War and Chaos

Complexity theory may be useful in modeling
how real-world situations get out of control

Alvin M. Saperstein

t first glance, physics may not ap-

pear to share much with the social
sciences. In fact, both disciplines are
concerned to some degree with the cre-
ation and dissolution of order. The
physicist, for example, might ask how
ordered crystals form from disordered
fluids and how the crystals later fall
back into the disorder of liquids and
gases, On the other hand, the social sci-
entist might be concerned with the for-
mation of international alliances and
their collapse into the disorder of war.,

Although the questions asked by
practiioners of both disciplines appear
to be similar, the methods each science
uses to answer them differ. The physicist
often has the advantage of working with
systerns where what is put in has a direct
relation to what comes out. For this kind
of question, the physicist can construct
models that allow him or her to predict
the future activities of the system in
question under various conditions, It is
the consistent relation between input and
output that allows for predictability.

Im comtrast, when dealing with hu-
man systems, social scientists cannot as-
sume a direct relation betiween input
and output. In fact, human history is

Alfvin M, Saperslein is o professor of physics and
@ miemiber of the wxecutive commities in the Cen-
ter for Peace and Conflict Studivs al Wayie State
Uinmersity en Defrail. He compileted iz wnder-
gracduate tranurg i math and plhysics af Mew
Yok Lintversity and obiamed @ O 0 in theoreti-
catl playsics frome Yale, He vrecently completed a
Fosger Fellmopship at #he LS. Arms Confrol and
Dhisarmaament Agency. He has previously Feen
arvarded felivwsiips by the Fullwigh! Fousdation
and the National Science Fowndriion. He is a
Fellono of the Awserican Phusical Seciety and the
American Assocurtion of te Advancement of Sci-
ence. Address: Department of Physics and Center
for Pemce and Confiict Sfdies, Wane Stale Ui
versity, Dtroft, M 48202,

548 American Scientist, Volume B3

filled with instances where dramatic
consequences have resulted from fairly
minor actions. Or even more perplex-
ing, identical actions can lead to dra-
matically different results, depending
on the context. Such systems do not
lend themselves well to the kinds of lin-
ear models that are so predictive in
physics. Nevertheless, many other sci-
entists have attempted to emulate the
methods of the physical sciences, with-
out much success.

But there are modes of physics that
have come o prominence in the latter
half of this century under the rubric of
“complexity” that may be of greater use
to the social sciences than is the predic-
tive mode. The rules of complexity the-
ory may provide more useful models of
unpredictable activities, such as issues
of international relations and the prob-
lem of war.

Complexity theory is an old physical
tool, newly named. But it allows scien-
tsts b0 make mathematical models of
events in which the inputs do not nec-
essarily have a direct, or linear, relation
to the cutcome. In this way complexity
provides an enormous potential advan-
tage over linear analysis in describing
international relations. In the linear
models previeusly devised, the situa-
tion never becomes unpredictable, or
chaotic, no matter how much interna-
tional hostility and arsenals seem to es-
calate, It was my hope that a model de-
rived from complexity theory would be
able to predict when a situation would
become unpredictable, chaotic and pos-
sibly end in war.

Predictive Models

In order to understand the limits of the
predictive model, it is important to un-
derstand what it can and cannot do. The
predictive model is based on a deter-

ministic mathematical theory in which
all variables are uniquely and precisely
defined and in which, given values for
all required parameters, the values of
the variables at each instant in time are
uniquely related to their values at an
immediately previous instant. A rule
connects successive values of any of the
variables. The mathemnatical structure of
the theory theoretically iterates the rule
repeatedly, allowing the values of the
theory's variables, at some future time,
to be ascertained, from their values at
the present time. Comparison of the
predicted values with those actually ob-
served at the future time for some “'sim-
ple” system allows us to reject, modify
or keep the theory. Disagreement be-
tween observed and calculated values
torces us to change the theory in some
way. Agreement, however, does not
“prove” the theory; it just means that,
so far, the theory—or its specific repre-
sentation as a model—is compatible
with the real system under observation.
Successtul tests of various simple, ideal-
ized, testable subsets of a theory allow
the theories to be combined (it is always
assumed that their combination will not
alter their individual successes) into a
grand theory of some complicated sys-
tem with practical purposes. For exam-
ple. Mewton's laws of force and motion
can be combined into a theory for a
working automobile. The success of the
theory in making predictions about a
system indicates that we “understand”
that system; the theoretical model of the
sysltem is our understanding.
Prediction implies that knowledge of
the future is ne more uncertain than
knowledge of the present—that the
range of output values from the theory is
of the same order as the range of input
values. This predictive approach requires
that similar inputs will lead to outputs



Figure 1. Few political assassinations have had as great an effect on world events as the murder of the Austrian Archduke Ferdinand and his wife
in Sarajevo on June 28, 1914, which is generally thought to have precipitated World War I. In human affairs, relatively small events, such as the
Archduke’s murder, illustrated here in a wash drawing by an unknown artist, can have enormous and unpredictable consequences, which
makes human systems difficult to model. The author argues that complexity theory, which has been applied successfully to explain the creation and
dissolution of order in physical systems, may provide models for unpredictable social situations.

that are also similar to each other. Other-
wise prediction would be impossible,
since there is always a range of inputs:
Observations of a real system, required
to establish the values of the input and
model parameters, are always accompa-
nied by observational uncertainties,
meaning, that only ranges of values, not
precise parameter values, can be put into
the calculations. This requirement is fine

for physics, where one atom or one car
should behave quite the same as other
atoms or cars of the same type.

For Want of a Nail ... a Kingdom Is Lost
The details of context or history in which
the atom or car finds itself are usually
not a major determinant of its subse-
quent behavior. This is not true in the so-
cial sciences, where contextual details ane

a major factor, In international politics,
similar events or contexts can lead to
very dissimilar outcomes. The 1994
shooting down of a plane in central
Adfrica led to the massacre of hundreds of
thousands of lives beyond those of the
two presidential passengers; the shoot-
ing down of the Korean airliner in the
1980s stopped with the death of its few
hundred occupants; the assassination of

1995  November-December 549

The Bettmarm Archive



Figure 2. Order and its dissolution are subjects of interest 1o both physical and social scientists. Phiysicists might be interested in the organization of

maolecules. Molecules in a gas (left) are dispersed randomly in space. The space therefore is considered pe

rfectly symmetric in that each point of space

carries the same probability of being occupied by a molecule. When the molecules are arranged into the ordered ranks of a crystal {upper part of cen-
ter panel), the spatial symmetry is broken, and all occupied points are related to each other by definite rules. Mow certain points in space carry a near
100-percent probability of being oocupied by a molecule, whereas the probability of other points being ocoupied is near zero. If the crystal is melted,
the molecules start to disperse into increasingly random arrangements, as is the case as you move to the bottom of this panel. Molecules in dumps
(right} define another kind of organization. The molecules may be randomly distributed within the clumps, and the clumps may be randomlly locat-
ed with respect to each other. However, certain regions of the space are definitely not occupied. Therefore all points are not equivalent, so there is a less-
er symmetry. The transition from left panel to right may represent the organization of a randomly dispersed population into communities, a socialsc-

ence application of the same symmetry concepts.

a duke in Serbia early this century led to
the downfall of of the “high and
mighty" and the loss of millions of lives
throughout the world; the current assas-
sinations in Serbia‘s neighborhood seem
to be confined to the ordinary people of
that neighborhood.

The approach called “complexity,”
old and famniliar in the physical sciences
but newly named, brings context to the
fore. It should thus be a very suitable
paradigm for exploring some social
questions. Complexity may be defined
as the set of deterministic theories that
do not necessarily lead to long-term
prediction. Such theories are still math-
ematical and determindstic. The numer-
ical variables are still uniquely related
to each other locally in space and time.
But the structure of the mathematics is
such that we cannot obtain the future
values implied by the theory just as a re-
sult of a compact, well-defined manipu-
lation of the present values. The calcula-
tion requires the actual computational
stepping through of all intermediate val-
ues of the system variables between
“now” and “then.” Complexity theories
thus depend on the complete “path” tak:
en by the system between Ltsbegmmng
and end points. As such, they are sensi-
tive to all perturbations that may have
an impact on the system as it evolves in
time. Every intermediate instant of time
may see the theoretical system diverted
from the path it might have taken in the
absence of perturbations, which are al-
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ways present. Hence minute changes in
the input parameters may lead to large,
incalculable changes in the output. Pre-
diction is no longer possible, The sys-
tem is extremely context-dependent.
Testing such a theory depends on sta-
tistics in physical science or “plausibility”
in the social sciences. Physicists would
compare the statistical distribution of
outcomes calculated, given a randomly
distributed small set of initial conditions,
with the distribution of outcomes ob-
served. Agreement between the two dis-
tributions means the theory “works,”
and the physicist has achieved under-
standing. Of course, in physics, experi-
ments can be set to simulate the condi-
tions of the system being studied. In
international politics, where ensembles
of identical systems are not available, un-
derstanding is obtained if the range of
theoretical output possibilities are plau-
sible—if some of them conform to the be-
havior of actual systems as given by his-
torical observation or “common sense.”
It is known in physics that such theo-
ries can lead to the formation of struc-
tures out of less structured constituents
through a process called “bifurcation”:
a situation that has a binary, either-or
solution, the outcome of which cannot
be predicted beforehand. A coin toss is
an example of a bifurcation. These theo-
ries can also lead to the dissolution of an
ordered structure into a disordered
melange of constituents constituting a
transition to “chaos.” Through my

work, I have shown how these ideas
may be applied to international politics.

Structure and Its Causes

Before international relations can be
broken, they must be formed. And by
analogy to the physical sciences, al-
liances between nations constitute a
kind of structure, By structure [ mean
the arrangement of a system's elements
in the system's space such that the ele-
ments have definite relations to each
other, breaking the initial symmetry of
the space.

To give an example from physics, the
elements of ordinary matter are mole-
cules. In the usual gas, these molecules
are randomly distributed throughout the
three-dimensional volume they occupy.
Any point in the space is equally likely to
be momentarily occupied by a molecule.
There is no correlation between the mol-
ecules; knowing that one point in space
is occupied tells you nothing about
whether a different point is also occupied
by a molecule. There is no “structure” to
such a gas. The space is perfectly sym-
metric—every point is as likely to be oc-
cupied as every other one.

Consider now a crystal lattice of mol-
ecules resulting from the condensation
of this gas into a solid. All points of
space are not now equally likely to be
occupied by molecules. If you know
where some molecules are, you know
the distances and directions to the loca-
tion of others. Points not at these loca-



tions will not be occupied. The symme-
try of the space is broken. You may not
know where the first few molecules vwill
locate themselves as the gas begins to
condense (the initial space is still sym-
metric), but the location of all subse-
quent molecules condensing into the
crystal is preordained once the initial
ones are fixed.

Or consider groups of people spread
uniformly over an extensive landscape.
No location is favored; symmetry exists.
But then towns spring up. People move
to them. You are more likely to find peo-
ple in the towns than at other locations,
so the symmetry is broken, and instead,
a structure has been impressed on the
space. Some of those towns eventually
amalgamate into cities, and a different
structure is now evident. Later still, the
collections of cities have become nations
that in turn form the structure we call the
“international system.”

How do such structures arise? Con-
sider, for example, the motion of a single
planet in the given gravitational force
field of a fixed sun. Newton's laws of
motion completely specify the accelera-
tion of the planet in terms of its position.
Given the acceleration, the position and
velocity of the planet are uniquely deter-
mined by its position and velocity at an
immediately prior instant. Thus we have
a logical-deterministic theory expressed
as a set of second-order differential equa-
tions. The structure to be determined is
the position and velocity of the planet in
some future epoch, given its present po-
sitton and velocity. The solution of the
differential equations in closed fa:lrm
gives the structural varia
and velocity—at any time, in terms of
well-determined trigonometric func-
tions. Flug in the time you want, and out
come the desired structural variables.
There is no need fo compute them at inferme-

i and the output variables come
out slightly differently. Thus the entire
future of the system, to any specified ac-
curacy, is completely contained in, and
obtainable from, the initial parameters
and the theory via finite explicitly speci-
fied numerical procedures. The closed
continuous mathematical form of the so-
lutions to the theory's equations means
that output is continuously related to in-
put—there can be no surprises, no disor-
der and therefore no complexity.

A biological analogue of this com-
pletely predictive determindstic system
is the very old idea of biological devel-
opment that held that the complete pre-

scriptive rules for the future organism
were contained in its genetic material.

ing was specified once the egg
was fertilized. If only biologists could
read the biclogical rules as well as the
physicists could read their rules, there
would be no surprises in the future. (A
political analogue of this I:l'H'.‘ld.ElbelD—
logical growth, in which was
to be specified and pre-ordained from
the center, would be the extreme Lenin-

ist state,) Of course this model of bio-
logical is extreme. It requires too
much information to be contained in the
genes. [t implies that identical twin ba-
bies should grow into identical adults,
contrary to observation. We know that
contingency is a powerful factor in bio-
logical phenomena.

MNoncontingent models have also
been quite prevalent in theories of in-
ternational structure, For example, at-

Figure 3. Mations organize themselves into structures by forming and destroying alliances. One
organizing principle in international relations is based on common goals and common ene-
mies. Alliances can be formed between groups fighting a common enemy (fop). Sometimes al-

lied groups coalesce into a single nation.
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Figure 4. Escalation to war was modeled by Lewis Fry Richardson, a Quaker scientist who
sought to understand how World War I could have erupted even though no one seemed to want
to go to war. In Richardson’s model, opposing sides scale their arms purchases in proportion to
their opponent’s total stocks, In this cartoon, the red country notices that its opponent is receiving
twio new missiles, so it acts in proportion to the perceived new threat and orders three new mis-
siles, In Richardson’s view, the degree of escalation is a predictor of the likelihood of war. Crp-
ponents who escalabe their arms purchases 100-fold each year would be more likely to go bo war
than would those in the more modest escalation shown here. The fallacy of this model, says the
author, is that it assumes predictability in all cases and does ot allow for the possibility that pre-
dictable situations become suddenly unpredictable, as they do in real life,

tempts have been made to model the
evolution of nations or alliances of na-
tions from their constituent subnations
or nations. As an example, 5. C. Lee of
the University of California at Irvine
and Robert Muncaster and Dina
Zinnes of the University of llinois in
1991 formulated the basic operating
modes of groups of people (collections
of nations or “sub-nations”) in a hostile
competitive world—the friend of my
friend is my friend, the enemy of my
friend is my enemy, and the enemy of
my enemy is my friend—as a set of
nonlinear differential equations de-
scribing the time evolution of the “dis-
tances” between these groups. A large
distance between a pair of groups rep-
resents a hostile pair or an antagonistic
relation between two alliances, two na-
tions or two other groupings of people.
(The differential equations, modeling
the time evolution of the relative dis-
tances between groups, do not depend

552  American Scientist, Volume 83

upon the identities of the groups.) A
small distance represents a coming to-
gether of the groups into a single entity,
an alliance of nations or a nation of
sub-nations, If the asymptotic solu-
tions—the attractors—of the model’s
equations exist, for a given set of initial
nonzero intergroup distances, and give
a value of zero for some of the final-
state intergroup distances, then the
number of independent political enti-
ties in the system has been reduced.
Alliances or nations have evolved, and
a structure has been created. Lee and
colleagues have analyzed a very sim-
ple form of the model from a number
of different starting conditions and
have shown that such zero-distant lim-
it solutions do arise. The initial config-
urations can be put into continuous
classes, and all members of a given
class evolve to the same final configu-
ration. Hence by knowing the initial
state of the system to some reasonable

accuracy, the outcome is foreordained.
All information is already present in
the initial information. There are no

surprises and no contingency.

Contingency

Some theories of structure formation do
exhibit contingency. To understand how
that can be, let us take the fictional ex-
ample of a circular table, set for dinner.
There are dinner plates symmetrically
placed around the circurnference of the
table, and midway bebween each pair of
plates is a wine glass (see Figure 5).
MNothing is specified as to whether the
glass to the left or right of a given plate
belongs to that plate. The initial sym-
metry is that either is possible. Once a
person sits before one plate at the table
and selects one of the two optional
neighboring wine glasses, say the left
one, the symmetry is broken. The only
way the table can be filled is if all subse-
quent people sitting at the table also se-
lect the left-hand glass; the table be-
comes “left-handed.” A small initial
contingency—a choice—puts the table
into one or the other of the two very dis-
tinct classes.

Assume now that many people are
milling around, waiting, to be seated for
dinner. Some of these le are indiffer-
ent to the handedness of the table they
will sit at. Others will only sit at a left-
handed table. The remainder will only sit
at a right-handed table. The three classes
of people making up the banquet are ran-
domly distributed throughout the hall.
The a priori symmetry is that people of
any of these classes are equally likely to be
found anywhere. After the invitation to
be seated, the symmetry is broken, and a
structure is created in which people of the
same class are dustered together, Suppose
further that tables are waited on only if
two neighboring tables are of the same
handedness; the rest go hungry. The orig-
inal crowd of people is now structured
into two sets: one hungry, the other satiat-
ed. But one cannot know in advance who,
if anyone, will go hungry; one has to go
through the process, step by step, to find
out. Moreowver, if the process were tobe re-
peated under identical droumstances, dif-
ferent sets of people would be selected to

hungry.

The model could be extended and
made more complex. For example, sup-
pose that collections of three or more
neighboring, tables of the same handed-
ness are served from large pots of food
ple who are served, are served from small



pots that harbor bacteria. The
result is a new structure of ill and healthy
people, arising from the original simple
contingency. (There could, of course, be a
series of contingendies; for example, only
some of the small pots, randomly distrib-
uted, are contaminated.)

Each step in the model is determinis-
tic, It is rigidly connected to the previ-
ous step by rigorous rules. The random-
ness of the input—who initially sits at
each table—determines the outcome,
which cannot be foreseen. The process
of getting from the initial unstructured
state to the final structured one, in the
deterministic system, is Lt on
the path, resulting from a small random
element within the model or in the in-
teraction between the model and its en-
vironment. It is important that the sys-
tem be very sensitive to the small
random element, that it “bifurcate” into
one of the two very different paths as a
result of the small disturbance. This sen-
sitivity, which makes contingency pos-
sible, can come about only if the mathe-
matical model describing the system of
interest is inherently nonlinear—that is,
if the changes in the dependent vari-
ables are not simply proportional to
these variables.

The above paradigm is easily
demonstrated in current ideas of bio-
logical growth. Instead of the whole fu-
ture evolution of the entire organism
being contained in each single cell, as in
the predictive theory, the contingency
paradigm assumes that each cell con-
tains a complete set of rules as to how it
should respond to each potential envi-
ronment (intermal as well as external). Tt
will behave one way if it finds itself
surrounded by liver cells, a different
way if surrounded by bone cells, and
s0 on. Which specific environment it
finds itself in depends on the “path” it
has taken since the "beginning.” At
each stage along the path there will be
random small disturbances as well as
deterministic major rules. The sensitivi-
ty at any point, which will vary from
point to point, will determine whether
and which bifurcations occur. In this
way biological organisms grow with
the similarities and differences com-
monly observed.

The simple banquet game outlined
above could be played by a computer
rather than real people, with random-
number generators taking the place of
individual volitions. The resulting path-
dependent numerical structures would
be isomorphic to the people-generated
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Figure 5. Reactions in human activities are rarely proportional to actions and therefore are rarely
predictable. The context and contingencies in a situation influence the outcomes, so that, de-
pending on the context, similar situations may have very different outcomes. For example, as-
sume a dinner party where tables are set so that wine glasses are placed midway between the set-
tings. A priori, each glass could “belong” to either of its neighboring settings (top). The guests are
milling about, but eventually, some arbitrarily sit down at a table and reach for a wine glass icen-
ter), The people at the two tables on the left have chosen the wine glasses to their left, They have
broken the symmetry of the table and imposed a handedness on each table. Likewise the person
at the rightmost table, by reaching for the glass at the right, has imposed a different handedness
on her table. Unbeknownst to the guests, the host has decided that diners will be served only if
they are sitting adjacent to a like-handed table (bottom). As a result, the two left-handed tables
have been served. The people at the right-handed table go hungry. In this example, the seem-
ingly random act of choosing a wine glass yields disproportionate and unpredictable conse-
quences. Furthermore, the process is completely random. [f these events were to be repeated, a
very different pattern of fed and starving tables would emerge.
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Figure 6. In mathematics, a deterministic law creates a single “orbit,” or eventual outcome, given
a particular starting poinl. Shown is a function, x(t), that changes in time, reaching a single solu-
tion {a) for a given starting value of x, x,. If this same function were reiterated with different start-
ing points (that is, different values for xg), the endpoints would be different. However, the dif-
ferences in output would be proportional to the difference in input. 1f the value of the input
changes by one increment, then the value of the output is expected to vary by one increment as
well (b). In this case, the future can be predicted to the extent that the present input is known.
The accuracy of the output is dependent on the accuracy of the input. If the different outputs di-
verge greatly from each other (c) prediction is impossible. This situation describes chaos,

ones. We cannot program a computer
to carry out as many complex determin-
istic rules as are carried out by real bio-
logical cells, but programs have been
written to follow the evolution of sys-
tems of moderate numbers of moder-
ately complexly interacting computa-
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tional cells. The resultant behaviors of
the computer “organisms” show many
interesting parallels to the behavior and
development of real living structures.
Similar attempts have been made to
model the growth of political structures,
one of which is sketched below.

Robert Axelrod of the University of
Michigan has produced a model of a
linear array of “nations,” with arbitrary
initial distributions of wealth and no
“commitments” to one another. At
each annual cycle, random nations are
chosen to make demands on their
neighbors—war or pay ransom. A fair-
ly simple set of rules determines the
outcomes of the demands and the con-
sequent changes in national wealth.
Also, as a result of making war and
transferring ransoms, commitments
between the nations begin to develop
following rules fairly similar to those
of Lee and colleagues: Losers (of war
or ransom) become connected to the
winners. The enemy of an enemy be-
comes a friend—that is, they become
more committed.

As a nation accumulates increasing
commitments from others, its chances
of dominating in a war or ransom de-
mand also increase. The computer sim-
ulations are run over 1,000 cycles, each
run representing one system path
through time. At the end of a run,
groups of nations that are strongly tied
to each other (have large resultant nu-
merical values of mutual commitment)
may be considered to be single entities,
either alliances or larger nations. Thus
a structured international system may
arise in which there are fewer indepen-
dent participants than existed initially.
Many runs, all with the same rules and
parameters, produce many different
paths and therefore many different in-
ternational structures. Some of these
paths look strikingly similar to histori-
cal images of the evolution of the real
world, implying that Axelrod’s model
may incorporate some real under-
standing of important factors in world
evolution,

Dissolution of Structure and Chaos

Having formed, all structures, be they
physical or social, are vulnerable to dis-
solution. A good physical illustration of
the breakdown of structure is the be-
havior of a river as it flows from a wide,
deep, unobstructed channel into a nar-
row, constrained, boulder-strewn
gorge. The initially slowly and smooth-
ly flowing water is completely pre-
dictable and is said to exhibit laminar
flow. Knowing the behavior of the fluid
at one point and one time allows one
to know the detailed behavior of the
water at neighboring points at the same
time or at the same point at later times.
This coherence of behavior in space and



time is a structure determined by the
physical properties of the fluid as ex-
pressed in the Newtonian laws of mo-
tion. When the water flows into the
twisty, uneven channels of the gorge, it
becomes turbulent and is no longer pre-
dictable. The same body of water has
passed from structured to unstructured
behavior—from predictability to chaos
{and, of course, later downstream might
transform back into structured laminar
flow again). Any reasonable mathemat-
ical model of fluid behavior must be
able to represent these two types of ac-
tual fluid behavior and the transitions
between them.

The system in this case is nonlinear so
that the responses to small changes are
not necessarily proportional to the
changes themselves. Under these droum-
stances, small changes in the channel's ar-
chitecture, may result in tumultuous
changes in the fluid’s behavior—or they
may not. The solutions to equations de-
scribing such a situation have regions in
which small disturbances remain small
and other regions in which the distur-
bances grow. In the latter regions, two
solutions that start off very close to each
other (differing only by a small “distur-
bance”) soon bear no resemblance to
each other. Prediction in this case be-
comes impossible.

A situation in which deterministic
theory precludes prediction, in which
small random disturbances lead to
wildly fluctuating incoherent motions,
is called “chaos.” The concept is just
what is needed to describe turbulence.
Thus the same theory can represent
both laminar flow and turbulence. Al-
though the theory cannot predict what
happens in the chaotic regime, it can
predict the regimes in which turbulence
is possible, The theory allows calcula-
tion of those parameter values that
bound the chaotic region.

At its most useful, then, the theory
provides a prediction of unpredictabil-
ity. So although the theory would not
allow one to make the turbulent water
calm, it does allow one to predict the
parameters that will give rise to turbu-
lence. And this provides the possibility
of rationally designing a fluid conduit
in such a way as to avoid turbulence.

A corresponding theory of interna-
tional relations might allow the predic-
tion of the loss of controlled behavior
by nations within an international sys-
tem—a loss we then use to the
outbreak of war—and thus allow it to
be avoided.

Linear Models of War

Many writers on war and peace have
introduced the concept of crisis instabil-
ity. The idea is that large consequences
can be wrought in the international sys-
tem as a result of small disturbances or
affronts. A standard example of such a
system instability is the outbreak of
World War I, following the assassina-
tion in Serbia of the Austrian Archduke
Francis Ferdinand and his wife. The dis-
parity between disturbance and its con-
sequence is very similar to that pre-
sumed in the definition of chaos. It is
thus natural to associate the transition
from predictability to chaos in a math-
ematical model with crisis instability
and the outbreak of war in the interna-
tional system being modeled. This as-
sociation is particularly natural since
war has long been associated with the
nonmathematical concept of chaos,
which bears great similarity to the cor-
responding mathematical concept. If we
wish to make this assodation, and thus

understand the outbreak of war (or of
some wars) as the transition to deter-
ministic chaos, we must first believe in
the possibility of valid deterministic
models for the evolution of internation-
al behavior.

But how can nations, each made up
of so many seemingly autonomously
acting people, behave deterministical-
ly? Again, a physical analogy is helpful,
A gas is made up of many, many mole-
cules. The overall motions of the myriad
molecules are completely random. And
yet, when examined from the view of
the system as a whole, the gas behaves
simply and predictably. It obeys deter-
ministic laws that result from averaging
over the many random components of
the system. (Similar deterministic aver-
ages over many random variables are
used by insurance companies to con-
struct mortality and other tables, which
form the basis of much common social
life.} Om this basis, we can expect “laws"
to govern the interactions of states. Cer-
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Figure 7. In the author’s nonlinear version of the Richardson model, a nations fear of its oppo-
nent’s arms stocks diminishes as the size of those stocks approaches the maximum sustainable
by that opponent. Hence the arms procurement of one nation is less tightly linked to the size of
the competitor's arms stocks than it would be in the Richardson model; procurement grows at a
lesser rate with increasing stock size. The result is a nonlinear relation between procurement and
stocks that can lead to an unpredictable vardation of both, with wild fluctuations over the full
range of possibilities, This transition to a chaotic regime represents “crisis instability” in the re-
lationship between the two nations, a contingent relationship not possible in the original linear
model. In this cartoon, the red nation, acting out of fear, orders the wildly disproportionate—and
unpredictable—number of 500 new missiles.
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Figure 8, Twisted iron bedframe on a World War 1 battlefield in Villers-Bretonneux, France,
stands as a reminder of a calmer time amidst the chaos of war, The first world war erupted fol-
lowing a single assassination in Sarajevo. Today, there is again fighting in that part of the world,
but so far its seems unlikely to result in another world war. Only Hme will tell whether the com-
plexity model will allow for short-term prediction and control over international relations,

tainly, much of formal history and polit-
ical science is devoted to the expression
of apparent regularities (laws) of the in-
teractions between states. Thus, I en-
tered this study hoping to be able to for-
mulate laws of hostile interactions
between nations that can manifest cri-
sis instability and the transition from or-
der to chaos.

Lewis Fry Richardson sought to lay
war to the properties of the international
system rather than to human volition.
Richardson was a Quaker who believed
deeply in the possibilities of human bet-
terment. And his point of view was but-
tressed by the technological improve-
ments he saw around him during the
years just before the first world war. So it
was particularly difficult for him to rec-
oncile the universal disaster of war with
his conviction of humankind's struggle
for improvement. Therefore he sought to
attribute the onset of war to properties
of the intermational system. It certainly
seemed to many observers that World
War | broke out against the wishes of
everybody.

The system Richardson saw at that
time was an arms race, and he proceed-
ed to provide a mathematical descrip-
tion of the obvious characteristics of
such a race. The rate of arms acquisition
of each of a pair of hostile powers (he
did not explain the origin of hostility
but took it as a given) depended on the
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size of the existing stocks of arms held
by the opponent. The result was a linear
set of differential equations that has

ated much analysis and discus-
sion in the political-science community
since its introduction following World
War II. (For a recent example of its use
in political science, see Hill, 1992.) One
class of relations between the coeffi-
clents (of proportionality between the
rate increase and the size of arms
stocks) led to decreasing armaments for
all opponents, no matter what their ini-
tial stocks were. Richardson called such
a system stable because it would remain
peaceful, no matter how hostile the feel-
ings of the nations for each other. An-
other class of coefficient relations pro-
duced solutions that represented
constantly increasing stocks of arms, no
matter what the initial stocks were. This
exponential growth of armaments was
claimed to be unstable and would lead
to war. Avoiding war would simply re-
quire changing the system so the coeffi-
cients representing it fell into the appro-
priate class.

The linear Richardson equations can
predict that a system’s arms stocks will
continually grow either larger or small-
er without a change. There is no
change allowed in the character of the
solutions. What the Richardson equa-
tions cannot do is yield a model in

which an initially peaceful system sud-

denly becomes turbulent. In other
words, the Richardson equations can-
not predict unpredictability. There is
nothing in his linear mathematical
model that could be interpreted as “cri-
sis instability.”

Nonlinear Models of War

But the Richardson approach can be
made nonlinear, a task [ set for myself,
In the Richardson model, a nation in-
creases its arms supplies based on what
its opponent had the previous year. It
occurred to me that other factors could
be included in the decision to increase
the number of arms. [ made the equa-
tion a little more complicated by recog-
nizing that a nation's need to increase
its arms supply in proportion to its op-
ponent’s supply decreases as the nation
fears its opponent less. And a nation
fears its opponent less if it suspects that
the opponent is near the limit of what it
can acquire. | could build these condi-
tions into the Richardson equations
mathematically.

Trying to devise the simplest model [
could, 1 set the amount of arms held by
one nation at x fexpressed as a fraction
of the nation's total arms-purchasing ca-
pacity). If we set the limit of this na-
tion's ability to purchase or manufac-
ture arms at 1, then 1-x expresses how
close that nation has come to its satura-
tion point. The factor 1-x modifies the
Richardson coefficient of proportionali-
ty between the size of arms stocks and
the rate at which arms are acquired by
the opponent. This nation’s opponent
will acquire arms in proportion to the
expression x(1-x). In the meantime, the
opponent nation has a total arms sup-
ply of y, so the first nation will increase
its supply in proportion to y{l-y). It is
easy to see that as one nation nears its
limit, the expression 1-x or 1-y ap-
proaches zero. This means a nation’s
arms purchases become increasingly
less linked to the purchases of its oppo-
nent. If, on the other hand, the new pur-
chase nowhere near approximates the
opponent’s limit, the coupling coeffi-
cient approaches 1, and the nation’s ac-
quisition decision will be very tightly
coupled to its opponent’s existing sup-
ply, as in the original Richardson model.

The easiest way to obtain chaos from
this is to feed these expressions into a
spreadsheet and let the program calcu-
late the outcomes over 100 iterations of
the program. I would run the program
several times, altering the starting num-
bers very slightly, say by one-tenth of



one percent. If the program was com-
pletely predictable, T would expect the
outcomes to alter by one-tenth of one
percent, However, if the system were
successful at generating chaos, the
change in outcome would not be ex-
pected to be proportional to the changes
in inputs. 1 found that this system could
in fact become chaotic.

Since the nonlinearized Richardson
equations represent the interactions be-
tween competing stales, changes in the
forms of these equations represent
changes in the nature or dominant char-
acteristics of international relations, Thus
questions about the outcomes of parbicu-
lar types of organization of the intema-
tional systern can be addressed via stabil-
ity investigations of the corresponding
sets of equations. For example, a question
particularly pertinent today, after the
demise of a cold-war world dominated
by two superpowers, is whether a bipolar
world is more or less stable than a multi-
polar world. A simple approach to this
question, leading to an unambiguous an-
swet, is to take a nonlinear Richardson
model of a two-nation arms race and
bring in a third nation competing with
the first two by the use of a coupling pa-
rameter that can vary from zero to one, A
zero value means that there is no cou-
pling of the third nation to the first twa.
Ihe system is a bipolar arms race. When
the parameter reaches a value of unity,
the model represents three equivalent na-
tions, each arms-racing with the other
two in a fully tripolar world, With a fixed
intermediate value of the coupling para-
meter, the size of the region of stability of
the model {as measured by the allowed
ranges of values of the other model para-
meters that produce predictive classes of
solutions to the model equations) is de-
terrmined. It is found that the stability re-
gion shrinks as the coupling parameter is
increased. This implies that the system
becomes more and more unstable as it
departs further and further from pure
bipolarity. Other, more traditional, politi-
cal science analyses have led to the same
conclusion. However, any scence grows
and thrives via the confirmation of its re-
sults by many different procedures.
Hence this simple mathematical model,
invoking chaos as a representation of cri-
sis instability, is a valuable adjunct to con-
ventional political science.

I'have modified the model to address
odher questions of global stability. For ex-
ample, | have compared the relabive sta-
bilities of a world system consisting of
democratic states with that of a system of

autocracies. The result—democracies
vield a more stable world system—has
also been obtained by other, less model-
oriented approaches. Another question [
have modeled concerns the relative sta-
bility of balance-of-power worlds versus
systems made up of nalions, cach of
which stands alone against the rest. The
chaos domain analysis comes down on
the side of those who maintain that bal-
ance-of-power (nations combining their
power in shifting alliances to balance the
power of the dominant nation at the mo-
ment) is the more stable regrime.

The above examples of chaos analysis
of the origin of war have used the mili-
tary capabilities of the competing na-
tions as the dependent variables. In the
previous discussion of the model pre-
sented by Les and coworkers of the ori-
gin of international structures, the de-
pendent variables are the intents of the
nations towards one another. A more re-
alistic model includes both types of
variables and their interactions. Intent
incites capability, and capability modi-
fies intent. The resulting combined
model, including military and econom-
ic capability as well as inter-nation rela-
tions, is much more complex and con-
tains many more parameters, all of
which are difficult to obtain from real-
world data. Thus specific conclusions
are harder to obtain.

However, some familiar qualitative
restlts can be simply obtained, War will
not occur if military-industrial-govern-
mental complexes have no significant
influence on the evolution of overall
economic-political power. Meither will
war break out if changes in military ca-
pabilities do not lead to changes in na-
tional intent towards other nations.

The similarity bebween the calculated
behavior of complexity-dominated sys-
tems and the behavior of sodopolitical
systemns in the real world gives consider-
able credence to the idea that the real
world is dominated by deterministic
rules and that the ohserved contingency
is due to the occasional sensitivity of the
real system to minor, but always present,
random perturbations, This paradigm is
quite different from that which suppnnq
the abserved contingencies of the world
on an underlying stochastic foundation,
The choice between the bwo approaches
to sociopolitical reality is not purely aca-
demic but has profound practical conse-
quences, Both paradigms rule out the
possibility of long-term prediction, but
the complexity scheme does allow for
short-term prediction and thus offers the

possibility of control. If the ruling out-
look in a population is that sociopolitical
life: is based on the stochastic paradigm,
there is no point in political activity—in
trying to form and direct collective be-
havior towards predetermined ends. The
complexity paradigm makes it reason-
able for a population to expect effective
government and to believe in the possi-
bility of a collective solution to a collec-
tive problem. Public-opinion polls in
contemporary America seem to indicate
that we are not convinced of the com-
plexity model these days, but the evi-
dence is not yet all in,
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