomeha including life and at least should be

modified to include new concepts, such as consciousness, which are not neces-

‘sary in physics (7); That this is not necessarily so has been discussed in

another paper (3).

The emergence of se1f~maintained systems in the course of evolution is
determined by their efficiency and stability. The emergence of the:self is
thusvan incidental affair in-the course of evolution as a manifestation hap-
pened to be associated with a particulér system favored by population statis-

tics. We may thus sumise that mind is not absolute; there are various kinds

‘of mind associated with various kinds of life (and generalized life). The

present kind of mind happens to be the one associated with the present kind of
life.
A discussion concerning the second law of thermodynamics is in order here.

According to this law a closed system tends to reach thermal equilibirum, a

~ state which will not change'any further. From the statistical point of view

this tendency corresponds to a change from the ordered state to the random
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state. If the whole universe is taken as a closed system, we would expect
this tendency to take place and the universe is heading to the state of heat-
death (the whole universe is in thermal equilibrium). On the other hand, life
is constantly active and the evolution of life proceeds in the.direcfion of
from‘the simple to the complex. The contrast leaves the frequentiy expressed
opinion that the phenomena of life are nbt compatible with the second law of
thermodynamicsg ?his difference will now be analysed. First of all, if life
were a closed system there would be real contradiction. But life is not a
closed system; it exchanges matter and energy with the outside world, Second,
the whole universe is not yet in thermal equilibrium. The part of the uni-
verse where life thrives (bioSphere of the earth) is actually in a steady
state rather.than an équilibrium state--i.e., energy flows into it from a high
temperature source (the Sunj and out of it into a low temperature sink (the
outer space). The second 1éw does not apply to steady state and thus no con-
tradiction. Before heat-death occurs many things such as life may still hap-
pen. ‘ |

A related problem occurs here. Most physical systems, such as gases,
liquids and solids, are thérmodynamic systems which are not isolated but are
in equilibrium with the surroundings. The thermodynamic systems, being in the
equilibrium state, do not chénge unless the external conditions are changed.
Life, being a sequence of ceaseless changes, cannot be understood on the basis

of thermodynamic systems which would require a sequence of ceaseless changes

.0of the external conditions to give rise to the activities of the system.

Even if the activities of life form a sequence (not cyclic), tlus one ini-
tiates another, the whole sequence will eventually come to thermodynamic

equilibrium according to the second law and everything will stop. If life
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were a thermodynamic system,.its activities must be the results of acts of
some external agents that manipulate the thermodynamic system. The question
of life thus is shifted to the nature and behavior of the agents. The agents
cannot be thermodynamic systems themselves because the behaviof of the'agents
cannot be explained if they were thermodynamic systems, unless they were
manipulated by other agents, and so on, ad infinitum. The ultimate agent,
therefore, would have to be supernatural. If we want to consider life that
is constantly active as a natural phenomenon, it cannot be a thermodynamic
system. What else are there.in physics that are not fhermodynamic systems?
There are non-equilibrium systems, which always eventually reach equilibrium
according to thé second'iaw, and combinations of non—equilibrium systems,
which in the long last generally reach equilibrium. The deadlock is broken
in one exceptional case’whén‘a sequence of non-equilibrium proéesses form a
closed cyclej under proper conditions the c&cle may_maiﬁtain_itself without

- coming to thermodynamic equilibrium,.and the Sequencé of activities, once
started, will keep on fepeating itself without coming to a stop with no exfer-
nal rhanipulatic’m° This is the establishment of a self-ﬁaintained system.
When this happens we call itvlife (or life-like system). The requirement of
an external agent to pull the wire to give rise to life ié thus eliminated;
the wires are pulled by the companents of the cycle, each one acting on the
next and eventually returning to the first, forming a closed cycle. The
proper condition that makes self-maintained system possible, in the case of
the discharge tube, is just the steady state voltage input and output across
the tube. All livihg systems are more or less in a steady state with regard
to thg exchange of matter and eﬁergy with the surroundings; In fact, under

steady state condition, whatever changes take place must be cyclic. Moreover,
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the external world does not manipulate through the input and output; it merely
provides a steady state condition. Manipulation involves a sequence of vchanges
(instructions) but the steady state does not change in time. It may also be
concluded that life is & manifestation of the steady state and thérefore
there will be nd.‘life in the heat-death state.

It may' now be said that the idea of the cyclé is the one only impoftant
"philosophiéal" idea necessary for the understanding of life (15). It is the
cycle that makes the exponentially multiplying system possible so that life
may perpetuate; it is the cycle that makes the self-maintained system possible
so that life may be constantly active. It is also'the cycling of material
between life and physical world in life-death cycles that makes evolution
possible so that more complicated, more ingenious forms may develop. If some
Speéies would not die, _thus‘ breaking the cycle of circulation and therefore
"hoarding' the building material, evolutioxvl“will stop and nothing more ad-
vanced will appear (16).

The four charactefistics dis;us’sed so far probably are enough for an
understanding of the basic behavior of life up to the plant kingdom. They
cover a fe-w aspects of life that are seemihgly different from ordinary physi-
cal vsysﬁe_ms and they are analysed and v'understood in temms .Qf physical prin-
ciples. The emergence of the animal kingdom, which is actually a parasite to
the plant kingdom, involves the appearance of several additional characteris=
tics of life which are_diémssed below. These characteristics are also present
in rudimentary form in the plant kingdom, and they cannot be taken as the basis

to draw a sharp line to demarcate the ‘animal Kingdom.

€«
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5. Motor system

Most animals are characterized by the ability of exerting mechanical

energy, most obviously in locomotion. That a physical system, given energy
_supply, will exert mechanical energy and execute locomotion 1s no surprise
(all engines (17) and vehicles are of this kind); thus the motor system per
se is within the realm of physical séienceo The problem is héw such a system
appears as the product of a linearly multiplying system concomitant with an
exponentiallf multiplying system. The mechanism of muscle action is a major
topic in biophysics and biochemistry and the generation of mechanical energy

has been analysed on the physical basis.

. 6. Sensory system

Most animéls are also Eharacterized by the capacity to respond to exter-
na}mphysical stimuli such as electromagnetic waves, static mechanical pres-
‘sure, mechanical vibrations, chemicals in solution and chemicals in air; thus
arise the senses of vision, touch, hearing, taste and smell. Like in the motor
system, it is no surprise to find a physical system capable of responding to
one of ﬁhe stimuli (all measuring instruments are of this kind), and the prob-
-lem again iS to see how such a system built into the living system. Sensory
perception is another major topic in biophysics and the process may be ana-

lysed into elementary phsyical processes.

7.  Sensory-motor ccordination system (Brain system)

The advantages of the motor system that are responsible for the appear-
ance of the system in the course of evolution are obviously the greater

accessibility to necessities and greater safety in avoiding danger. Without




a sensory system these functions will have to be carried out by trial and
error, which is rvather inefficient. The advantage of tﬁe sensory system is
to enable the organism to. recognize necessities and danger. But the sensbry
systems will not be useful unless the information received 1s used to direct
the action of the motor systemas Thus a sensory=mot6r coordination sYstem is
‘called for and is favored to develop in the evolutional process. The brain
of.higher animals, particularly of manylwhich is so highly developed and so
highly distinguishes man from all others, is basically a senéoryumotor coordi-
nation system. In fact, the“various parts”of,the brain develop concomitantly
with the various sense perceptions for their coordination, though not neces-
sarily limited to it later; thus tectum develops with vision, thalamus
develops with touch and hearing, and cortex develops with smell (the recogni-
tion of complex molecules is more difficult than other physical stimuli).
Many of the mental activites, no matte; how complicated they may appear, can
eventually be analysed as sensory-motor coordinatioﬁ action, even though the
senéing may take place a long time ago, in different locality; even by other
individuals, and the motor action may be programmed for many years hence, in
different locality by different individuals (such as the writing of a will).
—Sensorywmotor coordination action in physical world is also no surprise
. to find, such as a door controlled by an electric eye. Simplé sensory ~motor
coordination actions in animals may not be difficult to analyse in terms of
elementary physical processes. The more complicated ones involving memory,
learning, reasoning and calcuiation, are of éoUrse more difficult. The work
in this field is just beginning, but there is no reason why these cannot be
analysed., After all, computers that possess these propcrties have béen con-

structed.
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The above discussed characteristiCS‘cover aspects of the life phenomena

that are apparently different from the usual physical systems. The foregoing

discussion intends to show that they can eventually be analysed on the physi-:

cal basis. Thué life phenomena are not intrinsically different from physicai
phenomena (18). The only difference is that they are rare and are special

| cases that occur only in rather special circumétances. ‘The interplay of the

special circumstances and the deveiopment of life is what we call the evolu-

tional history. The understanding of life phenomena is‘thus closely tied to
the problem of evolution. This dynamical aspect of the prqblem of life is

left to Paper.II. In the present phenomenological study, general principles
(static) of the various characteristics are developed; in Paper II general
dynamical principles will be developed, the two ﬁogether being the general

principles of biology.

Definition of life

‘We may now consider theiproblem of the definition of 1life. Since life
phenomena are not intrinsically different from physical phenomena, there is
no compelling need nor is it possible to make an exact definition to demar-
cate life from noh-life, Thus any definition of life may.be'madc only for
the sake of convenience. Actually, different forms of lifc have different
.'characteristics'and no single definition is equally appropriate for all.
Therefore it is convenient to define a variéty of 1life forms by a variety of
~ combinations of the characteristics discussed above. Thus virus may be
definedvby the first three characteristics, Plants may be defined by the
first four characteriétics, Animals may be defined by all seven characteris-

tics.
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With this flexibility of definition we are able to define other forms of

“1ife not presently existing on earﬁh by other combinations of the characteris-
tics or other variations of the characteristics° After all, these character15w

tics strike us as life-like and any system possessing these may be considered

as a sort of life-like object, This attitude is useful and convenient be- e

cause each characteristic has its general principles and, once understood,
may be usefully applied to other systems having the same characteristic.

Thus we may define primordial life (now extinct) and sub-life (may still

exist) by requiring merely the first characteristic of exponential multipli-
cation, W¢ may define exo-life that have the same characteristics as ours
(thus life-like) but carry them out by.different schemes (such as the n=3
exponentially multiplying system). When we look for life in outer space we
certainly should not limit.oursélves to life forms exactly the same as ours
{say, those using DNA or RNA as genétic material). The other forms are, in

| fact, much more interesting. We may define super-life by requiring additional
characteristics currently not in existence but theoretically possible. No one
has seriously considered what are the 6ther characteristics possible.,

‘With the same spirit we may generalize further in defining a variety of

pseudo-lives by requiring any one of the characteristics from 2 to 7. Thqs a
servo-mechanism may be considered as a pseudo-life defined by Being a self-
controlled system; a computer may be considered as a pseudo-life defined by
being a sensory-motor coordination system. These objects are obviocusly not
life from usual standards but they are life-like to a certain extent, and it

is not unjustified to consider them pseudo-lives. However, such definitions

would be merely a game of words unless they serve a useful purpose. And we L 4

do find them useful in that the basic principles of each characteristic are

SV
o
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" equally applicable to these inanimate material systems as to life systems.

The study of one helps the understanding of the other. The life and life-like

systems defined above may be considered as special cases of a more general

class called generalized life defined by any one or several characteristics

discussed previously.

Civilization as generalized life

As a matter of fact, the present world minus the physical world is nearly
all life or life-like. The life-like part comes into being by the same evolu-
tional principles that bring life into being. The subject matter of economics,
politics, sociology and history, the arts, the cultures??ghe civilization are

not physical nor b1010g1ca1 but they are life-like to a certain extent and

may be considered as pseudo -lives and may be investigated by the general pr1n~b

ciples of the characteristics of life. Of course, they are not limited to the
characteristics of the present form of life, but the new characteristics may

also be analysed by the same methodology employed in the analysis of 1life.

This opens up a whole new area of investigation and this approach may

eventually make the humanities and the social studies into sciences.
For example, the modern economical system is a self-maintained system as

defined above. To illustrate in a rather naive way, we notice that steel mill

.is needed to produce steel, but steel itself is needed in building the steel

mill, thus forming a cycle. The cycle comes into being by a long evolutional

process in which primitive smeltering processes were first developed to make

steel without ferrous metal. In other parts of the world the cycle may be
established by a catastrophic act of importing steel and technology from out-

side, If all steel processing facilities of the world are destroyed at once,
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the cycle is broken and cannot be reestablished except by‘vthe primitive smel-
tering method, which may no longer be available in the future., Actually the
economic system as a whole is a self-maintained system; the various industries
and segments form a complicated network supporting one another on a cyclic
‘basis. The problem thé underdeveloped countries face is not just building
one industry or another (establishing linearly multiplying systems) but is
buildiﬁg a viable economy (to break into a self-maintained system). The dif-
ficulty is comparable to that of the breakdown of a discharge tube. The
economic aid to Europe after the Second World War served as a catastrophic
act to reestablish the broken seif-maintained sysﬁem; Europe is now on its
own. The economié aid to many other parts of the world stiil has not suc-
ceeded in establishing self-maintained systems, where ﬁhére were none before.
Moreover, the history of economic development is characterized by the transi-
tion of industrial products from the status of luxury item to that of neccs-
sity (starting from the savage's apron to the medieval watch to the modern
television). The luxury item is the trash we discussed in the linearly multi-
'p]_ying sys‘cém= Once the trash is built into a sel_fmmainta.ined system it
becomes a necessity.  The development of the economical system thus follows
closely the general principles of the linearly multiplying system and the
self-maintained system.

The same kind of reasoning shows that the civilization as a whole is a
self-maintained system; the various segments of it help support one another
in complicated cyclic networks. The economic system is just one segment Qf
it and operates within an even larger network. Many of the characteristics
- we discussed of economic systems apply equally well to the civilization as a

whole. Thus once a civilization breaks down it is either dead or difficult to

revive. The Western civilization, after the fall of Rome, took a thousand
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years to :

/revive (is it still Rome?). The concepts of injury, revival and death can be
applied to economic systems and civilization as a whole, ﬁot because these Sys-
tems are mysteriously anthromorphic, but because they are self-maintained
systems and follow the same general principles of the system which also
govefn life systems.

The idea of introducing biological concepts (organismic, anthromorphic)
in humanistic studies is not new; Spengler and Toynbee are among the authors
engaged in this endeavor. While Some Qf their conclusions seem valid, they
are notvuniversally accepted because their works are intuitive and mostly
analogy. As such it is hard to establish the limit within which analogy may

apply. Indiscriminate application of analogy is certain to lead to ridiculous

. conclusions. We have shown that certain aspects of human activities follow

the general‘principles in common with some of the biological systems, and
biological analogy is valid in these aspects. The discussion also points the
way’how to apply the analbgy discriminately. In fact, within the limits, the
general principles may be applied thoroughly to their logical conclusion;
beyond-the 1imit$, new principles may be developed Ey the same methodology.
This is the way an art becomes a science. This article is not the place to
discuss humanistic studies in detail. On the other hand, luman beings are a
part of the biological world, and therefore human activities cannot be iso-
lated from the principles of the biological world. In fact, biological

studies cannot avoid human activities and will not be complete without them.
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Higher animals in éleep still carry on physiological activities. Plant
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and come back alive again.
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While the Greeks ﬁay tlahn originaiity on all scientific ideas in the
Western civilizafions the idea of thg cycle is conspicuously absent in
Helenic thought. This may be the reason why thé understanding:bf,life
is so far behind that of the physical world. While the idea of the cycle
is present in the Sinic thought aS'embOdied in the Five Rank theory, the

most elaborate development of the idea is to be found in the Indic

thought as manifested in Buddhism.

Interestingly, stellar evolution is one of this kind; thus helium is the
hoarder of stellar material in hydrogen-burning stars, etc. Thé ”evolu»v
tion"vis actually the successivé appearance of stéges; each characterized
by a more effective hoarder than the previous one. Thus the process is
leading to a dead end (probably the neutron star).’ The absence of thé
cycle is responsible tb the absence of nuclear life--a fonﬁ of life |
based on nuclear reactions instead of chemical reactions,

The idea of the cycle enters here again; all heat engines work on a
cyclic basis, thus making continuous conversion of ﬁeat to work possible.
The idea of cycle may be extended from tempofal'to spatial; tﬁus the
large scale, precisely regular structure of crystal is possible from
infinitesimal molecules because of the exact spatial cyciic fepeatg The -
crystal form (such as that of DNA) is responsible for important biological
functions. |
This does not mean to degrade life to the level of inanimate material
system, which is the fear of many who objecf to a physical analysis of
life. The very purpose of this paper is to delineate the properties of
life that are not possessed by simple mechanical systems. Life grows out

of the parentage of the physical'world but has established a néw world



19.

30
in its own right. In fact, only in these characteristics the meaning and
value of life may be found. The nobility of an individual is never

eclipsed by his humble parentage. It is more gratifying to be certain

of one's parentage, no matter how lumble, than to inhérit a glamorous
title trainted with the doubt of illegitimacy. ' | '3 
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