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COMPUTER
RECREATIONS

Exploring the field of genetic algorithms

in a primordial computer sea full of flibs

by A. K. Dewdney

abstract organisms called finite

living blobs, or flibs. Each flib is
equipped with the simplest decision-
making apparatus possible. This is the
biological equivalent of what comput-
er scientists call a finite automaton.
Each flib also contains a single chro-
mosome consisting of a string of sym-
bols that encodes the automaton. The
flibs inhabit a primordial, digital soup
in constant flux. These changes must
be predicted accurately by the flib if it
is to survive.

In the primordial soup I recently set
simmering in my computer, flibs that
predicted poorly died out. The best
predictors left progeny that sometimes
improved on ancestral performance.
Eventually a line of perfect predictors
evolved.

Flibs and their evolutionary tenden-
cies illustrate nicely a form of pro-
gramming known as the genetic algo-
rithm. Pioneered by John H. Holland
of the University of Michigan in the
1960’s, the technique is sometimes
able to solve difficult problems by
evolving a sequence of approximate
solutions. New solutions are produced
by mating the best of the old solu-
tions with one another. Before long a
new solution that is superior to its par-
ents appears and joins the list of pre-
ferred breeders. Genetic algorithms
have been applied with some success
to pattern recognition, classifier sys-
tems, pipeline operation, symbolic lay-
out and a small number of other prob-
lems. In my computer soup the tech-
nique yielded superior flibs. Was this
success due to the general efficacy of
the genetic-algorithm method or to
the simplicity of the predictive task
facing the flibs? The question is hard
to answer. It can be pondered and the
underlying phenomenon can be repro-
duced by any interested reader who
has a computer within reach.

A finite automaton has a finite num-
ber of states; an input signal causes

Imagine an abstract sea inhabited by

it to change automatically from one
state to another. The kind of automa-
ton used in a flib also generates signals.
Incoming and outgoing signals are rep-
resented within the automaton by sym-
bols. When a signal is received, the au-
tomaton changes state and emits a sec-
ond signal.

A state-transition table is useful for
representing the process. For exam-
ple, a finite automaton that is capable
of assuming three states, 4, B and C,
and that can handle afferent and ef-
ferent 0’s and I’s fits nicely into a
3-by-4 table. For each state the au-
tomaton might find itself in, and for
each symbol it might receive, there
are two entries. The first entry gives
the corresponding output symbol; the
second entry gives the state that the
automaton next assumes:

A1 |B|1|C
B|(0|C|O0|B
cl1|14(0|4

The automaton represented by this ta-
ble might well find itself in state C at
some time. If the automaton receives
a 1, the table tells us the automaton
will generate a 0 and enter state A.
Another representation, easier for

humans to read, is the state-transition
diagram, in which circles represent
states and arrows represent transi-
tions. If an automaton goes from one
state to another when it receives a
specific symbol, an arrow should be
drawn from one state circle to another.
The arrow should be labeled both with
the input symbol that caused the tran-
sition and with the resulting output
symbol [see illustration below].

A finite automaton always begins its
operations in a specific state, called the
initial state. At each tick of an imagi-
nary clock a new symbol arrives, a new
symbol leaves, and a new state is en-
tered. The automata used in my flibs
all send and receive the same two sym-
bols, 0 and 1.

How is one to interpret the behavior
of a flib if so little is known about the
creature’s biology? Therein lies the joy
of abstraction. The symbols received
by the automaton are merely senso-
ry messages from the environment. In
corresponding fashion, an output sym-
bol can be viewed as a response by the
organism to the environment’s most
recent condition.

The concept of a flib is so flexible
that input and output can represent a
great variety of specific biological phe-
nomena. For example, an input signal
could represent a chemical or temper-
ature gradient. The corresponding out-
put symbol could be a command to an
effector that controls cilia, or a spore-
forming mechanism. A task of great
importance to a creature wishing to
evolve to some minimally acceptable
level (say that of a university profes-
sor) is to predict the environment. To a
flib the environment is a seemingly un-
ending sequence of 0’s and 1’s. Insofar
as symbols received indicate signifi-
cant events, there is clearly some ad-
vantage in the ability of a flib to pre-
dict the next symbol, particularly if
under some more specific interpreta-
tion of flib functioning the flib’s sur-
vival were enhanced.

Most flibs are rather poor at pre-
dicting their environment in this sense.
For example, the flib described by the

A state-transition diagram (left) and a corresponding flib with its chromosome (right)
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state-transition table given above re-
sponds to the environmental sequence

0111000010110...
with the outputs
1000011001000...

At each stage of its operation the flib’s
output is its prediction of the next sym-
bol to arrive from the environment. To
find the number of correct predictions
shift the output sequence one symbol
to the right and compare it bit by
bit with the input sequence. Count
the number of matching symbols. In
this case the flib predicted correctly
only six of the 12 incoming symbols,
a score that is no better than might re-
sult from random guessing.

One can easily demand too much
from a finite automaton. Indeed, it is
unfair to ask a flib to predict any non-
periodic environment. Readers might
like to ponder this point for a moment.
Why must a perfectly predicted se-
quence of input symbols consist of the
same basic string endlessly repeated?

For example, the 3-state flib that failed
the prediction test just set for it suc-
ceeds brilliantly on the following envi-
ronmental sequence:

010011010011010011...

Here the environment marches to the
beat of a simple repetition, 010011.
There are severaldozen 3-state flibs,
but only a few of them can predict this
sequence perfectly. Among flibs that
have more than three states perfect
predictors for a given environmental
sequence are rare and become more so
as the number of states increases. Pre-
dictability depends heavily on the peri-
od of the sequence: no n-state flib will
ever be able to predict the sequence
that results from continued repetition
if the basic string of symbols is too
long. There is evidently a relation be-
tween the number of states a flib can
have and the largest period in a se-
quence that it predicts perfectly. Read-
ers might enjoy discovering the rela-
tion for themselves. What is the long-
est period an n-state flib can predict?
A flib is more than a finite automa-
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ton trying to predict its environment; it
has a chromosome. Flibs periodically
breed (by some unknown method). An
examination of the chromosome in its
relation to a flib’s finite automaton
shows how the inherited genes deter-
mine the behavior of the offspring.
Start with the state-transition table and
strip away the rows, one at a time,
from top to bottom. Join the rows to-
gether end to end and then join the
beginning of the string to its end. The
result is a circular chromosome.
Before the final joining operation,
the chromosome of our 3-state exem-
plar appears as a string of 12 genes:

1B1COCOB1AOA

Strictly speaking, the symbols in this
string are alleles. An allele is a specific
form of a gene that appears at a given
locus. As such, a gene can be specified
either by its name or by its locus. Thus
the seventh symbol from the left con-
trols a flib’s output symbol when it is in
state B and a 1 is received from the
environment. The locus here is 7.

I recently set up a primordial soup
containing 10 4-state flibs in my per-
sonal computer. Before 1,000 of the
time units I call chronons had passed
none of the original flibs was alive.
All had been replaced by superior pre-
dictors. The display screen showed
the highest and lowest scores attained
in the current population. The lowest
score fluctuated a good deal; the high-
est score crept slowly upward [see illus-
tration at left]. Just when I was begin-
ning to give up hope that a perfect
predictor would evolve, one suddenly
appeared, whereupon the highest score
jumped to 100.

All of this raises the question of just
how flibs evolve in my computer soup.
Periodically a cosmic ray zips through
the broth and strikes a random chro-
mosome at a random locus; the result
is that a specific gene is changed from
one allele to another. For example, in
the following 4-state flib chromosome
the gene at locus 3 controls the output
symbol for the transition from state A,
when the creature receives a 1:

0D1CODOBIAOCIBIA

A cosmic ray striking this gene chang-
es the chromosome slightly:

0DOCODOB1AOCIBIA

Mating is the other source of varia-
tion in the flib gene pool. During the
mating season the highest-scoring flib
shuffles genes with a randomly select-
ed flib. The offspring bears a compos-
ite chromosome. One part comes from
the superior parent, the other from
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Schistosomiasis affects as many as 200 million people in
Africa, Asia, the Middle East, Puerto Rico and Latin
America. It is often called “snail fever” because at one
stage of their life cycle, Schistosoma worms infect snails
that live on the bottom of rivers and streams. These para-
sites invade the skin of humans who drink, wash or swim
in contaminated waters. They can cause severe itching,
fever, diarrhea, and eventually irreversible damage to the
liver. For 16 years, researchers visiting the island of St.
Lucia in the Caribbean have been testing the practicality
of various methods of control. Three approaches have
proven to be most effective.

First, a public health team sprayed the rivers and streams
of St. Lucia to get rid of infested snails. New plumbing
facilities were constructed to assure a supply of uncon-
taminated water. Finally, treatment of people carrying the
parasite was greatly facilitated by a drug developed and
supplied by Pfizer. While previous treatments had to be
given by injection, this drug was given orally only once,
making it much simpler to reach a large number of peo-
ple. The total control and elimination of the parasite is
not yet a reality, but this combined medical and environ-
mental program has done much to make life better for the
people of the island.

Developing a drug such as this is a significant task that
takes a decade or moré and tens of millions of dollars. It
generally involves the synthesis of hundreds of com-
pounds in the organic chemistry laboratory. These com-
pounds are then screened for antiparasitic activity. If one
or more of them shows promise, the next step is to do
toxicity studies and learn all about how the potential new
drugs behave in laboratory animals. Only after comple-
tion of extensive, time-consuming animal studies can the
drug be tested for safety and effectiveness in humans. And
clinical trials in human patients can last for several years.
If the clinical trials indicate that the drug should be made

health

available, new technology must be developed to produce
it on a mass basis, and 1n cases like this, with little if any
profitability for the developer.

Drug research and development isn’t always “good the-
ater” And it’s largely a team endeavor generally without
charismatic heroes. The days of Paul Ehrlich and his
“magic bullet” are long past. The work of the pharma-
ceutical industry isn’t usually the stuff of TV documenta-
ries. More often, the industry has been the silent partner
of government agencies, physicians, nurses and their asso-
ciates working together to improve public health in St.
Lucia and other developing countries.

In the Third World, pharmaceuticals are perhaps even
more important than in advanced industrial countries.
Often they are the only form of advanced medical tech-
nology which is practicable. Other forms of care, such as
surgery, are often too cumbersome and too demanding of
scarce resources. Drugs, by comparison, are portable, rel-
atively inexpensive and comparatively simple to use.

The vast majority of drugs for the Third World and also
for developed countries originate in the pharmaceutical
industry. The government agencies do not have the broad
expertise or resources for drug development, and medical
schools and universities have different missions. Only the
major research/pharmaceutical companies have the nec-
essary skills and resources. Most manufacturers of generic
drugs lack the research capabilities to create new drugs
and test them for safety and efficacy. And that’s only one
reason an economically viable research-based pharma-
ceutical industry is important to all of us.

Pfizer is pleased to have been a partner in helping to
reduce the hazards of one of the world’s more widespread
health problems. Pfizer is also pleased to be working on
other solutions to similar health problems around the
world.

PHARMACEUTICALS « A PARTNER IN HEALTHCARE
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Crossover of two flib chromosomes, and the resulting chromosome of the offspring (right)

the winner of the mating lottery. The
composition resembles a phenomenon
called crossover that takes place inreal
chromosomes. In flib chromosomes
crossover can be illustrated by com-
bining the first (unaltered) chromo-
some listed above with another:

1A1BOD1AOCIDI1BOC
I

Arrows indicate randomly selected
crossover points. The offspring’s chro-
mosome is identical with that of the
second parent as far as the first cross-
over point. Between points it is identi-
cal with the first parent’s chromosome.
After the second point it is again iden-
tical with the chromosome of the sec-
ond parent [see illustration above]:

1A1CODOBOC1D1B0OC

Before actually writing and testing
the primordial program, I was some-
what skeptical of the value of cross-
over breeding. I was surprised to find,
however, that if the first parent is a
reasonably good predictor, the off-
spring tends to be as well.

Readers may judge the issue them-
selves by writing a program called Au-
TosouP. Listed, the program does not
extend much beyond a single page. It
consists of four modules embedded
in a loop. A limit that defines the top
score should be set. As long as the top
score is less than the limit the pro-
gram should continue to run through
the four modules.

In the first module the 10 flibs are
scored on a sequence of 100 environ-
mental symbols. The second module
identifies the flibs with the highest
and lowest scores that result. In the

24

third module the top-scoring flib is
bred with a randomly selected mate.
The offspring of this union replaces
the bottom-scoring flib. In the fourth
and last module a cosmic ray arrives,
strikes a random flib and causes a
mutation. Just before the program in-
vokes the third (breeding) module a
random number is selected. If the num-
ber falls below a certain threshold, the
program will skip around the breed-
ing module and execute the mutation
module immediately. The threshold
can be set to any level. Certain set-
tings, however, are better than others;
if the breeding module is executed too
often, the small population quickly be-
comes dominated by the genes of the
top-scoring flib. The gene pool los-
es diversity and evolution slows to a
painful crawl if not to a downright
standstill. Evolution slows down, in
any event, as the scores get higher.
The top-scoring flib remains on the
scene for a lengthening period because
it becomes increasingly unlikely that
flibs superior to it will evolve.

Four arrays are useful in AUTOSOUP.
They are called chrom, state, score and
e. Chrom is a two-dimensional array of
10 flibs and 16 genes. Chrom(i,j) refers
to the jth gene of the ith flib. State and
score contain the current state and
score of the 10 flibs. The fourth array,
e, contains the basic string used to gen-
erate environmental symbols. This ar-
ray is received from the keyboard at
the beginning of the program.

Flibs are evaluated by means of a
double loop. The outer loop generates
100 environmental symbols and the in-
ner loop increases the score of each flib
if it correctly predicts the next symbol.
One can test 4-state flibs adequately
on environments of period 6, a chal-

© 1985 SCIENTIFIC AMERICAN, INC

This content downloaded from

128.194.84.207 on Sat, 15 Dec 2018 22:28:35 UTC

All use subject to https://about.jstor.org/terms

lenge of intermediate difficulty. Perfect
predictors may require a day’s run
to evolve in a period-8 environment,
whereas period-4 environments are al-
most no challenge at all. Two tricks are
useful in this module. The first trick
retrieves the next environmental sym-
bol from the outer-loop index i by
computing i modulo 6; the result is the
remainder of i/ on division by 6. The
number can be used to index the array
e. Asiruns from 1 to 100 the comput-
ed index runs through the array repeat-
edly, producing the proper sequence
of environmental symbols. Given the
index of the current symbol, the next
symbol is easy to compute and look
up. This symbol is compared with the
prediction made by each flib in turn.

The second trick enables the pro-
gram to find the flib’s next state quick-
ly and determine its output merely by
scanning the chromosome. Instead of
representing the four states by 4, B, C
and D, the numbers 0, 1, 2 and 3 are
used as entries in the array szate. If the
environmental symbol is called symb,
the output of the ith flib can be found
by first using a simple formula:

[ = 4 X state (i) + 2 X symb .

Then chrom(i,l) should be identified.
The locus / on the ith flib’s chromo-
some yields its output when the crea-
ture is in state / and is receiving in-
put symb. The next state ocqupies the
locus / + 1. :

The module that determines the
top and bottom flibs uses an exercise
common in elementary programming
courses: given an array of n numbers,
write a program that finds the largest
number. The solution involves setting
a variable called fop to 0 and then scan-
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L industries. So it’s not surprising
L that their expertise combined
with Burrou%ns’ innovative
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total systems that solve
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And, in the true spirit of all
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" raise productivity while reducing
2" operating costs.
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computers {)ut not your business, when you
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ning the array within a simple loop.
Each entry is then compared with
top. If it is larger than fop, top should
be replaced by that entry. The index
should be saved as well. The same pro-
cedure can be inverted and used to find
the bottom score. This time a variable,
bot, should be set at 100 and replaced
by entries that are smaller.

The third module breeds the top-
scoring flib with a randomly selected
member of the population. The only
difficulty in writing this segment arises
in the selection of the two crossover
points. I think it is easiest to select two
random integers ¢; and ¢y from the
range 1 through 16. If ¢, is greater than
¢y, their values should be exchanged.
With just a little finesse readers will
discover how three loops that range
from 1 to ¢y, ¢; to ¢z and ¢; to 16 sup-
ply the machinery to move elements
of chrom on the breeding rows into the
destination row, which is occupied by
the doomed flib with the lowest score.

In the fourth module a random flib
index and a random Jocus should be
selected. The parity of locus deter-
mines whether a state gene or an out-
put gene is to mutate. If the value is 0,
then 1 modulo 2 should be added to
the number already stored there. This
flips the bit, so to speak. If the locus
value modulo 2 is 1, then 1 modulo 4
should be added to the array entry.
This changes the state stored there.

Have I cheated? Surely a systematic
change of state from O to 1to2to3 and
back again is hardly a random effect.
My answer is that it is random enough:
the number of states is small enough so
that one cannot expect the final out-
come of the program to be much dif-
ferent from the outcome when more
randomly selected states prevail. In-
deed, I also cheated in a mild way by
choosing ¢; and ¢y so carelessly: the
method guarantees an advantage for
certain substrings in relation to oth-
ers. Again, I think differences between
AUTOSOUP and a statistically corrected
crossover selection procedure would
be slight. Either way there is so much
juggling of genes and cracking of chro-
mosomes that the top flib is hard put
to recognize its own grandchildren.

The only parts of AUTOsOUP as yet
unspecified are its beginning and its
end. The flibs initially occupying the
soup should be selected randomly.
For each gene in each flib an integer
should be selected from the appropri-
ate range and assigned to that gene.
Finally, when a flib first exceeds the
limit set in the outer loop, AUTOSOUP
should print it.

Readers embarking on this genet-
ic adventure are warned that there is
much exploring to do. Perhaps some
explorers will become addicted. Ques-

tions to be answered concern the pres-
ence of evolution and its speed. When
an environment period is too long for
a 4-state perfect predictor to evolve,
how fit do the flibs get? How do
changes in the length of the period af-
fect the amount of time it takes a per-
fect predictor to evolve? Nothing in
the AuTosoup description prevents ex-
tending the program to 5- and 6-state
flibs. One can even-alter the program
to .explore nonperiodic environments
or ones that occasionally change their
basic string.

Automaton soup was inspired by a
book that appeared in the early 1960’s.
Titled Artificial Intelligence through Sim-
ulated Evolution; the book describes
a series of experiments in the evolu-
tion of automata by Lawrence J. Fogel,
Alvin J. Owens and Michael J. Walsh.
Automata were asked to predict peri-
odic sequences and were allowed to
evolve much the same way as our flibs.
No breeding or crossover was allowed
in this austere study, however.

It was Holland who suggested that I
add the crossover facility to the au-
tomaton soup. As noted above, Hol-
land is the acknowledged father of the
genetic algorithm. Practitioners of the
discipline, growing steadily in number,
met at their first large-scale, funded
conference, held at Carnegie-Mellon
University. They discussed a wide
range of theory and applications. A
problem explored in several papers
serves as an interesting introduction to
the subject of genetic programming.

CODE: 12321 y 12

\/\,321
1127 N 121

c

Called the traveling salesman prob-
lem, it poses the following challenge:
Given a map of r cities connected by a
network of roads, find the shortest tour
of the n cities. Such a tour can then be
used by a salesman or saleswoman to
minimize travel expenses. In spite of
my inclusion of salespeople of both
sexes, the foregoing description has a
1940’s ring to it. But more modern
methods of travel and actual costs are
easily incorporated without changing
the mathematical skeleton implicit in
the statement.

It is entirely possible that a tour
of minimum length can be made to
evolve just as perfect flib predictors
evolved from lesser flibs. Each tour
should be encoded in a chromosome.
The shortest tours should be bred in
the hope of obtaining yet shorter off-
spring. Crossover yields the chromo-
somes of the progeny.

It is a beguiling task to choose a
good representation for a tour. For ex-
ample, if one simply uses a list of the
cities in the order visited, the offspring
may not even be a tour. To get around
this difficulty the authors of one paper,
John Grefenstette, Rajeev Gopal, Bri-
an Rosmaita and Dirk Van Gucht of
Vanderbilt University, propose an in-
genious chromosome. The representa-
tion for a five-city tour such asa, ¢, ¢, d,
b turns out to be 12321. To obtain such
a numerical string reference is made to
some standard order for the cities, say
a, b, c d e Givenatoursuchasa,c,e,
d, b, systematically remove cities from

CODE: 11121

N oA NN

CODE: 12121

b

Two parent salesman tours (top), and an offspring (bottom) resulting from genetic crossover
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ATHOROUGH EXPLANATION OF THE
16-VALVE SAAB 900 ENGINE.

This 1s for all those
people who were not far-
sighted enough to take
Auto Shop as an elective in
high school.

Where do we start?
Well, let’s begin with the
familiar: the car you're
presently driving.

The overwhelming odds
are that for each cylinder
your car has, it has two
valves. One to let the fuel
in and run the engine; the
other to let the gases out
after they’'ve been burned.

Hence the rule: Make
the valves bigger and you
increase what's called the
volumetric efficiency. (In
plainer English, the larger
the valve, the easier it is
for gas to come in and
exhaust to go out.)

Unfortunately, the big-
ger you make the valves,
the farther away you move
the spark plugs from the
center of the combustion
chamber. And that starts to
wreck what’s called the
thermal efficiency.

The problem: How to
increase one efficiency (the
volumetric) without de-
creasing the other (the
thermal).

Engmneers had been solv-
ing that problem for years
in their competition and
rally cars. Instead of just
making the valves bigger,

they simply doubled the
number of valves.

Each cylinder, then,
gets two valves to ingest
the fuel and two valves to
throw off the exhaust.

Getting back to your

1986 SAAB 900S

Poweroutput: . . . .. 125 HP/92 kw @ 5500 npm
Max. torque: . . 123 ft. lbs. /166 NM @ 3000 npm
Compressionratio: .................. 10.1:1
Fuelmgection: . . . ........ Bosch LH electronic
Ignition: . . . Bosch electronic with knock detector

1986 SAAB 900 TURBO

Power output: . . . . 160 HP/118 kw @ 5500 rpm
Max. torque: . 188 ft. Ibs./255 NM @ 3000 npm
Compressionratio:. . ................. 9.0:1
Fueligection: . . . ........ Bosch LH electronic
Ignttion: ......... Bosch electronic, Hall effect

car. If it has a four-cylinder
engine, it probably has

les. They have less weight
to carry around. So, too,
the four-cylinder, two-liter
Saab engine block. Every-
thing is attuned to keeping
that weight down: The cyl-
inder head, camshaft
cover, and intake manifold
are built from lightweight
aluminum alloys instead of
clunkier matenals.

Fuel injection: The fuel
is not burned mindlessly;
the computer-like Bosch
fuel njection always main-
tains the most efficient mix-
ture of gas and air.

Even the stroke the
piston makes is only this
long:

eight valves.

Whereas a Saab 900S
or Turbo (the descendants
of rally and competition
cars) has sixteen.

Back in the days of
cheap gas and free glass-
ware, none of this engineer-
ing cleverness was needed.
(Well, it was needed; it just
wasn't called for.)

All you had to do then
was worry about perfor-
mance (V-8 engines and
the like) and throw effi-
ciency to the wind.

Today, Saab throws
nothing to the wind.

Engine weight: On a
football field, 180-pound
cornerbacks are faster than
290-pound defensive tack-

3.07 inches. So hours
and hours and hours and
hours of high cruising
speed don’t create unnec-
essary wear and tear on
the engine.

Saab offers both turbo-
charged and 16-valve natu-
rally aspirated engines.

In the legendary Saab
Turbo. And the not-yet-
legendary new Saab 900S.

They prove that there
are more ways than one to
achieve what is more
appropnate to poets than
to engineers: the picture of
driving exhilaration you see
on the right. ,

The most mtelligent cars ever built.

Saabs range in price from $12,285 for the 900 3-door 5-speed to $18,695 for the 900 3-door 5-speed, 16-valve Turbo. Manufacturer’s suggested retail prices. Not including taxes, license, freight, dealer charges
or options. There are a limited number of Turbo models available with Saab’s Exclusive Appointments group, which includes: leather upholstery, fog lights, and electric sunroof at additional cost.
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A MORE THOROUGH EXPLANATION.
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Expected.

It's come up before.

It will come up again.

And that’s what’s wonderful
about it. Some of the best things in life
are predictable, repetitive, expected.
Thank heaven they are.

Even in business, it’s nice to
have some things you can count on.
Things that work so dependably, so ex-
pectedly, they're completely forgettable.

Well, let’s hope not completely
forgettable.

When it comes to “expected”
performance in printers for personal
computers, the name is Okidata. Our
record for reliability — for dependable,
day-in, day-out performance—has set
the industry standard.

Or, to put if more expectedly,
we think it’s the best.

Okidata printers work ex-
pectedly with IBM®, Apple®, and all
other personal computers.

OKIDATA

an OKI AMERICA company

We put business on paper.

Okidata is a registered trademark of OKI AMERICA, Inc. IBM is a registered trademark of International Business Machines Corp. Apple is a registered trademark of Apple Computer, Inc.
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the standard list in the order of the
given tour: remove a, then ¢, e and so
on. As each city is removed from the
special list, note its position just be-
fore removal: a is first, ¢ is second, e is
third, d is second and, finally, b is first.
Hence the chromosome 12321 emerg-
es. Interestingly, when two such chro-
mosomes are crossed over, the result
is always a tour [see illustration on
page 27]. With such a representation
tours can now be bred, so to speak,
for fitness.

Most practitioners of the art of ge-
netic algorithms readily admit that the
traveling salesman problem is one of
their greatest challenges. Although ex-
periments with the representation just
described were not very encouraging,
there are other genetic algorithms that
perform better on the problem.

Still, no genetic algorithm has ever
been able to conquer the traveling
salesman problem in any well-accept-
ed sense. This is undoubtedly owing
to the difficulty of the problem itself.
Because it is what theorists call NP-
complete, it may be doomed to eternal
insolubility in the practical sense.

ince its appearance in this column
last August the MANDELZOOM pro-
gram has been incarnated in hundreds
of homes, schools and workplaces. Al-
though the program has apparently
awed adults, intrigued teenagers and
frightened a few small children, to
my surprise the mail on iteration dia-
grams, the secondary topic, nearly
equals that on the Mandelbrot set.
Many readers have lost themselves
in the colored intricacies of the Man-
delbrot set by zooming ever deeper.
Some readers who are determined to
have their own color images but who
lack color-display equipment have
been ordering pictures from John H.
Hubbard of Cornell University. I have
been told by Heinz-Otto Peitgen, the
Mandelbrot explorer whose images
graced the August pages, that those
images too are for sale; they are in-
cluded with dozens of others in a col-
or catalogue from Design-Biiro-Weis-
ser, Lothringer Strasse 23, D-2800
Bremen 1, West Germany. Hubbard
and Peitgen together learned the art of
image generation from Mandelbrot.
For readers whose equipment is lim-
ited to black and white, I should have
thought of shades of gray. Such pic-
tures can be nearly as inspiring as their
colored counterparts. The best gray
images were produced by David W.
Brooks, who works with equipment
at Prime Computer, Inc,, in Framing-
ham, Mass,, to compute and plot his
pictures. In his fabulous and delicate
riots of halftones each shade of gray is
rendered by tiny black squares of a

certain size; the squares are made by a
laser printer. Brooks has been search-
ing for the tiny filaments that are
thought to connect miniature Mandel-
brots to the main set. So far they have
not appeared at any magnification
used by Brooks. Mandelbrot has ad-
vised him that they are probably in-
finitesimal.

Those with less sophisticated equip-
ment can still work with shades of gray
on a black-and-white monitor. John B.
Halleck of Salt Lake City varies the
density of points per pixel to indicate
different shades.

Another approach depends on black
and white contours. Yekta Gursel of
Cambridge, Mass, has generated
views of the Mandelbrot set that rival
the ones Brooks generates. Gursel re-
places a discrete spectrum of colors
with alternating bands of black and
white. Gary J. Shannon of Grants
Pass, Ore., suggested the same tech-
nique and Victor Andersen of Santa
Clara, Calif, took it to an extreme.
He suggested changing from black to
white (or the converse) whenever the
count variable changes from one pixel
to its neighbor.

Two other explorations are worth
mentioning. James A. Thigpenn IV of
Pearland, Tex., uses height instead of
color. The Mandelbrot set becomes an
immense plateau seen from an angle,
with a complicated arrangement of
spiky hills approaching the plateau in
various places. Richard J. Palmaccio
of Fort Lauderdale dispenses with the
set altogether. His interest is in track-
ing individual complex numbers in the
course of iteration. Their choreogra-
phy near the boundary can result in
spiral ballets or circular jigs.

The function z2 + ¢ gives rise to the
Mandelbrot set. Naturally other func-
tions are possible, but they produce
other sets. For example, Bruce Ikenaga
of Case Western Reserve University
has been exploring what appears to
be a cubic cactus. The function z3 +
(¢c— 1) z— ¢ produces a prickly and
uncomfortable-looking set (at least in
stark black and white) surrounded by
mysterious miniature spiral galaxies.

There are mysteries in iteration di-
agrams as well: when the integers
modulo n are squared, each number
migrates to another, in effect. The it-
eration diagram appears when each
number is replaced by a point and
each migration is replaced by an ar-
row. I raised several questions about
such diagrams. How many compo-
nents do they have? Readers sent dia-
grams documenting their explorations
for various values of n.

The largest diagrams were complet-
ed by Rosalind B. Marimont of Silver
Spring, Md. She examined the integers
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-—— 0w Norm Thompson.——

ILDFLOWEF
W

Suddenly, a can opener is the most impor-
tant gardening tool you can own, Inside Norm
Thompsan's new Wildfiowsr Meadow you'll
find enough seed to generously cover 1500
sq. ft. with a continuous carpet of beautiful,
fragrant blossoms.

Don't be misled by meadow mixes offering
more ounces. Net weight really doesn't mat-
ter. What's important is the species and ac-
tual wildflower seed-count. Norm Thompson's
new Wildflower Meadow contains over 2 mil-
lion wildflower seeds (hoth annual and peren-
nial) to ensure you have a virtual explosion
of color beginning in early spring with Siberian
Wall Flowers and lasting Iste into fall when
Cosmos gives its autumn show.

Easy to plant..anywhere...anytime.

A great gift idea, Norm Thompson's Wild-
flower Meadow can be planted any time of
the year by following the easy, step-by-step
instructions. Use a littie or the whole can. Net
wt. 8 oz. $14.85 ppd.

Dept. 06-04, PO. Box 3999, Portland, OR 97208

ﬂ ORDER TOLL FREE 1-800-547-1160

[0 Send FREE “ESCAPE
from the ordinary’® catalog.

Wildflower Meadow No. 9717F
Qty
Total §

Card #
Exp.

Phone




Better than

i 4

Jogging, Swimming, or Cycling...

{JordicJrack

Jarless Total Body

Cardiovascular Exerciser
Duplicates X-C Skiing for the

Best way to Fitness

Cmss-countryskiingis oftencitedby physiologists
as the most perfect form of cardiovascular exercise
for both men and women. Its smooth, fluid, total
body motion uniformly exercises more muscles so
higher heart rates seem easier to attain than when
joggingor cycling. NordicTrack closely simulates the
pleasant X-C skiing motion and provides the same
cardiovascular endurance-building benefits-right
in the convenience of your home, year 'round.
Eliminates the usual barriers of time, weather,
chance of injury, etc. Alsohighly effective for weight
control.

More Complete Than Running

NordicTrack gives you a more complete work out-
conditions both upper body and lower body
muscles atthe same time. Fluid, jarless motion does
not cause joint or back problems.

More Effective Than Exercise Bikes
NordicTrack’s stand-up skiing motion more uni-

© PSINORDICTRACK 1984

PSI, 141F  Jonathan Blvd., Chaska, MN 55318

formly exercises the large leg muscles and also adds
important upper body exercise. Higher pulse rates,
necessary for building fitness, seem easier to attain
because the work is shared by more muscle mass.
Even Better Than Swimming

NordicTrack more effectively exercises the largest
muscles in the body, those located in the legs and
buttocks. When swimming, the body is supported
by the water, thus preventinf1 these muscles from
being effectively exercised. The stand up exercising
position on the NordicTrack much more effectively
exercises these muscles.

A Proven, High Quality Durable Product

NordicTracks have been in production since 1976.
NordicTrack is quiet, motorless and has separately
adjustable arm and leg resistances. We manu-
facture and sell direct. Two year warrantee,
30 day trial period with return privilege. g

Folds and stands on end
to require only 15" x 17"
storage space.

Call or write for ;
FREE BROCHURE  [g)

Toll Free 1-800-328-5888
Minnesota 612-448-6987

1}

INVEST
YOURSELF

Putting Resources
to Work for People

1815 North Lynn Street, Arlington, Virginia 22209-2079, USA

A windmill to pump water for “salt farm-
ing” in India. More efficient woodburning
stoves for the Sahel. Photovoltaic irrigation
pumps for the Somali refugee camps.

All these are solutions to technical prob-
lems in developing countries. Devising
such solutions is no simple task. To apply
the most advanced results of modern sci-
ence to the problems of developing areas
in a form that can be adopted by the people
requires the skills of the best scientists,
engineers, farmers, businessmen—people
whose jobs may involve creating solid state
systems or farming 1000 acres, but who
can also design a solar still appropriate to
Mauritania or an acacia-fueled methane
digester for Nicaragua.

Such are the professionals who volun-
teer their spare time to Volunteers in Tech-
nical Assistance (VITA), a 20 year old pri-
vate, non-profit organization dedicated to
helping solve development problems for
people world-wide.

Four thousand VITA Volunteers from 82
countries donate their expertise and time
to respond to the over 2500 inquiries re-
ceived annually. Volunteers also review
technical documents, assist in writingVITA's
publications and bulletins, serve on tech-
nical panels, and undertake short-term
consultancies.

Past volunteer responses have resulted
in new designs for solar hot water heaters
and grain dryers, low-cost housing, the
windmill shown above and many others.
Join us in the challenge of developing even
more innovative technologies for the future.
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modulo 1000 and reported four pairs
of components in the resulting itera-
tion diagram. Each component sport-
ed a single attractor, as usual, and the
largest attractors had 20 numbers. As
a mathematician Marimont is allowed
to conjecture that the integers modulo
10% will produce k + 1 pairs of com-
ponents and that the largest attractors
will have 4 X 5%-2 numbers.

Stephen Eberhart of Reseda, Calif.,
investigated the case where n is a Fer-
mat prime (a prime number of the
form 22" + 1). Here the number 0
forms an attractor by itself and the re-
maining numbers all lie in one single,
grand tree. A number-theorist friend
affirms that this will always be the
case for Fermat primes and that the
tree is binary: each internal point has
two incoming arrows.

Iteration diagrams, like numbers,
can be multiplied. If 7 is the product of
two relatively prime numbers, say p
and ¢, the iteration diagram for the in-
tegers modulo 7 is the product respec-
tively of the diagrams for p and ¢. This
interesting observation was made by
Stephen C. Locke of Florida Atlantic
University. Locke has also described a
fascinating relation between the nth it-
eration diagram and a diagram of a
seemingly different kind, one in which
the numbers, instead of being squared,
are merely doubled. When n is a prime,
the latter diagram for the integers
modulo n — 1 is the same as our nth
iteration diagram, except for a single
isolated number forming an attractor
by itself. Much the same observation
was made in number-theory terms by
Noam Elkies of New York City.

A powerful tool for analyzing the
(squared) iteration diagrams was de-
veloped by Frank Palmer of Chicago.
Apparently all the trees attached to a
given attractor are isomorphic. This
means essentially that they have pre-
cisely the same form.

Finally, Bruce R. Gilson of Silver
Spring, Md., and Molly W. Williams
of Kalamazoo, Mich., examined a
quite different generalization of the
numbers from O through 99. These
may be regarded as numbers to differ-
ent bases. As numbers to the base 3,
for example, one would count 00, 01,
02, 10, 11, 12, 20, 21, 22 before arriv-
ing once more at 00. Such numbers
also produce iteration diagrams that
look like those arising for integers
modulo n. Gilson proved the diagrams
always have paired components when
n is even but not a multiple of 4.

There was an error in the iteration
diagram presented in the August col-
umn for the integers from 0 through
99. Two arrows were missing from
two components and the direction of
one attractor was reversed.
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