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ﬁx'ur the past couple of decades, a large number of physicists have started exploting problems which fall in the\'
domain of economic science, The common themes that are addressed b
resulted in coining a new term "Eeonophysics” as a collective name for this venlure. Bringing together the techniques
ot statistical physics and nonlinear dynamics to study complex svstems with the ability to analyee large volumes
of data using sophisticated statistical techniques, the discoveries made in this field have already attracted the
attention of mainstream physicists and economists. While still somewhat controversial, it provides a promising
atternative to {and a more empiricallv-based foundation for the study of economic phenomena than) the m:1in::'lreamj

\axiom-based mathematical economic theory.

v the research of most of these groups have

Introduction
Physicists have long had a tradition
ol moving fo other fields of scivntific
enguiry and have helped bring aboul
paradigm shifts i the way research
is carried out in those  reas. P asibly
the most well-known example in
recent times s that of the birth of
melecular biology m the 19585 and
Alls,  when  piencers  such  as
schradinger (through his book Wiha
1= Lite?) inspired physicists such as
Max Delbruck and Francis Crick to
move into biclogy with spectacularly
suceessful results. Howover, one can
argue that physicists are often
successtul in areas outside physics,
because of the broad-based zeneral
nature of a physicist's training rather
than the applicability of phvsical
principles as such in those arcas. The
targe influx of physicists since the late
19905 inte topics which  had
fraditionally been the domain of
economists and sociologists have
raised the question: does physics
really have sume significant insighls
for these areas? O is il a mere fad,
driven by the availability of large
quantities of economic data which are
amenable to the kind of analytical

techniques thal physicists are familiar
with? The vaining of new terms such
as ecatiopligsics and sociophysies {along
the lines of blophysics and wewpihysies)
have hinted that many physicists do
believe that physics has a novel
perspective: toocontribute to the
traditional way of doing economics,
Others, including the majority of
mainsiream economists have becn
dismissive unlil very recently of the
claim  that  phvsics have
sumething signiticant to contribute to
the: field, which is seen by them to be
primarily a study of interaclions
between rational agents able to
tormulate complex strategies to
maximize their individual wtilities (or
welfare).

wadn

However, even before the curremt
worldwide revealed  the
madequacics of mainstream econemic
theory, economists had realized that
this new approach of looking at
eeenomics  problems cannot  be
simply ignored, as evidenced, e.g,, by
the entry of the terms “econophysics”
and “economy as a complex system”
i the new Palgrave dictionary of
economics (Macmillan, 2008y, The
failure of economists, by and large, to
anticipate the collapse of markets

Crisis

worldwide in 2008 over such a short
space of fime has now led (o some
voices from within the field of
economics itself declaring that new
foundations {or the discipline are
required. The cconomists Lux and
Westerhoff in an article published in
Nature Physics {Jan 2009) have
suggested thatl econophysics may
provide such  an  alternative
thearetical framework for rebuilding
economics. As Luxhas pointed out
clsewhere, the systemic failure of the
standard model of economics arises
trom  its “implicit view . that
markets and econamies are inherently
stable”™,  IHowever,

Crses

woorld wide
{and the
accompanying economic turmoil) are
neither new nor as infrequent as
economists would like to believe, It is
lherefore surprising that mainstream
economics  has  lgnored,  and
sometimes actively suppressed, the
study of crists sitluations. The famous
coonomist Kenneth Arrow even ried
to establish the stability of economic
equilibria as a mathematical theorem;
however, what is often forgotten is
that such conclusions are crucially
dependent on  the underlying
simplifving assumplions, such as,
perfectly competitive markets and the
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absenice of any delays in response. It
15 obyious that the real world hardly
comfborms to such ideal conditions,
Muorcover, the study of a wide variety
of complex systems (e.g., from cellular
networks to the imternet  and
evosysiems) over the past feaw decades
using the tools of statistical physics
and nonlinear dynamics has led to the
understanding  that  inherent
instabilities in dvnamics often
accompanies increasing com |_31L-xjt_1,r_

Figure 1: 'l'}'l_;;\1
economy
machine.

A recomstruction
of the Monlac (at
the U'miversity of
Melbourne), a
hydrauwlic
simmulator of a
- raact b en el
coomermy built i
1949 by A WO HL
Phillips of the

London School of Feonomics, that used
Hue flow of colored water to represent the
flenw of money. It is currently again being
used at Cambridege University [or
demanstrating the dynamic bebaviorof an
CCONOIC system m econommes first-year
lectures, {Source: httpifairminded. org,

\1‘_I'|1.ﬂn: Brett Holman) J
The obsession of  mainstream

coonamics with the ideal world of
hyper-rational agenis and almost
porfect competitive markets has gone
hand in hand with a formal divorce
between theory and empirical
obscrvalions. Indeed, the analvsis of
empirical data has ceased to be a part
of economics itself, and has become a
separate subject called  veonometrics.
Since the 1930s, sconomics has
modeled itsell more on mathematics
than any of the natural scences, [ has
been reduced to the study of self
consistent theorems arising out of a
sel of axioms to such an extent thal it
is probably more appropriate to term
mainstream eCconomics as fconn-
mathematics, i.e:, mathemaltics inspired
by cconomics and that too having
little connection to reality: This is
strange tor a subject that claims to
lave insights and remedies for one of

the most important spheres of human
activity. ltis a sobering thought that
decisions made by the [MF and World
Bank which affect millions of lives are
made on the basis of theoretical
models that have never been
subjecled to empirical verification. In
view of this, some scientists
(including a few cconemists) have
begun to think that mayhbe cconomics
5 oo important to be left to
economists alone. While a few have
suggested that econophysics may
provide an alternative theoretical
framework for a new economic
science, wae think thal the feld as it
stands is certainly an exciting
development in this direction, and
intend to give an introdoction to it
here.

Betore we go on to describe how
physicists have recently brought fresh
perspectives  in underslanding
coonemic phenomena, letus point out
that despite the present state of
economics, there has been a Inng and
fruitful association between physics
and economics. Philip Mirowski, in
his book, More Heat Thane Light (19849)
has pointed out that the pioneers of
neoclassical economics had indeed
borrowed almost term by term the
physics of 18705 (o sel up their
theoretical framework. This legacy
can still ke seen in the attention paid
by economists Lo maximization
principles (e, of utility) thal mireors
the framing of classical physics in
terms of minimization principles (e,
the principle of least action). Later,
Maul Samuelson, the second MNobel
lavreale in economics and the author
tt possibly the most influential
textbook of economics, Lried to
reformulate economics  as  an
empirically  grounded
modeled on physics in his book
Foundations of Eeonondde Analysis (1947,
While the use of classical dynamical
caoncepts such as stability and
equilibrium has also been used in the
context of economics earlier (eg., by
Vilfredo  Pareto),  Samuelson's
approach  was marked by the
assertion that economics should he
eoncerned with “the derivation of

SUIENCe
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pperaticrally meaningful theorems™, e,
thise which can be empiricallyv tested,
Such' a “simply a
hypolhesis about empirical data
which could conceivably be refuted,
it only under ideal conditions™, Given
the spiril of those times, it is probably
unsurprising thal this is also when
tle engineer-turned-cconomist Bill
Philips {who later became famous for
the Philips curve, a relation between
inflation and cmplovment)
constructed the Moniac, a hvdraulic
simulatoer for the national economy
{Fig, 1}, that modeled the flow of
money in sociely through the thow of
colored water. The mapping of
macroeconomic concepts 1o the
movierment of luids was a direet
demanstration that the economy was
as much a subject of physical inguiry
as ather more traditional subjects in
phvsics,

theorem  is

This was however the lasl ime that
physics would significantly affect
pronomics unbl very :'L*u_-nt]}', as the
19585 saw a complete shift in the focus
ab economists towards proving
existence and  uniqueness  of
erquilibrivm solutions in the spirit of
mathematics. A parallel L‘]L-'-.-'L-]np:w_-nt
was the rise of mathematical game
theory, pioneered by John wvon
Neumann. To  mathematically
inclined evonomists, the language of
game theory seemed ideal for studying
how selfish individuals constantly
devise strategies o get the better of
other individuals m their continuing
endeavar Lo maximize mdividual
utilities: The fact that this ideal world
of paranovid, calculating hyvper-
ratiomal agents could never be
reproduced in actual experiments
carried oot with human subjects
where "irrational” cooperative action
wias seen o ke the norm, could not
counter the enthusiasm with which
cconomists embraced the wdea that
society converges teoan eqguilibrium
where it is impossible lo make
someone better off without making
someone else worse off, Further
developments of ratlonal models for
interactions  belween  econoami
agents became so mathematically
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abstract, that an economist |':}Ci:|1l:|}'
commented that it seems ((rom an
cconomic theorist's point of view)
evien the miost trivial economic
transaction is like a complicated chess
game between Kenneth Arvrow and
Paul Samuelson (the lwo most famons
American economists of the post-war
peried), The absurdity of such a
siluation is clear when we realize that
people rarely solve complicated
maximization equalions in their head
in wrder to buy eroceries from the
corner store. The concept of bownded
ratwrality has recently been devels peed
Lo take jnlo practical
comstraings tauch as the
comprutational effort required) that
may prevent the system from
reaching the oplimal equilibrium even
whien it exists,

account

It is in the background of such
increasing  divergence  between
ecomemic theory and reality that the
present resumplion of the interrapted
dialogue between physics and
ceonomics loek place in the late 1980s.
The condensed matter physicist Philip
Anderson jointly oroanized with
Eennelh Arrow a mu ting between
phiysicists and econon asts at the Santa
Fe Institute that resulted in several
early attempts by physicists to apply
the recently developed toals in non-
equilibrium statistical mechanics and
nonlinear dvnamics to the economic
arena {some examples can be seen in
the procecdings of this meeting, The
Ecarony as an Evolving Complex Sy=femt,
1988} It also stimulated the entry of
other physicists into this inter-
disciplinary research area, which,
along with slightly later
developments in the statistical
physics group of H, Eugene Stanlev at
Boston University finally gave rise to
ceomophysics a5 a distinet field, the térm
being coined by Stanley in 1995 at
kolkata. Currently there are groups
in physics departments around the
wiorld who are working on problems
refated to economics, ranging from
lapan to Brazil, and from Ireland to
lsracl, While the problems they wark
vnare diverse, ranging from questions
aboul the nature of the distribution

of price fluctuations in the stock
market to models for explaining the
observed economic inequality in
sociely Lo issues connected with
dvnamical fluctuations of prices as a
consequence of delays in the
propagabtion: of inlormation, a
commaon theme has been  the
observation and explanation for
scaling relations (or power laws),
Historically, scaling relalions have
fascinated physicists because of their
connection to crifical phenomena; but
more generally, they indicate the
prosence of behavior,
Indeed, the quest for imvariant
patterns that occur in many different
contexls may be said to be the navel
perspective that this recent incutsion
of physicists have brought to the field
ot economics, and that may well prove
tie be the most enduring legacy of
econicprhysics (Fig. 2).

dniversal

Given that the term econophysics was
coired in India, il is perhaps not
surprising that several Indian groups

and the meeting on The Econonry as a
Conriplex System (2005) at IMSe have
mnereased the visibility of this area to
physicists as well as economists in
India.

Why are so few rich and so
many poor?

We shall now focus on a few of the
problems thalt have fascinated
physicists entering economics, The
firsl ome we shall deal with has to dio
with the question: why is neither
wealth income  uniformly
distributed throughout society? If we
perform a gediensperinen! where the
total wealth of a socety was brought
together by the government and re-
distributed to every cilizen evenly,
would the dynamics of exchange
subsequently result in the same
inequality (as before) being restored
rapidly? While such unequal
distributions may to an extent be
ascribed to the distribution of abilitics

oT
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Figure 2: Are there universalities in economic phenomena? Whether it is
the interaction between buvers and sellers at a fish market in Kolkata (left)
orthe frenzied trading among brokers in the Bombay Stock Ex change (right),
econophysics detects invariant pattérns in shikingly different varieties of
\_L‘CDi‘u‘.unﬁL' activity. (Photos: Sayan Mitra (Left), Husain Stephane(Right).
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have been very active in this area,
Phoysicists at the Universities of Delhi
and  TPune, Physical Research
Laboratory (PRL) at Ahmedabad,
Saha Institute of Nuclear Physics
{SINT) at Kolkata and the Institute of
Mathematical Sciences {IMSc) at
Chennai, to name a few, have made
pioncering contributions in the area,
e modeling ineguality distribution
in society and the-analysis of financial
markets as complex networks of
stocks and agents. The annual series
of Econephys-Kelkafe conferences
organized by SIND (2005 onward)

among individuals  which  is
biologically determined, this cannot
be a satisfying explanation as the
binlogical distribution is Gaussian
and therefore, has less variability
than either mcome or wealth, which
typically have extremely long tails
that follow a power law decay. Indeed,
coonophysicists would like to find out
whether inequality can arise even
when individuals are indistingui-
shable in terms of their abilitics,

Before turning to the physics-based
models that have been developed to




address this question, lel us consider
the empirical facts on the distribution

il i:1Er.|u;:1Iit'.,'. ]nx-'l.—m‘ti:;.}tinns DVET

more than a century and the recent
availahility of electronic databases of
Income wealth distribution
(ranging from national sample survey
of howsehold-assets to the income tax
return data available  from
government agencies) have rovealed
some remarkable and upiversal
featores. Irrespoctive of  many
differences in culture, history, social
struclure, indicators of relative
prosperity (such as gross domestic
product or infant mortality) and, {o

and

some extent, the economic pn]irit:f-;
followed in different countries, income
distribution seems to follow an
invariant pattern, as does wealth
distribution: After an inibal increase,
the number densily of people at a
particular income brackel rapidly
decays with their income. The bulk ol
Lhe income disteibution is well-
described by a Gibbs or log-normal
distribution, but at the very high
income range (corresponding to the
lop 5=10% of the population) it is it
better by a power law with an
exponent, bebween 1 and 3 (Fig. 3%
This seems to be an universal feature:
from  ancient Epyplian society
through 19" century Europe o
micern Japan, The same is true across
the globe today: from the adyvanced
Li.l]."itﬂl'i‘il veonomy of USA to the
developing econemy of India.

The power-law tail, indicating a much
higher frequency of eccurrence of very
rich individuals (or households) than
would be expected by extrapolating
the properties of the bulk ot the
distribution, had been first obseryved
bv the ltalian cconomisi-sociologis
Willredo Pareto in the T880s (Fig. 4),
Pareto had analveed the cumulative
income  distribution of several
socielies at very different stages ol
economic development, and had
conjectured that in all societies the
distmbution will follow a power law
decay with an exponent (later termed
the Pareto exponent) of 1.5, Later, the
distribution of wealth was alse scen

v exhibit  a  similar  form.

Subsequently, there have been several
attempts starting around the 19505,
muostly by economists, to explain the
genesis of the power-law  tail.
However, mast of these models
involved a large number of factors
that  made understanding
easential  reason behind  the
ocrurrence of incequaliby difficult,
Following this period of activity, a
relative Tull followed in the 19705 and
19805 when the field lay dormant.
although accurate and extensive data
were accumulated  that  would
eventually make possible precise
empirical determination of the
distribution  properties. I'his
availability of large quantity of
electronic data and their
computational analvsis has led to a

fh

recent resurgence of interest in the
problem, specifically over the last one
ard hall decades,

Although Pareto and Ging had
rospecti '..f['lj,', identitied the ]_1.m~.-|;-r'—law

tail and the log-narmal balk of income

distribution, demonstration of both
[eatures in the same distribution was
possibly done far the firsl Hime by
Muontroll and Shlesinger, inan analysis
aof fine-scale income data obtained
fromm the LS Indernal Revenue Service
(1RS] tor the yvear 1935-36. Thev
obgserved that shile the top 2-3% of
the population (in terms of income)
followved a power law with Pareto
exponent v- 1:63, the rest followed a
log-normal distribution, Later work
on Japanese personal meoome data
based on detailed records obtaimed
frim the Japanese National Tax
Admnmistrabion indicated that the tail
of the distribution followed a power
law witha v value that flucluated
from vear to vear around the mean
value of 2,

FPurther work shoveed that the power
law reglon described the top 1% or
less of the population (in lerms of
incioene), while the remaining income
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Figure 3: Measures of inequality: Gini coefficient and Pareto exponent. (a) The Gini
coctficient, G, is proparfional to the hatched area between the Lorens curve (15,
which indicates the percentage of people in socicty earndng a spocific percent of
the total income, and the curve correspending to a perfect cgalitarian society
where evervane has the same mmcome (E). G i= defined to be the area botween
the two curves divided by the total area below the perfect equality curve F, so
that when G=0) everybody has the same income while when only one person
receives the entire income, G=1. (b) The cumulative income distribution {the
population fractiom having an income grealer than a value x plotted against x)
shown on o double logarithmic scale, For about 90-95%, of the population, the
distribution matches a Gibbs or Log-normal form {indicated by the shaded
repion), while the income for the top 5-10% of the population decavs much more
slowly, follewing a power law as orgimally suggested by Parete, The exponest of
the Pareto tail is given by the slope of the line in the double-log scale, and was
conjectured to be 1.5 for all sedetes by Pareto. I the entive distribution followed
A power law with exponent 1.5, then the corresponding Lorens curve will haviea
Gini coefficient of (L5, which is empiricallv observed for most developed Burapean
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distribution was well described by
the bog-normal form. While the value
of v fluchuated significantly from year
boevear, it was observed thal the
parameter describing the log-normal
bulk, the Gibrat index, remained
relatively unchanged. The change of
tcome from year to vear, e the
growth rate as measured by the log
rativ of the income tax paid in
SUCUesSIve vears, was observed to be
alse a heavv-tailed distribution,
although skewed, and contered about
AT

Later work on the US jpceme
dislribution based on data from RS
Firr the period 199795, while st

imvdicating a power-law tail {(with v-
1.7}, has suggested that the lower 95%,
af the population has income whaose
distribution may be better described
by an exponential form. Similar
observation has been made {or the
inceme distribution in UK for the
period 1H94-949_ 1t is interesting to
note that when one shilts altention
trom the income of individuals to the
incomie of companies, one still
ubserves the power-law lail, A study
of the income distribution of Japanese
firms concluded that it follows a
power law with v—1 (often referred to
as Ziph's {ane), Sunilar observation has
been reported for the income
distribution of US companies.

Canrse of Palitical Economy
[ 1896-7, trans: 1906} in which
he gmave a rigorous
mathematical foundation 1o
ceonomic theory, This was
part of a wider program to
make the laws of society as
close as possible to the laws
of physics, in terms of general
applicability and predictive
power. Most importantly, the
Cotrse incorporales the

Figure 4: Vilfredo Pareto and the power-law description of income
distribution. Parcto had graduated in mathematics and physics from the
Polytechnic Institate in Turin and became Professor of Political Economy
at the University of Lausanne in 1893. His main work in economics is the

IA4E. 1923
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et e e, T MR,
Figure 5: Cumulative probability
distributions of income showing the
Pareto tail. (A) Annual personal
income in USA from 2001 RS data
wilh Pareto exponent
v =15, (B} Annual personal income in
India during 1929-30 calculated from
income tax and super tax data with
v— L1585 {the nset shows the
employment income for the top 422
salaried Indians from the 2006
Business Standard Survey with
v = 1751 10) Annual persenal incorme
in Japan for 2000 with v - 1L.96 (I}
Firm size in terms of tolal assets in
Frarice for 2001 with v ~(1.84 [ Source:
A, Chatterjee; 5, ‘Sinha and B.K.
Chakrabarty, Current Science 92(May

results of Pareto’s detailed research into the distribution of income. He
had found that the relationship between an income level x and the number
of taxpayers (N} with income greater than or equal to x can be reasonably
well-represented by the equation N(x) = A/x' |, where A, v > 1 (usually
referred to as the Pareto curve or distribution). On examining income
data for a range of countries and cities (England, Prussia, Saxony, Peru,
ltaly, and some European cities, e.g., Paris, Florence and Perugia) using
the double log transformation of the Parcto curve, ie, log N (x)=log A+
v log x,Parcto reported that the exponent v tends to a constant value of
about 1.5, This constancy is also sometimes referred to as Pareto Law,
Pareto believed this to be an universal feature of economics and stated
that if a society is left to its own devices, the distribution curve will take
its original (Paretian) form.

>
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Comipared to the empirical work done
on income distribution, relatively few
studies have looked at the distribution
of wealth, which consists of the net
value of assets ({inancial holdings and/
or tangible items) owned at a given
point in time. Lack of an casily
availabie dala source for measuring
wealth, analogous to income Lax
refurns for measuring income, means
that one has (o resort to indirect
methods. Levy & Solomon used a
Published list of wealthiest people to
infer the Parete exponent for wealth
distribution in USA. An alternative
technique was used based on adjusted
data reported for the purpose of
inheritance lax to obtain the Paroto
expoenent for the UK. Another sludy
used tangible asset (namely house
area) as a measure of weallh to abtain
the wealth distribution exponent in




ancient Egyplian society during the
retgn of Akhenaten (1dth century BC)

More recently, wealth distribution i
India at present has also been
observed to follow a ]_1.-;11.-.-'(~r-law kail
wilh the exponentyarving around 014,
The genieral feature observed in the
limited empirical study of wealth
distribution is that wealthicst 510"
af the population follows a power law
while an exponential or log-normal
diztribution describes the rest of the
population. The Parcte expanent as
measured  [rom the  wealth
distribution is found to be always
livwer than the exponent for income
distribution, which s consistent with
the general observation that, in
market economies, wealth is much
more unequally distributed than
ITLCOTTIE.

The striking regularities {Fig. 5)
nbserved in income distribution for
different countries, have led to several
new attempts at explamning them on
theoretical grounds. Muoch of the
current |m];.u:tu.=> 15 trom Fll'l:nr&itlhf::
modeling of economic behavior in
analogy  with large systems of
interacting particles, as treated, eg.
in the kinetic theory of gases (Fig, &),
Avrording to physicists working on
this problem; the regular patterns
observed in the income (and wealth)
distribution may be indicative of a
natural law for the statistical
properties of a many-body dynamical
svstemn representing the entive sel of
coonomic interactions in a society,
analogous to those previously
derived for gases and liquids.

By wiewing lhe cconomy as a
thermodynamic system, ane can
identify income distribution with the
distribution  of ETIETEY  among
particles in a gas. In pa ricular, a class
of kinelic exchange models have
provided a simple mechanism for
understanding the  uncgqual
accumulation of assets. Many of these
madels, while simple from the
perspective of economics, have the
benefit of coming to grips with the key
factor in socig-cconomic interactions
that results in ditferent societies
converging to similar forms of unequal
distribution of resources.

B. N, Srivastava

\1&-;;]111&4.1 Saha

as-like models
ution

Simple ideal
of asset distri

To introduce the simplest class ot
physics models that reproduce the
distribution of assets as seen in reality
lest us think of economic activity lo be
composed of a large number of pair-
wise exchanges between agents.
Unlike in the real economy, we do niot
consider actual commoedities, bul
rather their value in terms of a
uniform asset (e.g., money), Iinan assel

PHYSICS NEWS

exchange game, there are W plavers,
vach of whom has an initial capital of
1 unit. N is considered to be very large,
and the total asset M = N remains fixed
over theduration of the game as is the
number of players.

In the simplest version,called the
Randem Exchange (RE) model, the
only allowed move at any time is thal
two of these plavers are randomly
chasen who then divide their FH.]H]L'i.l
resources  randomly amongst
themselves (Fig. 7. KE). As nio debt is
allivwed, none of the plavers can end
Ly with a negative amount of assets.
As ane can l.ﬁ‘-:l!".. guess, the initial
delta function d:nlr:bulmn ol money
{with every player having the same
amount) gets destabilize o with such
muves and the state of perfect equalily,
where every plaver has the same
amounl, disappears q[]ifkh.'. [he
eventual steady-state distribulbion of

-

somewhat in the following way.

Suppose in a country the assessing department is required o find
st the average income per head of the population.
They will find out the number of persons

N

They will proceed

%

whose income lies within different small ranges. For example, they will
find out the number of persons whose income lies berween 10s. and 115,
between 115 and 125 and so on.  Instead of a shilling, they may choose a
smaller interval, say 6d. Then it can be casily seen that the number of per-

sons whose income lics hetween 105, and 10s.6cwill be approximately half

the number found previously for the mnge I0s. w0 lls. We can genenlize
by saying that the number whosc income lies berween x and x-tdx is s
It should be noted thar the number is proportional to the interval chosen
{#v). To get the average income they should choose the interval to be as
srnall as possible, say a penny. When this is not possible they will choose a
higger interval but their results will be proportionately inaccurate.

To represent graphically! the income of the population they will plot
A curve with #, as ordinate and » as abscissa. The curve will be similar to
that given in Fig. 6; This will begin with a
minimum at 0, rise to a2 maximom At some 5
point, and thereafter approach the axis of x, _!‘T
meeting it at a great distance. The curve will 2
have this shape because the number of absolute

beggars is very small, and the number of million-
aires is also small, while the majority of populs-
tion have average income.

Fig. 0. —Distribution of
income among  perRom.,

Figure 6: Saha, Srivastava and the income distribution analogy in kinetic
theary of gases. In their textbook A Treatise on Heat (1931) Meghnad Saha and
B. N, Srivastava used the example of reconstructing a distribution curve for
incornes to illustrate the problem of determining the distribution of molecular
velocites in kinetic theory, The relevant extract from page 105 of their book
{ziven above) prefigures developmients in the first decade of this century
showing this indeed the bulk of the income distribution follows a Gibbs-like
distribution.
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Figure 7: Schematic diagram of the two-body scattering process underlying
the kinetic asset exchange models. The asset owned by agent a_at time |
changes due to an exchange (e.g., through trade) with a randomly chosen
agent'a . The scattering process conserves the tolal amount of assets for the
pair but can be of different types, e.g, random exchange (RE) or minimal

exchange (ME).

assets among the players after many
such moves is well known from the
molecular physics of ideal pases
develped more thana cetury ago- it is
the Gibbs distribution: Pimj-exp|-m/T),
where the parameter T = M/N
corresponds  to the average asset
ownet by an agent (see Fig, ).

W now consider a maodified maove in
this game: each player ‘saves’ a
fraction & of histher total assets
during every step of the game, from
being pooled, and randomly divides
the rest with the other (randomly
chosen) plaver. If everybody saves the
same fraclion &, what is the steady-
state distribution of assets after a
large number of such moves? It s
Camma-function like,
parameters deperd on A

whose

Pl ~nf* expl—mi Tt Al a=341-4)

Although qualitative explanation and
limiting results lor 2 0 or 3 - are
casy ta obtain, no exacl treatment of
this prablem is available so far,

Whal happens to the steady-state
assetdistribution amoeng these players
i A ts not the same for all players, but
15 different for different plavers? Let
the distribution p(i) of saving
propensity pamong the agents be such
that p (&) is non-vanishing when
i+ 1 The actual asset distribubion in
stucha model will depend on the saving
propensity distribulion  p (4, but the
psymptotic form of distribution will
become Pareto-like:

{1 d

Pl —m Y y=] for m—3oo

this distribution will eventually
become Parelo-like for m—=2  with
M= 1 {Fig, 9; left). Analytical
understanding is now available and
a somewhat rigerous analytical
treatment of this problem has been
given recenthy:

Il may be mentioned that there are a
large number of random
multiplicative asset exchange models
to explain the Pareto (power-law) Lail
of wealth or income distribution. The
mh'ant&ge of the kind of model

discussed above is that it can
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law (relating P, V and T},

Figure 8: Gibbs and Maxwell-Boltzmann distributions. In a classical ideal
gas in thermodynamic equilibrium, the state variables like prossure { ),
volume { V) and the absolute temperature { T) maintain a very simple

the walls of the container. These collisions eventually set up a non-uniform
{(kinetic) energy distribution [){ E) among the constituents, called the
Maxwell-Boltamann distribution: D{ E) = { { E) gl E), where g E} is the
density of states and comes from mechanics (of free or noninteracting
particles of the ideal gas), and f ( E) (~exp(— E/ kT)) is called the Gibbs
distribution and comes from statistical mechanics (result of averages over
random scatlering events). Identifving the pressure P as the average {(over
the distribution D¢ E)) rate of change of momentum of the gas particles on
unit area of the container (where the energy E is proportional to the square
of the momentum), and the temperature T as the average (over the
distribution D{ E}) energy, one immediately gets the above mentioned gas

relationship PV = NKT. Here N is
the number of basic constituents
{tatoms or molecules; N - Avogadro
number 104} and k is the
Boltzmann constant. Statistical
mechanics of ideal gas, also called
the kinetic theary of gas, intends to
explain the above gas law in terms
of the constituents’ mechanics or
Kinetics. According to this picture,
for a classical ideal gas, each
constituent is a Newtonian particle
and they undergo random elastic
collisions (which conserve kinetic
energy E) among themselves and

J/

This is valid for all such distributions
[umbeas F’J-[.rn’\,la:-:|| L “when

248
Pl -—-m (430} ;

variationof P (Asuch that P (A — 0 for
A< one will get aninitial Gamima
function form for Piw) for small and
inlermediate values of m, with
parameters determined by A 20, and

Howewver, f[or

accommodate all the essential
teatures of Pim) for the entire range of
ny, ot anly the Pareto tail.

Lne can of course argue that the
random division of pooled assets
among players is not a realistic
approximation of actual trading

carried oul in society, E.gain
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Frgure 9: Kinetic asset exchange models
can reproduce the observed power law
Lails in inequality distribution with almost
quantitatively accurate exponents. By
randomiy distributing a “savings”
parameter among the population of
agents plaving a Random Exchange
version of the model, a poswer law with
fareto exponent — 115 obtained (Lett)
[Mate that, the hgure shows the
probability distribution function (pdf),
while the Pareto exponent is detimed
for the cormespending complementary
curmulative distribution function,
whose exponent value is oblained by
adding 1 to the pdf exponent.]{Right)
The Pareto exponent of 1.5 (as
originally conjectured by Pareto) can
bus gbtained from an asymmetric assel
exchange model where plavers are
randomly  assigned  strategies
interpolated  between  the  lwo
extremies of Random Exchange and

timimal Exchange )

erchanges bebween an individoal and
a large company, it is unlileely that the
individual will end up with a
significant fraction of the latter’s
assets, Slrict enlorcement of this
vondition leads toa new typeof game,
the Mimimum Exchange (ME] model,
where the maximum amount that can
cha ngEe hﬂﬁd‘j over-a move, 15 a frachon
uf the peorer plaver's assets. Although
the change in the rules from the RE
pame does nol seem significant, the
outeome is astonishingly different: in
the steady state, one plaver ends up
with all the assets. In the language of
physics, the system has converged o

4 condensate corresponding to an
assel distribution having two delta-
tunction-like: peaks, one at zero and
the other at Mo I we now relax the
condition that the richer player does
tod completely dictate the terms of
exchanee, so0 that ameyant
eschanged need naot be limited by the
Latal asset oowned by the poorer pla}-'ur,
Arrive at a

the

we game which is
asvmmetric in the sense of generally
favoring the plaver wha is richer than
the other, but not so much that the
richer plaver dominates totally, Just

like the previously defined savings

ability of a player to exploit its
advanlage over a peorer plaver, For
the bwo extreme cases of mimimum
[ T=0] and maximum (T =1) thritt, one
gots back the random exchange (RLE)
and minimum exchange (ME) models
respectively. Howoever, close to the
maximum limit, al the transition
between Lhe two wvery different
steady-state distributions given by
the muodels, (e, the Gibbs
distribution condensate,
respectively) we see a power-law
cistribution! As in lhe casc:ool A, we
can now consider the case when
instead of having the same t | different
players are eiidowed with different
[hrift abilities, For such helerogeneous
thrift assignmoent in the populaton,

Frrcy

and a

whire T foreach plaver is chosen from
a random distribution, the steady-
state distribution reproduces the
entire range of chserved distributions
of meome (as well as wealth) in the
socicty: lhe tail follows a power law,
while the bulk is descrnibed by an
exponential distribution. The tail
exponent depends on the distribution
of T, with thevalue of v = 1.5 supgested
originally by Pareto, obtained for the
simplest case of unitorm distribution
of T between [0, 1] (Fig, 9, right),
However. even extremely different
distributions of 1t (e.g, U-shaped)
always produce a power-law lailed
distribution that is exponentially
decaying in the bulk, underlining the
robustness of the medel in explaining
inequality.

All the gas-like models of lrading
markets discussed above are based on
the assumptions of (a) asset
conservalion (globally in the markel;
as well as |:_}1‘.1i!_\' in any trading) and
{b} stochasticity, Questions on the
validily of these points arc natural
and have been raised: We
forward some arcuments in their
lavor,

MW

If we view trading as a scallering
process, ane can see the relevance of
conservation PTiTI.L'i]..‘I".“\'. Of course, in
any such ‘assel exchange” process, one
receives some goods o service from

models, However, if
concentrate only on the “cash’
exchanged, every trade is an asset

the

W

conserving ome (like the elastic
scattering process in physics!) lnmore
recenl medels, conservalion of asset
has heen extended to that of total
wealth  {including and
commerdilies) and the inleoduclion of
the nodion of price which fluchaales
in lime has effectively allowed slight
relaxation of this conservation, but
the overall distribution has still
remain the same. I is also importanl
to note that the frequency of asset
exchange in such maodels defines a

money

timescale in which total asset in the
markel does nol change, In real
ceonomics, total changes
relatively slowly, so that in the

asaid

timescale of exchanges, it is gquite
reasonable to assume the tolal assot
to be conserved in these exchange
micle]s.

Is the trading random? burely nol,
when looked From  an
individual’s point of vicw, When one
maximizes hisfher utility by money
exchange for the pth commedity, hey/
she may choose o go to the gth agenl
and for the rth commodity hefshe may
go o the sth oagent. But since

EEETRH]

PEgErEsan general, when viewed
from a global level, these trading
scattering events will all leok random
(although for individuals this is a
defined choice or utility
maximization). [f mav be noted 1 this
context that e the stochastically
formulated ideal gas models in
physics (developed in late 19" and
varly 20" centuries), physicists
already knew for mare than a century
that cach of the constituent particles
imlecules) follows a precise equation
of molion, namely that due (o Newton,
Fhe assumpliom of stochasticity in
assetexchange models, even though
each agent might follow a utility
maximizing strategy (like MNewton’s
eruation of motion for molecules), is
therelore not unusual in the context.
Further, analvsis of high-quality
income data from the UK and LISA

4l
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shows Gamma distributions for the
low- and middle-income ranges,
which is strong evidence in favor of
mindels discussed here,

Are Market Movements
Universal?

Ciiven that the wealth and income of
lhe highest bracket in the population
{which exhibits the Paretian powor-
v tail) dan be attributed mostly to
their invesiment in financial
instruments, it is probably expected
that scientists wonld look Tor Pl
laves in such market movements.
Financial markets can be considered
as complex systems (Fig. 10) that have
many inleracting clements and
exhibit farge fluctuations in their
associated observable properties,
such as stock price or market index,
The state of the market is governed
by interactions among  its
components, which can be either
traders or stocks: In addition, market
activity i influenced
sigrficantly by the arrival of external
information. The importance of
interactions among stocks, relabive to
external information, in governing
market behavior has emerged only in
recent times. The carliest theories of
market activity, e.g., Bachelier's {(Fig.
F1 random walk model, assumed that
price changes are the result of several
independent external shocks, and
therefore, predicted the resulting
distribution to be Gaussian. As an
addilive random walk may lead lo
negalive stock prices, a better model
would be a multiplicative random
walk, where the price changes are
measured by logarithmic returns,
While the log-return distribution
caleulated from empirical data is
indeed seen to be Gaussian at long
time scales, at shorter Hmes the data
show much larger fluctuations than
what we would expect from this
distribution. Such deviations were
also observed in commaodity price
returns, e, in Mandelbrot's (Fig, 11)
analysis of cotton price variation,
which was found to follow a Levy-
stable distribution. However, it

also

contradicted the observation that the
distribution converged to a Gaussian
at longer time scales: Later, it was
discovered that while the bulk of the
return distribution for a market index
(the S8 500) appears Lo be fit well by
a Lewy distribution, the asymptotic
behavior shows a much faster decay
than expected. Hence, a truncated

Levy  distribution, which has
exponentially decaying tails, was
proposed as a model for the

disiribution of returns, Subsequently,
it was shown that the tails of the
cumulative return distribution for
this index actually follow a power law,
with an exponent of -3. This is the so-
called fnverse cubie lowr, where the
exponent lies well outside the stable-
Levy regime (of exponent value
between O and 23

This= is consistent with the fact that at
longer time scales the distribution
converges to a Gaussian, Similar
behavior has been reported for the
DAX, Nikket and Hang Seng indices.
These observations are somewhal
surprising, although not at odds with
the “efficient market hypothesis”™ in
econcamics, which assumes Hhat the
movements of financial prices are an
immediate and unbiased reflection of
Incoming news and tuture earning
prospects,  To  explain these
observations various multi-agent
modals of financial markets have been
propuosed, where the scaling laws scen
in empirical data from
interactions between agents. Other
microscopic models, where he agents
{t.e., the traders comprising the
market] are reépresented by mutually
interacting spins and the arrival of
information by external fields, have
also been used to simulate the
financial market, Among non
microscopic approaches, multi-
fractal processes have been used
extensively for modeling such scale-
mvariant properties: The multi-
fractal randoem walk model has
generalized the usual random walk
maodel of financial price changes and
accounts for many of the observied
empirical properties.

arise

Recently, there had been a debate in
the literature concerning the range of
applicability of the inverse cubic law
For price Auctuation distribulion. As
mast previous reported observations
were from 1f{=.1.f'u]|1|_1::d markets, a
question of obvious interest was
whether the same distribution holds
for develdping or emerging financial
markels, If the inverse cubic law is a
true indicalor of selt-organization in
markets, then observing the price
Huctuation distribution as the market
evolves gradually over the years will
inform us about the process by which
L= complex system converges Lo the
non-equilibrium  sleady  state
characterizing developed markets,
Recent analysis of high-frequency
trading data from the Mational Stock
Exchange (MNSE) of India shows that
this emerging market exhibits the
same inverse cubic law as all other
developed markets (Fig. 12), despile
commencing eperations only in 1994,
In fact, as the data stretches o the
present (when il is the third largest
financial market in the world in
terms of transactions) from  its
inception, it is possible to study the
nature of the return distribution as a
funcon of time. Thus; if markets do
show discernible transition in return
distribution during their evolution,
the Indian market data is best placed
to spot evidence For if, nol least
Lecause of the rapid transformation
of the Indian cconomy in the
liberalized environmen! since the
T35, However, the results show that
the power law natute of the returm
distribution can be scen even in the
varliest davs of the markel, from
which time it has remained essentially
unchanged. The convergence of the
return distribution to a power law
functional [orm is thuos extremely
rapid, so that a market is effectively
always at the non-equilibrivm steady
state characterized by the inverse
cubic¢ law regardless of its stage of
development.

5o, iF emerging markets do not differ
trom developed ones in terms of the
praperties of price fluctuations, are
thera still other observables which




will allow us to dislinguish between
them? [t now appears that the cross-
correlation behavior between stock
price fluctuations in a market may
have very different nature depending
om thestate of evelution of the markel,
Ihe observation of correlated
movement in stock prices gives us a
proxy variable for studying
interactions bebween stocks mediated
throuelh the action of agents who are
buyingfselling different stocks. As the
dynamics of individual investors is
being only indirectly inferred based
on the dvnamics of price for the
different stocks, this 15 somewhat akin
toa “Brownian motion” picture of the
market (Fig. 13), analogous to the
process of inferring, the dynamics of
air molecules by observing the
movement of pallery grains with
which the molecules arecolliding. The
pxistence of collective modes in the
movement of stock prices had been
carlier inferred from the study of
market dynamics, although such
had exclusively
focused on developed markets, in
particular, the New York Stock
Exchange (NYSE). A recent detailed
analvsis of the cross-correlation
Belween stocks in the Indian market,
has demonstrated that an emerging
market differs from more developed
markets in that, the former lacks
clusters of co-moving stocks having
distinct sector identities.

studies almaost

[ wncover the structure of
interactions amongg the elements in a
financial market, physicists primarily
fecus on the spectral properties of the
correlation matrix of stock price
movements. Pioneering studies have
investigated whether the properties
af the g-mpinca] correlation matrix
differ from those of a random matrix
that would have been ablained had
the price movements  been
uncorrelated. Such deviations from
the predictions of random matrix
theory (RMT) can provide clues about
the underlving interactions between
various stocks. TF was aobserved that,
while the bulk of the eigenvalue
distribution for the correlation malrix
uf NYSE and Tokye Stock Exchange

follow the spectrum predicted by
RMT, the few largest eigenvalues
deviate significantly from this. The
largest eigenvalue has been identified
as representing the influence of the
entire market, common for all stocks,
whereas, tho remaining large
eigenvalues are associated with the
different  business  secclors,
indicated by the composition of their
corresponding eigenvectors. The
interaction structure of stocks i a
market can be reconstructed by using
filtering techniques implementing
matrix decomposition or maximum
likelihood clustering, Correlation
matrix analysis has applications in
the area of financial risk management;
as. mutually correlated  price
movements may indicate  the
presence of strong interactions
hetween stocks, Such analyses have
bizen I_:enurrm_d using asset troes and
asset graphs to obtain the tasonomy
of an optimal portfelio of stocks.

a5

While it is generally believed that
stock prices in emerging markets tend
to be relatively more correlated than
the developed ones, there have been
viery few studies of the form
terms of analvzing the spectral
}-.merhe of correlation matrices.
Mast sludies of correlated price
movements in emerging markets
have looked at the synchronicity which
measures the incidence of similar (e,
up or dawn) price movements across
stocks.  Although  related  to
correlation the two measures are nol
same, as correfation also gives the
relative magnitude of similarity. By

er in
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analyzing the cross-correlations
among stocks in the Indian financial
market, over the period 19962006 it
has been found that, in teems of the
properties of its collective muodes, the
Indian market shows significant
deviations from developed markets.
As the fluctuation distribution of
stocks in the Indian market follows
the same “inverse cubic law™ seen in
developed markets like NYSE, the
devialions observed in the correlation
properties should be almaost entirelv
due toedifferences in the nature of
interaction structure in Lhe bwo
markels, The higher degree of
correlation in the Indian market
compared to developed markets is
found to be the result of a domimant
market mode affecting all the stocks,

Figure 10; Schematic view of the
financial market as a complex
system. Agents (indicated by
circles) buy and sell stock
iindicated by diamonds), based an
their perception of the market
conditions through interaction with
other agents and from external
information (news breaks such as
announcement of the central
government budgel, tax rebates,
banking collapse etc) and from
market indicators such as the

l\i‘irrlﬂt‘x.

theory

\with a power law tail.

fFig‘ul‘E 11: Do markeis follow Bachelier
or Mandelbrot ? Louis Bachelier
{1870-19467 in his 1900 thesis The
Theory of Speculalion suggested that
stock prices follow a random walk, e
derived a rigorous mathematical
about five years belore

Einstein’s work on the theory of Brownian motion. Bachelier’s theory
implies that changes in market prices follow a Gaussian distribution,
However, Benoit Mandelbrot (1924- ) working at IBM in 1961 made a
detailed analysis of the movements of cotton prices and realized that
market movements do not necessarily follow the Gaussian model. The
mich higher frequency of bubbles and crashes than what would have
been expected from a random walk theory fits, in fact, a distribution
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Figure 12: The “inverse-cubic law” for distribution of market fluctuations. A power
law tail is observed for the distributions of logarithmic returns caleulated for
both the NSE India market index (lefty as well as individual stock prices (right).
[Source: R: K; Pan and 5. Sinha, Europhys, Lett. 77 (2007) 58004; Physica A 387
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collective effects are assumed to
result in effective direct interactions
between stocks.
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Figure 13: A Brownian motion view of G
the market. A simplificd view of Fig. Iy e v
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the
interaction network of stocks in the
Indian financial market. The left

Figure 14: Structure of

cluster  comprises of mostly
technology stocks, while the middle
cluster is composed almost entirely
of healthcare and pharmaceutical
stocks. By contrast, the cluster on the
right is not deminated by any
particular sector. The node labels
indicate the business sectar to which
a -stock. belongs. In contrast to
developed markets such as NYSE,
the Indian market does not show
significant cross-correlations

between  stocks  within most
business sectors, indicating that
exce for the T and

pharamaceutical sectors, businesses
are more affected by general market-
wide (ie., non-sector-specific)
information resulting in an overall
synchronization  of  their  price
movements 30 that the markel
responds as a single homogeneous
entity  to wvarious  pieces  of
information, [Source: B K.Pan and
S.5inha, Physical Review E 76 (2007)

(46116,

S J

which is further accentuated by the
redatively very few number of clusters
of mutually interacting stocks as
compared to, say, NYSE (Fig. 14). These
results imply that one of the key
teatures signifying the transition of a
market from emerging to developed
status 15 the appearance and
consolidation of distinet sector or
group identitics,

Why Markets Fail: The Genie
of Nonlinearity

50 far we had been discussing mostly
the  statistical properties  of
distributions  for  meaningful
quantities in economics (such as
income or price fluctuations),
However, the dynamics of economic
systems also provides opportunities
o physicists in applving their toals
of trade to uncover unexpected
features, An oft mentioned exa mple
showing the importance of nonlinear
dynamics in economics is the case of
the beer game devised by Jay Forrester
at MIT which shows how fluctuations
can arise in the system purely as a
result of delay in the information flow
between its components. In this game,

PHYSICS NEWS

various people take on the role of the
retail seller, the wholesaler, the
supplier and the factory, while an
external obseérver plays the role of the
custormer, who places an order for a
certain number of cases of beer with
the retail seller at each turn of the
game. The retail seller in turm sends
orders to the wholesaler, who places
an order with the supplier, and so on
in this way, all the way upto the
factory. As cach order can be filled
only once the information reaches the
tactory and the supply is relayed back
to the retail seller, there is an inherent
delay in the system between the
customer placing an order and that
urder being filled, The game
introduces  penalty  terms  for
overstocking (e, having inventory
larger than demand) and back-orders
(ie, when the inventory is too small
compared to the demand). Every
prerson el]:m;; the chain tries to
minimize the penalty by tryving to
correctly  predict  the demand
downstream. However, Forrester
found that even if the customer makes
a very small change in his/her pattern
ot demand {e.g., after ordering 2 cases
of beer for the first 10 weeks, the
customer orders 4 cases of beer every
week from the 11th week on until the
end of the game), it sets off a series of
perturbations up the chain which
never settle down, the syslem
exhibiting periodic or  chaotic
behavior. Although the change in
demand took place only once, the
inherent instability of the system,
once triggered by a small stimulus,
ensures that an equilibrivm will never
be reached, Based on this study,
several scientists have suggested that
the puzele of trade cycles (where an
economy goes through successive
booms and busts, without any
apparently significant external causes
for either) may possibly be explained
by appreciating that markets may
possess  similar  delay-induced
instabilities.

If the extrapolation from the beer game
tir real economics seems forced,
comsider this: every day the markets
in major citics around the world,
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it (Boek IV Chapter 11)
9

domestic to that of foreign industry he intends only his own security; and
by directing that industry in such a manner as its produce may be of the
greatest value, he intends only his own gain, and he is in this, as in many
other cases, led by an invisible hand to promote an end which was no part
of his intention ... By pursuing his own interest he frequently promotes
that of the society more eftectually than when he really intends to promole

N
Figure 15: Adam Smith (1723-
90) anticipated the principle of
self-organization in economic
systems when he stated in The
Wealth of Nativas that “Every
individual...generally, indeed,
neither intends to promote the
public interest, nor knows how
much he is promoting il. By
preferring the support of

>,

mncluding those of Kolkata and
Chennail, cater to the demands of
millicns of their inhabitants, Butl how
dis the merchants konow how mauch of
goods to order so that they neither end
Lp with a lot of nnsold stock nor do
they have to tum back shoppers tor
lack of availability of goods 7 How are
the demands of the buyers
communicatied o the producers of
goods without there being any direct
dialogue between them? In this sense,
markets daily  performing
feats of  information
processing,  dllowing  complex
coordination, that in a completely
Planned have
required gigantic investmunt in
setting up communicalion betwoeen
cnormous numbers of agents (both
manufacturcers and consumers).
Adam Smith (Fig, 15) had, in tact, in
terming it the wesible fiand of the

are
amazing

system would

market, firsl pointed out one of the
standard teatures of a complesx
system:  the “emergence”  of
properties at the systems-level that

are ahsenl in any of its companents.

Economists often cite the correcting
pirwer of the market as the ideal
negative feedback for allowing an
equilibrium state to be stable, [tisa
very convinging argument that

price acts as an efficient signaling
system, whereby producers and
consumers  without  actually
communicating with each other can
nevertheless satisfy each other’s
requirements. If the demand goes
wp, the price increases thereby
driving SLt].‘pl‘_-.' to increase; hinwever
if supply keeps inereasing, the
demand falls driving the price down
thereby signaling a cut-back in
production. In principle, such
corrections should gquickly stabilize
the equilibrium at which demand
exactly equals supply. Any change
in demand price
correclions and the system quickly
settles down Lo a new equilibrium

results In

where the supply is changed to
mect the new level of demand (Fig.
16}, This is a classical example of
self-organization, where a complex
settles

system down o an
equilibrivm state without direct
interaction between all of lls

individual components.

Untortunately, this is only true if the
svstem is correctly described by
linear time-evolution equations. As
the field of nonlinear dynamics has
taught us, if there. is delay in the
system {as is true for most real-
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wiorrld sttuations) the assumptions
underlying the situation described
above break down, making Lthe
equilibrivm situation unstable, so
that escillalions appear (Fig. 17} The
chassic analogy for the impact that
delay can have in a dynamical
system is that of taking a shower
on a cold day, where the beiler is
lucated sutficiently far away so thal
il takes a long time (say, a manule)
to respomnd to changes in the turming
of the hotand cold taps. The delay
in the
regarding the response makes it
very difficult to the
optimum temperature. A similar
problem timely
information arrival but delayved
response, as in the building of

arrival of information

achieve

arises  with

power 1::Jc|ul;5 oy moeet a'lmnging
needs for electrical power. As planis
take a long time to build and havea
tinite lifetime, it is rarely possible
to have exactly the nomber of plants
necded o mest a changing demand
for power. These two exa rnpl-;::s
that
responid Lo changes that ocour al a

illustrate a syvstem cannok
fime-scale shorter than thal of the
delays in the flow of information in
it or its response. Thus, oscillations
ar what is worse, unpredictable
chaotic hehavior, is the norm in
most socio-economic comples
svstems that we see around us

lanning by forecasting possible
future events is one way in which
this is sought to be put within
bounds, but that cannol eliminate
the possibility of a rare large
deviation that completely disrupls
the system. As delayvs are often
inherent to the system, the only
solubion to tackle such inslabibilies
may be to deliberately slow down
the dvnamics of the sysbem: In kerms
of the overall economy, it suggests
suggest that slowing the rate of
economlc growlth can bring more
stability, but this is a cost that many

mainstream economists are nol
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(s o . i T b _ N “developmient at all costs” mindsoet
[rL%:LI:E;&ISE;I:T;?;E:;;::: O B T e B by has permeated to society al large, as
achieved b}f the price LY i / reflected by the obsession of the mass
mechanism in traditional SR ) , . media with econemic growth and
economic thinking, (Left) The | . " i gross domestic product (GDRIY,
supply  {demand)  curve FE Rty Newspapers and television are
indicates how rising supply E-I;c:l'ra';d S s : :“- alwavs worried about whelher he
(demand) . resulls in ‘ : : pibi srovwith s slowine: dow [7an
decreasing (increasing) price o Cuantity O, O CNany : |

ceonomic downturm™) and headlines
announce by what percentage the
economy has grown in a guarter

Adany given time, if the quandity available in the market (supply) is less than the
demandd, the shortage causes the price to go up, This stimulates increased
production, resulting in larger supply. However, if the supply continues to increase, ; e ’
eventually it will oulstrip demand and there will be unsold stock in the market, H{-ﬂ'\"ﬂ'Er’ th‘t_ht“] SATIRIELIK g:rnwlh
This will bring down the prices, ultimately resulting in decreasing production. The| '3 @ panacea for all _“mm] ills, hiad
negative feedback mechanism for price will thus move the system along the | whether growth itself is the cause for
supply and demand curves to their point of intersection, where supply exactly

equals demand (Q) at the equilibrium price P, (Right) Over time, as the demand : § -,\I
and supply of a product changes due to vanous factors, the corresponding curves Figure 18: Is Erﬂ‘“_'th 51_15‘m'n‘:'b1‘-' :
can shift. Thus, the equilibrium can shift to a different price value and quantity, | |1T9P) The ecological footprint of
\but it is still stable with respect to perturbations. b humanity measured in terms of the

arca of biologivally productive land
and water needed for providing the

e = o ™~ resources and services to maintain
Figure 17, Price oscillations as a result Lot e
of delay in responding to market |
movements, In real markets, there is
a delay between increasing and P o
reducing production as a result of ! = :____,-—"”
rising and falling prices; respectively. bul =~
While the information that the
demand for a good is falling may take } F = i
some time Lo propagate to the producer, a rise in demand Ay Tequite Same s e
time to be satisfied by inherent delays in the production system. Thus, if the ) et
demand fluctuates at a time-scale shorter than the delay invelved in adjusting " r_______,_,--" =
the production to respond to those changes, it will resull in oscillations or even - e -
chaotic movements in the price. 7 N e
- -
even willing to consider. While a  desirable under all circumstances s
treer market or rapid technological — (Fig. 18} This will be of immense | the human population at the present
development canincrease the rate of conseguence in view of the current | standard of living, has overshat the
response, there are stll delayvs in the search for sustainable development, biutapac'll:‘itt."fjfhi:.' planet li:-]f-- _lhl'
= ] " J - Y s H
system (as in gradual accumulation 1€ “development that meets the |3mount of bio offrestiy pRasictive

area available), [Source: WWE, hitps/

needs of the present without
fwwwipanda.org),

compromising the asbility of future
gl.:l‘LL‘r.-_'lliunh tor meet {their own needs” (Rottom) The ecolﬂgjcally catastrophic
(Brundtland Report, 1987), While |¢onsequence of economic growth is
there have been fringe voices such as | underlined by the increase in waste
o i v e o

more unstable. that of E. F. Schumachar (author of generated by the OECD countries (a

group of 30 economically developed
nations) along with their GDE, even

of capital stock) that are difficult ta
change. Thus, instead of solving the
problem, these changes can actually
end up making the system even

Small Is Beautifid), calling for smaller

The Promise and Perils of t:jUﬂﬁ_l‘f;iL’S-:ﬂind i[;j[ndia], h}:"i_:-:‘-'n‘:lh.:ﬂ;‘ though the population has not
; warxists such as annalal Dasgupta),  |inereased significantly. In 1997, OECD
Economic Growth the mainstream econamist | countries proci-uced waste

Possibly the biggest impact that community considers these views to corresponding to 500 ke per person in
econophysics van have on the way D& heretical. The anarchist utopia of |2 year and it is estimated that by 2020
traditional economics is done is by S0Ciety as a system of self-sufficient | this will increase to 840 kg per capita

EL o A A LR Source: E, Gever-Allely, Tomards

e ; - T villages, where affluence is given u [£ i Y
Sihie 3 § At .

making it possible to perform a & 5 P Sustainable Houselold Consumplion,
EECD 2002).

scientifically rigorous reappraisal of 10 tavor of stability and social justice,
the consequences of economic growth, 11as never been considered to be a
srd  iven  whether growth s practical alternative. Indeed the




muost problems is not as settled a
question as ik may seem, in view of its
social and ecological consequences, As
Lhe linear madeals of mainstream
eronomics are inadequate for tackling
such questions, the systems dynamics
approach dev olup:-d by fay Forrester
at MIT and his students in the 1960s
was one of the first scientifically
rigorous approaches towards this
complex problem.

Jay Forrester’s world model

The Club of Reme in the late 196(s had

wanted to know how major global
problems such as poverty and hun;,u
LT mplmrmcnl dcplvtmn of natural
resources, environmenlal degradation,
ete, are related and iF there are wavs 1o
siflve them, Forrester's computer
model suggested that the leverage point
(i, the factor in a complex system
whl_rl_ a small change ev entually
results ina laree overall Lh’!l'l;q“ in the
entire system) was economic growth,
I'he problem was thal growth has
negative consequences, although
traditionally economic development is
seen a5 an unalloved boon. From a
mideling exercise it becomes clear that
many problems that are sought to be
solved by srowth, such as poverty and
hunger, can o fact be exacerbated by
il, Sometimes the solution might be o
slow the growth of the economy, or
ewen to turn it back,

The model developed by Forrester's
students, Meadows et al (in The Linits o
Coremotlt) has taken this original work
forward by looking at several resource
stocks and their flows, and trving to
predict resource availability. al future
times, One of the striking observations
of this model was that it is not so much
the depletion of resources that is the
key problem but the increasing cost of
capital (e, as a result of
environmental peollution, among
several reasoms). Thus, according Lo
Meadows et al, the solubion lies not in
uncondibional economic growth, but in
the efficient use Of resources, However,
the lessons coming out of this study has
clearly not permeated beyond a few.
me [985 omwards, we are in fact
using mere resources than our planet
can renewably produce (Fig. 18). [nour
quest for higher GDD, we have ignored
other Lqu;tih' |mpnrtant factors, as
reflected in the Genuine Progress

[ndicator (GPT) which is measured from
the G by wubtrau_hnh-_mlaurmr:lm!
water pnl]ulmu less of farm and
wetlands, etc. (Fig. 19)

Thus, sustainable development, if it is
to becachieved, has o couple the guest
far growth with conservation of nature
and the achievement of acceplable
social condilions: Sustanability will be
achieved when we stop depleting not
only economic capital, but also the
social and environmental capital
bequeathed to us so that they can be
carried over to luture *T{JBETdtikIJh
Econophysics, by being able b seiew
the problem in the light of insights
gleaned  from  looking at other
sustainable systems, such as in the
biological world, 1= in an unigue
position te develop simple models that
can suggest pessible solutions. It 1n
place of the traditicnal throughput
economy [wasteful of resources) we
want a sustainable moedel that re-uses
products in a closed-loop cyele (Fig 20),
would using the concepls learnt from
the study of ecological food webs help
us ? Can a nebwork geonomy give a
more  sustainable  alternative to
development 7 These guestions are
hard 1o -answer, bul possibly the most
important that the L"(".]]'I{}]Jh‘r 5105
community will have to lackle in the
near future.

e o
o
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Figure 1%: Economic Growth or Decay 7
I'he fall by a factor of half in the
Genuine Progress Indicator (GPL), an
alternative measure of economic
growth suggested by Cobl, Halstead
and Rowe in 1993 that takes into
account the cost of environmental
degradation accom-panying economic
activity, even as the Gross Domestic
Product of USA has increased three-
fold over the latter half of the 20"
century.  (image source! hitpf/
www sustainability dictionary.com)
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Figure 20: Two models for growth.
I'he traditional non-sustainable
economic growth model s
contrasted with a closed feedback
loop model of sustainable growth
that is closer 1o the way
biodogically vital resources are
maintained in nature (e.g., the
carbon-oxvgen cyvele). The future
challenge to econophysics is to
come up with details of how such
a  growth model can  be

! constructed., P
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