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Philip Ball

Suppose you want answers to the follow ng sorts of questions:

"What set of policies would guarantee a party electoral victory?

' How do conpani es band together to formalliances and congl oner at es?

"What set of international policies will encourage denocracy and di scourage
conflict?

"What will the stock market do tonorrow?

"How wi I | congestion charging affect London's traffic in three years tinme?
' How mi ght harsher sentencing affect crinme statistics?

"What is the likely lifetime of a new small busi ness?

"What are the chances of you and | sharing a nutual friend?

The ability to predict some of these would be useful, sone i mensely
beneficial. Some would be so valuable that those who possessed the answer woul d
want to keep themsecret. Al of themare desirable to certain parties, but
whi ch m ght be possible and which are just idle fantasies? In other words which
if any aspects of the evolution of society are susceptible to probabilistic
estimation and which m ght be too dependent on the vicissitudes of human
behavi our to be accessible to any degree of prediction. Theories about the best
way for society to operate reach back as far as Plato's 'Republic', but the
noti on of approachi ng such questions using the methods of science, that is,
devel opi ng a social science worthy of the nane dates back to the begi nnings of
the Enlightenment in the early 17th Century.

That was an age of mechani sm when people like Galileo and Descartes and
Newt on were starting to propose that nature could be understood |ike a nmachi ne
in which forces acting between the conponent parts give rise to precise
mat hematical |aws that allowed, in some sense, the future to be predicted. This
was how Galil eo understood the | aws governing the notion of objects and it |ed
Newton to fornulate his laws of gravitation that allowed scientists not just to
enpirically predict but to appreciate the underlying basis for the regular
notions of the planets. As nore and nore of nature began to reveal itself
governed by physical |aws phil osophers started to wonder whether such | aws
applied in the human sphere was well. They began to think of the human organi sm
as a well oiled machine, with gears and | evers and punps controlling it. And if
human i ndi vi dual s nade up society then naybe there was a physics of society.

It was Thomas Hobbs, who in the 1630's and 1640's used Galil eo's physics
of notion to derive the conclusion that the best way to govern a nation was by
absol ute despotism, a notion that was deservedly soon forgotten. But over the
| ast two decades physicists and other scientists have regained an interest in
trying to apply the principles of science to social phenonena. Unlike Hobb's
t hey ask not 'How should we govern?' or 'How should we construct our
institutions', but rather '"If we set things up according to this or that
particul ar set of rules, can we predict what the likely outcone will be?
Science is not being used to tell us the right or wong way to do things, but to
try to understand which choices |ead to which consequences. It is naive to think
that we can set up the exact conditions or policies needed to achieve a
particul ar objective though sonetines public policy fails sinply because it
negl ects certain aspects of human psychol ogy. There are al so nany situations in
nature where even if one could in principle account for every relevant factor
the outcone of a particular set of rules or conditions mght be quite different
from what one expects. And this can be the case in a physical situation such as
traffic control where building a newroad | eads to greater road congestion
rather than less. Wiat | want to do is to see whether science can give us sone
tools that pernmit a better prediction of the consequences of social decision-
maki ng in various contexts.

Now there are certainly people in the audi ence who know far nore than
ever shall about social and econonic science and | felt that perhaps the nost
useful thing that | could do was, as a physicist, to outline sone of the centra
i ssues and concepts in contenporary physics that seemto have sonme applicability
in these fields. In other words to give you a flavour of what there is out there
that m ght be of sone value. In seeking to extend physical science to socia



science, we mght think we are asking 'Are there | aws of society in the sane way
that there are laws of gravitation or electromagnetism, and certainly that's
how some of the early pioneers in the field sawit.

The French phil osopher August Conpte believed that laws |ike this could be
uncovered and he coined the term'Physics Sociale', and in the book that he
wote in the 1830's: entitled 'A Systemof Positive philosophy', he argued that
this would conplete the description of the world that Galileo and Newton had
begun. Several other thinkers in the 18th and 19th Century, including Enmanue
Kant, Thonmas Buckl e and Leo Tol stoy, wondered whether there is sone
inevitability in the way history advances, such that an understandi ng of the
forces driving it could lead to a nore or less certain prediction of its future
cour se.

One of the key observations that led to such positivistic thoughts was the
regularity in the statistics of social phenonena. Scientists and phil osophers
becane interested in social statistics in the 17th Century when the London
busi nessman John Graunt began to collect yearly nortality figures for the City
of London. Graunt argued that nortality statistics could provide a solid
enpirical basis for fornmulating political policy and this view was al so shared
by the fanbus astrononer Ednmund Hal | ey who was one of Newton's few cl ose
friends.

What peopl e began to realise was that there was a certain predictability
in theses social statistics. It wasn't just that, on average nore, or |ess the
same nunber of people died each year, or even that a constancy also applied to
subdi vi sions of society such as age or profession etc. It was al so that
deviations fromthe averages were interesting and by the early 19th Century
mat hematicians |ike Pierre-Sinmon Laplace, discovered that a whole variety of
statistical data could be fitted onto a single mathenatical curve. This has
beconme known as the Gaussian or 'bell curve' and describes a probability
distribution. It can be seen both as a sunmary of enpirical data and having a
predictive function

I mage 4 - The Gaussian distribution

In this diagramh m ght be the heights of adults in London. W collect the
nunbers of people at different heights and draw the graph. What it tells us is
the probability that any randomy selected individual will have a particular

hei ght. The nost probable height is the highest point (which is also the
average) and the graph falls off fairly sharply for either extrene. To people's
surprise they found that Gaussian curves described not only the statistics of
births and deaths, over which individuals have little if any control, but also
volitional acts. such as crinmes or marriages and to sone this seened an affront

to the idea of free will. How could it be that supposedly free choices were
governed by this mathenmatical |aw?
If there is a physics of society it will be essentially a statistical one

because mat henmatical regularities only appear when we | ook at popul ations or
| arge data sets. Conversely this means is that in general specific predictions
must be probabilistic; we cannot say what w |l happen to any of the individua
conmponents or agents of a systemonly what the probabilities of the various
possi bl e outcomes are. In 1862 John Stuart MII recognised this statistica
aspect of scientific sociology when he said 'very events which in their own
nat ure appear nost capricious and uncertain which in any individual case no
attai nabl e degree of know edge woul d enable us to see, occur when consi derabl e
nunbers are taken into account with a degree of regularity approaching
mat hematical'. And this is where the connection with physics cones in

However Newton had specul ated that the trajectories of celestial bodies
coul d be understood and predicted on the basis of the forces of gravity acting
bet ween them and anticipated that the sanme was true of matter at the other
extrene, the scale of atoms. They coul d be understood by the | aws of notion
determ ned by the inter-atomc forces, even if no one knew what those forces
were, and well in the 19th Century physicists thought of the atomic world as a
kind of billiards gane in which the atons were |ike snmooth hard balls that



travel l ed through space and collided with one another according to Newton's | aws
of nmotion. The only difficulty was that they couldn't hope to get close enough
to see and to neasure all the notions and even if they could, atonms are so
nunerous that it would be inpossible to keep track of all the trajectories.

Ironically it was actually the statistical regularities seen in the socia
sci ences that encouraged the physicist James Cerk Maxwell to propose that even
if we can't use Newtonian nechanics to fornulate a conplete description of the
atomi c scal e behaviour of matter, we can anticipate that mathematical |aws wl|
arise out of the average interdependent notions of all these particles. He began
to think about the probability distribution or atom ¢ notions and he assuned
that these woul d al so be described by Gaussian type curves. And this [ed Maxwel |
and Ludwi g Boltzmann to fornulate the sci ence now known as statistical nechanics
or now nore generally known as statistical physics, in which the bulk scale
behavi our of matter, such as the known nat hematical relationships between the
pressure, tenperature, and volune of a gas can be understood to energe fromthe
nm croscopic notions, the inscrutable particle notions of the atons invol ved.
This branch of science is now used to understand just about all the properties
of everyday matter fromliquids to polyners to superconductors and physicists
started to ask whether we might we see in society sonme of the sane phenonena we
find in collections of interactive particles. If we can substitute atons and
nol ecul es by people or cars or market traders or businesses can we use
statistical physics to understand sone of the phenonena that arise in the rea
wor | d?

Still there's an obvious objection to seeing people as Newt oni an
automatons and it was expressed by the econoni st Robert Heil bronner

"There is an unbridgeabl e gap between the behavi or of subatomic particles and
t hose human bei ngs who constitute the objects of study of social science. Aside
frompure refl exes human behavi our cannot be understood wi thout the concept of
volition, the unpredictable capacity to change our minds up to the very | ast
nonment. By way of contrast the elenments of nature behave as they do for reasons
of which we know only one thing, that the particles of physics do not choose to
behave as they do".

But | think this risks overestinating both the power and the scope of free
will. In many social situations it's unrealistic or even neaningless to assune
that we can do whatever we want and we often have a very tightly constrained
range of choices. In principle if we are driving a car we can steer it anywhere
and at whatever speed the vehicle allows, but of course we don't. W tend to
drive along a line in the road on the left hand side at a speed appropriate to
the circunstances and going fromour point of departure to our destination. Wen
we vote we chose one candidate or another generally froma short |ist of
alternatives and we have a simlarly limted range of behaviour if we do
sonet hing |i ke shopping. Qur actions which are nonmnally conpletely free are
constrained by a wide variety of factors, social norms, conventions, economc
necessities and so on. So we are far nore predictable than we |like to believe.

The key factor and one | think that often economics and social scientists
have tended to overlook in their nodels in the past but is intrinsic to
statistical physics is interaction. W' re affected by one another. People don't
drive at 80 nmiles an hour down Oxford Street because there are others in the way
and we normally aimto avoid collisions. W might say that there appears to be a
ki nd of repul sive force between the vehicles that keeps them apart though of
course there is no real force that we can nmeasure. Yet if we were to make a
nodel of our behaviour the netaphor woul d hol d. Qur choices are influenced
by all manner of things and particularly by what our peers do. If everyone on
the stock market floor is selling it takes either a very astute or a very slow
witted trader to buck the trend and start buying. This kind of herd-like
behavi our is of course well known in econonics. Even in elections we n ght
i mgine that with secret ballots we're all maki ng our own personal choice, but
there turns out to be a very clear signature in the statistics of our collective
behavi our; the fact that people are strongly influenced by what others do.



This interactive behaviour shows up in the probability distributions of
the statistics. Independent, apparently random events may show up as a Gaussi an
curve but deviations fromit are generally a sign that the agents in the system
are not behavi ng i ndependently, but are feeling the influence of nutua
interaction. This is the kind of sinple diagnostic tool that is |earned from
statistical physics and there's an inportant corollary to this. In the socia
sciences there's a strong tradition of creating psychol ogi cal nodel s of
phenonena, of trying to understand social behaviour on the basis of individua
psychol ogy and social biologists like EE O WIson have argued that socia
sci ence could be nade nore scientific if theses nodels were nore firmy rooted
in the evolutionary biological origins of individual behaviour. Now there's a
case for saying that, but it nmakes the unwarranted assunption that socia
behaviour is a straightforward extrapol ati on of individual behaviour and it
seens that this is often not the case at all. The behavi our of a human group
how it organises itself into institutions, for exanple, can't be deduced or
predicted fromthe predilections of an individual. And it's very clear in
statistical physics that even in inanimate systens that once the constituents
start to interact, conpletely new collective nodes of behaviour can arise. W
can study the behaviour of a single water nolecule as closely as we |ike but we
woul d never be able to predict solely fromthat, that water is a substance that
freezes at 00C and boils at 1000 C. We can get that only by |ooking at the water
nol ecul es col | ectively.

Wiy wat er condenses froma vapour to a liquid was explained in the 1870's
by Johannes Diderik Van der Waals who showed that it foll owed fromthe existence
of both attractive and repul sive forces between the particles in a gas. Maxwel |
and Bol t zmann who just treated atons as hard balls that collided but otherw se
did not affect each other could not explain this, but Van der Waal s found that
when you included the forces the theory predicted that there would exist a
liquid state as well as a gaseous state. Wien you heat a substance its
particles, atons or nolecules jig around nore frantically and this can overcone
the attractive forces that tend to hold the particles together and so we can
under stand why a substance can change froma solid to a liquid to a gas. But it
was | ess clear why these changes shoul d happen suddenly As ice is warned to
nmelting point it doesn't get progressively softer and jelly-like. Instead it
stays hard until it nmelts abruptly at zero degrees. And the sane with
evaporation; water is either a liquid or gas and not sonething in between. These
sudden changes are called phase transitions, in this case between the solid
liquid and gaseous states of matter. Van der Waal's theory showed how
transitions happen and why they are sudden. In social science and in politics
there is a tendency to think that effects happen in proportion to their cause.
Smal | changes have small effects and in statistical physics that clearly isn't
always so. Consider density. There is a huge change in density as a vapour is
cool ed past its boiling point as can be seen fromthe diagram

Image 7 - Cooling a vapour past its boiling point

Physicists call this behaviour 'non-linear' since there is no sinple straight
line relationship between cause and effect and phase transitions like this occur
in all areas of nodern physics. A nagnet offers a second exanple. If you heat
a piece of magnetic iron to 7700 Cit loses it's nagnetism Below this
tenperature it's nagnetic, above it's non-magnetic so there is an abrupt change
fromone state to another though it's not a junp in the degree to which it is
magneti sed. The magnetisation falls snmoothly though rapidly to zero at the Curie
tenperature as shown in Image 8. This is called a 'critical phase transition and
the point at which it happens the "critical point'. Liquids and gases al so have
"critical points' at which there ceases to be any difference between the gas
state and the liquid state.

Image 8 - Critical transition



What happens in the case of gas to liquid is that you get curves as in |Inmage 8
but if you increase the pressure the junp gets snmaller and snaller until it
di sappears. Critical points are an inportant class of phase transitions.

Magnets can be considered to have critical points if they are envisaged as
an array of atons in which each is like a tiny bar nmagnet or needl e which can
point in one direction or another; either up or dowmn we could say. This is
called the '"Ising Mddel' of magnetism shown di agranmatically as |mage 9 :

| mge 9 -The I|sing node

If there are nore atom ¢ nmagnets pointing in one direction than the other then
they all add up to give an overall nagnetisation for the material. In a
substance |i ke iron each of theses atom c needles feels the nagnetic field of
its neighbours and these interactions tend to nake all the arrows line up in
the sane direction. At |ow tenperatures that is what they do and the naterial is
magnetic. As you heat the nagnet up, heat randonises the direction of sone of

t hese needles and if they becone conpletely randoni sed then on average they al
cancel out and there is no net magneti sm These are the two states but in fact
there are two different ways in which this can happen; either the magnets could
all point up or they could all point down. So there are two equival ent but
different nmagnetic states and the critical point is when islands or areas of the
sane nmagnetic state reach a certain dom nance of the whole system This happens
because when an atom c nagnet has flipped it exerts a force on its nei ghbours
that tries to nake themflip as well. So there's a collective behaviour
dependant on the interactions. As we approach the critical point nore needles
get flipped out of the uniformy aligned state and snmall patches of the opposite
magneti sation start to arise. At first the patches are quite snall and do not do
much to affect the overall magnetisation but as we get closer and closer to the
critical point these regions grow bigger and bigger, but not equally big. Wat
we find is that there are flipped regions of all sizes, froma single atomto
whol e patches that start to approach the size of the entire system At the
critical point we cannot tell which are the ones in the original state and which
are the ones that have been flipped because there are equal anmpunts of both

t hough they are not evenly distributed

I mage 10 - The critical point

Physi ci sts often plot the distribution of probability against size on

| ogarithm c scales and we can see that this gives a straight |ine at the
critical point showing that the distribution follows a 'power |aw .
Distributions follow ng a power |aw give greater weight to the existence of big
fluctuations than a Gaussian distribution

Image 11 - Critical fluctuations
Questioner 1 : Wiat is the normal distribution?
Philip : That's the Gaussian curve.

Questioner 1: No | nean what woul d be the distribution approaching the critica
poi nt ?

Philip : It would be nore spread out. An econonists often say 'It would be fat
tailed .

The inportant thing about a critical state of this kind is that it is pretty
precarious and the existence of these fluctuations neans the systemis
constantly teetering on the brink of uncertainty between these two choices. If
we cool a magnet to just belowits critical point then the needles will tend to
becone aligned in one direction or the other though there's no telling which way
it will go. It could go one way or the other on the Ising curve. |t just



depends on whet her one popul ation of patches grows big enough to doninate the
system

Physicists for a long time regarded critical states as unstable, but in
the 1980's they found that sonme systens seened to adopt critical states that are
robust and the canoni cal exanple was Per Bak's pile of sand onto which new
grains are slowy being poured. Every so often the new grains trigger an
aval anche and the aval anches happen at all scales so there's no way of telling
when they will occur. If you ook at the statistics you find the probability
distribution is according to a power law on a log/log plot. So it's a critica
state in that sense but it keeps returning to that critical state. For every
aval anche the addition of new grains returns the sand pile back to the brink of
a landslide. So instead of forever trying to escape fromthe critical state as a
magnet does the sand pile is constantly seeking to return to it. That's why
this sort of behaviour is called '"self organised criticality' and it was
i mportant because it suggested that there are systenms in the world of nature
that could be stable in a critical state and remain in it.

I mage 12 - Self organised criticality

Per Bak was convinced that econom c markets also work in a state of
organi sed criticality and he thought this because the market is constantly
experiencing fluctuations that seemto be 'scale free' in that they occur
what ever size of sanple is taken. Econom sts have tended to treat these
fluctuations as random because they | ook that way, but it has been known at
| east since the 1960's that they are not and don't have a Gaussi an probability
distribution. In a real market index we get nmore big fluctuations than in
Gaussi an behaviour. This is significant because it's often the big fluctuations
that econonists are interested in because they constitute the boonms and sl unps
and crashes. In a Gaussian distribution market crashes would be so rare that
they would practically never occur and we know that in the real world they often
do. If you try to make narket forecasts based the wong kind of statistica
di stribution you can be led badly astray. In fact these fluctuation curves are
conmpl ex, they have fat tails but the shape is also conplex and doesn't seemto
be follow ng straight power |aw behaviour

If "organised criticality' is a concept that does provide a genera
framework for understanding scale free fluctuati ons and power |aw distributions
are mathematical insights into how they can arise then perhaps we can begin to
under stand conpl ex systenms of interacting conponents. Such phenonena arise in
di fferent physical systens that seemto share nothing in commopn with each
anot her when described at the |evel of individual particles or conponents. The
critical points of some nmagnets can be described nathematically in precisely the
same way as the critical point of a liquid gas system and these phase
transitions therefore have universal characteristics. Thus self organi sed
criticality has been proposed in systens ranging from mass extinctions of
bol ogi cal species to the formation of solar flares and the statistics of earth
guakes. The occurrence of such phenonena doesn't depend on such specifics as
exactly what kinds of forces exist between the constituent elenents and how big
or how small these are. It's not idle speculation to say that you m ght see
sim |l ar phenonmena in social behaviour | want to | ook at some instants where
t heses concepts m ght be rel evant.

Traffic flow | have already nmentioned. It turns out that traffic flow does
seem to show behavi our that can be regarded as phase transition between
di fferent states.

Image 14 -Traffic states

When observations are made on traffic flow we find that the relationship between
the rate of flow and the traffic density undergoes sharp changes from free flow
where every vehicle can essentially do what it |ikes, to congested flow where
it's all nmoving but noving nore or less at the sane rate, to jamwhere it is
barely noving or stationary. These changes between the different states are



qui te abrupt and we can think of them | oosely anal ogously to the gas, liquid and
solid states of matter. Fromnodels like this we can understand how such
phenonena as 'phantomjanms' or those which formw thout any visible cause
occur. And we can predict phenonmena that is by no nmeans intuitively obvious,
such as the stop and go oscillations between patches of alternating noving
traffic and jans. We can understand how a single perturbation of the flow can
give rise to this kind of behaviour and we can use these nodels to test out the
effects of various driving regulations or road designs. W mght , for exanple,

i mpose speed limts on certain stretches of road to ease the flow or position
exits or entrances onto a notorway in different ways to reduce the chances of
crashes. Social physics can be used as a test bed for exploring the consequences
of restructuring our rules in one way or another though we have to decide for
oursel ves which of various outconme is the one that we desire.

Many of the choices that we nake are 'binary' in that we only have to
chose one of two alternatives and physi cs-based nbdel s have been used to
expl ore how deci sion maeking is influenced by peer and nei ghbour pressure. In
busi ness and industry we m ght have to choose between a PC and a Mac and we
m ght wonder under what conditions a minority product |ike the Mac can persi st
i ndefinitely or under what conditions a narket |eader will eventually conmand
the entire industry. Wen two technical standards exist manufacturers night be
faced with the decision of backing one or the other as was the case in the
early days of video technology with VHS and Bet anax systens. And often the
choi ce enmbeds itself into the culture. The 'qgwerty' keyboard configuration, for
exanpl e, has persisted long after any |ogical reasons for it.

This setting of technical standards sonetines notivates the formation of
al I i ances. Conpani es decide that by joining together they are nore likely to end
up on the winning side. Typically this ends in the creation of just two riva
canps which is in a sense the ideal option because it nmeans that every conpany
can join a big canmp whilst still staying in a separate canp fromits worst
rival. The evolution of technical standards for conputer operating systems was a
cl assi cal exanple . People who used the Uni x system which was devel oped by Bel
| abs were free to nake nodifications to it and by the early 1980's there were
about 250 different versions of Unix in use and all of themwere inconpatible
with one another, giving rise to an urgent need to standardi se. In 1987 Sun
M cro-systens and AT&T agreed that they would use the so-called Unix Systens 5
and they forned an alliance which was fornalised as Unix Internationa
I ncorporated. This forced several of their rivals to aggregate into an opposing
alliance called the Open Software Foundation which intended to use a different
Uni x system The cosequence was that all the other conmputer conpanies had to
nmake a choice to go for US5 or OSF?.

Now the interesting question is 'Was there a way for a conpany to predict
what the others might do and so nake the best choice for thenselves? Politica
scientists at the University of M chigan have devel oped a physics based theory
which they call 'l andscape theory' and the players in this gane are compani es
t hat behave rather |ike gas particles in that they are on the point of
condensing into two or nore droplets. There's an attracti on between them because
they want to forman alliance so that they're on the winning side but there is
al so a force of repul sion between themas rivals. 1In the |andscape nodel Robert
Axelrod and team at M chigan found a rough way to estinate the forces between
particles. This was a kind of tailor-made version of James C erk-Mxwell's gas,
except that each particle is unique and its interaction with every other
particle is uniquely defined. The principle that governs the final configuration
that these particles will adopt is the sane one as that in statistical physics
and satisfies the nost stable arrangenent. To find this equilibriumstate
Axel rod and col | eagues defined a total energy for the group, calculated by
adding up all the forces of attraction and repul sion between the firns in
various coalitions. This defined a kind of |andscape of energies for different
arrangenents of the particles and what was | ooked for was the | owest energy or
bi ggest dip in the | andscape. It's what 'ganmes' theorists call the Nash
equi l i brium where no particle changes its position or goes to another canp
because the | owest energy configuration has been achieved. Finding this



equilibriumstate, if the nunber of agents is small, can be achieved by
exhaustively calculating the energies of all the different possible aggregations
and finding which one is |lowest. Even though there was no uni que way of
assigning relative strength of the repulsions and attractions to the conpanies
concerned there were crude ways of estimating this and the M chigan people found
that in the end it didn't matter very nuch exactly how you calculated it. They
predicted that there would be two alliances forned and that this was the nost
st abl e arrangenent.

I mage 15 - Alliance formation

Wth the exception of where IBMwas placed, it corresponded with the two
alliances that were forned in reality. The probability of getting this by chance
is about 1 in 15 or 16 but the interesting thing is that this prediction was
made not on the basis of long termforecasts and cross benefit anal yses but
sinmply in the nyopic way that each conpany was | ooking at every other conpany
and asking: 'How do | feel about then?' 'Do | want to be with them or agai nst

t hen

Questioner 2 : Just looking for attractive and repul sive forces?

Philip : Yes, you need to find sonme way of fornmulating that. How you quantify it
is contentious, but it can be done approxi mately.

I now want to briefly talk about another application and this is to do
with how firms grow, that is to say, what controls the size and size
distribution of firms in a market. This is sonething that's been very hard to
i ncorporate into standard econonmic theories particularly when thinking about
mar kets that are very heterogeneous. W can deal with nonopolies and with
systenms in which there is perfect conpetition to some extent using gane theory
and we can deal with oligopolies, but we can't easily deal with a very
het er ogeneous di stribution of firms and predict how they will grow or shrink and
what size distribution we are likely to get. This sort of question was | ooked
at enmpirically by people at Boston University in the 1990's and they sinply
| ooked at the data on firmgrowh rates for US manufacturing conpanies that were
tradi ng between 1975 and 1991. The study enconpassed about 8000 firms . Wat
they found was that the distribution of growth rates followed a power law. It's
actually a sort of double power |aw because firnms shrink as well as grow. Robert
Axtle at the Brookings Institute in Washington did a survey of 20 mllion US
firms and | ooked at the size distribution, sinply how big they were and again
he found you get a power |aw behavi our over a wi de range of different sizes.

Axtel has fornulated a nodel of how firns arise that hel ps us understand
where both of these forms of power |aw cone from Again it's a nodel that has a
| ot of agents interacting in one way or another. There is nothing in the node
that conmpels firms to arise but the thing that nmakes that likely is that each
agent is essentially a "utility maxinmiser' in that it tries to find the optinmm
bal ance of nopney and | eisure and the relative preference for these two things
varies throughout the popul ation of agents. There's a nmathenatical equation that
rel ates an agents efforts to the productivity of the group to which it bel ongs;
how much return it gets for its efforts, and a condition is built in that nakes
it generally favourable for agents to join together. In a sense it's a kind of
increasing return of scale. The interesting thing is that it's not guaranteed in
the nodel, whereas it's often taken for granted in standard econonic nodels of
firms gromh. Here it's not guaranteed that if you get together with a | ot of
others that you're going to get an increasing return of scale but sinply likely
that it will happen. It turns out that this nodel has no stable Nash equilibrium
in that it does not settle into an unchangi ng state.
I mage 18 - Firm turnover
There's constant change in the nunber of firms in the systemover tine and we
can al so see how the size of the largest firmchanges over tinme in terns of
rapi d expansion and collapse. Mst of the firnms which arise in this nodel are
as epheneral as they are in real life and what conmes out of it is precisely the



kind of statistical distributionin terns of size and growth rate that we see in
the real data. If we start to ask questions like 'Wy do firms fail?', the node
shows that there's a typical trajectory that firns tend to follow At first they
grow nore or |ess exponentially until reaching a peak at which they coll apse
suddenly and catastrophically to a snmall size that eventually peters away to
not hi ng:

Image 21 - Typical firmhistory
This collapse is a consequence of a firms own success. Wen it grows big enough

it may beconme a haven for those agents that are free | oaders and don't do very
much but reap the benefits of what everyone else is doing. Wen this happens al

the other workers in the firmmy suddenly wake up to and think "I can do better
el sewher e’

Not that the agents literally think this; there's no psychology built in at
that depth but essentially that describes the process. Agents will leave a firm

to seek greener pastures and it's very telling that just before the firmreaches
this peak the average productivity per worker plumets.

So froma sinple nodel like this we can |earn sone revealing things about
firms. First of all they are not maxim sers. They don't naximse either profit
or overall utility as theories of firnms often suggest. |ndividual agents may be
trying to do this but it doesn't induce that behaviour in the group as a whole.
The firms that do best are not those that aimto nmake the nost profit and the
ones that last |ongest are the ones that are able to attract and retain
productive workers.

Questioner 3: It seens you pick exanples that can be described in terns of
quantity properties, that are anmenable to mathenatical treatnent. But it seens
to me that these are terns that apply at random and there is no underlying
correcting principle behind it. The only thing that | could discover is that
they are all anenable to statistical treatnent. And for this there is no need
for any kind of reference to physical science because this kind of practice has
been going on without it. And the danger is that it msses the essence of hunan
activity and that of aninmals which is the production of physical and nenta
states. These are what drive society. And that is what denmands the aggregation
of things in other words the activity of systens. And it is not the application
of professional science to society and social econom cs but the devel opnent of
system sci ence which is capable of handling qualitative properties which are
predom nant in hunan activity situations and far nore inportant than
gquantitative properties. | think this is the line of action that is nore

prom sing for understanding what drives society and in particular human activity
in situations for survival.

Philip : OK there are various things that follow fromthat. First of all the
use of physics as opposed to just general statistical nodelling. You are right
in the sense that nodels like this often | ose connection with classical physics
in that they are conputer nodels, but | think the inmportant thing is that often
what we learn fromthe physics is that there are generic kinds of behavi our not
just specific to the nodel. | wanted to nention some work that Paul Ornerod has
done on a nodel of marriage: how prevalent it is in society and the factors that
determ ne that prevalence. This is sonething that doesn't obviously seemto |end
itself to quantification but you can fornulate a nodel that |ooks at the various
factors that will influence this socially: things like cultural attitudes and
econoni c incentives. What cones out of this is that you see exactly the sane
phenonena that you see in the statistical physics of |iquids and gases. The sane
ki nd of phase transitions and so on. | think it would be surprising if you
didn't see these sorts of behaviours in social situations.

Questioner 3 : But what's the conclusion that you draw?



Philip : You can conclude, for exanple, that if marriage is sonmehow influenced
by econonmic incentives then if we make them stronger we'll increase the
proportion of people that are married in society. And if governments ask ' How
can we encourage narriage?' the answer is to put in sone econonic incentives to
hel p that, but what this nodel also says is that there isn't necessarily a
direct proportionality between econonic incentive and nore narri ages.

| mge 22 - Social forces and narriage

So for the same econonic incentives you can find either a | ow proportion or a
hi gh proportion of people in a married state dependi ng on where you started
from That's not an obvious conclusion frominplenmenting a policy. If a node
like this has any relevance at all then that's one of the things it can tel

you; why you might find conpletely different outcones for a particular set of
policies or rules depending on what the society was |ike when you began. There
are a |lot of other things when you start to see the analogy w th physics that
you can deduce about how that change occurs, where it occurs and where the junps
m ght be on these two branches. Physics can help and you will see phenonmena in

t hese social science nodels that do have a direct anal ogy.

But as to whether quantification is necessarily inportant or whether we
need to think about qualitative factors |'mnot sure that | need to make that
di stinction. Because what sone of these physical nbdels are saying is that there
may well be certain states that a system of interacting agents adopt that are
robust and we can nodel them w thout resorting to an endl ess pal ate of
conditions. W can start to understand what those stable states are and how
changes between them happen. In a way that seens to be a sort of qualitative
statenent. It would be unwise to think you could say exactly what conditions
wi Il create those changes because the nodels are very crude approxi nations of
reality. But what is inportant is that you then avoid thinking you can create
what ever state you want to exist and find the conditions under which it will
exist. If you can fornulate sone kind of nodel that will tell you what states
are stable then you can avoid trying to do the inpossible.

Questioner 4 : One thing that is occurring to ne in this interesting and

i mportant exchange is that in sone ways it's conmmopn sense to understand there
are conplex systens with different factors interacting in human social systens.
The problemis that public policy appears as if that is not understood and
policies, especially political policies, seem to be governed by sinplistic and
nai ve assunptions about how social systens work which is nechanical conpared
with conpl ex systems, but given that we are in a scientific age, to have this
ki nd of explanation, may be sufficient to tip the social system of decision and
public policy nmaking over into an understanding that it is nore conpl ex.

Philip : Well that brings ne very nicely to what | wanted to say at the end,
that in the md 19th Century when this idea of statistical social science
started that was precisely the point that sone people were maki ng, and you are
right, it hasn't been heard. WIIliam Newnart who was | think the president of
the Statistical Society of London said 'the rain and the sun have | ong passed
under the admnistration of magicians and fortune tellers. Religion has nostly
reduced its pontiffs and priests into sinple mnisters with very circunscri bed
functions and now nen are gradually finding out that all attenpts at naking or
adm ni stering |l aws which do not rest upon an accurate view of the socia

ci rcunst ances of the case are neither nore nor |ess than inposture in one of its
nost gigantic and perilous forns'. And | agree, | think, you have to know what
is possible before you start to think howto get there.

Questioner 5 : Wat is the force that you apply for being married or not
marri ed? Li ke tenperature and the nagnet.

Philip : Well Paul can tell you this in nuch nore detail than |, but this node
was | ooking at two factors and |'msure it wasn't being said that these are the



only two factors, but it's interesting to think about isolating those particular
factors and seeing what effects they have. One was the social acceptability of
marriage; whether it is unfashionable or conversely a requirenment of
cohabitation. If you accept that there are social factors like that, that make
marriage nore or less likely, then you can say there is this effect and let's
see how the proportion of married people varies depending on the strength of
that. And the other one was economc incentives. O course we're actually

| ooking at three states in this systemin that you could be married, separated
or single and of course once you are no |longer single then you don't go back to
it, but you can go between being married and divorced as nany tinmes as you liKke.

Paul : Yes, | don't know rmuch about the physics of magnets but a | ot of these
nodel s are showi ng that the bigger the proportion of the population in a
particul ar state, other things being equal, the nore probable it is that any

i ndi vidual agent will convert to that state. So at the critical point the system
will nove towards either one or the other.

Philip : Yes, so the crucial point is that it's |ooking at interactions. How
strongly are people affected by those sorts of pressures. And | think the
conclusion is that they don't just do that in a linear way and you sonetines get
abrupt junps and | think that's the value of this. Not that you're going to make
a specific accurate prediction, but that you can see that there are types of
behavi our that arise that aren't intuitively obvious fromthe conditions that
you' ve put into the nodel

Questioner 6 : Two things, one an observation. |'mfascinated by your alliance
formation. I was a managi ng director of AT&T in Europe from 1984 to 1987 and ny
observation was there were huge battles within the organi sati on about what to
do. Notwithstanding all the other firns, there were huge political battles and
AT&T forced the issue by trying to doninate the market and control everything,
lost it and then had to forman alliance. So you can | ook at the external |eve
but there were things going on within the conpany as well so it was nore conpl ex
than your alliance nodel suggests. And simlar things were going on inside Sun
M crosystens as wel | .

Philip : Yes, | suppose in that respect it raises the question that if the node
nore or | ess gets the right outconme while neglecting all of that, then can we
take a view at a higher level that is going to have sone predictive val ue?

Questioner 6 : But it would be interesting to see an internal nodel of AT&T
because there were several possible outcomes within the organisation

The question | want to ask is that seeing the sane behaviours in socia
systens and physical systens the thing in comopn is interacting agents. On the
one hand you have physics and on the other people. Isn't that a bit worrying for
free will?

Philip : | don't think so. First of all it's very inmportant not to confuse the
nodel with reality in the sense that you m ght say, for exanple, that there
isn't really a repul sive between people that we neasure that prevents us bunping
into each other. In a sense what matters is not the reality but the effective
result of that. We behave as if there is a repul sive force.

Questioner 4 : But there is. In cultural behaviour you can't stand close to one
anot her .

Philip : Exactly, but you can't neasure that as you would a physical force. |

suppose with the question of free will. Firstly if it's statistical you're not
maki ng pronouncenents about what any individual person nay do and secondly I
think we over-estinate our free will. Voting, denobnstrates that. W all think

we' re making up our own minds but |ooking at the statistics we're not. That's



not surprising since we are affected by each other and perhaps free will can be
over - enphasi sed.

Questioner 5 : Except that as humans we can actually change the rule of
i nteraction.

Paul : Yes and clearly there are attractive and repul sive forces that are not
const ant .
Questioner 6 : | think this raises a very interesting question: 'At one level in

conventional economics, we think in terns of the cognitive ability of agents. At
one extrene we have the classical nodel of economics in which agents are able to
gat her full information about any particular issue and then process it in a way
that will optimse to infinity. That's one paradigm The paradigmin statistica
physics is that agents act purely at random and have no conscious ability to
shape the system | think an interesting question is: 'to what extent can we
expl ai n soci al phenonena better by a near or purely random behaviour as if
agents have no cognitive ability rather than the full information econom c one.
In ny viewthere's a phase transition fromsituations in which agents have
cognitive ability, where it's easy to see what the optinmal thing to do is and
the rest where it's very very hard and for nost decisions in business do we
really know i n advance what the inpact of our strategy is going to be no natter
how carefully we research it? W don't and we can nodel it to sonme extent as if
the change in our strategy was random It's obviously not because we're acting
wi th conscious intent, but because of the uncertainty of outcone we can nodel it
as if it was random

Philip : The other thing you can do with these nodels is to build in an adaptive
capability. It's possible to formulate themin a way that certain kinds of
behavi our beconme nore successful than others. You can allow for that and you can
all ow for learning both at the individual and group |evel.

Questioner 6 : Maybe but | wonder how nmuch agents can actually learn in conplex
systens once you're outside situations where it's trivially obvious.

Questioner 4 : Wll yes, and the question going through nmy m nd when you
brought the physics in was 'is adaptability the basic difference? . Gases and
liquids don't have adaptability but |iving systens do?

Questioner 6 : Well if you think about the evolution (of life) then agents
don't act with intent in that respect so can you nodel it as if (agents actions
wer e randon.

Philip : I guess |I'd sinply say that sonmetinmes it is probably inportant and
sonetines it isn't. | nean we probably don't have a great deal of adaptation
going on in terns of how we nove around space for exanple. You can tal k about
how peopl e wal k around that evoke these forces and you can assune that they wl|
stay much the sane. Sone situations in driving are the same. There's the
potential for learning and there's a degree in which children Iearn not to bunmp
into people, but in general if you want to nodel, say how pedestrians use a
public space, it's not clear that you need to take account of that.

Questioner 7 : The statistical approach is very useful to describe such
phenonena but when we conme to discuss the role of agents, activities involving
"will'" and 'volition' and the rest of it. (You have to go) beyond the

mat henatics of interacting parts to interacting systens theory which is capable
of hopefully answering the role of qualities associated with people.

Questioner 8 : Sonme of the exanples you have chosen have very sinple pathol ogy
(?) in that the state the system depends on a fewthings. So the logic leads to



sinpl e outconmes but with full conplexity such as we see in other socia
situations it gets very difficult.

Philip : Yes | think that's true and you need to be very sel ective about where
this sort of nodelling is going to be useful and where it isn't and not sinplify
the situation. In any situation where behaviour is volitional you have sone
predictability that doesn't follow or be inmediately obvious fromthe rules you
put in. And that can be surprising and | can see situations where that's usefu
but | agree there's lots of situations where you have a random scattering and
think that's going to be true of any attenpt to use physics in social systens.
There's going to be a scattering of situations |like these where you m ght be
able to use themusefully.

Paul : Oh | think you're being too defensive there. It doesn't work all the
time, but if you take orthodox economnics, the set of assunptions required there,
is huge in ternms of the cognitive ability of agents. W know from ot her

di sciplines that except, in very sinple situations they sinply don't hold, and
yet econom sts have actually been given useful and quite powerful insights into
a nunber of problems using this really quite inadequate nodel. There is a
conpletely different paradi gmabout the cognitive ability of agents which can
give powerful insights into a very wide range. It's a question of where between
the two extrenmes you mght end up with an optinmumnodel. It might be that it's
nore towards the random one than the full cognitive ability one, so | think
you' re being too defensive about the range of nobdels which give insights.
Econonics gives insights into a very wi de range of disconnected probl ens,
starting froma few sinple principles.

Philip : No | agree. | think there's a tenptation to think that you can't get
anywhere in nodelling unless you have a consi derabl e degree of psychol ogi ca
conplexity and | think that's the fallacy of sonme social science. A lot of the
gross behavi our of social systens doesn't depend to any great extent on having a
det ai | ed psychol ogi cal nodel of the agents. Miuch nore broad brush factors are
what determ ne the overall behaviour

Paul Or nerod

Conpl ex system nodel s have given valuable insights in a nunmber of areas
i ncl udi ng those shown bel ow.

Image 1 - Practical exanples of applications of conplexity

We have done work for a number of organisations including: The British Hone
O fice, the Geater London Authority, The US Departnent of Defence, The
Institute of Conplex Additive Systens in New Mexico which is very defence
oriented and we've just started a snmall project with the National Centre for
Genome Research in Santa Fé. So there is a very w de range of applications using
t he Conpl exity approach. W could hardly have a nore di sparate pol arisation
perhaps than that between the GLA and the US Departnment of Defence and yet it
wor ks for both of them

Fi nanci al nmarkets we know are not predictable as far as asset prices are
concerned, but where conplexity theory has been very powerful, and if there's
time I'Il talk about this later, is in terms of the volatility which causes a
particul ar problem for economi c theory. There is a very distinguished Arerican
econoni st call ed Kenneth Arrow who formalised the theory of free markets and got
a Nobel prize for it and he described the level of volatility in financia
markets as an enpirical refutation of free market econonic theory. Conplexity
nodel s using quite sinple assunptions which show the non predictability of asset
prices and are able to generate the |arge degree of volatility we observe. | may
be able to talk a little about crine and what interests nme here is that there
are such large variations in crime rates at a very fine geographical |evel. |
nmean between areas which have very simlar socio-econom ¢ characteristics. There



is alot of statistical data on crinme rates not just in counties in the United
States of which there are about 3500, but in individual police precincts. At a
very fine geographical |evel we can find nei ghbourhoods which are very sinmlar
but in which the crinme rates are very substantially different. So | want to talk
about geographic segregation as a first exanple. | also want to tal k about the
ups and downs of the business cycle. Wiy are econonmic forecasts so poor? Wiy is
it apparently al nost unpredictable? But | also want to talk about it in the sane
way that Philip was talking, in terms of the distribution of economc
recessions. Its not quite a scale free relationship, it's nore subtle, but it's
as if it's a scale free behaviour and it's got sonme interesting properties.
Again conplexity nodels with sinple rules about how firnms behave can generate
these properties at the overall |evel.

Philip also mentioned a | ot of work by Rob Axtel on conpany size and
growh and I'minterested in this, but also in the extinction of firns. Wy
shoul d firns becone extinct? Lots do and in the United States the death rate of
firms on an average is nore than 10%in any single year. For the mllions firns
that are economically active in the United States the scaling relationship that
Philip was tal king about applies to the extinctions. Mathematically it has an
al nost identical formto that which has been di scovered in the biologica
record, though obviously a different tine scale, for the extinction of
bi ol ogi cal species. So there may be a general theory of extinction for the way
agents interact in this kind of system It does apply with different tine
scales. |'ve got a data base of the top 100 firnms and their capitalisation in
1912; their extinction follows the same pattern over the 20th Century.

I want to tal k about technol ogi es and ask why sonetines inferior
t echnol ogi es succeed; a nmajor problemif you think that agents possess ful
i nformati on. Why shoul d they adopt an inferior technology or nore accurately why
should it persist? It ought to have been conmon know edge, for exanple, that
Bet amax was better than BHS in the early days of video recording. So there are
all sorts of areas where this approach seens to give powerful results.

I n nodel | ing conplex systems |ike in any science we know that the physica
world is fantastically conplex yet how can it be, for exanple, that e = nc2 ? If
we think about it it's fantastically sinple, but it seens to work. | take the
view that although the world is conplex and it mght be very hard to find the
rules out, we want to start fromas sinple a nodel as possible and only make it
nore conplicated if we have to. In social science the sinplification relates to
the rules of behaviour of individuals in the nodel. In the nodel of firnmns
extinctions it's as if firns don't know the inpact of their strategy changes.
It's as if their strategies evolve around them and yet it seens to account for
sonme key stylised facts about evolution and probability of survival with respect
to the age of a firm

We shoul d choose rul es of behaviour that can be justified i ndependently of
the nodel. We could discuss doing that, but the key thing is that we have to
val i date the nodel not by looking at any particular history or trying to
replicate it because by their very nature theses nodels are probabilistic and
there could be many, many alternative histories. The way of validating these
nodels is to ask 'Wat are the key underlying properties of this particular set
of data that we want to replicate by our nodel', because we know that there's a
great deal of contingency in econonic and social systems. So Rob Axtel's exanpl e
of firmsize wasn't an attenpt to replicate any individual firmbut a genera
nodel of firmgrowth which produces the distribution of firmsizes that we
actually see. So this raises inportant questions about nethodol ogy in socia
sciences and |'mvery interested in what's happening at the top level in
econom cs which, to be blunt, neans Anerica.

There's been a lot of relaxation in econonic theory in the last thirty
years to take into account the fact that agents operate with inperfect
information. In the 1950's and 60's there were sone inportant papers which
brought the whole free market theory to an end and forced people to nmake the
nodel s nore realistic. So it's accepted that there isn't perfect informtion
and peopl e can say lots of interesting things which can affect the outconme, but
the key difference, and this is where the physics approach is interesting, is



that agents interact with each other. Even in Axelrod's nodels of agents with

i nconpl ete i nformati on which was a big advance, they still had fixed tastes and
preferences. An agent was trying to naximse given its own fixed preferences.
But the reality is, that because agents interact, those preferences my

t hensel ves change. Thus we need a different nethodol ogy, and the econom sts
favourite tool of the calculus which tries to optimse and naxi m se doesn't get
us very far, once we understand that the function we're trying to nmaxinise is
itself subject to unpredictabl e change.

This is the key contribution that statistical physics nethodol ogy brings.
But Axelrod is a really innovative guy and he's got an article out in one of the
worl d's top econonic journals |ooking at outcones of a schools systemin the
United States, in particular, concerning the persistence of nassive differences
in the performance of different racial groups and he starts off by saying that
econonmic theory can't really tell us why. He therefore goes straight to
soci ol ogy and group behavi our and how people actually formtheir views by peer
i nfluence. And then sets up a neat theoretical nodel which shows that price
economi cs can't really tell us very nuch and we need to take account of how
tastes and preferences are shaped by social interaction. So this is the way I
think that economics is actually going and the physicists are just comng at it
froma different perspective.

Properties of the systemenerge fromindividual interactions,
characteristically though not necessarily such that the systemlacks short-term
predictability though there are some underlying regularities. ldentifying them
may be quite difficult and deciding what we want the nodels to replicate nay be
chal | engi ng. An analogy wi th physics nmight be that a physicist has an hypothesis
but sonme of the experinments to prove it require masterpieces of thought. However
it is the regularities that we want to di scover. Sone of the particular problens
of socio-econom c nodelling are that data series are short, are al nost al ways
'noi sy' and agents can vary considerably over time.

| don't know whether it's true or not but Max Planck is alleged to have
said to Keynes in the 1930's that the reason he didn't do econonics was that the
mat hs was too hard. Perhaps he had an insight into what ought to be done. What |
want to do here is to |l ook at how nodels are set up and how we night think of
val i dating them Thomas Shel ling, econonist and political scientist, |ooked at
Anerican cities and perceived a high level of residential segregation on racia
lines and the question was whether or not this was a factor in racial tension
Simlar situations occurred in the UK when peopl e discovered that Asians and
Whites lived in different areas and Shelling asked whet her this nmeant that
people are strongly racially prejudiced. So the property he wanted his nodel to
replicate was a high level of residential segregation between different types of
agent. He wanted to test whether, if he gave agents preferences he could
generate a nodel in which people were not really very prejudiced, but would
generate the sanme outconme at the aggregate |level. So how did he go about it?

I mage 12 - Shelling nmodel (1)

Like all these nodels it was very sinplified and abstract. He started off with a
| arge nunmber of agents (N) and assumed that there were equal nunbers of two
types. In this nodel the agent characteristics are fixed (red or blue) and

pl aced on a grid so that each have the same nunber of neighbours, in fact eight.
So initially the agents are placed at randomwi th a small percentage of enpty
squares to which people can nove. Then he asks the question of how peopl e choose
to move and how do we define what a nei ghbourhood is? There are |ots of
different ways in which this could be defined, but an obvious one woul d be that
an agent | ooks to see how many others of the sane kind [ive in close proximty.
It was al so typical of these nbdels that an agent was chosen to nove at random
to the nearest enpty square. There were all sorts of sinplifications nmade in
the nodels, but the aimwas to see if it would generate the sane behavi our and
if it didn'"t then it could be nmade nore conplicated. The nobdel progresses in a
series of steps and at each step an agent is chosen at randomto nove. If you
have 2000 agents it is usually a different agent but there's a small probability



that it could be the same one. The nodel is run for as long as desired. In
general the agent decides to nove if nore than a specified percentage of al
agents in that nei ghbourhood, in this instance all the eight squares round it,
are of a different kind. The agent then proceeds to the next step and is called
at randomto deci de whether or not to nove. Exanples of the solutions that 1've
got here are actually saying that an agent feels confortable even if it's

nei ghbours are split four and four because it is then in a five to four

majority. It will only nove if it's in a mnority. So it's not strongly

prejudi ced. These are the sinple rules: agents are initially scattered at random
with some enpty squares to nove to and there's a sinple rule for deciding which
is by definition determined by a |ow | evel of prejudice.

Image 15 - Initial configuration of agents Il mage 16 - Configuration after
only two noves per agent

The sol utions show that on average after just two nobves per agent we get
dramatic segregation. Now each individual solution will be different but it wll
have the same qualitative characteristic. If we run the nodel hundreds of tines
we get the sane sort of qualitative property. In the sane way that if we're
t hi nki ng about the business cycles, for exanple, each individual history is
different but the qualitative characteristics are the same. The sol utions don't
nean that people aren't strongly prejudiced, only that the observed outcone
could arise if agents only have a very nmild preference in favour of people of
their owmn type. And there are recently sone results which extend this in saying,
though it's scarcely credible, that you can get segregation even if people are
willing to be in a mnority in their own nei ghbourhood. But we can see how t he
nodel gives us an insight: here's an inportant question and using sinple rules
we can say well we can account for it even if people are only mldly prejudiced.
So it's a way of gaining and insight into policy inplications for exanple. It
m ght be the case that if we have other information that in general nost people
aren't very prejudiced should we be worrying about racial segregation? Anmld
preference m ght be very natural

Eve : I'mnot surprised at the bl ocks of preferences but | am surprised at the
bl ocks of enpty squares. They have noved from random positions to be clunped
together. |s that sonmething you woul d expect?

Paul : Well, I"musing this nodel to say 'This is as sinple as you can get'. And
you're right we don't observe clunping of open spaces, but the key feature of
observed segregation is replicated

Questioner : Do you find at the end that everybody is in a stable position? O
do you al ways have some agents who want to keep novi ng?

Paul : | can't renmenber. W just progranmed the basic Shelley nobdel that gives
these results. | think bits do keep on noving but the general pattern is shown.
Questioner : If you nodel with a higher |evel of prejudice do you get different

bl ocks of col our?

Paul : Um well paradoxically in this nodel, if you have higher |evels of
prejudice, it's actually much harder to settle the nodel. Suppose you say 'I'm
only happy if everybody is the same as ne' then you have to run it a hell of a
ot longer to get a pattern. So maybe you could say we will only observe pattern
like this if we only have relatively mld preferences. | nean segregation i s not
as easily delineated as this. Reality is nore conplicated but this is an

i nsi ght.

Questioner : | wondered if white squares are on the edge of regi ons because
peopl e don't want to live there.



Philip : Yes, essentially there's a high energy at the interface so it's a way
of avoiding interfaces between the two col ours.

Questioner 7 : These are the results of operating this nodel, but what is the
actual progranmm ng? How do you turn these statenment into nathenmatical fornf®?

Paul : Well it's just a page or two in 'c |anguage'.

Questioner 4: In India people are very prejudi ced because the people will say 'l
will Iive only with ny own kind', so in villages we have very distinct
boundari es around certain groupings so how does that relate to what you said
about the nore extrene the prejudice the nore unstable it is?

Paul : Well if you're trying to nmodel in Indian villages perhaps you have to
give the agents sone extra rules of behaviour. | nmean it's a good question
because you set these nodels up to address a particular question. These nodel s
don't claimgenerality. What we're saying is that we're setting up fairly nyopic
rul es of behaviour for individual agents which in this particular context
produce the underlying properties of the data.

Conventional econom c theory assunes a general node of behavi our; agents
maxim se utility and in certain circunmstances that 'as if' will suffice, but
here we're abandoni ng that and sayi ng each nodel is context specific. W've just
done a nodel on the Tiannaman Square incident thinking about external pressures
and phase changes built on some sinple rules which an expert in the area knows
about concerning the interactions of the Conmunist Party, the CGovernnent state
machi nery and so on. Quite sinple rules and its a way of thinking about the
situation though it's hard to validate.

Questioner 3 : Well it's worrying for nme because we can't see the constituents,
we can't see the assunptions or the relationships and we can't question how
t hi ngs have been quantifi ed.

Paul : Well |I've witten the rules up in English and you just convert themto
comput er | anguage. Wthout the conmputer we couldn't do this sort of thing
because we do rely on lots and |ots of cal culations and replications. But the
rules are transparent. W're sinply saying these are the initial conditions and
these are the rules that agents follow Anybody can look at it and say 'Yes
can see what's been done'. the hard bit is thinking of the rules.

I nentioned a nodel which gave high volatility but what we're | ooking for
in each case are sinple but realistic rules of agent behaviour for explaining a
financial market which will generate high levels of volatility. |'ve nentioned
sonme of the factors already but this nodel is due to Al an Kirnan

I mge 9 - Typical solution of Kirnman node

The nodel has the follow ng properties: short termnon predictability and it can
generate high levels of volatility and we can illustrate this in a qualitative
sense. In the sane way that we could formalise the degree of segregation
mat hematically in the case of the Shelling outcone, we can formalise the degrees
of volatility in these npdels. As before there are N agents and the node
evolves in a series of steps. The difference is that in the Shelling nodel an
agent was either red or blue and didn't change colour but in this one it can
change its attributes. In the programwe described it as zero or one, but in
this case an individual could be a zero one minute and a one the next and there
are rules for describing how an agent changes behavi our

Agents are traders on financial markets and the rule is well grounded
because in general we can describe traders as operating in one or two nolds:
either as a 'fundamentalist' or a 'chartist'. A fundanentalist tries to forma
view on the underlying profitability of holding that particular asset. If it's
the exchange rate he or she is trying to forma view on the underlying features
of an econony which would take in interest rate, inflation rate, stability of



its government and so on. In other words taking into account economic
fundanmentals in trying to formthat view. A chartist, on the other hand, | ooks
for patterns in the past recent behaviour and extrapolates. So if a price is
going up he or she will say "I think its going to continue to go up', or vice
versa. You can be nore sophisticated than this, but essentially you' re relying
solely on the history of the asset price.

This is a fair characterisati on of how peopl e behave and they switch
bet ween these states. So again at each step an agent is drawn at random and
deci des whether or not to change and the nobdel evolves in that way as in the
Shelling nodel. In this case there are two rules for changing. First of al
there's a fixed probability (e) of change which can be specified in the nodel
But, and this is key, it changes with an additional fixed probability (b), the
proportion of the total nunber of agents which are in the other state at that
time. So there are nore people that are acting say, as chartists, and you're a
fundanental i st who's saying '|I think shares are under valued' . But as shares
keep goi ng down at some point you | ose your nerve and believe the market is
going to crash so you've switched to a chartist.

Image 10 - Relative anpbunts of time for different percentages of Charti st
traders high propensity to swtch behaviour

Questioner 8 : Is it (the probability of change?) fixed for each agent? It
doesn't change over tine?

Paul : Yes, it's very sinple but you can see how we can start naking the node
nore conplicated . We could put a distribution on this for agents or we could
draw at random for each agent. If we were trying to generate the results that
woul d satisfy the observed phenonena that's one of the things we m ght have to
do. The Shelling nodel is unusual in that the agent properties don't change, but
a general feature of conplexity nodels addressing soci o-econom ¢ systens is that
agents will in sone way have their behaviour altered to accommpdate what the
real people do

Eve: Wuld it be possible to actually have energency behavi our? |In other words
peopl e don't just switch between chartists and fundanentalists but decide that a
third type of behaviour is nore appropriate.

Paul : No, you can have as many states of the world as you want and you can
switch between thembut this is a mniml set of assunptions that will generate
the required degree of volatility of financial markets. So if this nodel will do
it why nake it nore conplicated?

The diagramis actually just showi ng the percentage of agents who are
chartists and how people switch around for a particular epsilon and a particul ar
beta and we can generate different levels of volatility depending on how we set
t hose paraneters. |If you look at it and say 'VYes, it |ooks like a plot of share
prices' and in terns of long run regularities if there's a high propensity to
swi tch behavi our then paradoxically we find that. This is showing the relative
anounts of tinme the systemwi |l explore at different m xes. So here nobody's a
chartist and here they're all chartists so if there's a high degree of swtching
the systemnost of the tine will give a roughly equal split between the two
types of trader. If there's a |ow propensity to switch behaviour it actually
| ooks conpletely the opposite way round. Wen may seem paradoxi cal but the
reason is that if there's a |ow propensity to switch behaviour it may take a
long tine for the systemto drift to an extrenme but once it gets there it stays
for a very long tine. If 98% of people are in one node rather than another it's
very hard for it to nove back. The current nodel is not a perfect explanation
but it gives qualitatively the short termnon predictability and the sufficient
degree of volatility.

Questioner 9: |Is there any dependency on N, the nunber of agents. | nean is
there a critical nmass where you don't get these patterns?



Paul : Not really unless you get a very small N. | think it's sonmething |like ten
or twelve. But there's an inportant features of realismthat the nodel doesn't
have. It assunes that a trader knows what everybody el se is doing. which n ght
seem reasonable in a financial market because there's such a huge anmount of
information, but it turns out that, although there are many nmany traders, nost
i ndividuals are on a particular social network where they usually nonitor a
smal | nunmber of sources. So you need to nodel a particul ar topol ogy of
connections. And some of the interesting stuff that is now being done uses

di fferent mat hamatical formulae for particular kinds of social network that
peopl e operate on and it can have quite different properties in terns of how

t hi ngs di ssem nate across a network. The way in which viruses spread and the
typi cal period for which they persist depends a great deal on the kind of

mat hemati cal structure that nodels the way the agents are connected. Everybody
here is connected to everybody else in that they can observe the overal

out come, whereas nornally they mght just observe a few | nean it turns out
that conmputer viruses persist on the web for nuch | onger than standard

epi dem ol ogy woul d predict, and that's because the theory assunes that each
agent has an equal probability of meeting every other one. But it turns out that
the web doesn't have that property; sone sites are nore inportant than others
and there seens to be 'near scaling' behaviour in ternms of the structure of

di stribution of connections. Mdels with that characteristic also generate the
property that viruses will persist for nuch | onger than standard epi dem ol ogy
t heory suggests.

What |'ve tried to do here is to raise sonme general issues about what the
ains of these nodels are, how we try to be as sinple as possible and how we
val i date them
I nean they are sinple. If you saw this nodel witten down it just a little page
of maths. It's not |ike an econonics book where you mght find ten pages of
really hard differential equations.

Questioner : 3 Is it right to say what you have done is to produce the
comput ati onal al gorithn? Because the problemw th algorithnms is that the

i nteractions and the individual objects are lost. And the other thing is that
when you put in these rules mathenatically, everything el se which is essentia
intrying to nodel the real world is |ost.

Paul : Well | don't think we're going to agree because we have a different view
of how we shoul d do nodel I'i ng.

Questioner : No, |I'mnot saying you shouldn't. Al |'msaying is that having
established that we've got an algorithmthere's the danger | have descri bed.

Paul : Well we're giving individuals very sinple rules of behaviour which you
can wite down.

Questioner 3 : Like in a chess progran?

Paul : Yes, but presunmably the rules in a chess programare rmuch harder. W're
trying to explain emergent phenonena at the aggregate |evel of the systemas a
whol e which we observe, from sinple but plausible rules of individual behaviour
in this particular context.

Questioner 3 : But the individuals are not in the algorithm

Philip : Yes they are. The algorithmis applied to each individual. If you have
a car going down the road and you say 'If there's another car within a certain

distance in front, them slow down and if not speed up' and you do that for each
car then the algorithmis being applied to the individual elenents.



Questioner 10 : | really want to cone back to the question you posed at the

begi nning which was : 'Gven a set of rules can we predict the outcone?

Thinking of the rules is really hard. What | do in life is design institutions
as they relate to policy naking in two ways. One in a very general way in, for
exanpl e, a new conpanies act and | want to ask 'If there's a newlaw, i.e. a new
rule, then what woul d be the outcone?' that's one issue. And the other is very
specific in that if I'mtrying to redesign an organisation in ternms of its rules
then these are not sinple like this and I'mwondering if there's any advice you
can give ne about how we go about institution building.

Paul : Well | think these are hard questions in social science and what you're
trying to do is even harder. | nmean working out how to inprove an organi sation
is pretty difficult. But the whole thing about science which includes econom cs
istotry to get something which is sinple but has still got a world of

expl anatory power. So you can then understand what's going on. You have to nake
fantastic sinplifications about the world and if they give us a reasonabl e
account of what's going on then it gives us an insight.

Questioner 10 : | think what |'msaying is that in a practical sense, in this
work you cant sinplify in this sense. The rules you actually nake are
conpl i cat ed.

Eve : Well there nay be another way of doing it than trying to imagine rules.

Paul : One thing that we did with the Chinese situation was say, 'Here's the
Conmuni st party and here's the state machinery and here's the peasantry'. And
conmng into the systemis sone pressure fromthe outside world and social unrest
energes fromit. So we just hone in on those connections. | nean , and this is
just off the top of nmy head, but we might ask: 'If the Comuni st party
strengt hens does this strengthen the econony and will that reduce socia
unrest?' So we nodel by sinple connections just using positive or negative
feedback. In other words just thinking qualitatively in order to sinmplify the
particul ar problem

In the Crine nodel (see below), we knew that nobst crine was comitted by
young unskilled nen. So we made that our population and could then say we have:
peopl e who do not commit crine, people who are susceptible and may commit the
odd crine, a small nunber of people who habitually comit crinmes and peopl e who
are in prison. Then we have data to say that 70 % of offenders will re-offend,
but for some crinmes like burglary people do it for a bit and then give it up
wi t hout any obvious deterrent. In general we can qualitatively conceptualise the
categories we're interested in and set up sone sinple directional flows of
i nfl uence between them which mght all be at the sane strength and either
positive or negative. You can get sone surprisingly conmplex dynamcs fromthat.
We got phase transitions in the China nodel with those kinds of connections .

Qoviously the nmore information you' ve got the nore you can start
quantifying. If you' re feeling ambitious you can set up a systemof differentia
equations. So you can progress with different |evels of mathematica
sophi sti cati on dependi ng on how confident you are about your ability to build in
the informati on you have. But sonetinmes, especially w th managenment probl ens,
it's very hard to validate the nodel . Managenment thinks it knows it's market
and thinks it knows how it operates. So you get a conceptual map down and then
you run it to see what the inplications are and see whether that squares with
what managenent believes. |If not then the nental map has to be refined and when
that's done you can then start to think about 'Wat if | design a system where
renmove that [ink or what if | put sone other connections in here' and so on. But
again the goal is to try to sinplify it as nuch as possible. If you have twenty
cat egories you probably won't understand what's going on. So it mght be nore
realistic at one | evel but useless for finding out what the key links are. As it
happens in the case of the crine nodel a very sinple framework enables us to say
that once you get inside the crimnal justice systemyou can change the
paranmeters and see what the inpact of different prison sentences are and so on



That's second order in the control of crinme and the real key thing is the socia
i nfluence.

Il mage 19 - Crinme nodel (1) Il mge 20 - Crinme nodel (2)
I mage 22 - Crinme nodel (3)

Questioner 4: | just wondered whet her you had any exanpl es of organisations that
you have worked with that have used this type of nodelling with sonething they
have deci ded to do.

Paul : Well I'mnot a managenent consultant, but | have suggested the approach
to a nunmber of conpanies over the years, first as a way of capturing individua
know edge within the firmby witing it down and exploring any inconsistencies.

Questioner 4 : Well have | understood correctly that out of doing the crine
nodel were you saying that the nobst inportant relationship was between the
suscepti bl e popul ati on and the ones that becane crimnm nal s? What woul d you have
told us about the useful ness of this nodel ?

Paul : W used data fromover a fifty year period and found that peer group
pressure is the key and we could put paraneters in the nodel which represent
deterrents. However there's an awful |ot of enpirical work done on trying to
quantify deterrents and people do get wildly different answers. So the inpact of
deterrents is not known. But what we can say here, is that if there is a
connection between deterrent and the average prison sentence we can | ook at what
| evel that starts to becone inportant. Again the nodel is based on epidem ol ogy
t heory, and what causes an epidemc to dry up once it has taken hold is a |ack
of susceptible agents.

Philip : Can | just add to that and say that one thing that conmes out of this
nodel is that it shows that changing the severity of the crinmnal justice system
doesn't have much effect on crinme rate whilst at the same tinme it shows it can
have a dramatic effect. If you | ook at the graph it depends where you are on
that curve. So it discourages a sinplistic application of a particular study to
the general problem

Questioner 12: What this shows nme is that these nodels are useful for the

physi cal world, l|ike production |ines and factories, but for social interaction
| see this technique as trying to illustrate a situation that has happened in
the past. These nodels will not predict what will happen next. | can learn from
it about what might happen and still not make a decision

Paul : Wat you really get out of this is a probability distribution of what

m ght happen. So you have to decide in the Kirman nodel whether people have a
hi gh or [ ow propensity to switch behaviour. Then a prediction of the nodel is
that if you have a high propensity to switch then you'll observe an outcone |ike
this. If not you'll have a conpletely different outcone.

Questioner 12 : Wat the nodel shows nme is that the traders interaction m ght
have an inmpact on the market, but if you want to take a decision in real tine
there is a boundary here in trying to apply this in the business world. |I'm not
saying it is wong but it is looking for patterns; some rules which will explain
sone things.

Paul : This is an inmportant point if you try to run a business using this sort
of approach. It might help you by revealing strategies with only a | ow
probability of success but it only gives probabilistic outcomes. So for exanple
we did a nodel on congestion charges and found there is a probability that
congestion will get worse over a three or five year tinme line. Now maybe our



nodel is wong but the rule we used seened reasonable. So we will have to | ook
at that nore closely.

The way things are spread by word of nouth is question of epidem ol ogy.
You m ght say 'What's the fornula for a successful filn®?' You mght think "Wl
you get sone fampus actors and have a big budget which costs you a |ot and you
put it on sinmultaneously here and in the United States and peopl e here cone out
of the cinema and say 'That's conplete rubbish'. And you get twenty mllion
dollars in the first week and then nothing and you've lost forty mllion
dollars. So there isn't a sure-fire formula and you cant generalise to other
situations. And managenent mght not like it because they're used to the world
of control. It's like the Soviet Union and the Five Year plan. It gives the
[11usion of contro

Eve: But nodels are just one tool anong nany and when you conme to 'designing
organi sations there are other ways which arise fromconplexity theory such as
creating enabling infrastructures where the nodelling is part of it, but it's
not the only tool that you use.

Questioner 12 : You have both shown these graphs that show that you can have a
certain value of the variables which give a nunber of different states. So is
there any thing that can be done to help people figure out where you are because
then you coul d possibly use nore trivial cause and effect things within a tiny
franme

Paul : Well, let me put in nmy plea of mtigation. Al these nbdels are
relatively new. The Shelling nodel was thirty years ago and then nothing
happened for ages. Kirman was 1995 and al nost everything that has been done in
this area has been done since 1995. Mst of the nodels here have been produced
since 1998, so it's new and there are lots of things we don't have the answer
to. It's enpirically hard to determ ne where you nmight be in terns of starting
conditions. These studies were done by perfectly respectable people on different
data sets and where people get different results it might sonetines just be bad
nmet hodol ogy, but there are | ots around which are perfectly reasonabl e. Maybe
there are different phases you can be in. In a different country or a different
time you'll be on a different part of the curve. And naybe as we get nore
experi enced, people will get better ideas about how to identify where you m ght
be, but at the noment it's tricky.

Eve : And there are experinents |ike the project that Thanes Valley Police are
doing on what is called '"restorative justice', which would go al nbst contrary
to what a nodel l|ike this would show or predict, where they bring together face
to face the victimwith the offender, not in order to blane, but to acknow edge
and beconme aware of the consequences of their actions. Not only on the victim
but also on the famly of the victimas well as the fam |y of the offender

Paul : Yes, but that is a good exanple of how we would use the nodel. The node
woul d give us insight into what mght influence what but then as a separate
judgenent you mght say 'Wll we've got a | ad who's robbed a pensi oner and what
we don't want is to make hima hard core crinmnal, so what's the best way of
stopping that?' The nodel doesn't tell you what you should do in each case. \Wat
you find is a certain relationship and you may want to change that but the node
is not telling you how to change it.

Questioner 4 : Well for ne it's plugging the 'S (susceptible) back into the 'N
(not susceptible). | nmean for nme it's not so nuch the predictive ability or the
quantitative, but it's just such a useful way of analysing conplex socia
situations so nuch nore clearly.

Paul : Wat you might want to have is hierarchies of nbdels. Suppose you say
"Well, this is a reasonabl e nodel because we want to focus on this thing' we
m ght then require a nodel that will | ook at the evolution of this aspect, but



what you wouldn't do is try to do it all at once. But | nust say that designing
an organisation is even harder. | nean in ternms of world history how hard has it
been to generate capitalisn? W've had sone tens of thousands of years and we've
finally hit upon a systemthat works.

Questioner 4 : Well sort of.






