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Self-organized evolution in a socioeconomic environment
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We propose a general scenario to analyze technological changes in socio-economic environments. We
illustrate the ideas with a model that incorporating the main trends is simple enough to extract analytical results
and, at the same time, sufficiently complex to display a rich dynamic behavior. Our study shows that there
exists a macroscopic observable that is maximized in a regime where the system is critical, in the sense that the
distribution of events follow power laws. Computer simulations show that, in addition, the system always
self-organizes to achieve the optimal performance in the stationary state.
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The evolution of socioeconomic environments is attract- The dynamics must be consequent with the aforemen-
ing the interest of the physics community due to the inherentioned basic trends. Two main ingredients contribute to the
complexity of many dynamic processes. In particular, condynamical evolution. One is the interaction with the rest of
cepts and tools widely used in nonequilibrium statisticalthe population. Each agent should have the possibility to
physics have proved to be quite useful when studying thenodify her technological level if the benefits derived from
complex behavior of interacting economic agefrits 3]. this change are increased. With only this term the system

There are clear evidences that social and economigight reach a quiescent state where all the agents are happy
change in modern societies typically come in “waves” with \yith their respective technological level, not necessarily the
seemingly little intertemporal structure. There are many faCxzme for all of them. To complete the picture, it is also

tors that can contribute to such complex evolution but, inyara) 1o think of individual mechanisms of technological

essence, any theory able to account for the mhere_nt dyna improvement which could be modeled as a sudden update of
ics of the phenomenon should consider how the stimulus fo

change spreads by gradual local interaction through a soci r|1e state of a given agent. This change plays the role of a
network as well as the incentives that govern individual be

Perturbation and admits several interpretatig., local in-
havior[4-7]. The hope is that, independently of the particu-

novation, a shock in payoffs, population renewal, )etien-
lar choice for the microscopic rules describing the dynamidnediately, her nearest neighbors check whether an update to

behavior of the agents that form an arbitrary system, on& New technological state is more profitable for them. The

should observe some collective trends that could be reflectefocess can be extended all over the network triggering a
in terms of macroscopic observables. wave of change or avalanche till a new quiescent state is

In this paper, our main goal is to define a general scenariééached. Then, the sequence of events is repeated again. No-
that could be useful to understand evolution in socioecolice that in modern socioeconomic environments, the diffu-
nomic environments and within such a broad field our con=sion of information and technology is usually a fast process

cern is related to technological progress. In a general sens@hile advances are developed in a much slower time scale.
let us consider a population of agents each of them interacttherefore, it is reasonable to assume that both processes are

ing with a group of neighbors in order to carry out projectsdefined in different time scales. Other ingredients can also be
of mutual interest. From these collaborations agents obtaifficorporated into this general framework but, up to now, let

payoffs which, of course, tend individually to be as large asUs keep this simple picture in mind.

possible. To be more precise thesgyoffsshould reflect sev- Next point concerns the characterization of progress.
eral basic properties. First, they should account for a basiore precisely, we need to measure things in terms of a
benefit obtained just for having a certain technological levelMacroscopic observable. Accounting for the rate of advance,
It might be thought as an index for the technological potenthe most natural choice is the mean velocity of progress,
tial productivity. It is reasonable to assume that the highetvhich can be defined as

the technological level the larger thmse payoffwill be.

Furthermore, it should measure how similar the tools re- i H(D)

quired to undertake a mutual project are. It should favor &

those collaborations where both technological levels are very p=lim p(T)=lim —/———, 1
similar (high compatibility and punish any waste of re- T T S st

sources derived from a possible mismatch between them. In =1

other words, technological compatibility should induce high

values of thepayoff functionwhile significant costs should wheres(t) is the number of agents involved in the avalanche
arise from any degree of incompatibilif]. It is also rea- generated at timg andH(t) is the total advance induced by
sonable to assume that those costs are bounded from beldte wave on the whole population. Assuming that each indi-
(the bankrupt vidual update induces a certain copt,also measures the
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total cost needed to reach a certain glof@lerageitech- wheren is the size of the systertnumber of agenjs For
nological level. For instance, a high advance rate will implylargen, three different regimes can be considered.
to achieve some given level at minimum total cost, i.e., with (a) y<2:
the minimal number of individual updates.

Several questions arise in a natural manner. For a given 2=y
system defined in such scenario, is there any kind of behav- P= 0= y+1 e
ior which could optimizep? If this is the case, how does the
system evolve towards the optimal state? (b) 2<y<a+1:

Let us steer the intuition of the reader with a physical
discussion on the basis of the scenario proposed so far. If the Y—=2 i
cost of an update is very small, then all agents are willing to p= a_—mn Y,
adopt the best available technology and any new particular
improvement will immediately be diffused through the  (¢) y>qa+1:
whole population, leading to an avalanche involving a large
number of individuals, eventually the whole system. In con- y—2
trast, in the opposite case it is generally difficult to find an p=
agent interested in changing her current state since even if a
rather advanced technology is available, the cost will typi-
cally be too high leading to a situation where avalanche§i
tend to be very small. These two extreme situations can b
identified with a supercritical or subcritical regime, respec-
tively. In both cases the advance rate defined in(Extends

y—a—1"

Several conclusions can be extracted from these expres-
ons. First, notice that there are two regimes where the rate
4l technological advance increases with the size of the sys-
tem which suggests that large ensembles enjoy beneficial
. “scale effects,” i.e., large populations grow faster. It is in
to _be mdependent of thg number of ageqt§rom a theo-' these regions where oﬁe EoSId expec? an optimal advance
retical standpoint one might expect that in the mtermedlatq_ate and therefore an optimal collective performance. In con-

range th_e most int_eresting phenomena can emerge sinpe itt\%st there is another regime wheseis independent ofi
where rich dynamic behavior may flourish. In this reglme,sugg’esting a poorer cooperative dynamics

l/l\:etexpe%t that atsuﬁlst%ntlil deé:;ret(he of geteroge(guyﬁnel . Let us illustrate the general scenario by proposing a par-
at can be eventually broken by the advance ot technologigejar model endowed with the essential features requested

cal avalancheiplays ar:‘unqamentgl role. hen it i in the introduction. In this way we can investigate how the
ane one knows the distribution c};ff_;md .H then 1tIs  gigtribution of technological advances depends on micro-
straightforward to work oup and determine if there is any .scopic details of the dynamics. In order to enhance transpar-
specific regime where the performance of a given system 'ﬁncy we have reduced the complexity of the model as much
optimal. There are plenty_of evidences reported in the Iitera-as possible. We have considered a system formed by a popu-
ture showing that quantities such asandH follow power 4o of agents defined on a periodic 1D geometry and

lawld'Strr]'bUt.'onsd[.l’tg.Bl?' Th(ta)refore, we aslsume t{]/aty the nearest neighbor interactions. Each agent is characterized by
avalanche-size distribution obeys a power [Bs)~1/s”, a positive real variabl@;(t) identified as the technological

for somey>0, as well as the distribution of technological |o\e| “The interaction with the neighbors is evaluated in

~ B iti .
advgnces per avalancR¢H)~1/H” for some positiveB. I 1ormq of the payoff function that we have chosen to be
addition, we take the natural assumption of considering that

avalanche sizes and induced advances should also be related,

_ —_e(@-a")y if a>a’
on average, through some power relationship of the form Wa,a’)= a—k/(1-e ) Ta>a,

' . S)
a—ky(1—e @ -3y if a<a’. ©
H~s“ (2 i . .
Thus, the base payoff obtained from using a certain technol-
ogy is assumed equal @ while the incompatibility costs

with @=1. Notice that the lower bond=1 corresponds to . . .
. A .. resulting from being too advanced or too backwards relative
the two aforementioned extreme situations: either a uniform)

growing front (supercritical or hardly interacting agents fo neighbors are parametrized, respectively, by positive fac-

(subcritica). It can be easily shown that, providedand 3 tors k; and k,. However, as we will see later, the overall
are larger than 1, the following relation should hold amongprOpertIes of the system only depend on the differekce

the exponent§10]: =ki—ko.

The dynamics of the model has two main components. At
each time step a randomly selected agent is chosen to update
_ y—1 3 her technological level froma;(t—1) to aj(t)=a;(t—1)
p—1 +o;(t) whereo;(t) is a i.i.d. random variable. Thg=i
+1 agent now has three options: either to maintain her level
It is also straightforward to find that the rate of technologicalor to adopt the level of one of her two neighbors. She is
progress is assumed to take that actiam-{a; ,a;_1,a; 1}, which maxi-
mizes her total payoffy(a,a;_,)+¥(a,a;,) [16]. This
2y nlter_q process qontinues until no agent wants to pe_rform any ad-
= , (4)  justment in her technological level. At each time step, the
a—y+l p2v—1 size of the avalanche is

o

p
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FIG. 1. Logarithm of the probability of having an avalanche of | denoted byA =|ja;,;—a;_4]

size s vs. logarithm of the sizes, for different values ofk=k;
—k,. The length of the system is kept fixedrat 4096. Fork=2
only events of sizen are observed.

s(ty=#{iza () #a(t-1)}, (6)
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situation, i.e., for largek, the avalanches are of small size
since the agents behave almost independently; this behavior
is close to the random deposition model well known in sur-
face growth[17]. For intermediate values of the coupling
parameter the distribution of avalanches follows a power law
for several orders of magnitude of avalanche sizes. The tech-
nological advance is also distributed according to a power-
law and assumptio(®) is also fulfilled as we show in Fig. 2.
Therefore, in this regime there is a clear absence of time as
well as length scales typical of a critical std##10. We
have thus shown that different regim@s),(B),(C) appear in
this very simple model when changitkg

A deeper analysis of the model shows that it is possible to
extract analytical information about the location of the super-
critical regime. In particular, by only using local arguments,
it is straightforward to show that if the difference in techno-
logical level between two neighboring sites of a given agent
, satisfies

2A
-, ®

kE kl_ k2<k*(A)E
1-e™

then agent will always choose the highest local technologi-

where # } stands for the cardinality of the set in question, cal level which in its turn can trigger additional updates in

and the total advance

H(t)zg1 [ai(t)—a;(t—1)]. (7)

Then, again one agent is updated randomly and so on.

neighboring site$16]. In our case, where perturbations are
assumed uniformly random distributed in the interf@/1]

and consequently the difference between agents is a continu-
ous variable, whelk=<k* (0)=2 any local inhomogenenity
cannot be sustained and the system achieves a global syn-
chronized state where the technological level of all the

Three different regimes are clearly observed in simula-agents is exactly the same.

tions. Figure 1 shows the distribution of avalanches for dif-

Now, let us consider the evolution of the macroscopic

ferent values of the parametkr As we expected, below a observablep. Figure 3 shows the time evolution @f for
certain critical value all the avalanches are of the size of thelifferent values ok and a fixed system size=512, whereas
system. The technology advances at unison similar to a uniig. 4 displays the stationaryong run values ofp for dif-

form front. Any perturbation in the system due to innova-ferent values ok and different system sizes. Two important
tions is incorporated immediately by the rest of agents beand appealing features must be singled out here. First, Fig. 3
cause the cost of the update is very small. In the oppositshows thatp grows monotonically over time, the system
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FIG. 4. Advance rate as a function kfin a log-log scale, for
three different values of the length. For each run we have generated

FIG. 3. Time evolution op as a function ok. The number of r4*n avalanches and averaged over 10 independent realizations of

updatesT, accounts for the slow time scale. The system size is kep
fixed atn=512. The result is an average over 100 independen
runs.

he noise, except fan=2048 where only two independent realiza-
ions have been considered.

fitting straight lines to the wide region where power-laws are

self-organizes to achieve, for eaklihe best associated per- observed16]. _
formance. No matter what is the initial condition the system_ !N conclusion, we have presented here a general scenario

evolves to maximize the advance rate. This quantity is maxilof the study of the technological evolution in a socioeco-

mal when the stationary state is reached. As far as we knowOMIC environment. It is quite appealing to realize that in a

this is the first model where critical behavior is attained\/ery general manner the framework described in this paper is

through a process of self-organization that maximizes a Cer<'3\ble to predict the existence of different regimes depending

tain macroscopic observable. Second. Fid. 4 indicatessthat ©" the cost associated to the improvement or diffussion of
. o PIC ( o ond, F1g. = 1 St technology and that these regimes can be computed directly
is maximized within the critical region, at a point located on

its | Y : thin th h from a macroscopic quantity without specifying details about
its “lower edge” [18] (i.e., within the narrow range where o \nderlying microscopic dynamics and payoff functions.
ke [3,4]). Notice that in the two limit casek<2 andk

| Even more, we have shown through a simple model that
—o, H~s and thereforg is equal to the expected value of . iica| hehavior is attained in a natural way through a pro-

the external random perturbation, 0.5 in our case. Furthelsess of self-organization that maximizes a macroscopic ob-
more, these figures clearly show that the advance rate d@gpaple: the advance rate.

pends positively on the number of agentstressing again

the faster growth of large economies. This fact is the moti- The authors gratefully acknowledge A. Mas-Colell and
vation to investigate also if the model presented in this workH.J. Jensen for helpful comments. This work was supported
accomplishes the relationship between exponents predictdsy DGES of the Spanish Government, Grant Nos. PB96-
in the general scenario. We have indeed confirmed that th@168 and PB97-0131, and EU TMR Grant No. ERBFM-
scaling relation(3) is fulfilled within numerical accuracy, by RXCT980183.
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