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It is for the cultural anthropologists to explain the As you probably know, all social animals — bees, ants,
great popularity of a recent publicatibthat bases man’s or animals that live in herds — constantly exchange de-
evolutionary success on his alleged intrinsic habit to kill notative information about food, danger, and individual
and to destroy. Since this belief is contrary to the the-states of mind such as anger, submissiveness, etc. If | am
sis on which my paper today rests, | hope you will for- not mistaken, von Frischsanalysis of communication
give me if | open my remarks with an apparently un- among bees allows for a bee’s vocabulary of about 200
popular confession: in contrast to the tenets of soméwords.” | could give you a host of fascinating examples
self-appointed apostles of the glories of annihilation andof information exchange in animals. And it is quite ob-
destruction, | believe that love, not hatred and mutualious that those poor creatures doomed incommunicado
killing, is the mainspring of man’s cultural and spiritual have to resort to a rather poor competitive game. Since
evolution. evolution is cashing in at even the slightest edge of an ad-

Clearly you will not let me get away with such an vantage, it is clear that evolution fosters communication.
outrageous assertion, without sufficient evidence to sup-
port my proposition. To this end permit me to translate| The | ggjcal Structure of “Environment.”
this assertion into somewhat more scientific terms. This
can be done most advantageously in terms of a fast deveFhe second facet of the advantage of a coalition to which
oping, fascinating branch of mathematics, namely “gamd want to draw your attention is that this structure is an
theory.” This theory deals, among other game situationsexample of the old saying that “the whole is more than
with decision-making under insufficient information, de- the sum of its parts.” Although we seem to understand
termining those moves of a player which would give him very well what this means, this statement has been at-
maximum gain with minimum risk. In the particular case tacked by positivists and operationalists time and again,
where a group of players have to play against a not cgmrightly so, | think because the way it stands it clearly
pletely determinable opponent — as man in his strug4is nonsense. Two and two are both parts of four, but
gle against the partly unpredictable forces of nature — it2+2 =4 and not a tiny bit more or less. However, if what
can be easily shown that a “coalition structure” is muchwe want to say by this statement is properly formulated,
stronger than a “competitive structure.” By “stronger”|l a most profound principle is defined. It is the principle
mean that the pay-off per element is higher; and my asef super-additive compositions for elements making up
sertion that a coalition structure is stronger than a coma system. Let me first give a precise formulation of this
petitive structure refers to the fact that two elementsprinciple in rather abstract terms, and later illustrag th
jointly can do things which the two elements separatelyapplication of this principle to pertinent concrete situa-
can never achieve. In other words, by joining, each gletions. What we really want to say is: “A measure of the
ment gets more out of the deal than if it remains singlesum of the parts is larger than the sum of the measure of
As trivial examples of advantages of coalitions, may |the parts.” This statement can be formulated in even more
point to man’s social build up during historical time, his precise, mathematical terms. Consifldo be a measure
vigorous urbanization in recent centuries, and his extenfunction. If you recall that the symbol “¢” stands for “left
sive development of the means of mass communicatiorside larger than right side,” the above statement can be
Although this observation is almost trivial there are two written in the following way:
facets which are — in my eyes — of considerable impor-
tance.

First, a coalition is a much more sophisticated struc . ) .
ture than a competition, because it requires the possi- " Order to make this highly symbolical expression

bility of the elements to communicate with each oth r,more tangible, let me suggest a simple example which

F(a+b) > F(a)+ F(b).
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may evoke old high school memories. Take for the m

ment as an example of a measure function the operal
“squaring;” that is

F()=()>
Squaring all F-expressions in our first equation v
obtain:
F(a+b)=(a+hb)?>=a’+b’*+2ab
and

F(a) = a?,F(b) = b2

Putting the results back in form of our first equatio
we obtain the undeniable truth that indeed:

a%+b?+2ab> a%+ b2

The margin which makes the left hand side of this i
equality larger than the right hand side is, of course, t

product &ab. This provides us with an important clue.

The product abis nothing else but the measure of the i
teraction of the two parta andb, namely the interaction
of a with b andb with a. Hence, by taking the mutua
interaction of elements in a system into consideratic

the system as a whole indeed represents a more valuable

entity than the mere sum of its independent parts. T

a coalition is such a structure, where the individual ele
ments interact for the benefit of the system as a whole

and hence for the advantage of each element compris
the system is, | believe, now reasonably clear.

These so called “non-linear composition rules” allo
in a non-trivial way the description of systems compos

of interacting elements. Take, for instance, a colony

of about a hundred million flatworms of the gemila-
naria. Each of these creatures has about one hund
nerve cells. Thus, all together they have about ten billi
nerve cells. The human brain also has about ten billi
nerve cells. Why don’t these hundred milliptanariae

represent the intelligence of a human brain? With this

short course on super-additive composition rules, you
certainly now in a position to answer this puzzle. It
because brain cells are in a state of perpetual interact|
constantly co-ordinating, abstracting, and sifting per
nent information for the system as a whole. Ppta-

nariae cannot do it; add a couple of millioplanariae

to our colony, and nothing changes in the structure

this colony. They do not interact. If they interact, they

interact by competing for a limited supply of food. A

this point, it is high time to justify my lengthy elabot
ration on the concepts of non-linear composition rules
You may rightly ask what all this has to do with “Envit

ronment,” the theme of this conference, and in particu
with the title of my paper, “Logical Structure of Environ
ment and Its Internal Representation.” | hope that | w
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o-be able to show in a moment that the concept of super-
tioadditivity will be crucial in the appreciation of environ-
ment, because, as some of you may have sensed already,
it is the interaction part of the totality “Environment—
Environmentee” that is today of central interest to us,
and not merely the enumeration of independent events
or entities. This, however, will be evident after we have
discovered the peculiar logical modality that is implicit

in the concept “Environment.”

I sincerely hope that | do not offend the kind sponsors
of this conference if | first stipulate that it is nonsensical
to talk about an environmeper se Stop to think for a
moment what you would answer if | asked you, “What is
N, the environment?” Most probably you would retort with

a counter question, “Environment of what?” When we

use the concept “environment” we tacitly assume an “en-
vironmentee” or that which is surrounded, or acted upon,
o by the environment. A cockroach who stands in line with
heme at the box office tha Dolce Vitg although he occu-

pies almost the identical spatio-temporal neighborhood

as | do, certainly has an entirely different environment.
" He may be looking forward to relishing a batch of old
noodles which are, alas, protected by my foot, while |
may be looking forward to Anita Eckberg’s antics. Thus,

ve

n

;nif we are able to specify the environmentee, then at the

a§ame time, we have defined its environment. Clearly, this
h . L .
Is a highly subjective affair, as you can see from the cock-
roach example. On the other hand, it might be conceiv-
‘mable that, by appropriate specification and enumeration
i gf certain objective features, one may establish an appro-
priate environmentee. However, this is rarely done, as
e have seen at this conference where the environmentee
was always implicitly or explicitly given.
From all this it seems apparent that the concept “en-
\gronment" belongs to a class of concepts called “dyadic
re o, : e
relations” because they involve two entities, sagndB,
on . o L
o where —in a loose sense AimpliesB andB impliesA.
"It this would be interpreted in a strict logical sense, the
. identity of AandB could be inferred. The sense in which

w
e
n

this inference is meaningful will emerge after | have dis-
Cussed the modes of internal representations of the struc-
rtlure of one’s environment. Presently, however, | would
like to show that the logical structure of the concept “en-
vironment” is indeed more sophisticated than anything
that can be described by a dyadic relationship. In carry-
01jng out my proof of the insufficiency of the assumption
that the relationship “environment—environmentee” is a
dyadic relation | shall use a popular logical artifice called
reductio ad absurdufn

Assume that a relationship “environment—
‘environmentee” will indeed describe adequately the situ-
Iaration under consideration. Under_these circumstance; it
can be argued that the whole environment does not exist
at all in reality, but that it is the sole product of the envi-
ronmentee’s imagination. In other words, we may insist
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that introspection does not permit us to decide whethefhis leads us to the question: what is representable at
the world as we see it is “real,” or just the result of our all?
dreams, an illusion of our fantasy. However, by looking
around in our dream-world, which perchance may be t |s” Environment as Structure.
conference, we cannot deny that our imaginary univers
is populated with apparitions that are in many respe tsﬁx fact that never loses fascination for me is that there
similar to us. Consequently, we have to grant them thds not only a universe, but that there also are elements
privilege to insist that they are the sole reality and every-which are capable of observing this universe. That life
thing else is only a concoction of their imagination. On with its intricate order and complex control mechanisms
the other hand, they cannot deny that their fantasies wilcould ever evolve is due to the fact that this universe is
be populated by apparitions — and some of them maya highly ordered affair and not a sequence of completely
be we! random events. Life can only exist in a cosmos — in the
With this we have reduced our original assertion toGreek sense of an ordered universe — and not in a chaos.
an absurdity, because if | assume | am the sole realitylt is quite clear that for anything to be anything, it has to
it turns out that | am the imagination of somebody else,remain unchanged for a while, it has to be an “invariant.”
who in turn assumes that he is the sole reality. Of coursdt is not necessary that this refers to a shape, or volume or
this paradox is easily resolved by postulating the realitya particular configuration; it may also refer to a chain of
of our environment in which we all happily thrive. events that follow each other. In a complete chaos every-
I hope that the crucial point of my argument has be-thing can happen. In a world with some order, not every-
come sufficiently clear, namely that, for the establish-thing happens that could happen. From a purely logical
ment of the logical structure of the concept “environ- point of view, there is nothing which would prevent this
ment” there must be at least two elements observing thipackage of cigarettes | just took out of my pocket from
environment, and they must be sufficiently alike in gr- pumping itself up into an elephant who slowly becomes
der to serve as mutual witnesses for any objective evengairborne and flies out of this tent while singing tiier-
In other words, that which can be witnessed can clainseillaisein a high pitched soprano. However, | venture
to be real and to be part of our environment. Again,to say that this does not happen; or — to be a bit more
to put it differently, only knowledge that can be sharedcautious — that the probability for this chain of events
belongs to our environment. Thus, it turns out that theis “vanishingly small.” The nice thing about our universe
logical structure of “environment” is that of a “triadic rer is that there are invariants as, for instance, this package
lation” because it involves the relationship of three en-of cigarettes which | can put back in my pocket again,
tities: an observerA; a witness,A«; and that which | or its predictable trajectory if | would toss it in a par-
is withessedB. Environment can be called “together- ticular direction. Thus, order presents itself in the form
knowledge” which in English undoubtedly sounds awk- of constraints on a system that is not free to do what it
ward. However, in Latin there is a splendid expressionwould do if it were not subjected to these constraints. It
for exactly this term, namelgonscentidrom which, of | is, therefore, not an accident that we denote these regu-
course, our word “consciousness” is derived. It probablylarities of our universe as the “Laws of Nature”; and it
was the triadic logical structure of this concept that gaves only due to their invariance that we are able to name
all philosophers over the last three thousand years diffithem. Since “naming” is clearly a form of representa-
culty when they tried to resort to a simple true-false, two-tion, it emerges that in order for something to be repre-
valued, Aristotelian logic, where at least a three-valuedsentable it must have some order. In a chaos, nothing can
logic is required. You may at this point argue that con- be named. Hence, whatever is representable in my envi-
sciousness is, by all means, a single man'’s affair and thabnment must have some intrinsic order. Reversing this
you do not need a witness in order to be conscious. Thistatement: my environmentis defined by the kind and the
seems, at first glance, to be true. However, closer inamount of order | can discover.
spection shows that our consciousness is produced by Permit me to elaborate on this point, because if | suc-
the “together-knowledge” of the rapport of our different ceed in showing that it is the kind of constraints that are
sensory modalities. The ear is witness to what the eyeetermining the particular kind of emerging order, | shall
sees; the eye is witness to what touch reports; and sbhave an easy task in showing that the corresponding pro-
on. In order that these senses may compare their variougess in the internal representation of the environmental
experiences, it is necessary that they translate these |intrder is neural inhibition. Let me first demonstrate by a
the same language. | shall discuss this point in greatesimple example, what | mean by the emergence of order
detail in a moment when | turn to the third portion of by adding constraints to an initially chaotic — or random
my paper “The Internal Representation of the Environ— system. Consider for the moment a gambling situa-
ment's Structure.” Presently, however, | still owe you|ation in which a “fair” die is repeatedly tossed. As you
clear description of what is supposed to be representedll know. the outcome of a particular toss is completely
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independent of the outcome of a previous toss. In ot
words, if face 4 has just come up and one picks up the
to toss it again, one is again completely uncertain ab
the next outcome, it can be 1, 2, 3, 4, 5, or 6, with equ
probabilities. Let's consider for the moment an extrag
dinarily simple “universe” that is represented by this di
There are just six states in this unive®&e, S3, %, S
andS;, namely the six faces of the die. The “behavior” ¢
this universe is described if we are able to state the pr
abilities for this universe to go from any one of its si
possible states into any other one of these six poss
states. A representation of this situation is most eas
done in the form of a quadratic matrix as shown in Tah
I, which lists on the left-hand side all present possil
states asillegible?] all possible subsequent states a
inserts missing line(s)p

D

Subsequent State

S| S| S|S][S|S
S [ 16 ] 1/6 [ 1/6 [ 1/6 [ 1/6 | 1/6
G S |[16] 16| 16 | 16| 1/6 | 16
2 S |[1/6 | 1/6 | 1/6 | 1/6 | 1/6 | 1/6
§ S [[1/6 | 1/6 | 1/6 | 1/6 | 1/6 | 1/6
& S || 16| 1/6 | 1/6 | 1/6 | 1/6 | 1/6

S |l 16 | /1/6 | /1/6 | 1/6 | 1/6 | 1/6

TABLE I: Transition probability matrix for a completely
undetermined (free) system (unloaded die).

In the particular case of our “fair” die, this matri
will be filled everywhere with equal probabilities of 1/6
because — as we have seen before — all outcomes
equiprobable and independent of past outcomes. | n
propose to get a bit more zing into this boring game
slightly manipulating this die. Let’s drill a hole into the
die, and fill it with a viscous goo into which we insert
heavy piece of metal. Of course, we do not forgetto s
up the hole so that this die looks like any other harr
less die. However, its performance will be quite differe

from before. If we now allow the die to rest after eag

toss, the piece of metal will slowly sink and will load th
die so it tends to fall on the same face. With this man

ulation our previously unpredictable simple “universe
has become more predictable, because, if, say, face 4 h

come up, we will be rightin most cases if we predict th
face 4 will come up. This situation can similarly be e
pressed in form of a transition probability matrix whic

may look as in Table Il if we do not let the die rest to

long between tosses.

Subsequent State

LS 1 S| S| S [S | S

@ S VAT 16 [ 16| 16| 16 | 112
S S || U6 | UsA| U6 | U6 | 12| 1/6
2 S || 1/6 | 1/6 | 14 | 1/12 | 1/6 | 1/6
§ S || 16 | 16 | V12 | U4 | 1/6 | 1/6
& S || 1/6 | /12| 1/6 | 1/6 | 1/4 | 1/6
S || 112 | /16 | /1/6 | 1/6 | 1/6 | 1/4

TABLE II: Transition probability matrix for a partially detmined

her
di¢ransitions are more probable than others. In other words,
outhe system is no longer free to go into any possible states

nd

[begins in mid-sentent#&ibution where certain state

alwith equal chance, but has to yield certain constraints
r-within its structure. This, | believe, will become quite ap-

e.parent if we let our die sit and wait between tosses until

the piece of metal has settled on the ground. Under these

of circumstances the die will come up in subsequent tosses
obwith overwhelming probability on one and the same side
X and all other state transitions will be “vanishingly small”

ble The corresponding matrix is shown in Table lll,
ilywhich now contains probabilities being either zero or
leunity depending upon the state transitions being impos-
lesible or being certain.

Subsequent State

SS9 |S|S][S|S
@ S[ITO[O0[0[0][0
H S0 1]0]0]0]O
2S00 1]0]o0]oO
‘é’& 0lo0] 0|1 ]0]oO
E S|JloJoJo0o]o]|1]o0
S|lololo]o] o1

TABLE IlII: Transition probability matrix for a completelyetermined
system (Law of Nature).

In this case the constraints in our simple universe are
so strong that it is impossible for the system to do any-
thing else but to “observe the laws of nature” which are
intrinsic in the structure of this system.

| realize that | may have used an over-simplified

afample to demonstrate the difficult concepts of deter-
O%hinacy and indeterminacy. Nevertheless | hope that
BYthe methods of describing these situations have become
? palatable. My excuse for elaborating on these ideas, per-
& haps unduly, is that in my next step | would like to show
®alhat small constraints on an otherwise random system
M represent themselves in the form of remarkably devel-
ntoped structures. This | shall do with the aid of three ex-
h amples. Two of these are taken from Nature with the
® constraints fixed:; the third example is an artificial system
F",'in which the experimenter is in a position to manipulate
®the transition probabilities.

@S Fig. 1 shows a collection of twelve patterns all dis-
atpIaying a beautiful hexagonal symmetry. Of course,
" you recognize these stars immediately as snow crystals
h Why is this recognition carried out so quickly on such a
O relatively large set of different objects? The reason is tha
the growth mechanism of these snow crystals is subjected
to a major constraint, and it is this constraint which is
“sized up” immediately. The growth mechanism of snow
crystal is determined by the triangular shape of the wa-
ter molecul€ having two small hydrogen atoms attached
to the big oxygen atom in angles which are close to ei-
ther 30° or 60°. This, on the other hand, accounts for a
certain “freedom” in attaching themselves to each other,
which in turn allows for the large variability within this

(constraint) system (loaded die).
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the construction of these shapes. We have a hame
this constraint; we call it “snow-crystal”’. However, thi
microscopic constraint would not become apparent to
if it were not applied over and over again. Since such
snow flake contains approximately a billion billi¢»O
molecules, this constraint has been in operation in
actly the same number of times.

farhe motion of this spot upwards or downwards, and from
s left to right, or from right to left, is “determined” by a
ugast electronic “coin tosser” which makes about twenty
1 @housand random decisions in one second. Clearly there
are only four states, namely a unit step into any one of
exthe four directions. The transition probability matrix for
these states looks exactly like that in Table I, with, of
course, only 4< 4 entries, all filled with a probability

of 1/4. We now apply to our electronic coin tosser the
constraint that it should become slightly “loaded” in the
sense that it should (a) give slightly higher probabilities
to switching the spot into another direction by reduc-
ing its probability to continue its movement in either the
horizontal or the vertical direction, and (b) give slightly
higher probabilities for switching the spot in a clockwise
direction. In Fig. 2b you see the result of the first 200
steps of this spot after the uniform probability distribu-
tion has been shifted only a few percent in the desired
direction. Since this pattern shows only 16 steps, it is
clear that the spot must have run several times through
this configuration. In other words, such a pattern shows
a certain amount of stability produced by the constraints
inherent in the motion of this spot. Another feature may

Fig. 1. Snow Flakes.

My second example from Nature refers to a cas

where she anxiously has to guard against even the sli

be noteworthy, and that is that adjacent squares are be-
dng circumnavigated in opposite directions as indicated
Jhpy the arrows pointing in the direction of motion.

est variations occurring. | am referring to the “genes
those macro-molecules which govern the stability of t
hereditary traits from generation to generation. It isrth
particular molecular configuration which determines t
building program of the organism in its macroscopic

W

commands: “do this; do that ...” which in other words L
means: “don’t do this; don’t do that ..."” Again we have

as, for instance, “elephant”, “mouse”, “hippopotamu
etc. We may even recognize the fme structure of these
constraints by referring to certain family traits: “Oh, he
is a typical Jones.”
In these two examples you may argue that the con-
straints | am talking about are rather strong, because the)
are produced by the strong electro-static forces whjch
bind the atoms together to form the various molecules.
Hence one should not be too surprised if this results in
a variety of remarkable structures. However, one should
not forget that all these molecular configurations are sub-
jected to a strong random thermal agitation which tends
to destroy all order and symmetry. Let me show now|in

a final example the emergence of structure in a systenr R ¢ O3
where we have the transition probabilities from state|to ]
state, so to say, at our fingertips, because it is only nec-

essary to turn a knob which will automatically regulate D) o (=)

these probabilities. . ) ) .
. . . Fig. 2. Order emerging from applying constraints to 2 randgystem.
In Fig. 2a you see the first 23 steps of "f‘.lummo S (a) Random walk. (b) Single spot with slight turning conisitra(c)
spot produced by an electron beam on a television screen: Four interacting spots, (d) Apparent “building blocks”.
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A highly sophisticated configuration is shown in Fi
2c which presents the results of the first 200,000 st
of the motion of four spots each of which has the sal
constraints as our spot before, with the additional ¢
straint that they all interact weakly with each other in t
sense that they “repel” each other when they come
close (the transition probability for turning away fro
each other is slightly increased when near), and that t
“attract” each other when they go too far (the transiti
probability for turning toward each other is increas
when apart). Clockwise circumnavigated squares

. our sense organs. The sense organs act as intermediaries
ps/hich translate the various physical modalities and their
evariations (light, color, sound, heat, etc.) into some ap-
npropriate activity of the nervous system. The result of
ethis translation has usually been called “the sense data”.
odJntil a couple of dozen years ago, it was believed that
these sense data were quickly relayed to the brain which,
ey some of its miraculous powers, put these data bit by
nbit together and reconstructed a true replica of one’s en-
dvironment. In other words, the brain was thought to be
r@opulated by little men, who themselves could see, hear,
painted black. Since there are only 256 steps visible irfeel, etc., and who informed us about the state of affairs.
this pattern, it is clear that some of the steps must havéf one asked about the brain of these little men, one was
been repeated several thousand times. Hence, this pattegither “out”, or their mental activity was again explained
has reasonable stability. by little men in the heads of these little men, and so on
A student of this structure, who does not know ad infinitum
how it is created, will come to the conclusion that this ~ The remarkable advances in experimental neuro-
“molecule” is built of two kinds of “atoms”, one black physiology in the last two decades have shown us that
(+) and one white (-), with shapes as suggested in Figthis picture of the information processing in the nervous
2d, which obey a law of nature that forces them to bindsystem is not only unsatisfactory, but also false. The
into higher structures such that opposite signs attract. Wenost important lesson those advances taught us is that
may smile at the naivete of this natural scientist who dis-the sense organs deliver, in the form of symbols, highly
covers these “laws”, because we know that this wholeprocessed and reduced information to the brain, which
pattern is generated by only four spots zooming aroundn turn performs “non-numerical” computations on these
like mad in an almost random fashion. However, wesymbols. The results of these computations become in
should not forget that the accent lies on the almost. Thapart apparent in the form of the activity of the organism.
is the crux of my thesis: Small constraints are sufficient  In view of the extraordinary complexity of the func-
to produce considerably ordered structures. Hence, thioning of the nervous system, | hope that you will for-
discoveries of our natural scientist are not so naive aftegive me if, in the limited time of this lecture, | confine
all; he only put his knowledge into a different language. myself to a few points which, | hope, will stimulate you
The two descriptions are equivalent. sufficiently to look for more information in this fascinat-
Before | turn to my concluding discussion of the ing field’ 8,°.
internal representation of environmental order, let me In order to leave you with at least an inkling of how
briefly summarize the train of thought that brought usand what is computed by the simultaneous interaction of
to this point. First we established that the saying “the(at times) more than ten thousand parallel nerve fibers,
whole is more than the sum of its parts” is meaningfullet me briefly describe the nerve cell, the neuron, the el-
only if the parts are interacting in the form of a super- ementary component of this intricate computer.
additive composition. Second, the logical structure of en-
vironment revealed itself as a triple interaction between
at least two observers and that which can be communi-
cably observed; this we called the environment. Finally,

der because we know what to look for. We must look for
how environmental constraints mirror themselves in the
internal structure of the observing systems.

lll. The Internal Representation of the (A) (B)

Environment’s Structure. Fig. 3. Form and function of a cortical neuron. (a) Cell body,

dendrites and axon. (b) Electrical activity measured withiecoprobe

It is a generally accepted notion that all informatign on the axon of a sensory input neuron (Frequency Modulation)

about our environment reaches us through the activity of
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A typical cortical nerve cell (as those of which yo | hasten to add that this does not mean that | belittle
may find several billions in a cat's brain) is shown en- this situation. | did not say “merely sequences of electric
larged about 10,000 times in Fig. 3a. Like any other cell,pulses”. | just wanted to point out that all metal activity
the neuron has a cell body, called #wana which houses | is represented by this electric activity. In a similar way
the nucleus and is probably responsible for the neurgn’s. physicist might point out that all matter is composed
metabolic activity. The same membrane which envelopesf about a hundred different atoms. It is undeniable that
the soma also forms the tubular sheaths around the maratoms as well as pulse sequences are respectable, sophis-
ramifications extending from the soma. There are twaticated entities.
kinds. One kind, the dendrites, are seen branching offin  Another detail that is worth mentioning is that the
all directions in a tree-like fashion. The other, the axonsmagnitude of the traveling pulse does not diminish while
are smoothly surfaced and rather straight. They extendé travels along the axon, even when a bifurcation is
downward, bifurcating further below on many points, ex- reached, and from then on two pulses travel along their

ferentkinds of connection as sketched in Fig. 4a. Oneijs a
direct attachment to the soma of the other cell by forma- INHIBITION
tion of an “end bulb”, the other one is a somewhat hap-
hazard ascending intertwining with the dendritic ramifi-
cations of the target neuron. These different connections
fulfill different functions, as we shall see in a moment.
If one penetrates with a micro-probe into the enclgs-
ing membrane at any point of the neuron, one finds a
change of the electric potential of somewhat less than a
tenth of a volt, which indicates that a whole structurein
its rest state can be considered as a charged, distributec
electric battery.
If at the soma this electrical potential is momentarily
perturbed beyond a certain threshold value, the neuror
will “fire”, i.e.the perturbation will travel along the axo
in form of an electric pulse and will pass on this pertur-

bation to its connectees, which, in turn, will respond (0} However, | still owe you a description of how these
this perturbation. You may note the following interesting neurons exchange and process information. In Fig. 4a we
details in connection with this interaction process. First indicated two different kinds of connections. Their func-
the magnitude of the electric pulse is independent of thejons can now be discussed. Connections via end bulbs
intensity of the perturbation. However, a prolonged per-provide units of excitation while axons terminating in the
turbation in sensory cells will produce a chain of pulsesgendritic ramifications will inhibit the firing tendency of
with a repetition frequency approximately proportional the target neurd. In other words, if two pulses arrive

to the logarithm of the intensity of the stimulus. Fig. 3b gimost simultaneously, the one over an end bulb and the
shows three tracks of the pulse-activity of a single neuromther one over the dendrites, their action will cancel out
as measured with an electric pI’Obe. While in this exa and nothing will happen_ |f, however, at a particu'ar in-
ple the stimulus varied according to the ratios 2:4:16, thestant the only active input is a single end bulb and the
corresponding frequency ratios are only 1:2:4. This is &hreshold of the cell is zero, this will suffice to trigger
very elegant method indeed to compress a large amoufie neuron and it will transmit a pulse via its output axon
of information into a relatively narrow band. The trans- tg other neurons in the connection field. These, in turn,
lation of outside information into pulse intervals of varj- may or may not fire, according to the type of connections
ous frequencies is universal. That is, all sensory modalithe descending axons have established.

ties will code their information into this pulse Ianguag , It is not difficult to show that, with these types of con-
which is not only understood but also spoken by all othemections, symbolized on an “idealized” neuron in Fig.
nerve cells. Indeed, it is the only form of communica- 4p (namely excitation [yes], inhibition [no], or excitatio
tion between neurons and it is the only way in which all [trye], inhibition [false]) a single neuron is in a position
our experiences, thoughts, feelings and ideas are repreg compute various “logical functions”, and small nets of
sented: through sequences of electric pulses. only three neurons are capable of computing all logical

INHIBITION

DOUBLE
EXCITATION EXCITATION

SINGLE
EXCITATION

vV

Fig. 4. Schematic (a), and symbolic (b), representationsifigle
neuron.
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functions of the form “A and B”, “A or B”, “if A so B”,
“A equivalent B”, “A or not B”, etc. where A and B are ,
two active afferent axord.
Although the recognition of these computations |n LGHT
the central nervous system is of the greatest importance
]

from an epistemological point of view, | believe that at

PHOTOCELLS

how some of the spatial order in our environmentis co
puted and represented by nervous activity.

NEURONS

principles of computation that are in operation, let me ococooo0o0000 o0100080010

give you a clue as to what is computed. May | take you (A) (®

back for a moment to the point where | discussed our €n-  Fig 5_periodic net which computes the invariant “EDGE;”
vironment’s principles of order. As you remember from independent of location, strength of illumination and sizebject.
the examples | suggested, order was always established

by producing constraints that acted either on temporaj or An obvious effect of this particular interconnectivity

tgilent. In other words, this net “computes” the invariant
“edge”, independent of its location and independent of
mthe strength of illumination. The efferent fibers of this

“sees” only the manifestations of these constraints ha
carry out an analysis of the neighborhood relations.
This observation suggests that neural networks cg

words, this strip sees each different number of objects as

e-a different entity, say “seven-ness”, “twenty-ness”, etc.

understanding of the problem of “cognition”.
Fig. 5 gives an example of such a periodic on

(say, photocells) are connected to a series of correspon@nt colors, “red-ness”, “green-ness”, etc.

peats itself periodically over the entire strip. With
thresholds equal and slightly above zero, clearly, the nedthe visual field; chord and timbre independent of pitch,
ral net will not respond if all photosensitive elements arevoicing and variation of frequencies typical for definition
uniformly illuminated (Fig. 5a), whether the illumination Of spoken phonemes in auditory perception, and many
is strong or faint, because the double inhibition convergmore. It is most significant that these networks are not
ing on each neuron from sensory elements to the left an@nly on paper or [illegible] enterprising engineksout

right will cancel the double excitation coming from its have been [established to] exist in the sensory apparatus
corresponding photocell. of cold and [illegible] animals. We know, for instance,
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that post [illegible] neural networks in the frog’s eye tions in language. | give an instance which, with amuse-
compute precisely four different invariahts straight | ment, may be extended to any other case. Suppose | do
edges; changes of light; curvature of a dark object; andot know the meaning of “after”. | consult a dictionary
movement of edges. In the Platonic sense, these are thehich explains “after” with the aid of “later”, “subse-
frog’s “universals”. It has recently been established thatjuent”, “succeeding” and “consecutively”. Suppose |
the pigeon has precisely six such property detectors in itslo not know the meaning of these. Consequently | look
visual apparatus. them up in my dictionary and again | do not know them,

I hope that with these examples | have made suffi-and so forth. The result of this search is given in ma-
ciently clear where to look for the representation of en-trix form in Table IV which lists for the American Col-
vironmental structure within the observing organism. Aslegiate Dictionary the left hand side the source words,
these examples suggest, the constraints that produce te the top the target words, and indicates with an “X” at
structure in the environment are mirrored by the cgn-intersections of rows and columns the presence of a ref-
straints in the modes of interaction of neighboring neu-erence. Clearly, if | do not know any of the six terms, |
rons; that is, in their connection schemes. shall never know what “after” means. How to escape this

| realize that it is not easy to envision this correspon-dilemma? It has been suggested that denoting by point-
dence between neural connection structure and environng is a meta-language, that breaks through the closure of
mental order. Perhaps an obvious analogy may help| Aanguage. Alas, this meta-language is also closed, as told
superficial inspection of the score of Beethoven’s Fifthin a charming story by Margaret Mead, the anthropolo-
Symphony and the microscopic wiggles in the groovegyist. She wanted to learn quickly a basic vocabulary of
of a record of Beethoven’s Fifth Symphony will not re- a people whose language was unknown, and she pointed
veal their structural identity. However, when played by at various things with questioning sounds and gestures.
an orchestra and a record player respectively, their simHowever hard she tried, she always got the same sounds
ilarity cannot be denied. This shows that to any spotjinas answers. Later she learned that these people were
the score there must correspond a set of wiggles on|thkelpful, concise, and understanding; the sound was their
record, and vice versa, otherwise the results obtained byord for “pointing finger”.
transforming these representations into still another one

namely into patterns of sound. could not have so much - E
resemblance. Z 2 Zlo
At this point | could, in all fairness, conclude thi 31813 §
presentation. First | have discussed the logical structure 0| 2186 9
of “environment”. Second | presented some approaches Lk 21818 o}
to the definition of our environment’s structure; finall AFTER < ;(' 2 ;’ (; =
| attempted to give some clues to the understanding of [ATER | X X X
the internal representation of environmental structures. SUBSEQUENT X
However, | feel obliged to draw your attention to a diffj- SUCCEEDING | X X1 X X
culty in my presentation which | have not yet overcome. CONSECUTIVELY X
FOLLOWING | X

This difficulty | have posed myself by insisting that the
reality of environment is guaranteed only by communi-
cation of environmental features between two observers.

How do they communicate? Itis my personal belief that we find the clue for a res-
The first reaction to this question is that it borders gjution of this dilemma in the like representation of envi-
on ridicule, because the answer seems to be obvious; Bnment in the two elements who are separated by their
language, of course! But this, unfortunately, is too sim-skins, but alike in their structure. When they realize and
ple a way out, because — as | will show in a moment —ytjlize this insight them knows whatA« knows, because

it is impossible to learn some one else’s language unlesa igentifies himself withAx and we have the equality
teacher and student have like internal representations of

environmental order.
In order to prove my assertion of the impossibility to

learn a language by just applying language | only have  This brings me back to my introductory remarks
to show that language is a closed system. By this | meaghere | pointed out that cooperative interaction is super-
that any word in a language is again defined by words impdditive. Clearly, identification is the strongest coatiti
the same language. — and its most subtle manifestation is love.

If all explaining, and to-be-explained, words are un-  wjth this | have completed the circle of my presen-
known, they must remain unknown. A dictionary of a tation which, after all, turned out to be nothing else hut
single language is a typical example of circular defini-a paraphrase of a relatively old stdfyAnd Adam said,

TABLE IV: lllustration to the assertion that language is asgd
system.

| —THOU.
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“This is now bone of my bones and flesh of my flesh .
Therefore shall a man leave his father and his mother,
shall cleave onto his wife: and they shall be one flesh’l.
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