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Abstract

The last decade and a half has seen an ardent development of Self-Organised Criticality (SOC), a
new approach to complex systems, which has become important in many domains of natural as
well as social science such as geology, biology, astronomy and economics, to mention just a few.
This has led many to adopt a generalist stance towards SOC, which is now repeatedly claimed to
be a universal theory of complex behaviour.

The aim of this paper is twofold. First, I provide a brief and non-technical introduction to
SOC. Second, I critically discuss the various bold claims that have been made in connection with
it. Throughout, I will adopt a rather sober attitude and argue that some people have gotten carried
away by fancy contentions far too readily. My overall conclusion will be that none of these bold
claims can be maintained. Nevertheless, stripped of exaggerated expectations and daring

assertions, many SOC models are interesting vehicles for promising scientific research.
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1. Introduction

Unifying theories have a long history. Ever since antiquity attempts have been made to explain a
seemingly heterogeneous variety of phenomena by a few general principles. One of the most
recent attempts in this vein is Self-Organised Criticality (SOC), a new approach to complex
systems, which has become important in many domains of natural as well as social science.! SOC
has been used to model phenomena as diverse as the dynamics of granular materials, evolution,
earthquakes, forest fires, landscape formation, solar flares, river networks, mountain ranges,
volcanic activity, traffic jams, plasmas, superconductors, fluctuations in stock markets, brain
function and the spreading of epidemics, to mention just a few.

This has led many to adopt a generalist stance towards SOC, which is now repeatedly said to
be a new paradigm for the explanation of complex phenomena or even to instruct us about how
nature works. Although not all scientists explicitly endorse views similar to this, the absence of
critical voices and the prevailing enthusiasm in the scientific community to come up with ever
more applications of SOC and indicates that this indeed seems to be a widespread conviction.

This should make us suspicious. Does SOC really provide us with a general account of
complex phenomena and if yes what kind of account is it? Despite its prominence within science,
SOC has received no attention from philosophers so far. The aim of this paper is to get
philosophers of science acquainted with SOC and to present a critical assessment of the theory as
well as the bold claims that have been voiced in connection with it. To this end, I first provide a
basic introduction to SOC (Sec. 2), and then discuss in what sense SOC is said to be a general
theory that instructs us about the working of nature (Sec. 3). In section 4, I criticise these views

and argue that, even on the most modest reading, the claim is untenable: SOC is not even close to



providing anything like an ‘essential dynamical process for everything that evolves and becomes
complex’ (Paczuski and Bak, 1999, p. 2). This, however, does not prevent SOC from being a
useful tool for promising research — false models may be valuable vehicles for promising
research. Why this is so and how false models are used is discussed in section 5.

As this short survey indicates, the thrust of my discussion is deflationary. The bold claims
put forward in connection with SOC cannot be sustained. This raises the questions whether SOC
is just another item in a long line of inflated claims about the scope of a particular theory — as
recent examples catastrophe theory, chaos theory or fractal geometry readily come to mind. The
answer is yes and no.

The affirmative part of the answer asserts that the claims put forward in connection with
SOC are indeed exaggerated in a similar way in which claims about fractal geometry, say, are
exaggerated. SOC is not the essential dynamical process for everything that evolves and becomes
complex just as fractal geometry is not the geometry of nature.” But why then, might one ask,
should we spill any ink on one more of these unsustained pretensions? The answer to this
question is that though, given past experiences with bold claims of that sort, a deflationary
verdict may not strike us as too surprising, it needs argument — there is no prima facie reason why
every bold theory must be mistaken. However, while fractals and chaos, for instance, have
received a fair amount of attention in the past, not a single philosophical discussion of SOC has
been published yet. This is rather surprising given that SOC is just the matter that is spreading at
the moment and that people are interested in. The present paper aims at filling this gap.

The negative part of the answer points towards a disanalogy between the role SOC and the
other aforementioned theories play outside the realm of mathematics and theoretical physics.
SOC has diffused into applied disciplines to a much greater extent than any other of the recently

fashionable theories. While catastrophe theory, for instance, by and large only paid lip service to



applications and remained a mathematician’s concern, SOC is widely applied outside theoretical
physics, where it originated. In particular in the earth sciences, from which many examples
discussed in the sequel are drawn, SOC gains more and more momentum. Geologists write
papers on SOC, publish them in geological journals and discuss the issue at conferences.’ This is,
I take it, another reason why we need a critical examination of what SOC is and of what it
achieves. Given that the generalist claims about SOC cannot be held up, what are we to make of

these uses? This is the question I address in the second part of the paper.

2. A Primer on SOC

At first glance, there is a bedazzling multitude of SOC models.* However, a closer look at the
literature reveals that most of these fall into one of two main groups (Vespignani and Zapperi,
1995, p. 6347). The first group, the so-called ‘stochastic models’, consists of models with a
stochastic dynamics operating in a deterministic environment. The paradigm example for such a
system is the sand-pile model; further important examples include earthquake models and forest
fire models. The second group, the so-called ‘extremal’ or ‘quenched’ models, consists of models
with a deterministic dynamics operating in a random environment. The most important example
of this type is the Bak-Sneppen model of evolution. In this section I will introduce both types of

models and discuss important examples.



(a) Stochastic models

To become familiar with the kind of situations the first kind of SOC deals with, just remember
some early childhood experiences in the sandbox (some people might be acquainted with similar
scenarios from what occasionally happens on their desks). We set out to build up a pile of sand
from scratch. We add sand in small portions (e.g. grain by grain) at random locations. At the
beginning nothing happens. But as the pile grows, now and then the addition of a further grain
triggers a local motion whereby the sand rearranges itself slightly. If, at that stage, we suddenly
stopped adding sand, the pile would almost immediately come to rest in a ‘metastable’ state. As
the process continues, the pile grows, its slope becomes steeper, and small avalanches start
spilling over the sides. After a while, the pile reaches a critical size and large avalanches will
occur that may span the entire pile. At this point the pile will grow no more, the amount of sand
which slides off is equal to the amount of sand which is added. This is the self-organised critical
state. In this state, avalanches of all sizes may occur; from the toppling of one single grain to
‘local’ landslides and up to huge avalanches tearing down good parts of the pile. This state is
critical in the sense that a single local event such as the falling of a grain at a certain position can
lead to effects affecting the system in its entirety; it is self-organised because this pattern occurs
spontaneously, there is no outside agent or ‘invisible hand” who imposes order. Hence, what has
happened is that the addition of sand has turned the pile from a stable system, in which the
dynamics of individual grains is local, into a critical system whose emergent dynamics is global.
After having laid down the leading idea, we have to give it a precise formulation in order to
make it mathematically tractable. To this end, we model the sandbox by a two-dimensional
quadratic lattice and introduce co-ordinates such that the tuple (ny, ny) denotes the cell whose co-

ordinates are X=nyand y= ny respectively, where ny and ny are natural numbers ranging over 1, ...,



N; thus the lattice has N? cells. Furthermore, we assume that our ‘grains’ are regular cubes, whose
side-length is just the length of a cell of the lattice, and which can be stacked on top of each other
like chocolate bars. Then we assign to every cell (ny, ny) an integer Z(ny, Ny) which represents the
number of grains on the cell. What we get looks very much like a chessboard with dice piled up
on it (see Fig. 1). Within this model, adding a grain of sand to the pile amounts to first choosing a
cell (ny, ny) at random and then increasing the number Z(ny, Ny) by one: Z(ny, ny) — Z(ny, ny) + 1.
This process is now repeated again and again in regular discrete time steps (for instance one grain
a second). But since we don’t want to pile up cubes ad infinitum, we have to introduce a
‘toppling rule’. This is done as follows: We stipulate that particles only flow in axial directions
and can leave the system only at the margin. The ‘toppling dynamics’ is implemented by setting a
threshold Z; above which any given Z(ny, ny) is unstable. Once Z(ny, ny) exceeds Z. the unstable
site ‘tumbles’ by dropping four grains off and adding one of them to each of its nearest

neighbours. Thus, for Z(ny, ny) greater or equal to Z; we have:

Z(ny, ny) — Z(ny, ny) — 4
Z(ny£1,ny) = Z(ny 1, ny) +1

Z(ny, Ny £1) — Z(ny, ny 1) + 1

For convenience, Z; is usually chosen to be equal to four, but in our model any number equal
to or greater than four will do. It is easy to see that if the lattice is ‘crowded enough’, the addition
of one more grain at a particular site may trigger a ‘domino effect’: The neighbours of the
unstable site receive one more grain each of which makes (some of) them unstable as well, and
from here the perturbation spreads to the neighbours’ neighbours and so on. The system has

reached the SOC state. This ‘chain reaction’ results in an avalanche which keeps going until all



sites are stable again. Hence, minor perturbations may lead to effects of all sizes, and the
perturbation may eventually propagate throughout the entire lattice.” For convenience we also
stipulate that while an avalanche is going down, no further grains are added to the system, the
addition of sand stops when the first grain topples and just starts again when the system has
reached a stable state.

Extensive numerical calculations have been carried out on this model and have yielded an
astonishing result: The distribution of avalanche size and duration displays a power law
behaviour, with all sizes appearing. That is, when we let the process go on for a long time and
count the number s of grains that topple in an entire avalanche, and measure its duration d, and
then count how many avalanches of size s and duration d have occurred, we find that these

numbers, N(s) and N(d) respectively, obey a power law:*’

N(s)=s @and N(d)=d ™.

For the above model, numerical calculations yield that the exponents approximately equal

1.1.® This power law is the hallmark of SOC and turns out to be crucial in future applications.
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Fig. 1: There are two grains on cell (3, 3), hence Z(3, 3) = 2.

But what actually is SOC? Intuitively, the idea of a SOC state is quite clear, yet is there a
rigorous definition? This turns out to be a hard question to answer. In the many pages written on
SOC one hardly ever encounters a definition of what SOC really is. One finds vague phrases like
‘power law behaviour without parameter fine tuning’ or some loose talk about ‘scale invariance’
or ‘power law distributed events’. To improve the situation, Grinstein (1995, p. 270) suggests
defining the SOC state as a ‘statistical steady state that is produced by processes with an infinite
separation [...] of time scales [...], and exhibits scale invariance without further tuning of
parameters or long-range attractions.” He notes that this definition is not unproblematic and by no
means uncontroversial. Be that as it may, I don’t want to dwell on this issue here since nothing of
what follows hinges on it. For my purposes an intuitive understanding of SOC is sufficient.’

What is the bearing, one might ask now, of this fancy game on ‘real’ science? What do we
learn about the world by tampering with an idealised sand-pile consisting of cubic grains obeying
oversimplified laws of motion such as the toppling rule? Surprisingly enough, it has turned out
that stochastic SOC models are much more than just an enjoyable pastime. Models of this kind
have been constructed for all kinds of systems and its proponents claim they successfully explain
the behaviour of such diverse phenomena as earthquakes or forest fires."

To get a flavour of how this is achieved, I will present a brief discussion of the earthquake
case.'' We are all familiar with the phenomenon: Most of the time the surface of the earth is at
rest, but every now and then the ground shakes. There are a few very large earthquakes with
catastrophic consequences and many more smaller ones. But what does ‘many more’ mean?

Earth scientists have pursued this matter and have come up with an interesting result: If one

counts the number N(m) of earthquakes of a given magnitude m one finds that they obey a



glaringly simple exponential distribution now known as the Gutenberg-Richter law:

N(m) = k*m @),

where b ~ 0.5-0.6 and k is some constant (Chen et al., 1991). But for the scientist with some
knowledge about SOC this rings a bell: Though this law is a purely empirical finding and much
older than SOC, it is precisely the power-law distribution for the avalanche size. This
immediately raises the question: Are earthquakes like the sand slides in the pile model? Is the
Gutenberg-Richter law an indication that the crust of the earth is in a SOC state?

Proponents of SOC have answered this question with an emphatic ‘yes’. A preliminary
justification for this ‘yes’ points to the similarities between the crust of the earth and the sand-pile
model: Avalanches correspond to earthquakes, adding a grain corresponds to tectonic plate
motion providing the energy for the earthquakes, and so on (see for instance Bak, 1997, p. 89).

Admittedly, this is a bit too rough and ready. For this reason researchers have come up with
different models of the crust of the earth, of which the so-called block spring model is the most
popular. In this model the surface of the earth is represented by a two-dimensional array of
blocks connected to each other by springs which represent the pressure on the material near a
fault. The tectonic motion is simulated by fixing all blocks on a plate which is dragged along
another (fixed) plate (see Fig. 2). Some tampering with this model soon reveals that the
mathematics describing the motions of the blocks is very much the same as in the sand-pile
model. Hence, the motion of the blocks exhibits SOC and the Gutenberg-Richter law holds true.
Since the details of all this do not matter for my purposes, I omit them here. Moreover, this is not

merely lucky coincidence; all earthquake models geophysicists have come up with univocally



exhibit SOC behaviour. For this reason, the proponents of SOC conclude, one can legitimately

claim that the crust of the earth has organised itself into a critical state.
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Fig. 2: The block-spring model.

(b) Extremal models

The second group of SOC models deals with processes operating in a random environment whose
dynamics is deterministic. The most important model in this group is the so-called ‘Bak-Sneppen
model’ of evolution. In this subsection I shall provide a brief discussion of this model and the
heuristic ideas that lead to its construction.'?

It is a widely (though not univocally) held conviction among Darwinians that evolution is a
continuous and gradual process. On this gradualist view, biological change is driven by selection
for small mutations, operating more or less uniformly at all times and all places. Unfortunately,
this picture cannot explain mass extinctions like the vanishing of the dinosaurs about 65 million

years ago, though this is a well-established fact. The usual move to salvage the concept of a
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smooth evolution then is to look for extrinsic causes like volcanic eruptions, climatic changes or
extraterrestrial objects hitting the earth, which are then supposed to account for the ‘irregularities’
in this otherwise smooth process.

This picture does not square with the following. The late Jack Sepkoski did extended
research on thousands of marine fossil records and found that these large extinction events are
just a part of a general pattern: If one divides time in consecutive units of four million years, then
counts the fraction of species that disappeared since the previous period (i.e. if one calculates the
extinction rate), and finally draws a histogram showing the number of periods with an extinction
rate between 0% and 10%, 10% and 20%, and so on, then one finds that this histogram can be
very well approximated by a power law of the same type as we have seen above. The mass
extinctions then are at the extreme end of that curve.

As in the earthquake case, this raises the question whether this power-law distribution is a
hint that evolution is a SOC process. After all, why not? Bak (1997, p. 114) writes: ‘Biology
involves interactions among millions of species, each with numerous individuals. One can
speculate that the dynamics could be similar to that of sand-piles with millions of interacting
grains of sand.” In this picture, an extinction can be viewed as an avalanche, where the death of a
species causes the death or birth of other species in the same way that the addition of a grain of
sand leads to toppling of other grains. However, not even real ‘aficionados’ of SOC pretend that
speculations are enough. To substantiate this claim, various mathematical models of evolution
have been constructed, most notably the so-called Bak-Sneppen model (Bak and Sneppen, 1993).
In this model a continuous fitness number between zero and one is attributed to every species and
selection is taken to act on the level of species. Then consider a given number S of species. To
model the interaction between these species, think of them as placed on a circle, where each

species only interacts with its two neighbours in the following way (in reality this might
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correspond to a predator-prey chain): At each (discrete) time step, the species with the lowest
fitness goes extinct and is replaced by a new species with a random fitness. However, this affects
the neighbours as well (e.g. if a bird goes extinct the fitness of the beetles who were the prey of
the bird as well as the fitness of the predators who hunted the bird are affected). For this reason,
the fitness levels of the two neighbours of the extinct species also get replaced by a new random
fitness number.

This is the set-up of the model. If now, starting from a random initial distribution of fitness,
one calculates how species evolve, one finds that the model exhibits SOC. There are periods
where almost nothing happens, and suddenly an avalanche of extinctions occurs. The size as well
as the duration of the avalanches obey the by now well-known power-law distribution and thus
correspond very well to Sepkoski’s empirical findings. This suggests that evolution indeed is a
SOC process.

Needless to say, this model was just a starting point, numerous variants, ramifications, and
improvements have been suggested. All these, however, remain faithful, not to the detail, but to

the spirit of the Bak-Sneppen model.

3. In what sense is SOC claimed to be ubiquitous?"

The examples discussed in the previous section by no means exhaust the class of successful
applications of SOC. As already noted in the introduction, SOC has been applied to problems like
forest fires, landscape formation, solar flares, brain function, and many more. Given this

empirical success, some have claimed that SOC really is the crucial concept for understanding
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the working of the world. To mention just a few, Per Bak (1997, title) claims to have discovered
‘how nature works’, Creutz (1997, p. 147) thinks that ‘[tlhe idea provides a possible
“explanation” of the omnipresent multi-scale structures throughout the natural world’ (my
emphasis), Paczuski and Bak (1999, p. 2) assert that ‘punctuated equilibrium [i.e. SOC] dynamics
is the essential dynamical process for everything that evolves and becomes complex’ (my
emphasis), Blanchard and co-workers (1999, p. 375) observe that SOC has become a ‘new
paradigm for the explanation of a huge variety of phenomena in nature as well as social science’,
and Buchanan (2000, title) thinks that SOC is ‘ubiquitous’ and has discovered ‘why the world is
simpler than we think’.'* Although this sample is certainly not representative and not all
scientists explicitly endorse bold claims of this sort, the prevailing and wide-spread enthusiasm in
the physics community to come up with ever more applications of SOC indicates that something
along these lines is what a good many scientists at least implicitly subscribe to.

This gives rise to two questions: First, what is really claimed when SOC is said to be
ubiquitous? In what sense is SOC a general feature of nature? Second, once we have settled for a
specific reading of the claim, is the claim true or not? Is SOC really ubiquitous? In this section I
address the first question; the second will be discussed in the next. My conclusion will be rather
sober. I will argue that a closer look at how SOC is being put to use renders the ubiquity claim
untenable.

What does it mean to say that SOC is ubiquitous? The most obvious interpretation of this
claim is to think about SOC as a general theory (like thermodynamics, for instance) at the heart
of which lie powerful general principles which turn out to be applicable across different and
apparently unrelated fields. This seems to conform well with the views just mentioned.

Can this be true? Is SOC a general theory in (roughly) the same way as thermodynamics is?

A closer look at how SOC is applied reveals that this cannot possibly be the case. A remark of
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Bak’s highlights the problem. While writing about earthquake models he notes that the model of
evolution can be thought of as an earthquake model ‘simply by a change in terminology’ (1997,
p. 172). This phrase nicely summarises the way in which SOC is put to use. Roughly speaking,
the general strategy is this: take the sand-pile model (or another well understood SOC model) and
reinterpret the terms in its mathematical description so that they refer to the new system. In the
case of the earthquake model just mentioned, one reinterprets the mathematical term which
stands for fitness in the evolution model so that it refers to the barrier distribution over a fault
plane that generates earthquakes (cf. ibid.). In this way, we obtain an earthquake model from an
evolutionary model almost for free. And this is by no means an atypical example. At the heart of
SOC lie a few ‘core models’, which are ‘applied’ to different domains by reinterpreting the
elements of one of the models. It is this strategy that generates the overwhelming number of SOC
applications.

But do we apply a theory to a new domain by merely reinterpreting the terms of its calculus?
I do not think so. Applying a theory amounts to bringing its general principles to bear on a
particular situation. To stick with the example, thermodynamics is applied to a concrete situation
by showing that the system’s behaviour is an instance of its two general physical principles
(which, very roughly speaking, state that energy is conserved and that entropy cannot decrease).
In the case of SOC, however, things are different. SOC is applied by taking one of the core
models whose mathematics is then reinterpreted so that its terms refer to features of the new
target system. Hence, what lies at the heart of SOC are not physical principles but a few core
models or, to be more precise, their mathematical skeleton which is then ‘applied’ by giving its
terms different interpretations.

For this reason, SOC does not seem to be a scientific theory. Whatever stance one might take

towards scientific theories, it seems to be uncontroversial that an uninterpreted calculus is not
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part of empirical science at all. A scientific theory is about something, be it earthquakes, forest
fires or electrons. But a calculus by itself is not about anything (at least not about anything in the
physical realm). It becomes a scientific theory just by qualifying its elements with non-formal
concepts like mass or energy.

To drive the point home, consider the example of linearity. Linear equations are arguably
the most widely used mathematical structure in science (they are excessively applied in physics,
economics, psychology, biology, and many other disciplines), but clearly they are not a theory of
everything they describe; nobody would call linearity a theory of elasticity, the natural rate of
unemployment (NAIRU), and learning (linear response theory), just because linear equations are
used to describe all these phenomena. Similarly, we would not say that Bohr’s theory of the atom
and Newton’s theory of the solar system are identical because they are based on the same
calculus; and it would strike us as rather outlandish, to say the least, if someone claimed that
partial differential equations were a theory of diffusion, heat-conduction, quantum motion, and
the vibration of a membrane just because this type of equation is used in all these cases. "> Hence,
I conclude that SOC is not a scientific theory at all, at least not in the same sense
thermodynamics, quantum mechanics, or electrodynamics, for instance, are theories. '

But if SOC is not a theory, what is it then? As I see it, the above discussion of the way in
which SOC is applied suggests that it is best considered as a group of models which are
connected to each other by what Mary Hesse (1963, pp. 75f.) has called ‘formal analogy’. Two
objects are related by formal analogy if they bear no similarity other than that of both being
interpretations of the same mathematical calculus. This is the situation we find in SOC. What
sand-piles, earthquakes, and traffic jams (as construed by SOC) have in common is precisely that

they are differing interpretations of the same calculus. At the core of SOC lie a few mathematical
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models which are interpreted in ever different ways in every application, whereby they turn out to
be a powerful mathematical tool to tackle a wide range of problems.

On this reading, the claim that SOC is ubiquitous amounts to saying that a variety of
different phenomena from various fields can successfully be modelled within the SOC-
framework. SOC is seen to provide tools, which can be used to build adequate models of vastly
different systems. This seems to be a fair construal of what SOC does, and also one with which

its proponents can live. Hence the question arises: Is it true?

4. 1s SOC really ubiquitous?

It is undoubtedly the case that SOC models have been constructed for an impressive variety of
phenomena; hence the ‘numerical’ part of the claim is beyond discussion. However, in order to
claim that SOC is ubiquitous one not only has to come up with a myriad of models for all kinds
of things. One also has to show that these models really capture the essential features of the
systems modelled, and hence provide a solid account of the processes at work. In what follows I
shall argue that this is the problematic bit. Most of the SOC models are so highly idealised that it
is, to say the least, an open question whether they really instruct us about what is going on in
nature.

As an illustration consider the paradigm sand-pile. In a by now well-know experiment, Frette
and his co-workers (1996) set out to check whether a pile of rice exhibits SOC or not. What they
found is that the dynamics of the pile reproduces the power-law distribution of the avalanche-size

typical for SOC only in the case of very elongated grains, but not in the case of round-ish ones.
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The more spherical the grains become, the less SOC-like behaviour the pile exhibits. Hence, SOC
is by no means a general pattern of the behaviour of granular piles. And worse, this failure to
account for how a host of real piles behave is not just due to ‘experimental noise’; rather it is
rooted in the simplifying assumptions of the model. The movement of the cubes in the model (the
sand-pile model is a cellular automaton model) does not at all correspond to the movement of real
grains: cubes move just from one square to the next in axial directions, and they can even jump
upwards, whereas the behaviour of real sand shows a variety of slip, slide, and roll motions the
model cannot account for (Kardar, 1996, p. 22).

A further problem is that the model works under the assumption that the grains move
instantaneously from one field to the next and then come to rest. Real grains, however, show
inertia (roughly speaking, the tendency to keep moving once set in motion). It takes some time to
accelerate them and then it takes again some time until they eventually come to rest. But the SOC
model does not take the inertia of the grains into account and this is another reason why the
model fails to capture the dynamics of real piles. And the worst is yet to come: As Dickman et al.
(2000, p. 38) point out, the neglect of inertia is necessary to obtain SOC in the first place. When
we try to augment the model and build inertia into it, SOC vanishes; and the reason why the
model gets things more or less right in the case of elongated grains is that their inertia is
extremely small. Hence, there seems to be no way that this model can ever account for how most
real piles behave, or in other words, it is not even approximately true. To conclude, the model
gets neither the kinematics nor the dynamics of most real piles right, and the latter do not even
reproduce the crucial power-law distribution of the event-size. For this reason, it is at best unclear
what it tells us about how a real pile works. Frette et al. (1996, p. 51) draw the conclusion that
‘SOC behaviour is not a universal characteristic of slowly driven granular media.” In view of all

this, I don’t think we are entitled to say that real sand-piles do exhibit SOC.
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However, other models seem to be better off since they, unlike the sand-pile model, do yield
the right predictions. The evolutionary model, for instance, posits a power law distribution for the
extinction of individual species, and this is exactly what palacontologists found when they went
through their fossil extinction records.'” The latter is certainly a remarkable finding, but is it
sufficient to establish that evolution exhibits SOC? I don’t think that this is correct. Power laws
and SOC states are two different things. The finding of a power law can, but need not be a
footprint of an underlying SOC structure; or in the jargon of confirmation theory, we face the
problem of alternative hypotheses. There might be other, yet unknown, mechanisms for
generating the same power law.'® Therefore, further evidence is needed to establish the claim that
evolution really is a SOC process; in particular, one has to show that the model captures the
essence of the phenomenon.

At this point, however, one may have one’s doubts. One cannot help having the feeling that
the evolutionary model is constructed simply to get the statistics right. ‘Real” evolution does not
have much in common with a game based on the static replacement of one species by another
whose fitness is chosen randomly. The basic assumption of the model, that the species with the
lowest fitness goes extinct and is replaced by a new one with random fitness, has some
plausibility only if the extinction is due to an external cause (such as the impact of an asteroid). It
is just false if the extinction is due to natural selection, as premised in the model. So in order to
be realistic the model has to assume what it was built to do away with: external causes. More
generally, a closer look at the set-up of the model reveals that it does not seem to capture what is
really going on in this enormously complex process we call evolution. Philip W. Anderson, in his
review of Bak’s 1997, puts this proviso as follows: ‘[...] but the question here becomes whether
the model really captures the essence of the phenomenon or is constructed simply to do what it

does. An evolving ecology [...] has more to it than the right statistical distribution of extinctions
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[...]. Contrary to Stephen J. Gould’s prejudice, evolution does have a direction (we need not call
it “progress”), and it is not a static replacement of one species by another. So Bak’s “life” is not
life as we know it.” (1996, p. 773)

Hence, neither in the case of sand-piles nor in evolution is it clear that the present models
warrant the conclusion that the real systems exhibit SOC. And these examples are by no means
exceptions. Although there are cases where a SOC-model can be considered an adequate
description of the system’s behaviour (elongated rice, or the movement of domain walls in type II
superconductors, for instance; for the latter see Dickmann et al., 2000, p. 38), similar provisos
apply in almost all cases. Faithful representation is a necessary condition to sustain the claim that
things in reality are like in the model. But SOC-models meet this condition only in the most
exceptional cases. For these reasons I conclude that the currently available models do not provide

sufficient grounds to sustain the claim that a vast class of real-world systems actually do exhibit

SOC.

5. The usefulness of false models

My discussion so far has been rather critical. I have argued that SOC is not a theory but a group
of models. Moreover, these models are often such gross oversimplifications of real situations that
one cannot legitimately claim that the latter really do exhibit SOC. Taken at face value, what
SOC tells us about a real system is patently false, and therefore the claim that SOC tells us how

nature works cannot be sustained.
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Where does this leave us? Should we conclude that SOC should be assigned to the waste
paper basket sooner rather than later? I think that this would be too hasty for two reasons. First,
truthful representation of facts is not the only route to scientific success. As Morgan and
Morrison (1999, 28) point out: “We do not assess each model based on its ability to accurately
mirror the system, rather the legitimacy of each different representation is a function of the
model’s performance in specific contexts.” Also false models (and theories) can be a vehicle for
successful research and finally lead to an increase in knowledge. Second, SOC is a research
programme (in a Lakatosian sense) rather than a ‘finished’ scientific edifice. The ‘hard core’ of
the programme is the belief that earthquakes, evolution, traffic jams and so on are essentially
SOC processes in the way specified by the paradigm models discussed in the first section.”” But
research programmes are almost always ‘born refuted’ and an immediate fit between the
conjecture and experience is never achieved. One must treat budding programmes leniently; they
may take decades before they achieve reasonable empirical success.”’ For this reason, the
question is not so much whether the currently available SOC models give faithful accounts of
certain processes, but rather whether SOC is a promising research program or not. This, however,
is a question we cannot settle now: One of the punch lines of Lakatos’ account of research
programmes is that the methodology is backward looking. A programme can be evaluated only
ex post facto. There is no way to foresee how successful it will be before things have actually
been done. But SOC has hardly started (the key paper was published in 1987), so it is definitely
too early to assess its fruitfulness as a program and to either praise or dismiss it.*'

The remainder of the paper is devoted to a discussion of the first of the above points. Why
deal with false models? Prima facie, the observation that most SOC models are oversimplified,
incomplete, and deficient in many other ways leaves us with little reason for dealing with them. If

we want to do so nevertheless we have to answer the question of how these models tell us
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something about the real world. The block spring model, for instance, is not even remotely
accurate as a description of an actual geological situation. But how then can it be of any use in
understanding real tremblings? In what ways can a model lead to the comprehension of a
situation in the world when, as applied to this situation, it is just plainly false?

To answer these questions I will distinguish between the intrinsic and the extrinsic usage of a
model. I call the usage ‘intrinsic’ when the model is employed as a tool for enquiry, i.e. to find
out something about the world. I term the usage of a model ‘extrinsic’ when its purpose is
strategic rather than investigative, that is, when its importance does not stem from its success as a
tool of enquiry but, but from its pointing in new directions, articulating new ideas or ‘opening

doors’.

(@) Intrinsic usages
In this subsection, I discuss different ways in which SOC models can be useful despite their
falsity.

Learning from a model by building and using it: As Mary Morgan has pointed out (1999),
learning from a model happens in at least two places: in building it and in using it. (1) Building
models: Constructing a model is essentially a process of conceptualisation. Begin with some
visual and experimental evidence about the behaviour of the system (in some cases also some
background theory) and then interpret, conceptualise, and categorise this evidence in a certain
way. Or, in Nancy Cartwright’s terms (1983, pp. 133-4), we produce a prepared description on
the basis of the information gathered in an unprepared description. This involves applying a
certain conceptual machinery to the phenomena and, more generally, looking at the system under

investigation from a particular point of view. It is this process of interpreting and conceptualising
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that takes place in the development of a model, which involves learning about the problem at
hand.

This is what happens when one sets out to build a SOC model. As an example take the
formation of landscapes. Why do they look the way they do? To answer this question we intend
to think about landscapes in terms of SOC. This involves, among other things, to consider them
as something dynamic rather than static (contrary to our common experience where landscapes
appear static), to view them as the products of small outside influences, to focus on the breaking
down of avalanches of different sizes, and to pay attention to the (possible) emergence of fractal
patterns. By doing so (or by trying to do so) we learn a great deal about landscapes, even if the
model we end up with is not a realistic representation of the real system.

In the example given, this conceptualisation even gave rise to empirical work. Based on
these ideas, Tamas Vicsek and his co-workers built an experiment in which an ‘initial landscape’,
a granular pile which had the shape of a ridge, was exposed to the influence of water. This set-up
was then used to gather information about how landslides occur, what effects they have and how
they, in the end, produce a relief (see Bak, 1997, pp. 75-7).

(2) Using models: Models are instruments for investigating the world rather than passive
representations and we learn from them by using them. There are various different ways in which
learning by using can take place. Among these, one is particularly important in connection with
SOC, namely simulation. Roughly speaking, a simulation imitates one process by dint of another
one (Hartmann, 1996, p. 83). However, this does not imply that one process is a perfect replica of
the other. As Morgan and Morrison (1999, p. 29) observe, ‘we may be able to simulate the
behaviour of phenomena without necessarily knowing that the simulated behaviour was produced
in the same way as it occurred in nature.” In other words, what is needed in order to make a

simulation successful is only that we can map the model’s predictions onto empirical facts in a
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direct way, i.e. that the model can reproduce the concrete details of the behaviour of a system, but
this without necessarily representing the ‘higher level’ structures and properties adequately as
well.

This notion of simulation is of great use in the case of SOC. Due to the discreteness of the
models, computers can easily handle them and since we do not require that the process in the
model (e.g. the dynamics of the cubes in the stylised sand pile) be an exact representation of the
real dynamics of the system we can use these models to simulate all kinds of systems on a
computer. A concrete instance of this use of SOC models is the study of river networks (see Bak
1997, pp. 80-4). Simple SOC models for the formation of landscapes have been developed which
can simulate the process of the creation of a river network on a computer. This simulation is
successful in the sense that many aspects of the computed river network agree with empirical
observations. Nevertheless, and this is the salient point, the use of this model for the purpose of
simulation does not commit one to view that SOC is the underlying mechanism that creates these
networks in nature.

Models as sketches: * Another way to make sense of SOC models is to understand them as
sketches. While realistic models aim to depict the main characteristics of a system at least more
or less accurately, sketch models intend to highlight particular features by isolating and
exaggerating them. The assumptions of the model are chosen in such a way that they ‘give an
impression’ of some selected aspect of reality, not by depicting it accurately, but by ‘overstating’,
mis-describing, and deliberately distorting it. For this reason, the degree of approximation is
irrelevant in the design of the model. The objective is to tell a simple story that captures some of
the main features of the phenomenon, and the best way to do so is to disfigure these features into
an extreme case (compare Gibbard and Varian, 1978, p. 665 and pp. 673-676). This, however,

should not result in mere science fiction. The sketch must be such that, though false as a

23



description, it illuminates selected aspects of the system under investigation. Concretely, this can
among other things mean that the model serves one of the following purposes:* The sketch can
help to answer questions about more realistic models, provide an arena for answering questions
about properties of more complex models, ‘factor out’ phenomena that would not otherwise be
seen, serve as a limiting case of a more general model (or two false models may define the
extreme of a continuum of cases in which the real case is supposed to lie), or it can lead to the
detection and estimation of relevant variables.

This makes a good match with SOC. In fact, my discussion of SOC so far strongly
suggests that many SOC models are best understood as sketches: They do not depict a system
accurately but try to ‘give an impression’ of selected parts of reality by isolating, mis-describing,
and exaggerating them (earthquakes and evolution, for instance), or they merely bear similarities
of some kind to certain situations (SOC as applied to economic, social, and historical settings).**

Most SOC models are sketches, but what exactly do they sketch and how do they do so? In
what way do we learn something about real earthquakes by studying the block-spring model, for
instance? What do we learn about evolution by tampering with the respective SOC model?
Unfortunately, this is by no means clear. Gibbard and Varian hit the nail on the head when they
remark that ‘[o]ften when a model is presented, only the briefest suggestive remarks are made
about its bearing on the world [...]” (1978, p. 676). Apart from the usual observation that the
model reproduces the power law behaviour known from experience, by and large one looks in
vain for further comments about what we learn from these models about actual systems and how
they relate to real things. For this reason I think that further research on SOC will have to lay

more stress on this issue and think in more detail about how these models relate to the real world.

(b) Extrinsic usages
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False models as a starting point: It is a methodological truism that ‘one has to start somewhere’,
and quite often a false model may provide a good point of departure. The strategy then is to
ameliorate the false model and to build a better one on its basis. Iterating this procedure leads to a
series of models in which every one is an improvement of its predecessor. In this way, a simple
and false model can initiate a series of models of ever increasing complexity and accuracy. *

This is quite common for SOC models. Many of them do indeed serve as a starting point
for the construction of more complex models. Looking at the literature, one often comes across
attempts to improve existing models by either altering their original set-up or building more
details into the picture. For sure, there is still a long way to go until accurate models will emerge
(if at all, this is unforeseeable at the moment), but scientists definitely do use these models as a
starting point.

Models as heuristic devices: False models can serve a heuristic purpose in that they point
in new directions or help to articulate new ideas, without yielding any correct results. Among the
many heuristic functions a model can have, the most important one in connection with SOC is to
think differently: A model, even though clearly false, may lead us to think differently about
certain problems, motivate new questions, shed a different light on some issues, and finally make
it easier to adopt an altogether different point of view. In doing so, the model acts as an antipode
to stagnant assumptions, undercuts too readily accepted hypotheses, and helps to ‘de-familiarise’
deeply entrenched styles of reasoning. In short, a false model can indicate alternative ways to
deal with a phenomenon.

Different SOC models have been immensely fruitful in this respect. Consider again the case
of earthquakes: Before the onset of SOC, the aim of earthquake science was to detect patterns in
large quakes and to predict them effectively. To this end, people were discussing the

‘characteristic size’ of a trembling, all kinds of statistics about sizes and frequencies of their
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occurrence were made, and various indicators for quakes were investigated, such as the level of
ground water or even the behaviour of animals. This has been an unsuccessful approach. No
typical size has been identified and earthquakes are still as unpredictable as they have ever been.
It is the merit of SOC to have initiated a shift of our focus: There is no difference in principle
between small and big tremors, and the laws governing big quakes (if there are any at all) are not
different from those governing small ones. Big and small events are both part of one and the
same picture and by focusing on just one category we miss out on essential features of the whole.
Moreover, due to their stochastic nature, earthquakes (small and big) are not predictable at all in
the same way that we can predict other physical events. Having initiated this shift of focus is one
of the enduring contributions of SOC to geophysics. Even if at the end of the day all current SOC
models have found their space on the scrap yard of science, earthquake research will never be the
same again.

As another example, consider evolution. One of the enduring contributions of SOC models
to evolutionary biology is to have demonstrated that there is no contradiction (in principle)
between Darwin’s account which views evolution as a slowly and steadily advancing process,
and the punctuated equilibrium theory suggested by Gould and Eldridge, according to which
evolution is a stop-and-go progression (see Bak, 1997, p. 141). Although the model does not
teach us much about evolution, it shows that these seemingly contradictory accounts can be
compatible, and this is an important result.

Similar remarks, I think, apply to almost all disciplines in which SOC models have been
used. As a heuristic tool, the sand-pile can suggest a new way of thinking about certain processes,

and it can be employed as an antipode to widely held but unfruitful assumptions.
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Summary and Conclusion

I have argued that SOC cannot possibly be a general theory in the same way thermodynamics or
Newtonian mechanics are general theories. Rather, SOC is a group of models, which are related
to each other via formal analogy. But even on this modest reading, the claim that SOC is
ubiquitous is impossible to maintain, since most SOC models are gross oversimplifications and
cannot in any way be considered realistic descriptions of their target system. Nevertheless, a lot
can be learned from the construction and the use of SOC models, or when understood as sketches
they can be vehicles for successful research. Moreover, they have a great heuristic value since
they help ‘open new doors’, articulate innovative ideas, and at the same they ‘de-familiarise’

deeply entrenched styles of reasoning that have become stumbling blocks for research.
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Footnotes

' SOC is independent of earlier approaches to complexity and self-organisation such as
synergetics, for instance. Therefore, I won’t say anything about them in this paper.

? For a critical discussion of fractals see Shenker (1994).

3 See for instance Blanter et. al. (1997), Bons et al. (2001), Malamud et al. (1999), Steacy et. al.
(1996), to mention just a few.

* The two classical references are Bak, Tang, and Wiesenfeld (1987) and (1988a). Introductions
may be found in Bak (1997); Bak, Tang, and Wiesenfeld (1988b); Buchanan (2000); Paczuski
and Bak (1999). More advanced presentations of the subject matter include: Dickman et al.
(2000); Creutz (1996); Blanchard et al. (1999), to mention just a few.

> I should note that this effect has nothing to do with sensitive dependence on initial conditions
which is a characteristic of chaotic systems.

% Note that this is not literally true. Although the law holds true over a wide range there is an
upper bound (the total number grains in the system) and a lower bound (one grain) to the size of
avalanches.

7 Laws of this kind are often referred to as ‘scaling laws’.

¥ Considerable efforts have been made to calculate the exponents of these power laws
analytically. Unfortunately all these attempts have so far been unsuccessful (Bak, 1997, pp. 62-
64; Creuz, 1996, p. 3).

? T should also mention that originally SOC has been suggested as an explanation of the
occurrence of 1/f noise and fractal pattern formation in the dynamical evolution of certain
systems. However, recent research has revealed that the connection between these and SOC is

rather loose (Dickman et al., 2000, p. 37). For this reason I will not discuss them any further.
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1% See Bak (1997) and references therein; Paczuski/Bak (1999), pp. 2-3.

" The second important family of stochastic SOC models are the forest fire models. Space
constraints prevent me from discussing them here, good surveys include: Clar et al. (1996) and
(1999) and Malamud et al. (1998).

'2 The classical reference is Bak and Sneppen (1993). Accessible surveys can be found in Bak
(1997), pp. 16-19, 105-174; Paczuski and Bak (1999), pp. 7-11.

1 This and the following Section are based on Frigg (2002).

'* In what follows I shall adopt Buchanan’s terminology and use the phrase ‘SOC is ubiquitous’
to express the view that SOC is a general feature of nature.

' 1 should note that my attack against the reinterpretation of a calculus is only directed against its
use to produce an (allegedly) unified theory. As a heuristic move it has proved immensely fruitful
and as such there is nothing wrong with it. For more details see Achinstein (1968), chs. 7 and §;
Hesse (1963), ch. 2 and Psillos (1995), sec. 3.

'® Some may find this way of looking at the issue too reminiscent of the (no longer fashionable)
syntactic view of theories. However, my use of ‘syntactic’ jargon is merely a matter of
convenience and nothing in the argument hinges on it. One may make the same points within the
framework of the semantic approach to theories, though in this case things get a bit more verbose.
71 should mention that Kirchner and Weil (1998) have pointed out the statistically self-similar
structure Solé et al. (1997) purport to have found in the extinction time-series is an artefact of the
interpolation methods used by these authors. However, nothing in my argument depends on how
this question is settled.

' And there actually are: Intermittent mappings produce the same 1/f noise pattern as SOC

(Schuster 1988, 91-97). Or consider the following case from economics to further illustrate the
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point (thanks to Nancy Cartwright for having drawn my attention to this example). Stanley et al.
(1996) observed that for firms with similar sales the distribution of annual growth rates has an
exponential form. Exploiting an analogy with statistical physics, the authors explained this
empirical finding by assuming the presence of certain correlations across the firm’s units.
However, in a recent paper, Sutton (2001) has pointed out that the occurrence of these power
laws is not necessarily indicative of some form of correlation between the units of the firm but
can just as well be explained within a simple model that allows for the different businesses of a
firm to vary in size. Hence, two totally different set-ups can equally well account for the
empirically observed power laws.

' Compare Lakatos’ characterisation of the Newtonian programme as the ‘metaphysical
principle’ that ‘the planets are essentially gravitating spinning-tops of roughly spherical shape’
(1970, p. 136).

2% See Lakatos’ lucid illustration of these features of research programmes in his discussion of
Newton (1970, pp. 133-138).

I 1t would be interesting to discuss SOC as a Lakatosian research programme since there are
many attention-grabbing peculiarities to its ‘hard core’ and its heuristics. Space constraints
prevent me from doing so here.

* This group of models coincides with what Gibbard and Varian (1978) call ‘caricatures’ and
with what is also known as ‘toy models’ (Hartmann, 1995). Though both terms quite adequately
mirror the character of these models, they have a pejorative connotation I would like to avoid.
For this reason I prefer the neutral term ‘sketch’.

3 These points are mentioned in Wimsatt (1987, pp. 28-31).
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** Though most of the time the rhetoric in the writings on SOC is realist, there are sometimes
remarks suggesting that scientists actually think about their models in this way: Bak occasionally
calls SOC models ‘metaphoric pictures’ (1997, p. 50 and p. 62), or ‘toy models’ (1997, p. 187);
and in the introduction to their paper on evolution Bak and Sneppen remark that ‘[a]lthough the
model is very abstract, and necessarily oversimplified, we believe that it contains elements
representing the mechanism of real evolution’ (1993, p. 4083).

> Wimsatt (1987) provides a detailed and instructive case study of how biologists, departing
from simple and patently false genetic models, have constructed a series of ever better pictures.

Thereby he convincingly shows how successful false models can be as a starting point.
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