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The criterion that pure natural science can only investigate objective phenomena which 
can be observed by independent observers sets certain limits to our scientific understanding 
of brain functions. The methods and the present state of brain research and of computer 
development are described. The limitations of brain research are discussed by comparing the 
properties of brains and computers. At least for the time being we do not know of any natural 
scientific -  i.e. physical or chemical -  method which allows the objective measurement of 
consciousness, sensations, and emotions.
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Foreword

Epistemology (Erkenntnistheorie) of natural 
science is an area which seems to be neglected by 
many scientists and philosophers (Mohr, 1981). 
Scientific research is making such progress that 
most scientists pragmatically confine themselves 
to more promising tasks, applying science’s strict 
methods. It is not popular among natural scientists 
to discuss the epistemic foundations of science and 
the possible limits of scientific understanding. On 
the other hand most philosophers also avoid this 
field, maybe because they do not find this area 
enough of a challenge or think it is too near the 
province of “mechanics”.

One field that goes beyond the limits of natural 
science is brain research. In recent years, scientific 
brain research has made significant progress, and 
so has computer development -  possibly even 
more so. Both fields have intensely stimulated 
each other. A number of important questions of 
brain research was raised anew because of this. I 
would like to discuss the limitations of brain re­
search by comparing the properties of brains and 
computers. Are the observable capabilities of 
brains and computers fundamentally different?

For about two years I have been discussing this 
subject with brain and computer researchers, 
psychologists, and scholars of the humanities. 
These discussions produced some arguments and
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misunderstandings. This article is meant to further 
this interdisciplinary discussion.

Introduction

At the outset I want to remark that I use the 
word “scientific” here strictly in the sense of 
„naturwissenschaftlich“ i.e. “pertaining to the nat­
ural sciences”, not just „wissenschaftlich“, con­
forming to the rules of academic discourse. More­
over when I use the word physics, it is meant to 
include chemistry and all the so-called exact natu­
ral sciences as well. Natural science is not the only 
form of scholarly research (Wissenschaft). There 
are several others, such as mathematics, philoso­
phy, and other humanities, each of them charac­
terized by methods and/or objects. Psychology and 
sociology, for example, apply methods both of nat­
ural science and of humanities.

Our brain has the amazing capability to 
understand nature

To understand nature means that we can have 
or make theories of the world which describe the 
functional relations, much of these in mental pic­
tures which we can visualize. However, there is no 
evidence that our brain is able to understand na­
ture completely, to understand the entire world. It 
may well be that the brain provides no under­
standing of certain properties of nature, especially 
of those which had no direct significant impact in 
our evolution. But since we do not know the limits

0939-5075/95/0500-0317 $06.00 © 1995 Verlag der Zeitschrift für Naturforschung. All rights reserved.

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



318 Vies and Reviews • H. Stieve • Limits of N atural Science: Brain R esearch and C om puters

of our understanding of the world, we must at­
tempt as much as we find possible.

There are two different aspects of human brain 
activity:

1. The brain can be described as an information 
processing organ which controls bodily functions. 
These brain functions can be observed and mea­
sured using the methods of physics (so-called third 
person perspective).

2. We know the human brain to be the “seat” 
of psychic experiences (consciousness, sensations, 
emotions) which -  at least for the time being -  
can not be measured with methods of physics (first 
person perspective, Innenperspektive).

What do we know about the world and about 
ourselves as humans?

(Epistemological Foundations of Science; E r­
kenntnistheoretische Grundlagen der Naturwis­
senschaft)

Everything which we register of the world, we 
experience exclusively by means of our sense or­
gans. We cannot experience the world directly; 
each of us only directly experiences sensations 
(Empfindungen), his own consciousness (Be­
wußtsein). From our senses we only obtain sensory 
impressions which we interpret as properties of 
our environment (Umwelt). In our consciousness 
we notionally summarize certain combinations of 
sensory impressions (Sinneseindrücke) as things 
or objects. But at best our senses show us more or 
less adulterated properties of our environment. 
The “thing-in-itself” („Ding an sich“ -  Kant, 
1724-1804) -  if it exists -  is not accessible to our 
perception (Erkenntnis).

We cannot determine whether our senses show 
us the reality or simulate a falsified or hallucinated 
environment. Actually, there is no way to find out 
whether the humans and objects around me -  
which I perceive -  are real, or whether they are -  
in total or in part -  deceptions of my senses. This 
holds for all properties of the world, also if charac­
terized by physical or chemical measurements, be­
cause ultimately these too are accessible to me 
only by means of my senses. We cannot prove that 
there exists a real world outside of us. The exis­
tence of the real world is not provable. In its ex­
treme this line of reasoning may lead to solipsism.
i.e. the theory that nothing is real except the

contents of my own consciousness (Bewußtseins­
inhalte). Naturally that appears absurd to us, be­
cause the fact that the real world cannot be proven 
neither means that it does not exist, nor that we 
cannot find out anything about it. According to 
the theory of evolutionary epistemology (see be­
low) we have inherited useful knowledge about 
nature which has been tested by trial and error in 
the course of evolution of many generations. Fa­
tally wrong “assumptions“ were extinguished by 
selection.

Natural science

Natural science proceeds from hypothetical re­
alism, which postulates:

1. There is a real world.
2. Through scientific observation and experi­

ments we can learn objective facts about it and 
formulate laws which generalize these observa­
tions. Although this postulate cannot be proven, 
it consistently works, which means that so far all 
observations about nature do not contradict this 
principle and fit together in a converging frame­
work by complementing each other.

3. The laws of nature exist in independence of 
their experience (Erfahrung) by mankind, i.e. re­
gardless if and when humans discovered them. In 
other words, science postulates that the world 
around us is not created and ordered by science, 
but the ordered world around us exists whether 
we perceive it or not. The conception that nature 
is only ordered (or even created) by research, that 
for instance quanta did not exist before Planck de­
scribed them, leads to implausible consequences. 
The consistency of independent observations con­
tradicts it.

Different people perceive different, subjective 
images of the world. Yet we can arrive at descrip­
tive statements about the world that can be tested 
in a way that is intelligible intersubjectively.

Natural science operates by applying a number 
of strict game rules by which it arrives at its state­
ments about the world. The most essential of these 
rules is that a phenomenon is only regarded as 
objective if it can be observed by several indepen­
dent observers (i.e. intersubjectively). Natural sci­
ence, too, can only observe properties and it can 
subsume combinations of properties in its con­
cepts (Begriffe). Implicitly or explicitly all terms
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of natural science are defined by procedures of 
measurement (which include counting and all 
kinds of observable, measurable tests). But we 
also know of phenomena inaccessible to natural 
science, our feelings and emotions (Gefühle), our 
primary, subjective experiences.

Values in science?

The acknowledged scientific regularities or laws 
are objective, also in another sense: They do not 
depend on values, ideologies, or beliefs. The laws 
of the conservation of energy (Energiesätze), the 
equations of motion (Bewegungsgleichungen), 
and the laws of heredity are simply generalized 
objective descriptions of observations, as are 
Kepler’s Laws, Ohm ’s Law etc. They can be veri­
fied intersubjectively and reproduced under de­
fined conditions at any time. Scientific laws ex­
press approximations of reality; within their well- 
defined limits of accuracy we cannot choose to be­
lieve them or not. But this only applies to ascer­
tained statements, not for working hypotheses, no 
matter how plausible they may appear. Scientific 
certainty is approached on an asymptote.

It has become fashionable to claim that natural 
science is not free of ethical values and that scien­
tific findings are influenced by the formulation of 
the questions. This is a fallacy. This way, the pro­
cess of gaining knowledge is confused with its re­
sult: What depends on systems of values and on 
fashions is the object of interest and consequently 
the decision of what is researched, -  not the ex­
perimental results. In certain times certain ques­
tions gain a priority of interest for reasons of ide­
ology, politics, or a need of the time (e.g. space 
research or the development of medicine or weap­
ons), because new methods become available, or 
even as a kind of fad.

Value judgments and values are alien to the 
statements of natural science. This does not pre­
vent value judgments from entering the process of 
scientific research in the formulation of questions 
and working hypotheses. But since science re­
quires objective proof before it accepts statements, 
this can only have temporary effects. For instance, 
not even the massive exertion of Nazi or Soviet 
influence on biological research had a lasting ef­
fect on genetic science. Laws of heredity that were 
verified through experiments (e.g. Mendel’s) are

independent of conceptions of values and ideolo­
gies. Ideologies and conceptions of values can only 
hinder and delay research and acceptance.

Premature assumptions

Another thing that depends on the spirit of the 
age (Zeitgeist) is that some tenets (Aussagen) are 
already believed when there is no hard proof yet. 
One much-discussed example (e.g. by Paul Feier­
abend, 1983) is that at the time Galileo discovered 
the moons of Jupiter, telescopes were not good 
enough to make them out beyond doubt. That may 
be so. But today we have sufficient tools of obser­
vation at our disposal to indisputably observe the 
moons Galileo described. Throughout the history 
of science, many early claims have been refuted 
through the accretion of specific knowledge, while 
others were verified. Confirmation is preceded by 
a phase of search and conjectures. However, there 
is no clear borderline signalling when in a process 
of research scientific confirmation is reached. One 
has to be aware that scientists’ personal convic­
tions may be wrong, -  plausible and still not true. 
But even false assumptions may lead to a right 
path to a solution of a scientific problem. On the 
long run only the value-free evidence counts -  re­
gardless of who found it and for what reason.

The power of science

Part of the strength of natural science stems 
from its limitation to what it has access to. Science 
has specific game rules and within them it is pow­
erful. If a scientist oversteps this area, then it is 
as if a chess-player made forbidden moves. The 
sciences’ process of determining the truth is pro­
tracted and can also reach its goal after going 
astray for a time. That is why during the process 
of decision it is not always clear whether one has 
arrived or not. In science's inductive method of 
proof a statement becomes more and more prob­
able with the accumulation of evidence and is fi­
nally regarded as certain, because it has invariably 
been confirmed in many tests. The progression to 
a secured statement is very gradual. Unlike the 
deductive proofs of mathematics which proceed 
logically and cogently from unprovable axioms, 
scientific proofs are inductive, they have no 
sharply defined line beyond which they can be re­
garded as certain.
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Because of the rigidly applied rules, a number 
of hypotheses can be refuted unequivocally. For 
example, Georg Ernst Stahl's (1660-1734) highly 
original theory which assumes that combustion is 
based on the release of a substance 'phlogiston' 
was conclusively disproved by the experiments of 
Antoine L. Lavoisier (1743-1794) and never again 
discussed thereafter. It is different in the humani­
ties. These always retain their old theories as pos­
sible alternatives. The perspective of the moment 
determines which theory is deemed appropriate to 
the time. Unlike scientific controversies, those in 
the humanities frequently cannot be resolved by 
newly-gained information. Humanities change not 
so much in the growth of expert knowledge (Fach­
wissen), as in changes in the province of differenti­
ation of meanings (Alexander, 1988).

Psychology is not a pure natural science. Some 
psychologists think that the restriction of science 
only to objectively observable, measurable terms 
is too reductionist. They use a different approach. 
They attempt to describe, approach, and define a 
phenomenon such as creativity or adaptation from 
a multitude of aspects; that way they hope to grasp 
the totality of the phenom enon’s properties 
(Myers, 1983).

What does biology know of the nature of living 
beings?

Biology is the natural science of living beings. It 
does not deal with all aspects of living beings; it is 
only concerned with those properties that can be 
observed objectively, i.e. quantified, counted, 
mediated intersubjectively, and verified. This is 
also true for ethology (Verhaltensforschung). Of 
course one can deal with biological objects in dif­
ferent ways. Psychology and sociology do so with 
a variety of scholarly methods, some strictly scien­
tific, some not (nicht naturwissenschaftlichen aber 
wissenschaftlichen Methoden). I may even be con­
vinced that I understand the feelings of my dog; 
but that is not natural science.

Consciousness (Bewußtsein)

My consciousness is my primary subjective men­
tal experience, my feelings and emotions. But I 
know that solely from self-observation and be­
cause of this I cannot prove whether other beings 
have a consciousness or not. It seems reasonable

to assume that other humans have the same or 
similar conscious experiences, and we are sup­
ported in this assumption by the fact that we can 
communicate by language about them. Language 
is our main access to study another person’s con­
sciousness. However, we never know for sure if 
other people’s descriptions of experience are true 
or lies. With regard to animals we can only guess, 
and our guesses become more and more specula­
tive the more distantly we are related to them. 
That chimpanzees and gorillas experience sens­
ations in some kind of consciousness appears fairly 
certain to us. When it comes to the housefly, the 
mosquito, and the slug, any guess -  be it positive 
or negative -  is pure speculation. Experiments in­
volving their own mirror image indicate it is likely 
that chimpanzees experience a consciousness; 
however, the negative results of similar tests with 
other animals such as dogs cannot exclude the pos­
sibility of them having a consciousness. Epistemol- 
ogy does not provide a criterion as to whether or 
not a beetle has a consciousness. Therefore the 
statement that bees have no feelings is as unsure 
as that to the contrary. I can conceive of no scien­
tific way to measure subjective mental experi­
ences, consciousness, and emotions objectively. 
Some biologists, uncritical in their application of 
the scientific method, tend to disregard these 
limitations of natural science. In psycho-physical 
experiments we can fairly accurately quantify our 
subjective sensations as evoked by various stimuli 
(v. Campenhausen, 1993). By observations of be­
havior and reports of other people's self-observa- 
tions, we are able to extrapolate general state­
ments about human feelings, e.g. that conscious­
ness is linked to attention and short term memory 
(Crick and Koch, 1990; 1992). We do not doubt 
that other people have similar feelings when they 
speak of identical conscious experiences. Again, 
this principle fails with regard to the bee.

We know only very little about the development 
of our consciousness in our individual life, since 
our memory of our early days is very poor. We 
feel justified to assume that consciousness devel­
ops during the early phase of our ontogeny, but 
we cannot positively decide when it starts.

Proceeding from the scientific finding that in the 
course of evolution organisms evolved from more 
primitive forms to higher, more differentiated 
ones, one may ask the question if there have been
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earlier stages of consciousness in the evolutionary 
forbears of humans. Furthermore, are there less 
differentiated stages of consciousness in contem­
porary animals? Even though natural science is 
unable to make statements on consciousness, the 
multi-disciplinary answer to both questions is 
probably ‘yes’ (Delbrück, 1986). It seems plausible 
to us to assume that in higher animals with their 
(in comparison to humans) less highly evolved 
brains, there possibly exist earlier stages, less dif­
ferentiated forms of consciousness. Apes, for ex­
ample, are able to identify themselves in a mirror, 
so it is probable that -  unlike monkeys -  they 
already have an individual consciousness (a self 
awareness).

The hypothesis o f psycho-physical identity

In my subjective experience, physiological pro­
cesses in my body, i.e. processes that can be physi­
cally measured, are closely linked to events in my 
consciousness. If I get burned on a hot stove, I 
feel pain. We know -  e.g. from psycho-physical 
research during brain surgery under local anes­
thetics -  that the activity of the human brain is 
accompanied by certain reported psychic experi­
ences, sensations and emotions. Certain patterns 
of excitation in the brain then correspond to cer­
tain feelings. Reports by humans of their feelings 
and sensations when specific areas of their brain 
are subjected to focused stimuli, and of deficits ex­
perienced due to brain injuries allow us to identify 
a relation between measurable brain activities and 
certain -  reported or even self-experienced -  
conscious experiences. We can relate localized 
brain activity that we measure physico-chemically 
to sensations human subjects report. Such investi­
gations have shown that conscious experience is 
linked to activities of neurons in restricted areas 
of the cortex, the primary sensory fields, and not 
to activities in the many other fields. We con­
sciously experience the shadows of reality (Creutz- 
feld, 1986). We can identify the activity of certain 
groups of neurons when test subjects report cer­
tain hallucinations. The reports of hallucinations 
(phosphens e.g.) can even be used to identify the 
circuitry in the brain (Ermentrout and Cowan, 
1979; Cowan, 1986).

These findings lead us to the multi-disciplinary 
postulate: Consciousness, feeling, and thinking are 
functions of the brain. However, none of these im­

portant experimental observations can give natu­
ral science a direct access to consciousness and 
feelings. This is a border area of science: In ethol­
ogy different observers observe the same behavior 
of a subject in a given situation; a classical scien­
tific experiment. In psychology we can have re­
ports by different subjects on their mental experi­
ences as observed individually under similar 
experimental conditions. This latter case meets 
several -  but not all -  criteria of science. The two 
cases are different insofar as the primary mental 
experience can only be observed by the person 
concerned (not several independent observers) 
and that the reports are “translations” which may 
be (possibly even systematically) adulterated. Of 
course one can conjecture and successfully study 
how consciousness is linked to physical processes, 
but that is pure natural science no longer, rather 
a promising, very interesting multi-disciplinary 
type of scholarly research (Wissenschaft). Such an 
approach to acquire knowledge of consciousness 
by combining neural and psychological data from 
experiments on humans and animals with sub­
jective reports from humans is termed “triangula­
tion” (Churchland, 1986; Dennett, 1991; Flana­
gan, 1992).

Limitation of scientific brain research

In my conscious life I experience that my will is 
the cause of my actions. As stated above, although 
my primary subjective experiences, mental experi­
ences cannot be an object of natural science since 
they cannot be observed by independent observ­
ers. Natural science however, proceeds from the 
postulate of causality. It always requires causes 
that can be registered with its specific, i.e. physical 
or chemical, methods. Consequently a mental pro­
cess, e.g. will, may not be given as a scientific cause 
for an action (see also Bieri, 1992). Science de­
mands uninterrupted causal chains and will cannot 
be an element of such a chain. It cannot substitute 
but only be associated with a physical cause. This 
has been confirmed so far in every investigated 
example. In cases where biology neglected this 
principle, progress in scientific understanding was 
not promoted. A prominent example is that of vi­
talism (Hans Driesch, 1867-1941) which assumed 
that the not observable “entelechy” is responsible 
for the ordered development of an organism. This 
theory led to a dead end. In the meantime the
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mechanisms of development have been explained 
scientifically and no assumption of an entelechy 
is needed.

Scientific brain research is thus constrained by 
the dictates of its method and is unable to make 
statements about certain feats of the brain. A phil­
osophical no-man’s land stretches between the 
areas in which brain researchers can reliably oper­
ate and the area of “body, mind, soul, and con­
sciousness”. Scientists scrupulous in the applica­
tion of their methods are lost here, while 
philosophers seem to have still no better means to 
bridge the gap than Kant (1724-1804) had in his 
time. On this subject Emil Du Bois-Reymond 
(1818-1896) wrote in 1872: “ignoramus et ignora- 
bimus”, i.e. “we don't know and we will not 
know”. Wittgenstein (1889-1951) described the 
inexplicable axiom that certain constellations of 
nervous activities gain the quality of subjective 
consciousness as “the mystical” (“das Mystische”), 
(Wittgenstein, 1961). However, Flanagan de­
nounces those who continue to believe this as “the 
new mysterians” (Flanagan, 1992).

I do not know of any methodically stringent so­
lution to the so-called Mind-Body Problem from 
pure science. Science sees the physical and chemi­
cal processes within an organism as logical, consis­
tent, and unbroken causal chains in themselves. 
There is no room for consciousness, emotions, or 
will to intervene in the organism's physical ma­
chinery. On the other hand, our actual primary ex­
perience is the exact reverse, namely that our will 
causes our action. We move because we want to. 
It seems we are dealing with two different aspects 
of the same system, of which science can only 
see one.

This situation can be compared metaphorically 
to looking at a black-and-white photograph of an 
unfamiliar colored painting, e.g. one by Picasso. 
The black-and-white photo depicts the painting in 
its entirety, but will leave us unable to make posi­
tive statements about the colors. This metaphor, 
like that of the projection of a three-dimensional 
object onto two dimensions, is of course a poor 
comparison, but it may help to illustrate the 
problem.

There is another analogy: If one studies the 
hardware and the performance of a computer 
which is programmed to execute a complex pro­
gram it may be practically impossible to find out

the purpose and the function of the program. 
Braitenberg (1986) points out that even in rela­
tively simple robots very few insights about their 
program can be deduced from observing their be­
havior. Thus consciousness, mind, and will may be 
connected to something behind the physical per­
formance of the brain.

Misunderstandings

That the brain is the seat of consciousness is not 
a scientific, but an multi-disciplinary conclusion. 
This issue has recently led to a number of -  mostly 
futile -  discussions.

There are other misconceptions that derive from 
the failure to keep the methods of natural science 
and the humanities properly separated. In detail­
ing the differences between the human brain and 
those of animals people often claim a number of 
deficiencies of “the“ animals, many of which are 
not established yet -  or not determinable. Even 
some biologists maintain that morality does not 
exist in the animal world (Vogel, 1988). This state­
ment is just as inadmissible and '’chauvinistic” as 
the statement that only humans have a conscious­
ness. By strictly scientific methods it cannot even 
be proved that the behavior of humans is moral. 
For the judgment of morality it does not matter 
whether or not a behavior is genetically advanta­
geous, i.e. if according to the “selfish gene” con­
cept a parent is favoring its own offspring (Daw­
kins, 1976). Morality is a m atter of psychic 
motivation, to which natural science has no access. 
Consequently it is impossible to prove or disprove 
scientifically that animals act from moral or 
altruistic motives.

A similar argument holds for free will. A free 
will decision is subjectively intentional and neither 
predetermined nor random. Again, there is no sci­
entific method which allows us to decide whether 
a certain decision has been made on free will or 
not. We cannot even safely decide whether free 
will decisions exist at all. Nevertheless it seems 
most comforting to believe that we have a free 
will.

Current status of brain research

Over the last thirty years, the introduction of 
new methods allowed great advances in the re­
search of simple and more complex brains (e.g. 
those of mollusks, insects, and crustaceans, various
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vertebrates and humans). Brain research is con­
ducted on four levels. The investigation of all four 
levels is necessary for the understanding of the 
brain. Each of these levels has to be investigated 
with its own specific methods by which a func­
tional understanding at that level can be reached. 
Each separate level represents a sort of a closed 
area of description (Beschreibungsraum), com­
plete unto itself. However, the knowledge of the 
properties of the elements alone may not be suffi­
cient (and does not even have to be complete) to 
explain the properties (and their possible changes 
and development) of the system. The properties 
of the system are determined both by the proper­
ties of its elements and their functional linkages. 
On the higher level only the input-output depend­
encies of the sub-systems are important, not the 
manner of their actual realizations. Similarly, the 
knowledge of the physics of elementary particles 
is not yet sufficient to understand all properties of 
solids (Festkörper).

Four levels of brain research

1. The molecular-biological analysis of processes 
in the brain has reached a stage where several key 
reactions can be described on the molecular level 
(Fischbach, 1992). For example, in the synapses, 
the computing connections between neurons, cer­
tain protein molecules, the transm itter receptors, 
are of great interest. By changing their conforma­
tion they act as switches. There are two types of 
such receptors: a) Ligand-gated ion channels (e.g. 
acetylcholine receptors) which change the conduc­
tance of the subsynaptic cell membrane, b) M odu­
lators (e.g. dopamine receptors) which modulate 
the performance of the synapse via the control of 
amplifying (G protein-mediated) enzyme cas­
cades. Many of these receptors are already chemi­
cally characterized in amino acid sequence and 
molecular shape, and subtle subtypes of functional 
importance have been determined.

Another interesting type of protein molecule is 
that of associative or convergence-detecting mole­
cules (e.g. certain N-methyl-D-aspartate (NMDA) 
receptors and adenylate cyclase) which play a key 
role in memory formation. They have the property 
to detect coincidence of two independent bio­
chemical signals originating from the activity of 
different neurons. If two converging neurons are

active in a specific time sequence, such molecules 
are activated more strongly by the combined ac­
tion of the two pathways if these actions coincide. 
One example of such a protein’s role is the classi­
cal conditioning learning in the gill-withdrawal re­
flex of the snail Aplysia: Here the excitatory effec- 
tivity of a sensory neuron's synaptic ending is 
influenced by the presynaptic contact of a modula­
tory neuron. When the level of intracellular 
calcium in the ending of this sensory neuron is 
raised (due to the conditioned stimulus) shortly 
before serotonin is released by the modulatory 
neuron (due to the unconditioned stimulus), the 
activation of the convergence-detecting enzyme 
adenylate cyclase is strongly enhanced. This causes 
an augmentation of the transmitter release of the 
sensory neuron that can last for hours (Kandel and 
Hawkins, 1992).

2. Cellular level. Processing information means 
the performing of mathematical operations, algo­
rithmic transforming, and combining of sets of 
data. This task is performed by the neurons in the 
brain. Neurons are interconnected, sophisticated 
processing elements. Their performance, i.e. their 
admittance and amplification factor is variable:

a) It can be modified (adjusted) according to 
use (experience), i.e. it can adapt.

b) It depends on the state of activity of neigh­
boring elements, taking into account neighboring 
activity patterns (cooperativity of local nerve nets).

c) It can be modified by other systems of the 
brain which regulate sleep, alertness, and attention 
or represent emotional states.

Synapses are the calculating elements of the 
neurons; the single synapse operates linearly to a 
large extent. The firing, i.e. the generation of nerve 
impulses, of a neuron is determined by the voltage 
across its postsynaptic membrane. When a neuron 
is depolarized, i.e. this voltage is lowered below a 
threshold value, one or several spikes are fired. 
The many synapses of the neuron can modify this 
voltage. The kind of synaptic influence (positive 
or negative) and its degree (Wertigkeit) depends 
on the morphological and the biochemical charac­
teristics of the synapse concerned. The larger the 
synaptic contact zone, the greater is the influence 
of that synapse. In addition, the performance of 
synapses can be modified by neurohormones 
(chemical modulators). Excitatory synapses depo­
larize, while inhibitory synapses hyperpolarize or
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stabilize the membrane voltage. Using their spe­
cific combinations of synapses neurons are able to 
add, subtract, multiply, divide, differentiate, integ­
rate, detect coincidences, etc., and to perform all 
kinds of logical operations (Nicholls et al., 1992; 
Shepherd, 1993).

3. Connected groups of neurons. At this level, 
the investigation of specific brain regions has re­
sulted in the detailed description of functional 
linkages between groups of neurons, e.g. reflex 
arcs, feed-back loops etc. The architecture of the 
mammalian cortex turned out to be surprisingly 
uniform. The building units are module-like local 
nerve nets which all process information in princi­
pally the same way. They form a continual series 
of parallel vertical loops, e.g. senso-motor control 
loops. Horizontal connections between these loops 
at various levels make possible integrated re­
sponses to a stimulus i.e. adequate behavior. 
Among other things this has been most successful 
in tracking the neuronal connections starting from 
the eye to many regions in the brain of vertebrates 
and insects. For instance in primates the visual 
tract is divided into several separate pathways 
from its very start in the retina. Processes of neu­
rons with similar functions are bundled and pass 
through the same relay stations. Thus motion-sen- 
sitive neurons, color-sensitive ones, and two 
groups of different shape-sensitive tracts are all 
grouped separately. Although interconnected, 
they are routed separately and switched-over at 
five to six relay stations, four of them in the cortex. 
The various brain regions concerned are already 
characterized to a degree in respect to their func­
tions. E.g. there are groups of neurons in the area 
V4 of the visual cortex which preferentially re­
spond to stimuli which are oriented on the retina. 
Each neuron has its preferred stimulus orientation 
and close neighbors have a more similar orienta­
tional preference than more distant neurons. In 
other areas of the cortex, e.g. the primary visual 
cortex (area V I), we find topographical maps 
which unambiguously correlate the locations of 
sensory -  or effector -  cells in the periphery and 
the locations in the cortex to which the tracts from 
these neurons lead. Adjacent sensory cells here 
project to adjacent neurons in the cortex. So in 
area VI of the visual cortex we find a distorted 
map of the array of the visual cells of the retina 
(Livingstone and Hubei. 1988; Zeki. 1992: 1993).

Another example is Hebb's concept of cell as­
semblies (Hebb, 1949); according to which neural 
brain function is based on patterns of coordinated 
activities of many cooperating neurons. In such a 
cell assembly excitation can circulate for a while 
and form a reverberatory circuit, thus providing 
reinforcement as a prerequisite for learning. Re­
peated coincident activity of two converging neu­
rons strengthens the concerned synapse.

3a. Language is a property typical of humans. 
As a rule, human language is regarded to be asso­
ciated with consciousness. The question of the con­
tribution of consciousness for language poses itself 
as in the other forms of behavior. Has conscious­
ness a special role in language? I do not see a pur­
ely scientific way to decide. However, there are 
many aspects of language which are accessible to 
objective investigation by independent observers. 
Language is an instrument used to communicate 
concepts, experience, and other information 
among individuals. Human language is primarily 
sound-based, but there are forms of language 
which use other types of symbols, e.g. sign lan­
guages use viso-motor signs (or letters in writing). 
There are more primitive forms of language used 
by communicating social animals (e.g. bees) but in 
humans it is a powerful tool of a sophistication 
unreached in the animal kingdom, which can ex­
press and transmit abstract concepts. The neural 
base of human language can be described by three 
functional systems (Damasio et al., 1990; Damasio 
and Damasio, 1992):

a) Concept representation: The brain has the 
property to categorize passive and active experi­
ences, i.e. sensory input and motor output patterns 
of activity, according to brain-specific categories 
such as shape, color, intensity of action, sequence, 
etc. It subsumes observed properties which it re­
gards as connected to syndromes (“features“), 
phenomena on a higher level of representation. In 
this way it subsumes different experiences to re­
cognize objects, events, and relationships. Further­
more it extracts homologies and relationships be­
tween objects (features), i.e. between received 
patterns of sensations (experiences). The brain of 
many mammals can recognize and use symbols. 
The human brain can model reality in symbols. 
This competence to recognize homologies and to 
use symbols is prerequisite for the use of 
language.
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b) Word formation: Furthermore, the human 
brain possesses a set of structures which provide 
the special tools for language. Generally located 
in the left cerebral hemisphere there are centers 
to represent lingual sounds (phonems) and words 
(morphemes) and (syntactic) rules how to com­
bine them to sentences. These serve both for 
generation (production) and reception of speech. 
Words and rules have to be learned, but the 
basic structure of the human language (e.g. 
the use of symbols and the distinction of nouns 
on the one hand, and verbs or functors on 
the other) seems to be provided innate in the 
brain.

c) Mediation: As for other actions, there are 
control systems in the brain which organize the 
proper combination of concepts and their expres­
sion in symbols, words, and sentences.

These three systems can already be roughly lo­
calized in specific brain structures where lesions 
produce characteristic deficits, e.g. in word finding, 
word understanding, and grammatical proces­
sing.

4. In the domain of systems analysis the neuro- 
physiological base of the behavior and learning 
achievements of entire organisms become visible. 
So far, this has most successfully been done with 
a number of species of invertebrates (Reichardt, 
1982; 1986; 1987) but becomes increasingly suc­
cessful also in vertebrates, e.g. amphibians, birds, 
and mammals (cats, rats, and monkeys). One ex­
ample is motion detection and flight control in 
flies. The “wiring diagram“ of the neurons from 
the retina of the fly has been mapped in detail 
(Strausfeld and Nässel, 1981); its connections 
within the brain and much of its functional signifi­
cance is now understood (Hausen, 1993). The 
search for the algorithm for detection of motion 
started from a detailed behavioral analysis of the 
optomotor response of insects. This led to a corre­
lation model and further step by step, alternating 
with experimental verifications, to a quantitative 
description of a control system capable of account­
ing for the main features of fixation, tracking, and 
chasing in flies. The equations can predict in 
a satisfactory way the trajectory of one fly chas­
ing another (Hassenstein and Reichardt, 1956; 
Poggio and Reichardt, 1976; Reichardt and Pog- 
gio, 1976; Egelhaaf et al., 1988; Egelhaaf and 
Borst, 1993).

Uses of brain/computer analogies

Brains and computers differ fundamentally in 
their structural components. Computers are made 
of electronic elements, whereas the brain is of 
“flesh and blood“. Therefore a direct structural 
comparison of brains and computers is not very 
profitable. However, the functional principles of 
both systems can be compared and exploited for 
brain research and computer development. After 
having characterized a brain function experimen­
tally it can be tested whether the resulting prin­
ciple works in computer simulation which may 
even lead to the construction of robots (Fran- 
ceschini et al., 1992; Martin and Franceschini,
1994). On the other hand, conceptual models and 
computer development have contributed signifi­
cantly to advance our understanding of the brain. 
Information theory and cybernetics have supplied 
conceptual tools. An example is the figure-ground 
discrimination. Flies can detect spatial discontinu­
ities of speed within the retinal images and thereby 
distinguish figure from ground on the basis of rela­
tive motion. The interplay of experiments and the­
ory led to a model for the algorithm used by the 
fly’s visual system, which discriminates a figure 
from its visual context by laterally inhibiting non­
linear interactions (of order 4) between motion 
detectors (Reichardt et al., 1983; Reichardt, 1986). 
This principle, discovered in insects, is now estab­
lished as a general principle for the processing of 
visual information in a variety of species includ­
ing man.
Important functional principles have been discov­
ered through comparisons with computers. The 
“game” of exploring computer capabilities can 
help to discover functional principles which later 
may be detected in the brain. Strategies for learn­
ing in networks of modeled neurons have been ex­
plored in computer simulation (Hinton, 1989;
1992). The competitive learning algorithm in the 
modifications of T. Kohonen and H.B. Barlow is 
able to simulate and explain certain characteristic 
properties of the brain as feature categorization, 
formation of clusters of neurons with related func­
tions, and determination of decisions by averaging 
the outputs of relatively small numbers of neurons. 
The principle of this learning algorithm is based 
on a large number of inner model neurons (so- 
called hidden units) competing in order to repre­
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sent best the input pattern. By learning (self-ad- 
justment of its “synaptic weights”), the winner unit 
modifies itself to improve the representation of 
the particular input pattern. If the competing hid­
den units are uncorrelated, this learning is not re­
stricted to a single winner unit and each input 
pattern is represented by a cluster, a small group 
of selected hidden units.
It is, however, important to pay attention to the 
usefulness of model simulations. A model must be 
disprovable by critical experiments; a model which 
can describe too many possible outcomes of test 
experiments is of not much use. Also an analogue, 
e.g. a computer simulation which merely provides 
the same input/output relation as a certain brain 
function, is only of limited use, because it may not 
tell us how the brain does it. It can of course be 
used if one only wants to investigate how the simu­
lated functions are handled as modules at higher 
levels of integration. If. however, a simulation con­
tains relevant elements and representations of 
units and processes which are actually proven to 
be present in the particular brain process, it may 
indeed help us to understand how the brain works.

How the brain processes information

Information is processed and transmitted by the 
neurons of the nervous system using their adapt­
able connections. Information can be expressed in 
analog or digital encodings. First it was thought 
that the brain encodes information digitally be­
cause the nerve impulse, the spike, superficially re­
sembles pulses used in digital computers. The idea 
was that the brain uses two different discrete char­
acters, spike and no spike. However, it soon be­
came clear that the information encodings of the 
brain are better described as a kind of analog en­
codings. Consistently identical nerve impulses 
serve to mark the variable length of intervals be­
tween them; the intervals contain the information, 
in other words, the information is encoded by 
pulse frequency modulation.

For a long time it was a mystery why the brain 
can process some massive information so fast even 
though the individual steps of its operation are rel­
atively slow, taking about a millisecond each. 
More detailed analysis has revealed that the brain 
processes much of the information in parallel fash­
ion. For example, a visual image that is received 
by an array of about 100 million visual cells within

an eye. is encoded and then routed to the brain by 
means of the optical nerve, which consists of about 
one million parallel pathways for each eye. This 
massively parallel encoded visual information is 
transmitted to more than fourteen different loca­
tions within the brain, where it is processed simul­
taneously -  i.e. also in parallel. In this process, 
the visual information is decoded and distributed 
according to brain-specific categories, manifold 
represented at several different locations in the 
brain. For instance, there are certain groups of 
nerve cells in the brain that only respond if the 
light stimulus belongs to a specific color group. 
Another type of neuron ascertains whether an op­
tical stimulus is a line of a certain orientation in 
the visual field, yet other types of neurons respond 
only to moving stimuli, and so forth. Through its 
own categories the brain collates stimuli of similar 
significance to the organism. Thus, colors are 
brain-internally constructed categorizations (and 
subjective sensations) based upon objective prop­
erties of our environment. They are the results of 
our brain’s computations, physical stimuli sorted 
out according to its peculiar brain-specific cate­
gories. Physically very different stimuli can cause 
in us virtually the same perception of color (Farb­
empfindungen).

After this parallel evaluation, the information 
from various brain locations is combined “expedi­
ently”, i.e. according to the needs of the organism. 
This results in patterns of excitation which finally 
control the behavior. So organisms react to what 
may be relevant in a given situation. The so-called 
binding problem, namely how the brain manages 
to assemble and combine correlated information 
concerning the different aspects of an object, and 
how information concerning other objects which 
the brain processes at the same time is kept sepa­
rate, is still not well understood. Synchronous or 
oscillatory activities in groups of neurons may 
serve as labels to recognize evaluations which be­
long together (Freeman, 1988). Abeles proposes 
‘Syn-Fire-Chains’ of neurons which can reproduce 
spike patterns with very high accuracy even after 
long delays. In different neurons of monkeys en­
gaging in learned complex behavior, he and his 
coworkers observed coherent, exactly (± 1 ms) re­
produced neuronal activity patterns with different 
time delays of up to 500 ms. These specific spatio- 
temporal activity patterns may be used to recog­
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nize the related activities of multiple syn-fire- 
chains in different cortical locations in order to 
combine them (Abeles et al., 1993). Singer and his 
coworkers describe 40 Hz oscillations, which are 
observed to occur simultaneously in several sepa­
rate areas of the brain while processing different 
aspects of a stimulation of the eye of a cat (Engel 
et al., 1993; Singer, 1994). Freeman suggests an al­
ternative explanation: “Groups of neurons display 
chaotic behavior, that is, their firing pattern seems 
random but actually it contains a hidden order. 
Like all chaotic systems, these neural patterns are 
extremely sensitive to minute influences. The sight 
of a familiar face, therefore, can trigger an abrupt 
shift in the firing pattern corresponding to a shift 
in one’s awareness” (Freeman, 1994).

Our brain is a parallel processor of information 
encoded by pulse frequency modulation. The algo­
rithm which is used by the working brain when 
solving problems seems to be different, however, 
from the one which we consciously experience 
when we introspectively analyze our human think­
ing (Creutzfeld, 1986).

The role of chance (Zufall) in brain and 
computer operations

The combination of chance and selection is the 
basis of evolution (Monod, 1971; Mayr, 1979; 
Eigen, 1987; Stieve, 1990). It enables systems to 
become fit to many unforeseen challenges. It may 
be possible that the brain uses randomness not 
only in development but also for certain decisions, 
e.g. random choices in searching behavior or trial- 
and-error learning (Gierer, 1985). In computer ap­
plication chance is often used (e.g. in so-called 
Monte Carlo and artificial life simulations). In 
connectionistic computers chance is additionally 
used to adapt the performance to the desired 
tasks. However, up to now in computers real ran­
domness is usually not achieved. The so-called 
random number generators in reality produce de­
terministic numbers, e.g. the digits proceeding 
from the calculation of jt (pi). Stochastic simula­
tion on computers is used as a tool for the perfor­
mance evaluation of complex communication net­
works. Yet in certain cases it has been shown that 
employing these numbers leads to wrong results. 
The use of real random numbers, instead, e.g. from 
radioactive decomposition or from electronic

white noise have led to very good results (Richter,
1993). It does not seem impossible that the brain 
uses real randomness by amplifying atomic pro­
cesses which are determined by quantum uncer­
tainty (Heisenberg's uncertainty principle; 
Gierer, 1985).

Learning

Patterns of behavior of an individual may be 
preprogrammed, i.e. innate, or they may be 
learned in specific situations. The structural and 
molecular base of the neural memory responsible 
for the capability to learn are as yet barely under­
stood, -  but in contrast to subjective psychic expe­
riences, they can be researched in an objective sci­
entific manner.

A system is able to learn if it can improve its 
performance through experience. Memory is a 
prerequisite of learning. Biology distinguishes be­
tween two kinds of learning processes:

1. Individual learning: An organism utilizes its 
individual experience for more adaptive behavior. 
[What is called “learning“ in Artificial Intelligence 
(AI) research is a simulation of individual learn­
ing]. The capability for individual learning is he­
reditary.

2. Superindividual learning: Individuals more 
suited to the ambient environmental conditions 
can reproduce and pass properties on to the next 
generations with greater success, i.e. this selection- 
based type of learning by trial and error (which is 
also found in the immune system) is achieved not 
by single individuals but by successions of gen­
erations.

A combination of these two learning processes 
gave rise to the evolution of fairly competent or­
ganisms; organisms which are not optimal but fit­
ter than their local competitors (Evolution often 
leads to a “local optimum“ which is not unlike a 
metastable state in chemistry; Eigen, 1987). There 
are animals which have a large part of their inven­
tory of capabilities fixed in the programming of 
their brains, "hard-wired”, as it were. But often it 
seems to be more advantageous for organisms to 
be able to learn in order to adapt quickly to unpre­
dicted new situations. Houseflies seem to learn 
very little. Bees learn in a specific, narrowly lim­
ited field; feeding, building honeycombs, commu­
nicating with fellow bees, and a complicated mat­
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ing behavior are pre-programmed, but where to 
find a productive flower can be learned. Mammals, 
including humans, must employ their learning ca­
pability to a large extent.

The classic test to decide whether a behavior or 
performance is an innate, instinctive activity or 
learned from others, is the so-called Kaspar Hauser 
test. For this an animal has to be raised in isolation 
and all relevant influence of others excluded. For 
ethical reasons, this of course cannot be done with 
humans. Therefore the question of instinctive 
activities, i.e. which part in human behavior is in­
nate and which is learned, can only be approached 
indirectly and the answers are less secure.

Learning, i.e. adaptive changes in performance 
due to environmental conditions, starts during 
early infancy or even before birth. The develop­
ment of brain architecture greatly depends on ex­
perience and exercise. The visual experience dur­
ing the infancy of an animal influences the 
connections of the concerned neurons in the brain 
(Wiesel, 1982; Singer, 1990; Nicholls et al., 1992). 
But due to the great plasticity of the brain the ner­
vous connections are continuously modified even 
in adults. Use and non-use affect the structure of 
the brain; hereby use leads to improvement, while 
non-use causes deterioration, even withering of 
connections. Neurons seem to compete with each 
other for connections, and thus influence. The im­
plications of this “Neural Darwinism“ are dis­
cussed by Edelman (Edelman, 1992). It was shown 
in adult monkeys that the areas which represent 
the fingers in the topographic maps of the somato­
sensory cortex depend, and change continually, ac­
cording to use and non-use (Merzenich, 1989). 
Possibly, one of biology’s greatest unsolved riddles, 
the structure and mechanism of our memory, its 
storage and retrieval, may be solved in not too 
distant a future.

Parallel and connectionistic computers

Whereas brains have developed in the course of 
evolution without clearly defined requirements 
and parameters for their performance and were 
tested by a near-infinite number of trials, comput­
ers are designed for certain purposes and opti­
mized under a tight budget and schedule. On the 
other hand computer development has been 
greatly stimulated by brain research; it used sev­

eral concepts of brain functions (such as Hebb's 
learning rules, parallel processing of information, 
and neural networks).

Modern, high performance computers use 
discrete digital characters to encode information. 
At first, computers were developed on the prin­
ciple of sequential data processing. Sequential 
computers -  unlike our brain -  compute informa­
tion one step after another. This step-by-step pro­
cessing is governed by a system clock. In the 
course of technical development the individual 
steps became faster and faster, much faster than in 
the brain. A single nerve impulse lasts for nearly a 
millisecond; consequently the highest frequency at 
which the brain can transmit information is less 
than one kHz. Modern high performance comput­
ers operate today at a clock rate of 100 MHz or 
higher, i.e. more than 100,000 times faster than the 
brain. Although the highest frequency used to 
transmit information in the brain is so low, the 
brain can still detect time differences of 10 micro­
seconds by exploiting delay time differences 
(Laufzeitunterschiede) in neuronal pathways of 
different length and neurons functioning as coinci­
dence detectors (Konishi et al., 1988; Konishi, 
1993; Wagner, 1994).

Within the last ten years, technology is employ­
ing the principle of parallel computers in a fertile 
line of development. These computers work by the 
principle of parallel distributed processing, i.e. 
they divide a mathematical problem into compo­
nent tasks to be processed individually in parallel; 
subsequently the results are put together 
(Churchland and Sejnowski, 1992; Männer and 
Lange, 1994). Such computers have advantages 
over sequential ones. Their development has im­
mensely changed our conception of computers’ 
abilities. Presently using as many as a thousand 
interconnected processors they have achieved dra­
matic increases in computing power, although they 
still do not approach that of the human brain 
(Kurzweil, 1990).

Computers can be classified into four classes ac­
cording to the structure of their hardware:

1. The classical sequentially working “single 
processor computer“ ("von-Neumann com­
puter”). The personal computer in principle is a 
smaller and slower version of this type (a few per­
sonal computers have two, not just the usual norm 
of one processor).
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2. The computer with several processors. To date 
this type has been developed as far as containing 
up to 64 very fast and sophisticated processors. 
The most capable (and most expensive) models of 
this type are often called “supercomputers” (e.g. 
CDC, Cray, IBM). They are primarily suited for 
’’number crunching jobs”, especially if problems 
can be described in form of matrices which can be 
divided into many parallel calculations fairly eas­
ily. A compiler program distributes the subordi­
nate tasks among the processors.

3. The massively parallel processing computer 
(MPP) has a large number (normally several thou­
sands) of relatively simple processors which are 
connected amongst each other by so-called in­
terconnection networks in order to solve a prob­
lem cooperatively in a multiplicity of parallel 
blocks. This type is much less expensive for its high 
processing capability. It includes “single instruc­
tion, multiple data” (SIMD) computers which use 
a single program on parallelly structured data and 
’’multiple instruction, multiple data” (MIMD) 
computers. In the latter case several parallel sets 
of data are processed simultaneously by different 
programs. Today a main focus of research is to op­
timize the way the operating system automatically 
divides a complex task into parallel processor 
steps and then combines the partial results.

A somewhat similar (but less capable) structure 
can be achieved by interconnecting a large number 
of personal computers or workstations by means 
of local area networks (LANs). The main differ­
ence is that in such loosely cooperating systems 
each unit has its own operating system and the 
cooperation is effected by an additional network 
operating system (NOS).

4. The hardware connectionistic computer. This 
group of computers is based on the development 
of connectionistic processors which often are de­
signed in imitation of some properties of neuronal 
networks of the brain. Here these neural network 
properties are realized in the hardware. Such 
“neural network chips” have hundreds or thou­
sands of single-processor functions (’’knots”) per 
chip and many chips can be linked to form very 
complex networks. Properties like learning capa­
bilities are realized in the hardware in that the 
connections concerned are physically modified.

(Connectionistic computer systems are mistak­
enly called “neural networks”, even though they

are much less complex than brains and as yet only 
utilize very simplified models of some properties 
of nervous systems. The term ’’neural network” 
anticipates something which in most cases has yet 
to be proven. But we probably will have to live 
with this “trade-m ark” name as it already has 
gained general currency.)

In sequential computers, programs can also be 
realized which simulate the parallel distributed 
processing of the nervous system, such as pattern 
recognition or learning etc. Though the perfor­
mance is much slower than in comparable parallel 
computers, the experimental conditions are easier 
to vary.

Computers, especially the connectionistic kind, 
can have a learning capability in that calculation 
processes leave traces in the circuits concerned 
which accumulate through repetition. That way 
they can adapt their functions to recurrent tasks. 
This adaptation can occur deterministically or sta­
tistically in non predictable ways. The ability of a 
computer to learn can either be implemented in 
hardware, i.e. via the modification of physical cir­
cuit properties (e.g. the resistance of a particular 
interconnection), or it can be achieved through the 
appropriate modification of software (i.e. pro­
gram) variables. (It is also possible to achieve tech­
nical learning by means of software on a conven­
tional, sequential processing computer, but with a 
considerably slower performance.)

Connectionistic computers resemble the brain 
also in other aspects: Memorized information in 
such a network of computer elements is spatially 
distributed. In case of local destruction, i.e. if part 
of the elements is put out of action, the total mem­
ory is nevertheless preserved -  if less precise in 
detail. Moreover, connectionistic computers can 
use probabilistic elements, similar to the data pro­
cessing synaptic elements in the brain, whereas 
digital computers use deterministic elements.

A difference between the brains and today’s 
large computers lies in the number of input and 
output channels and their connections. The human 
brain has roughly up to 2 million sensory inputs 
and about 100,000 outputs, numbers which are 
much larger than any of today’s computers which 
normally do not exceed 100. However, computers 
can compensate for this by rapidly scanning many 
channels (time-multiplex), e.g. by which the CM5 
of Thinking Machines can effectively control more
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than a million parallel input and output channels 
of 64 kbit/sec (Gelernter, 1992).

During the last twenty years, computer develop­
ers increasingly borrowed from certain properties 
of nervous systems, which substantially advanced 
computer technology and led to unexpectedly suc­
cessful simulations of brain properties. Progress in 
computer development can be expected from ap­
plying new concepts, new algorithms, e.g. for 
pattern recognition, some of which can be adopted 
from those found in the brain. Moreover, learning 
could be exploited much more. A human brain 
needs several years of intensive individual learning 
in order to reach a high performance. No com­
puter has been trained yet by a comparable 
amount of experience. But it is still an open ques­
tion how much we can learn from the brain in or­
der to build computers. Perhaps as much as we 
learned from birds’ flight for the construction of 
airplanes?

Memory

Computers utilize information from two basic 
sources:

1. Programs preset by a programmer, which 
computers implement “obstinately”.

2. Memories of computer activities; the traces 
left by processing their assignments. In suitable, 
“learning” computers the latter is used to improve 
their functions.

The memory of computers is based on magnetiz­
ing, electrically charging, or optically modifying 
some of its component elements. The process of 
storage can be very rapid (magnetically and opti­
cally 10 to 100 microseconds; electrically 10 to 100 
nanoseconds). Most computers store information 
in their memory files under specific storage ad­
dresses. If a certain part of the memory unit is de­
stroyed locally, the information stored in that loca­
tion is lost. The connectionistic computers work 
differently, perhaps more similar to the brain. Typ­
ically they do not use digital-storage memory files. 
The memory lies in the reproduction of patterns 
of activation. There are units or groups of units 
which can trigger the activation of formerly 
adapted output patterns. This adaptation is done 
by adjusting their outputs (see above).

We still know comparatively little about the bio­
physics and biochemistry of information storage in

the brain. Here too are no memory files which 
store digital data under storage addresses. Appa­
rently the traces of memory are stored locally 
where the concerned functions are processed. 
Since the cooperating cells are often (seemingly 
diffusely) distributed over larger areas of the brain 
(and since e.g. a few 100 neurons may be used to 
determine a certain feature), it seems plausible 
that parts of this memory often cannot be deleted 
selectively by narrowly localized injuries. Pro­
grams are realized in suitable specific connections 
between neurons. Where these neurons are ar­
ranged in order, e.g. topographical maps, we find 
specific locations for certain program information 
in the brain. For instance, optical and acoustical 
space are projected one over the other into our 
cerebral cortex. The loss of certain parts of the 
brain, e.g. because of apoplexy, causes the selective 
loss of the local “hard-ware” functions. The pro­
grams are determined in part genetically, in part 
by experience -  i.e. learning.

One can tentatively distinguish different forms 
of memory with different underlying physiologi­
cal mechanisms.

a) Short-term memory, subdivided into iconic 
memory, which lasts for a fraction of a second, and 
working memory that lasts for a few seconds. The 
working memory is used for the short-term pro­
cessing of information in evaluations and actions; 
in primates its operations are carried out in the 
prefrontal lobes of the cortex (Goldman-Rakic,
1992).

b) Long-term memory which may last for years. 
In humans so-called declarative or explicit learn­
ing may require only a single experience whereas 
nondeclarative or implicit learning usually is slow 
and accumulates through repeated experience. In 
mammals, a region at the rim of the temporal cor­
tex, the hippocampus, is essential for learning. It 
apparently serves as a temporary depository (for 
a period of weeks to months) during the imple­
mentation into long-term memory. Destruction of 
the hippocampus abolishes short-term memory 
and prevents the storage of new information with­
out interfering with the use of what was previously 
learned. Nondeclarative learning works even with­
out the hippocampus (Kandel and Hawkins, 1992).

The processes of information storage in the 
brain are much slower than in computers. For 
short-term storage our neurons need several milli­
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seconds; input into our long-term memory can 
take minutes or hours. A whole range of different 
mechanisms is involved: changes of calcium ion 
concentration in the neurons, conformational 
changes e.g. of convergence-detecting molecules, 
chemical modifications such as the phosphoryla­
tion of protein molecules, also the synthesis of spe­
cific protein molecules, and structural changes 
such as new conducting nervous connections being 
created, and old ones withering (Nicholls et al., 
1992; Shepherd, 1993; Thompson,1993). This enu­
meration is not meant to cloud over the fact that 
we still do not understand the essentials of mem­
ory in the brain.

How and how far does our brain understand the 
world?

Our brain functions tell us something about the 
physical world. As stated above, it is amazing that 
our brain is able to understand nature, can under­
stand the world. Is there a good reason for this 
capability of the brain? Konrad Lorenz (Lorenz, 
1941, 1943) and later Gerhard Vollmer (Vollmer, 
1975; see also Quine, 1968) formulated the "Evo­
lutionary or Naturalistic Epistemology”, the the­
ory of the evolution of cognition (Evolutionäre 
Erkenntnistheorie), a very plausible but not prov­
able theory as to how our brain became world-un- 
derstanding:

The structure and functions of a living being tell 
us something about the environment to which it is 
adapted. If one studies the anatomy and the bodily 
functions of a tree-living monkey, one comes to 
know also some properties of the forest (e.g. the 
size of the hand tells something about the thick­
ness of the tree branches which the monkey 
grasps, etc.). The living being is a sort of a comple­
ment of certain aspects of the environment. In a 
similar way our brain tells us something about the 
physical world. It should be possible in the future 
to reconstruct the stimulus situation, and by that, 
aspects of the physical world from the patterns of 
activity in the brain. Brains have models of the 
world and use symbols to make "Gedankenexperi­
mente“. The theory of the evolution of cognition 
proposes that a brain which makes better predic­
tions regarding relevant properties of the physical 
world in which the organism lives provides its 
owner with a better chance of survival than its

competitors. A better understanding of how a rock 
falls may be of great advantage. The brain with 
the better theory of the physical world, or more 
specifically, of relevant properties of the possible 
environments of an organism, has a better chance 
to survive natural selection. By this mechanism we 
have inherited useful theories of nature which 
have been tested through many generations. The 
models of the world of brains of higher animals 
include the subject in its environment. This should 
be a prerequisite for conscious self-awareness 
(which again cannot be observed objectively).

Through the sensory organs, the brain receives 
information about the physical world outside and 
inside of the organism. There is still no good mea­
sure of the amount of relevant information. It is 
not sufficient to describe the amount of informa­
tion in bit (Shannon's measure of the probability); 
one also has to consider the meaning (semantics) 
and the usefulness (pragmatics) of the informa­
tion. It is important for the brain to handle the 
information it processes and stores suitably ac­
cording to its meaning and usefulness.

To interpret (to “understand”) our environment 
the brain often uses only a few relevant clues that 
are characteristic -  and rarely mistakable -  for a 
certain relevant situation: a sort of a recognition 
code (i.e. so-called “sign stimuli”, Schlüsselreize). 
These clues are used to initiate appropriate reac­
tions by the organism. For this interpretation the 
brain needs and possesses certain expectations 
(pre-knowledge) about its environment. These ex­
pectations concern regularities of the physical 
world, probabilistic predictions about the environ­
ment including the probable behavior of other liv­
ing beings etc. Part of this knowledge is learned by 
the individual brain during the life of the organ­
ism, but much of the understanding of the environ­
ment is innate, gained by brains in the course of 
the evolution by superindividual learning (Lo­
renz, 1978).

However, there are limits to the capability of 
our brain. There are properties of the physical 
world which we can understand but cannot possi­
bly envisage (die wir uns nicht anschaulich vorstel­
len können). The most popular example is perhaps 
the both corpuscular and wave-like properties of 
light. The generally accepted explanation for these 
brain deficiencies is that the knowledge of these 
properties had so far not been relevant for our
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evolution for which the brain was made fit. Ac­
cordingly there may be things we cannot under­
stand and problems we cannot solve.

Another limitation of our brain is that we ap­
pear to have no realistic conception of chance; so 
we almost obsessively search for a direct reason of 
an experienced mischief. But this is perhaps a 
good strategy from an utilitarian point of view. 
Maybe such a reductionist approach is a success 
strategy in most cases and therefore a “natural“ 
brain concept which is advantageous in selection. 
The optimistic epitaph on the tombstone of David 
Hilbert (1862-1943) ’’Wir müssen wissen. Wir 
werden wissen.”, i.e. “We have to know. We will 
know”, expresses such an approach.

Performance comparison of brains and computers

The mammalian brain has many billions (ca. 
1010 to 1012) of neurons, and a neuron may be di­
rectly connected to up to 10,000 other neurons. 
Raymond Kurzweil points out, for example, that 
this “biological computer” routinely performs vi­
sual image processing tasks for which a digital ma­
chine would require a processing capability of 
about 1014 operations per second (Kurzweil, 1990). 
The most powerful parallel processing computer 
available today (CM5 from Thinking Machines) 
achieves about 1011 operations per second -  still 
off by a factor of one thousand. But this may be 
mainly a quantitative difference, and we do not 
know how far the development of computers will 
lead in the future.

Are there functional properties of the brain of 
such quality that they cannot be achieved by a 
computer and, conversely, are there computer 
tasks which cannot be performed by the brain -  
or at least not as well (Mainzer, 1994)? Let us re­
gard this step by step.

What is intelligence -  or perhaps more perti­
nently, how does one recognize intelligence? The 
competence to extract in a given situation the rele­
vant from a mass of information, to combine them 
and draw logically correct conclusions. Artificial 
intelligence research strives to have those tasks 
done by computers. What we regard as intelli­
gence depends very much on the regarded task. 
To date, artificial intelligence is in most examples 
still significantly lower than that of humans. How­
ever. in certain defined situations, e.g. in extracting

relevant information from large masses of certain 
data, artificial intelligence can already be better 
than the human brain.

Alan Turing devised a test to determine whether 
or not a machine is intelligent (Turing, 1950). In 
this test persons communicate indirectly, e.g. by 
type-written questions and answers, with a system 
hidden in another room, -  either a computer 
which is made to imitate human performance, or 
a human. The test persons then have to decide 
whether they were communicating with a human 
or a computer. Should they not be able to decide 
correctly, then, Turing suggests, we should attrib­
ute intelligence to the computer. Turing claims, 
there is no way to find out in such a situation 
whether the task is performed by a person or by a 
sufficiently programmed computer.

Are there any problems that can be solved by 
the human brain, but not by machine intelligence? 
At the current state of the art, the assumption that 
there are none is becoming increasingly likely.

Gödel has shown that any moderately complex 
system of axioms yields statements that may be 
self-evidently true but cannot be proved through 
those axioms (Gödel, 1931; Hofstadter, 1979; 
Gierer, 1985). Different consequences have been 
drawn from that theorem: Some claim that it im­
plies that human thought can solve problems 
which cannot be solved by any computer. Accord­
ing to Penrose, Gödel's theorem implies that no 
deterministic, rule-based system -  that is, neither 
classical physics, computer science nor neurosci­
ence -  can account for the mind's creative powers 
and ability to ascertain truth. He thinks that the 
mind must exploit non-deterministic effects (Pen­
rose, 1994). Gierer contradicts this statement 
claiming that in no single exactly described case it 
was possible to prove that there is a performance 
of the human mind that a computer could not do 
(Gierer, 1985).

Turing in 1936 theoretically investigated the ca­
pacity (Leistungsfähigkeit) of a hypothetical com­
puting device which masters all the operations of 
logic and of number theory, the “Turing machine“. 
Any problem that can be solved by a finite succes­
sion of logical operations (i.e. algorithmically) can 
be solved by a Turing machine. A problem which 
cannot be solved by a Turing machine, cannot be 
solved by any kind of machine. Turing was able to 
show conceptually that there are problems which
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cannot be solved by a Turing machine (Turing, 
1936).

The Church-Turing thesis is a hypothesis about 
the processes which human brains use. It exists in 
many versions and states that if a problem is hu- 
man-computable it is machine-computable, or, if a 
problem can be solved by human reasoning (i.e. 
only by strictly applying logic and algorithms), 
then machines can ultimately be constructed to do 
it. This thesis has not yet been disproved.

Are there performances by brains that can be ob­
served by scientific methods, but cannot be 
achieved by suitable computers? The brain may 
solve some problems not by solely applying deter­
ministic instructions (algorithms) but by other 
methods, e.g. the use of lucky intuition. Are intu­
ition, creativity, and flashes of inspiration achieve­
ments specific to living brains? If we try to describe 
intuition, flashes of inspiration, and creativity in a 
scientifically conceivable way, we arrive at a dif­
ferent conclusion. Scientific terms always require 
an observable, measurable test. By what measur­
able features can we recognize creativity?

Creativity can be described as inventing or 
designing something new, based on guessing and 
playfully trying of unknown relations. And what is 
a flash of inspiration (Einfall)? The unexpected, 
“intuitive“ presentiment of relations that have not 
yet been explained. Intuition could thus be de­
scribed as a preference for a certain decision or 
procedure which cannot yet be justified by logical 
reasoning. It may be based on pre-knowledge and 
on previous experience and on (brain-) system- 
specific preferences. Described in this way, creativ­
ity, inspiration, and intuition can of course be sim­
ulated in computers. They might e.g. be simulated 
as random tests of runaway assumptions (derived 
in part from ’’wild” hypotheses) that are triggered 
by associations. These random associations, how­
ever, must be restrained i.e. afterwards checked by 
a not too strict, but well-dosed control based on 
experience and logic. (By the way, creativity and 
inspirations need not to be right.)

The question of consciousness and subjective 
experiences also remains for computers (Penrose, 
1989). As stated above, natural science is unable 
to make statements about them since they cannot 
be observed by the methods of natural science. 
Self-observation is limited to a single human indi­
vidual. In psychology, one person’s subjective find­

ings are generalized and applied solely to other 
humans. They can be extrapolated neither for bee­
tles nor for computers. That is to say that no one 
can prove or disprove that computers can have a 
consciousness. Maybe consciousness has some re­
lation to information. The brain uses symbols to 
model the reality and manipulates them in “G e­
dankenexperimenten“. These symbols represent 
information. It is conceivable that consciousness is 
a -  not objectively measurable -  property of cer­
tain complex systems, a property that does not de­
pend on the material representing that complexity, 
just as information is inherent in temporal and 
spatial patterns and is not bound to a specific form 
of matter or energy. Some people, inspired by 
chaos research, suggest that consciousness may be 
an emergent -  that is unpredictable and irreduc­
ible -  property of the brain’s complex behavior 
(Crick, 1994; Rasmussen, 1994). However, if con­
sciousness is an emergent property of the brain, it 
is still not a property that can be observed by an 
independent observer.

Some postulate that consciousness (self aware­
ness) is a quality peculiar only to the living brain. 
Can arguments be found for this hypothesis? Two 
cases are conceivable:

1. Consciousness is an additional property char­
acteristic of certain brain functions. It is peculiar 
to the brain of humans and their relatives.

2. Consciousness is a property of certain data 
processing systems, regardless whether they are 
living beings or machines like complex computers.

I do not see how this alternative can be tested 
empirically.

Why is the performance of certain brain func­
tions accompanied by subjective experience? 
Does consciousness have a biological advantage 
for the observable performance of an organism, 
that is, a bonus in evolutionary fitness (Vollmer, 
1980; Barlow, 1980)? Consciousness could make 
satisfaction possible which may serve as a bonus 
or reward to approach optimal performance. 
However, if there were a robot which had all the 
objectively observable third person properties of 
a human, could one distinguish it from someone 
who has consciousness? Searle has discussed a 
related question in the “Chinese Room“ Gedan­
kenexperiment. He shows that one can give the 
right answers to questions without understanding 
the foreign language in which they are asked,
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just by applying proper algorithms (Searle, 1984). 
Natural science alone cannot supply an answer 
to these questions (Chalmers. 1994; Horgan,
1994). Some take it for granted that conscious­
ness is not an additional property but by itself 
causes an improvement of measurable perfor­
mance. The problem is that so far no one has 
come up with a method to prove or even to test 
this hypothesis.

Furthermore, the question if there are capabili­
ties of the brain inaccessible to natural science that 
a computer cannot furnish, is in all probability 
not solvable.
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