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Fifteen years ago, while working at the Max-
Planck-Institut, I became interested in biorhythms, the en-
dogenous, physiological clocks of organisms. I was fascinated
by experiments performed in the 1960s with persons in isola-
tion that showed that our daily clock is not 24 hours, but can
range between 21 and 27 hours (with some exceptional cases
of up to 48 hours) and only maintains at 24 hours with expo-
sure to light and society [1].

At that time, I asked myself what would happen to a 21-
hour-person on a 30-hour-planet. Would this person adjust,
and if not, what else could happen? I decided to experiment,
but instead of people I used brewer’s yeast cells, which have a
biorhythm period of about one minute. Instead of a planet
with a different rhythm, I used a motorized syringe that peri-
odically provided the yeast with a feeding solution. Yeast has
lived symbiotically with humans for thousands of years, pro-
ducing alcohol when we provide it with plants containing
sugar. Depending on the amplitude and frequency with
which I fed the yeast, the experiment yielded three types of
results: (a) the yeast’s alcohol production periods became en-
trained to the syringe feeding period as long as it did not vary
greatly from the yeast’s normal rhythm; (b) the two periods
coincided; and (c) chaos, i.e. the yeast’s alcohol production
oscillated unpredictably. My colleagues would bet me one
deutsche mark that alcohol production would rise above aver-
age within the next 60 seconds. Sometimes I won, sometimes
I lost. At that time, it was the first laboratory demonstration of
chaos in a biological system [2]. Nobel Prize–winner Ilya
Prigogine was so fascinated with our experiment that he com-
municated our computer simulations of this phenomenon to
the National Academy of Sciences in the U.S., which eventu-
ally published them [3]. On the basis of this work, the Univer-
sity of Dortmund conferred on me the “Habilitation,” a kind
of assistant professorship, in 1988.

A few years later I learned that my work represented the
peak of banality: I had discovered a basic phenomenon in non-
linear science using an unnecessarily complicated and particu-
lar system. In fact, chaos appears in general when two oscillat-
ing systems (oscillators) compete, provided the equations
governing them are sufficiently non-linear so that the oscilla-
tors do not simply overlap. Many observations of chaos in such
coupled oscillators were reported in those years, including the
double pendulum [4] and Saturn’s rings [5]. With regards to
the latter, a rock in the ring is subject to both its own endog-
enous rotation around Saturn (the period of which is defined
by the distance) and to an external gravitational force imposed
on it by the Saturn satellite Mimas. Like yeast, the rock’s dy-
namics may become chaotic, leaving black, empty stripes at the
orbits they would have if Mimas were not there.

VERTICAL PLURALISM
Before my academic fiasco be-
came known in the university, I
received a phone call from phi-
losophy professor Friedrich Rapp
in 1990, who asked me if I would
like to give a talk on my work on
chaos in the “Studium Generale”
series in the university’s audito-
rium. Since only four speakers
are invited each semester, I did
not hesitate to agree.

Two weeks later, I saw the post-
ers announcing my talk in the caf-
eteria, but they made me chill with
fear: they announced a “Studium
Generale on Postmodernism,” and I only vaguely knew what
postmodernism was. I phoned Rapp, who said: “Take it as a
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Fig. 1. M. Markus and H. Schepers, Light at the End of the Tunnel,
computer simulation of a near-death experience as a self-orga-
nized structure in the visual cortex, 1992. This structure is caused
by near-by activation and far-reaching inhibition due to lack of
oxygen, and impresses in the subject the image of a tunnel with
light at its end. (© M. Markus and H. Schepers)
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challenge to find out the parallels be-
tween your results and postmodernism.”
Actually, I got the impression that he did
not know the parallels himself—he just
had some intuition. So I looked for the
definition of “postmodernism” in a new
philosophy encyclopedia, but the text—
unreadable to a layman in philosophy
like me—oscillated between Heidegger,
Lyotard and Bonito Oliva; I understood
nothing. Luckily, it cited a work that
promised to be fundamental and under-
standable to me. It was Leslie Fiedler’s
“Cross the Border—Close the Gap”, a
highly enlightening text in a highly unor-
thodox journal [6].

Fiedler’s article is—among other
things—both a take-off on such elitist
writers as Marcel Proust and Thomas
Mann and a tribute to such songwriters
as Leonard Cohen, Frank Zappa and
Bob Dylan. Fiedler’s point is that some
of the song lyrics of these artists reach
both the literary elite and the masses—a
typical postmodern feature, I learned—
and therefore bridge the old abyss be-
tween an art for the educated and a sub-Fig. 2. M. Markus and K. Kötter, Lyapunov Orgy, personal computer and laser printer, 1995.

xn + 1 = g(xn) if xn ≥ 0.5, or else xn + 1 = b g(xn), where g(xn) = rn sin (π rn) sin (π xn), b = 0.9,
rn: A

2B2 A2B2 . . . (© M. Markus and K. Kötter)

Fig. 3. M. Markus and M. Allin, A Chief from Cygnus, personal computer and laser printer, 1995. A is shifted 1.5 units to the right of place-
ment in Fig. 2. (© M. Markus and M. Allin)
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art for the non-educated. Further read-
ing taught me that there exist such
things as postmodern cooking and
postmodern tourism, but I found noth-
ing on postmodern science, the subject I
was supposed to talk about. This was un-
til I realized that what Fiedler was de-
scribing had been happening for years
in my department, where high school
science students worked on chaos theory
for their training during vacations: they
sometimes got valuable scientific results
within a short time in spite of their lack
of expertise. This type of bridging be-
tween experts and laymen is particularly
easy in chaos research both because
most of this research takes place via pa-
tient, game-like experimentation at the
computer and because a substantial part
of chaos theory deals with the
mesocosmos, i.e. the things that are di-
rectly detectable by our senses (such as
clouds, flames and arrhythmic hearts).
These things are certainly more conceiv-
able than either the elitist microcosmos
of the elementary particle physicists or
the macrocosmos of the cosmologists.

HORIZONTAL PLURALISM
The above considerations led me to re-
gard the vertical pluralism of the elite
and the masses as a postmodern aspect
of chaos theory. Later on, I felt that this
vertical aspect should be complemented
by another “crossing of the border and
closing of the gap”: namely, a horizontal,
interdisciplinary pluralism, which we can
associate with Bonito Oliva’s “all territo-
ries of culture” [7]. This da Vinci–style
pluralism had disintegrated more and
more over the centuries; however, in
non-linear science (to which chaos
theory belongs) we are witnessing a new
convergence. Nowadays, many confer-
ences feature experts as far apart as as-
tronomers and medical doctors speaking
the same language [8]. A holistic, rather
than a reductionist, attitude makes such
a dialogue possible. By choosing ex-
amples from classical mechanics (the
double pendulum), astronomy (Saturn’s
rings) and biology (yeast) to illustrate
the emergence of chaos in coupled oscil-
lators, I displayed a holistic attitude that
entailed scrutinizing a whole system
rather than reducing it to its details.

We see another example of horizontal
pluralism in the simulation of patterns
in the visual cortex under near-death
conditions [9] (see Fig. 1). Hans
Schepers and I carried out these com-
puter simulations considering so-called
active sites in the visual cortex (shown in

Fig. 4. M. Markus and K. Kötter, Breathing Windows, personal computer and laser printer,
1995. xn + 1 = rn sin (π rn) sin (π [xn – b]), b = 0.5, rn: AB AB . . . (© M. Markus and K. Kötter)

Fig. 5. M. Markus and B. Hess, Fly Together, personal computer and laser printer, 1988.
xn + 1 = rn xn (1 – xn), rn: AABAB AABAB. . . (© M. Markus and B. Hess)
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black in Fig. 1) which emerge erratically,
are amplified by positive feedback on
themselves and activate nearby sites. In
the case of low oxygen supply occurring
in a near-death situation, the “active”
sites inhibit regions farther away within
a certain spatial range, preventing a fur-
ther spread of activity. These inhibited
regions are shown in white in Fig. 1. Er-
ratic fluctuations of activity can be am-
plified only in regions that are suffi-
ciently far from the inhibitory action.
We achieved the pattern in Fig. 1 when
we considered that connections between
the cortex and the retina are such that
Cartesian coordinates in the visual cor-
tex (where the patterns are formed) are
transformed in to polar coordinates in
the retina, and it is this retinal pattern
that is interpreted as a vision by the
brain. How does this relate to horizontal
pluralism? The mechanism of the retina
is governed by the same principles that
define leaf veins or pigmentation pat-
terns on animal skins [10], except that
activation in leaves and skins is caused

by rapidly diffusing chemicals, while pat-
terns in the visual cortex are caused by
close-reaching neuronal synapses. I thus
felt myself caught up in a “theoretical
theology,” in which we interpreted the
oft-mentioned “tunnel with light at its
end” [11] as something like mackerel or
zebra stripes occurring in the brain.

The study of fractals also reflects the
spirit of horizontal pluralism. Fractals
look similar in small and large scales,
seen in Julia and Mandelbrot sets or—
most lucidly—in Jonathan Swift’s fleas,
whose own fleas are itched by their own
flea-bitten fleas and so on. One studies
fractals by employing the same methods
used to study the surface of catalysts, re-
constructed attractors from the sun’s ac-
tivity, or EEG-signals recorded during dif-
ferent mind states [12]. Horizontal
pluralism via holism is also the essence of
the theory of excitable media [13], which
embraces systems as diverse as heart
muscles, epidemics, aggregating amoeba,
fertilized fish eggs and galaxy dynamics.

SURPRISES CONTRARY
TO REASON
I define a third postmodern aspect of
chaos theory as “openness to surprises
contrary to reason”: the celebration of
arbitrariness . . . reason as the Goddess
of Modernism . . . and of the Age of En-
lightenment [14]. Based on reason, hu-
mans have projected into the future
through various ideological programs:
the Reformation, the Counter Reforma-
tion, German idealism, Marxism and, in
the natural sciences, Newtonism. I use
the word “reason” here in the sense of
“calculability”. Newton’s work aroused a
claim for predictability that peaked with
Pierre Simon de Laplace in 1776.
Laplace envisaged an entity—later called
the “Laplace Demon” (nobody envis-
aged anything quite like a computer at
that time)—capable of calculating the
past and future of the universe, provided
we feed it with the positions and veloci-
ties of all particles of the universe, and,
of course, with Newton’s formulae. It fol-
lows from Laplace’s thinking that if we
were to include the particles in our
brains, free will would become an illu-
sion. Laplace’s God is equivalent to the
present state of the universe since it is
the same thing we call “past,” then
“present” and then “future,” because
one may calculate one from the other.
Laplace’s God indeed just turns the
pages of a book that is already written.

Contrarily, postmodernism abandons
the idea of an historically structured and

predictable world à la Isaac Newton or
Karl Marx [15]. It is characterized by the
acceptance of arbitrariness. Strangely,
scientists have stubbornly stuck to calcu-
lability, although there are phenomena
in front of everybody’s eyes that have al-
ways resisted prediction: weather
changes, the roulette wheel and horribly
surprising insect plagues such as the for-
est-eating Gypsy moth in the U.S. Scien-
tists have handled these phenomena by
using statistics, a discipline that certainly
appeared long before postmodernism;
however, statistics are of no help in pre-
dicting singular events.

The first scientist who realized that
Newton’s equations may lead to unpre-
dictable behavior was Henri Poincaré.
He studied the problem of three inter-
acting celestial bodies (such as in the
previous example: Saturn, a ring’s rock
and Mimas) and showed that small per-
turbations in the initial conditions for
the development of such a system may
eventually overshadow the whole system.
Poincaré remarked: “Unthinkably small
subtleties in the croupier’s arm may de-
cide upon all my stake in the casino . . .
These things are so bizarre that I cannot
stand thinking about them” [16]. This
was the birth of what was later called the
science of chaos.

With a potentially chaotic system—
such as the oscillating yeast, a mechani-
cal device or an insect population—it is
important to know which externally im-
posed conditions make the system be-
have chaotically and which render it
predictable. We have found a comfort-
able way of visualizing this, exemplified
here in Figs. 2 through 9 (other ex-
amples are given in [17]; technical de-
tails are found in the Appendix). The
coordinates of these figures correspond
to control parameters, i.e. externally im-
posed conditions. Within the lighter re-
gions appearing in the figure fore-
grounds, the system is predictable;
within the darker figure backgrounds, it
is chaotic. A team of students and col-
leagues conducted the long search of
parameters, windowing, axes-scaling and
grey-shadings (or colors) in these dia-
grams (see the figure captions). A larger
collection of these kinds of figures that
was exhibited in several countries gar-
nered an award in Chile—not by scien-
tists, but by a society of art critics. That
surprising event only extends horizontal
pluralism beyond its scientific status as a
postmodern aspect of chaos theory into
an even broader realm in which picto-
rial art is bridged to scientific activities:
C.P. Snow’s “two cultures” merge [18].

Fig. 6. M. Markus and T. Kauch, I Remember
a Puppet, personal computer and laser
printer, 1998. xn + 1 = exp (rn/[sin xn + cos
xn]), rn: A

3B3 A3B3 . . . (© M. Markus and T.
Kauch)
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In order to account for the artistic in-
put of the type of imagery we have cre-
ated, one may invoke the work of fine
art photographers: “They capture a slice
of the real world from their personal
viewpoint” [19]. In fact, just as a photog-
rapher chooses among infinite motifs
and then alters light and contrast, we
choose among infinite formulae and pa-
rameters and then alter axes scaling,
windows and colors, seeking to create an
atmosphere that will convey a message
to viewers. Also relevant is the concept
of the “controlled accident,” which has
led to the comparison of computer-gen-
erated pictures with the paintings of
Jackson Pollock [20]. As Timothy
Binkley noted, “The computer rises
from the sea of postmodern culture . . .
as a wily sorcerer . . . that commands an
intriguing repertoire of artistic re-
sources” [21]. A more elementary and
more critically exposed analogy is the
kaleidoscope, which David Brewster exu-
berantly presented as a source of art in
the nineteenth century [22].

The overwhelming development of
computers has generated a boom in
chaos studies. Unfortunately, many of its
results are only of dubious use (for ex-
ample, the finding that outbreaks of
measles and mumps in New York and Bal-
timore between 1928 and 1963 had char-
acteristics of chaos [23]). On the other
hand, some highly useful results ap-
peared in the clinical domain. One ex-
ample is Rolf-Dieter Hesch’s finding (at
the Medizinische Hochschule Hannover,
Germany) that parathormone oscillations
of healthy persons are chaotic and that
these oscillations become more and more
predictable as osteoporosis develops in a
patient [24]. There are more examples
like this in medicine, including electro-
cardiogram analyses and the develop-
ment of implantable defibrillators to con-
trol chaotic heart rhythms. Considering
all these efforts, what have we learned
about the predictability of conditions like
the weather? The routine is to collect the
data from about 10,000 weather stations
(plus some satellites and balloons) and
get predictions for about three days.
Chaos theory allows us to estimate that a
prediction 11 days in advance would re-
quire 100 million stations, and a predic-
tion one month in advance, 1020 stations
all over the world—that is, one station on
every 5 mm2 of earth and water. Clearly,
there is no feasible solution, and the
Laplace Demon is in agony. Even more
aggravating is the estimation that in or-
der to process the data for a two-month
prediction, one would need a computer

that has more processing elements than
there are atoms on earth. Furthermore,
no presently conceivable computer speed
would render any results before the two
months are over. We can definitively kill
the Laplace Demon (more precisely, the
meso- and macroscopic Demon [25])
with a more lucid example than the
weather: balls colliding on a billiard
table. Humans can learn to predict the
last angle of a 3-ball carom. Any advanced
physics student can calculate how amaz-
ingly fast unpredictability increases with
the number of balls. A computer pro-
grammed to predict the outcome with 9
balls would have to consider the gravita-
tional forces of objects around the table.
For 49 balls (the number of balls in the
German lottery sphere), the gravitation
of the whole Milky Way is involved. For 56
balls one would have to consider the in-
fluence of an electron 20 billion light
years away, at what some would call the
“edge of the universe.” Undoubtedly, a

computer exists that is able to consider
all these influences. It is an analogue
computer: the universe itself. Only the
universe can predict what will happen
within it. As a philosophical layman, I am
deeply amazed by a number of develop-
ments of our concept of the world and its
knowledge. In 1586, Giordano Bruno
published his “Figuratio Aristotelici
Physici Auditus,” in which he rebelled
against the predominance of Aristote-
lianism and wrote that God is the uni-
verse, which drives itself. The main differ-
ence between this stance and my
statement above on the self-predicting
universe is that Bruno was burned for his
position. In 1687 (101 years later), Isaac
Newton—free from Aristotelianism—
published his “Philosophia Naturalis
Principia Mathematica,” the seed of what
would become Newtonism. Another 101
years later, in 1788, Newtonian science
reached its peak with the publication of
Joseph-Louis Lagrange’s “Mécanique

Fig. 7. M. Markus
and M. Woltering,
Lady Marble, per-
sonal computer
and laser printer,
1995. xn+1 =
b sin4 (xn– rn), b =
2.4, rn; A

2B2 A2B2 . . .
(© M. Markus and
M. Woltering)
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Analytique,” contemporaneously with
Laplace’s Demon. In 1889 (yet another
101 years later), our view of the world
changed with Poincaré’s work on the
three-body problem, “Les Méthodes
Nouvelles de la Mécanique Céleste,” the
seed of chaos theory. And still another
101 years later, in 1990, I received a
phone call from Friedrich Rapp, which
via Fiedler’s article finally led my
worldview to encounter that of Giordano
Bruno.

On the other hand, the world is not
only made of unpredictable phenom-
ena. As mentioned in the Appendix, dia-
grams such as those in Figs. 2 through 9
can be drawn for any physical system.
The technical devices or biological func-
tions that make the world reliable oper-
ate in the regions of predictability (pic-
tured as the lighter regions in the image
foregrounds). On the other hand, we
know that such wonderful things as or-
ange trees and the human brain resulted
via selection from unpredictable fluctua-
tions. Similar scenarios are found in the
development of ideas. Hans Jensen, who
taught me theoretical physics in Heidel-
berg, enjoyed recounting how he got the

idea for his nuclear shell model (in
which the particles inside the nucleus
behave similarly to the electrons sur-
rounding that nucleus): he was watching
dancers going round in a carnival after
he had been brooding fruitlessly over
huge amounts of spectroscopic data. He
was awarded the Nobel prize.

Although the interplay of unpre-
dictability (as creative drive) with pre-
dictability (for functional reliability) has
indeed been recognized by scientists (es-
pecially evolutionary biologists), I am not
sure that sociologists have learned from
this dissolution of a black-or-white men-
tality. In fact, the modernist or
postmodernist paradigm has been sub-
ject to severe political discussions. A. Hill
made his position clear in 1987 [26]:
“Modernism was largely Left, Post-
modernism . . . is largely Right, if not co-
vertly Fascist.” Note that postmodernism
became exceptionally fashionable
around 1990, after the dissolution of the
Eastern bloc. When Russia suffered a se-
vere crisis that affected the rest of the
world, Marxist Terry Eagleton got much
publicity with his book, The Postmodern Il-
lusion [27], which has induced newspa-

per headlines such as “The Postmodern
Game is Over” and “The Postmodern
Swindle.” This attitude, however, has not
been omnipresent [28].

The reader may be expecting from
me some formula that would implement
in politics a fruitful interplay between
planned and unplanned economic mod-
els. But as a scientist, I will not dare to
suggest operating instructions. However,
I can offer a phenomenological descrip-
tion of such an interplay by using the
newly “en vogue” mathematical theory
of “Class 4” behavior [29]. This is also
called “the edge of chaos” and corre-
sponds to “spatio-temporal on-off inter-
mittency” in continuous systems. “Class
1” means stagnation; “Class 2,” periodic-
ity; “Class 3,” chaos; and “Class 4,” the
unpredictable alternation of chaos and
order. There exist, indeed, physical and
biological systems that endogenously
display Class 4 behavior, which has been
regarded as essential for the develop-
ment and survival of living systems [30].
However, no matter to what degree we
accept a general relevance of Class 4 sys-
tems, the problem remains: the predict-
ability-unpredictability transitions are
again unpredictable. Thus, we may be
closer to understanding what is going
on, but farther away from knowing what
to do next. Therefore, any attempt at a
modern-postmodern parliament will
probably itself be postmodern.

Figure 1 represents an example of self-
organization in the human brain cortex.
Being the simulation of a “vision,” this
figure also puts us closer to the mystical
wandering through the last tunnel in The
Rise to the Empyreum by Hieronymus
Bosch [31]. To be honest, though, I sus-
pect myself of having influenced our
choice of the parameters for Fig. 1 so
that it may capture the atmosphere of
Bosch’s masterpiece, or maybe of Doré’s
illustrations of Dante’s paradise-vision. I
certainly did exert such an influence in
Fig. 9, having other works of Bosch in
mind. Considering that all of this figure
strictly transmits a scientific message, I
felt once more deeply involved in a dis-
solution of the “two cultures.”

APPENDIX
We obtained Figs 2 through 8 and Fig.
9a with the iterative equations that are
given in the captions, according to the
following procedure.

Any point on a figure has an abscissa A
(horizontal distance from the left edge)
and an ordinate B (vertical distance
from the lower edge). I will take Fig. 7 as

Fig. 8. M. Markus and K. Kötter, Yesterday’s Windows, personal computer and laser printer,
1998. xn + 1 = b sin (xn) sin (rn xn), b = 1.2, rn: A

3B2 A3B2 . . . (© M. Markus and K. Kötter)
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Fig. 9. (a, top) M. Markus and T. Kauch, The Harp and the Ear, per-
sonal computer and laser printer, 1998 [Abscissa A is shifted 0.5
units to the left of placement in Fig. 6]. (© M. Markus and Tobias
Kauch). (b, bottom left and bottom right) Parts of The Gardens of
Lust, by Hieronymus Bosch (© Museo del Prado, Madrid. All rights
reserved.)
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an example for the explanation; the
other figures are done analogously. We
start with n = 1 and set x1 = 0.5. Using the
iterative equation xn + 1 = b sin4(xm + rm),
we calculate x2 from x1: x2 = b sin4(x1 + r1)
with r1 = A (b is always set to 2.4), then x3

from x2: x3 = b sin4(x2 +r2) with r2 = A,
then x4 from x3 with r3 = B, then x5 from
x4 with r4 = B, and so on. Note that rn fol-
lows the periodic sequence AABB AABB
. . ., which is written as A2B2 A2B2 in the
figure caption. In this way we obtain a se-
quence x1, x2, x3, . . ., xn, . . . These xn val-
ues are inserted in the derivative dxn + 1/
dxn, which is calculated analytically from
the iterative equation. We then calculate
the so-called Lyapunov-Exponent λ by
taking the average of the algorithm of
the absolute value of dxn + 1/dxn. (The
first 200 values are not considered, in or-
der to allow transients to die away; the
average is then taken over the next 1,000
values. Taking more values does not sig-
nificantly alter the results.) Finally, a
grey value is assigned to the point of the
figure defined by the considered values
of A and B. Chaos, i.e. unpredictability,
is indicated by λ > 0 and painted black.
Periodicity, i.e. predictability, is indi-
cated by λ < 0, grey levels changing here
from black to white as λ increases. The
procedure just described is done for
each of 1000 × 1000 points (differing in
A and B) in the figure. The other figures
differ from Fig. 7 by the iterative equa-
tions and by the rn sequences, as indi-
cated in the captions. Calculations were
performed with a workstation, but any
personal computer would do the job.
The grey levels on the plane defined by
A and B were plotted with a laser printer.
Note that the processes described here
can be related to the dynamics of bio-
logical populations, with A and B corre-
sponding to conditions in alternating
periods of time, such as summer and
winter [32]). Similar figures can be
drawn for any systems in nature; one can
use differential instead of iterative equa-
tions and any control parameters instead
of A and B. Note that the quantity λ is
obtained by a statistical average and the
figures are therefore predictable; the fig-
ures tell us under which conditions there
is chaos, but they tell us nothing about
single unpredictable events occurring
during a chaotic process.
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