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Abstract: Catastrophe theory and deterministic chaos constitute basic elements of the
science of complexity. Elementary catastrophes were the first form of nonlinear,
topological complexity that were seriously studied in economics. Deterministic chaos
and other types of complexity succeeded catastrophe theory. In general, chaos means the
seemingly random behavior of a deterministic system, which stems from high sensitivity
to its initial conditions. Nonlinear dynamical systems theory, which unites various
manifestations of complexity into one integrated system, is contrary to the assumptions
that markets and economies spontaneously strive for a state of equilibrium. To the
contrary, their complexity seems to grow due to the influence of classic economic laws.
In my paper, | indicate that with time, model economic systems strive for a state we call
“the edge of chaos”. I consider two cases. The first case concerns an economy based on a
two-stage accelerator, where the economic cycle adopts the form of chaotic hysteresis.
The second case concerns a Cournot-Puu duopoly model in which striving for the edge of
chaos stems from profit maximization by entrepreneurs. The evolution of systems at the
edge of chaos can be sudden, which makes it necessary to consider it in terms of
elementary catastrophes.
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1. Introduction: Foundations of catastrophe theory

1.1. Classification Theorem

The theory of catastrophes, also known as the theory of morphogenesis,
appeared in science in the mid-1970s [25]. It is a general method of system
modeling focusing on the way in which discontinuous effects can emerge from
continuous causes. Let the dynamic system be represented by a smooth
function:

f:R*xR" >R, @
where R is a control space representing a set of causes, whereas R" isa

space of states (behavior) representing a set of effects. The function f is called a
potential function. If the internal dynamics of the system consist in striving for a
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local maximum, then the potential function can represent the probability of it
being found.

The basis of catastrophe theory is the classification theorem [26]. This states
that if the co-dimension k of elementary catastrophes is bigger than 5, they
create a finite family of discontinuous transition types. Every sudden dynamic
change can be assigned to one of those types. The relation between the number
of catastrophes and the co-dimension is shown in Table 1.

Table 1. Elementary catastrophe classification in relation to the co-dimension k

Co-dimension value (k) 1 2 3 4 5 6 7...

Number of elementary
catastrophes

From an application point of view, the case k = 4 is important, since R* can be
interpreted as a physical space-time in which all events take place. There are
seven types of singularities in this case: fold, cusp, swallowtail, butterfly,
hyperbolic umbilic, elliptic umbilic, and parabolic umbilic [5].

The application of the catastrophe theory in economics is possible only when
the law governing a given phenomenon or process has been well-defined. In
such a case, the catastrophe theory will facilitate the choice of the easiest
mathematical structure, which will generate a behavior closest to real. Another
equally point is to use metaphors properly [8].

1.2. The cusp catastrophe

The cusp catastrophe is one of the most common elementary catastrophes in
economic applications. The potential function has the following form:

f 'R°xR!' >R, )

Thus, the control space is two-dimensional, whereas the state space is one-
dimensional. The function (2) has a simple multinomial representation:

f(cl,cz,x):%x4+%clx2+c2x, 3)

where x stands for the state variable, whereas C; and C, are the control

parameters [28]. The manifold of the catastrophe defining the surface area of the
system equilibrium is dependent on the following formula:
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df df
M3:{(cl,cz,x):&=O,&=x3+c1x+c2}. (4)

The system proceeds along this surface in a continuous way, until it comes
across a set of singularities. There is then a sudden jump to another equilibrium
surface and the continuous evolution continues until the next jump.

2. Deterministic chaos

2.1. Nonlinearity as a necessary condition for complexity

In order to define nonlinearity it is necessary to clearly define linearity. In all
linear systems, the binding rule is the rule of superposition. This states that the
system’s reaction to two or more stimuli is the sum of reactions triggered
individually by each of these stimuli. If factor A triggers reaction X, and factor B
reacts to Y then the factor (A + B) results in (X + Y). In other words, linear
systems are additive.

The rule of superposition implies the linearity of the system if we supplement it
with the condition of homogeneity. A lack of additiveness and homogeneity
implies the nonlinearity of the system. The main causes of nonlinearity in
economics are:

e Limitations imposed on the economic variables [2].

o Technical-balance laws of production [15].

Technical-organizational factors [10].

Bounded rationality [24].

Processes of expectation formation [4].

Adaptive processes of economic-agent learning [3].

The shape (protuberance) of the indifference curves.

Aggregation processes of some variables [27].

Evolution of competition rules [3].

e Psychological laws [14].

Nonlinearity is a necessary condition, but it is not enough to trigger chaos.
Statistical tests confirm that nonlinearity is a phenomenon that is common in
economic time series, and part of them proves that deterministic chaos exists.
There are strong grounds to claim that in the future, the role of nonlinearity in
economic explorations will become more significant.

2.2. The butterfly effect

Deterministic chaos means a seemingly random behavior of the deterministic
system, thus one which is strictly subject to specific rules. The reason for the
stochastic behavior of some nonlinear deterministic systems is their unusually
sensitive dependence on initial conditions, which was named ‘the butterfly
effect’ by Lorenz [16]. A slight disturbance in the initial conditions after some
time causes significant changes in the system behavior as trajectories begin to
disperse exponentially. As picturesquely described Lorenz, a proverbial flap of
butterfly wings in Brazil can cause a tornado in Texas.
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The Lyapunov exponents are amongst the most frequently-used quantitative
measures of the trajectory divergence. This notion has been used by Oseledec
[20] in a well-known multiplicative ergodic theorem. The Lyapunov exponent
for one-dimensional map is as follows:

W = tim tim L[ £ GerE)=00)] 1 A )| o

n—oowe—0 N € n—o N d Xo

Symbols !, f2,..., f" stand for subsequent iterations, Xp and Xq +& are

the initial conditions for the two trajectories. The number & >0 is very small.
With every iteration, the distance between the trajectories increases
exponentially. This definition can also be generalized with multi-dimensional
systems. The number of exponents has to correspond to the number of
dimensions. If the largest exponent of a dynamical system is positive, this
indicates a chaotic trajectory, while an exponent equal to zero indicates the
bifurcation point, and a negative value means convergence of the trajectory with
the constant point of attraction or a periodic attractor.

The basic notion of nonlinear dynamical systems theory is also the notion of an
attractor, primarily a chaotic attractor. Let F stand for a map of m-dimensional
space into itself. The compact set A, which is situated in the m-dimensional
space, we call the attractor for F if it meets the conditions of invariance, density,
stability and attraction. An attractor is a chaotic attractor if it contains a chaotic
trajectory [19].

2.3. System classification in nonlinear dynamical systems theory

In order to compare the subjects of conventional science, the theory of

deterministic chaos, and the theory of complexity, we can classify systems

based on the following criteria: the number of constituents of the system N and

the average number of links between these elements K (see [11, 12, 13]).

Depending on the relationship between these parameters, we can distinguish

three types of the NK systems:

e Type | — subcritical systems. The number of links is very small, given the
number of elements. Every element is technically independent from others,
thus the behavior of the whole system can be treated as a simple sum of its
parts. Because the rule of superposition is met in such a case, systems of this
type are approximately linear. Their dominating behavior is striving for
states of equilibrium.

e Type Il — critical systems. The average number of links is substantially
greater than in the subcritical systems. These systems are characterized by
more complex dynamics and can reveal emergent properties [7]. Local
changes can be dispersed in a system so they usually do not bring about
global consequences. These types of systems often balance on the edge of
chaos (this is a state when the system’s ability to survive is the greatest and
its computing power reaches maximum value).

e Type Il — supercritical systems. The ratio of the number of links to the
number of elements approaches one. It is a state in which almost every
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element is interlinked with all the rest. It includes deterministic systems,
which are characterized by complex dynamics.
The largest Lyapunov exponent for subcritical systems is negative, for critical
systems it oscillates around zero, whereas for supercritical systems it is positive.
Classical science deals with systems of type I, the theory of chaos explores
systems of type 111, whereas the subject of interest for the theory of complexity
is type Il and the transitions between various types of systems (see [7, 21]).

3. Applications in economics

3.1. The theory of economic transformation

The first step towards elaborating a theory of transformation was taken by
American researchers who formulated a model of chaotic hysteresis (see [22,
23]). Two basic nonlinear dynamical systems theory methods were applied
concurrently, i.e. elementary catastrophes and deterministic chaos. The starting
point is a socialist economy. According to the Marxist convention, the economy
was divided into two sectors: consumption-goods and capital-goods. The notion
of a technological gap and the cusp catastrophe were used to describe social-
economic crises. The attractor in the form of a chaotic hysteresis that appears in
a reformed economy is a result of a two-phase activity of a nonlinear
accelerator.

The dynamic system is described by a two-dimensional formula:

L =1l4+Z, (6)
3

Z, =ulz  -28, )i, @

where: |, — total investment within the period t, Z, — increase in the

investment, whereas symbols u and v means respectively the values of
accelerators in the capital-goods sector and in the consumption-goods sector.
These formulas cannot be solved analytically, but they can be the subject of
numerical explorations.

An analysis of the system (6)—(7) was conducted assuming the constant value of
the accelerator in the sector of capital goods u = 2, whereas the value of the
parameter v was gradually decreased. For 0.01 <v < 0.1395 in the phase space
of the system there is an investment cycle in the form of a chaotic attractor.
Lowering the value of the accelerator of the consumption-goods sector means
the metamorphosis of the attractor — eventually for the value of v = 0.00005 it
takes on the form of chaotic hysteresis. The attractor in this form is featured in
Figure 1. In the model, there is a trade-off between complexity (chaos) and
instability, understood as the increase of period and amplitude of oscillation of
investment [6].

The next element of the theory is the technological gap (G), which stems from
the higher rate of capital-intensive nature of production in socialism compared
to a capitalist economy. Paradoxically, this phenomenon is a result of pursuing
the postulates of stability of production and full employment, which were to
make socialism a system more bearable for people than capitalism with its
chronic unemployment and crises.
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Figure 1. The chaotic attractor in the form of chaotic hysteresis for
u=2,v=0.00005

Another step is to introduce the cusp catastrophe, whose space area of
equilibrium meets condition (4). In the theory under investigation, the variable

of this state is the probability of an introduction of market reforms X = P(S),

the bifurcation parameter is the dimensions of the technological gap ¢, =G,
whereas the asymmetric parameter is the rate of growth of investment
C,=Z/1. In the Figure 2 there is a geometrical interpretation of the

morphogenetic model of transformation.

The space of the catastrophe equilibrium describes various scenarios of
economic crises and the corresponding reforms that sought to answer them. For
G = 0 we have an example market economy. The occurrence of the
technological gap, which happens after passing through the beginning of
catastrophe, causes a division of the equilibrium space into two layers — an
upper and lower. They suggest the occurrence of nonlinear changes in the
probability of transformation, whenever the rate of investment growth reaches a
necessary value. Sudden leaps take place when the asymmetric factor crosses
the bifurcation set of the catastrophe located in the parameter space marked by
the following formula:
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Figure 2. Geometrical interpretation of a morphogenetic transformation
model

By = [(c1.0,) 14 +27¢Z =0 ®)
Numerical explorations of model (6)—(7) have shed new light on a certain
macroeconomic problem which has been neglected by mainstream economics
regarding the macroeconomic costs of the reform complexity. An intuitive
understanding of this category of costs is known from the theory of the
corporation [18]. The global financial crisis prompted a wider look at the
complexity of economic processes and the accompanying problems [1]. An
economy under transformation is vulnerable to falling victim to trade-offs
between complexity and instability, which accounts for the fact that benefits
stemming from reforms can, over a long period of time, consolidate below the
costs of complexity. It is a new, quality-based position in the balance of
transformation. Future research should focus on methods of its measurement. In
addition, it constitutes a challenge to economic policy, which should seek to
simplify economic life.

3.2. The rule of progressive complexity

Mathematical studies of standard nonlinear economic models have revealed an
interesting regularity, which I called “the rule of progressive complexity” [9]. It
appears that there are two active forces in economic systems. The first force is
short term in nature, and its source stems from rational, typical endeavors of
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business entities. One of the manifestations of this activity is profit
maximization by producers and maximization of utility by consumers. As a
result, these systems seek a state of short-term equilibrium. The second force is
active over a long period of time and even though its source is identical to the
first one, the effects are totally different. It destabilizes the short-term states of
equilibrium and pushes market structures towards a state known as “the edge of
chaos”. It is a transition field between a periodic behavior and chaotic behavior,
where the computing power of systems, which means their ability to collect and
process information, reaches its maximum. The complexity of a system, which
can been measured by Lapunov exponents, increases in this field.

Let us consider a duopoly model using the following equations:

X1 = \/% — Yt )
Vi = \/g — X (10)
b

where: x — the production output of the first entrepreneur, y — the production
output of the second entrepreneur, whereas a and b stand for their marginal
costs, respectively. In the static version, these equations set the reaction
functions. Each of them describes the choice of the production output made by
an entrepreneur assuming that the production output of their competitor is
known. The collision of these two functions takes place at the point known as
the Cournot-Nash equilibrium point.

The standard analysis of the model’s stability allows us to set two critical values
of the marginal costs ratio:

a,b_si002 (11)

This is where the analytical methods give up. We do not know what happens to
this model when the stability threshold is crossed, or how it behaves over a long
period.

It is best to start numerical explorations of a duopoly (9)—(10) with making a
period plot [19]. This is a two-dimensional space of parameters in which various
behavior of the system has been specified (with emphasis on periodic behavior).
In order to do this, one should define the interval of changeability of both
parameters and the initial condition of the trajectory bundle. A plot of this type
allows us to follow the dynamics of the system depending on a simultaneous
change in two control parameters.

Numerical explorations of parameter space reveal the following types of
behavior: states of short-term equilibrium, periodic dynamics, chaos and
divergent trajectories (see Figure 3). Pairs of parameters responsible for states of
stable equilibrium account for 82.77% of the parameter space, whereas pairs of
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Fig. 3. Dynamics of the Cournot-Puu duopoly in the parameter space

chaotic parameters account for mere 0.15% of this space. Consequently, it
seems that stability predominates and the claims of conventional economics
have been confirmed. However, it is a false conclusion. Entrepreneurs are
interested not only in maximizing profit over a short time, but also in the long
run. Maximizing profit in the long run requires introducing technical-
organizational progress and it results in lowering marginal costs. Consequently,
every producer strives for one of the two edges of chaos (11), i.e. states with
growing complexity [9].

The system displays a certain type of globally rational behavior which
contributes to its survival. As of the moment the efficient producer achieves the
edge of chaos, his long-term profit decreases, and the long-term profit of the
inefficient producer begins to grow [17]. This leads to role reversal, and in the
diagram, the market bounces off the edge of chaos.

4. Conclusions

Catastrophe means a violent, sudden transition of the tested system into a new
state. What is important here is the rapidity of the changes in the behavior of an
object as compared with the mean change in the past. Catastrophe theory merges
two apparently contradictory and unrelated kinds of phenomena descriptions to
form one coherent notion system: evolutionism and revolutionism, continuity
and discontinuity. In economics, the application of catastrophe theory is of great
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cognitive importance, particularly in issues of explanation and forecasting in
economics.

In transitional economies, there is a trade-off between complexity and
instability. In the economic calculation of transformations, a new type of cost
needs to be considered — the social costs connected with the change of the
dynamic complexity of the systems. Numerical explorations of an archetypal
duopoly model have proven that states of equilibrium are stable only for a short
period. In the long run, such systems strive for the edge of chaos.

References
1.J. C. Bogle. Do$¢. Prawdziwe miary bogactwa, biznesu i zycia, PTE, Warszawa, 20009.

2.J. R. Hicks. A Contribution to the Theory of the Trade Cycle, Clarendon Press, Oxford,
1951.

3.C. H. Hommes. Economic dynamics. In: Scott AC (ed) Encyclopedia of Nonlinear
Science. Routledge, New York, pp. 245-248, 2005.

4.C. H. Hommes. Heterogeneous agent models in economics and finance. In: Tesfatsion
L, Judd KL (eds) Handbook of Computational Economics, vol. 2: Agent-Based
Computational Economics. North-Holland, Amsterdam, pp. 1109-1186, 2006.

5.A. Jakimowicz. Od Keynesa do teorii chaosu. Ewolucja teorii wahan
koniunkturalnych, Wydawnictwo Naukowe PWN, Seria: ,,Wspotczesna Ekonomia”,
Warszawa, 2005.

6. A. Jakimowicz. Interdisciplinary Matrix in Economics: Two Applications to the
Transition from Socialism to Capitalism, Nonlinear Dynamics, Psychology, and Life
Sciences, vol. 13, no. 4, 393-421, 2009a.

7. A. Jakimowicz. O niektorych implikacjach nieliniowo$ci w keynesizmie, Ekonomista,
no. 1, 1548, 2009b.

8. A. Jakimowicz. Catastrophes and Chaos in Business Cycle Theory, Acta Physica
Polonica A, vol. 117, no. 4, 333-339, 2010a.

9. A. Jakimowicz. Zrédla niestabilnosci struktur rynkowych, Wydawnictwo Naukowe
PWN, Seria ,,Wspotczesna Ekonomia”, Warszawa, 2010b.

10. M. Kalecki. Zarys teorii wzrostu gospodarki socjalistycznej. In: Kalecki M, Dziela,
vol. 4: Socjalizm. Wzrost gospodarczy i efektywnosé inwestycji. PWE, Warszawa,
pp. 17-124, 1984.

11. S. A. Kauffman. The Origins of Order: Self-Organization and Selection in
Evolution, Oxford University Press, New York, 1993.

12. S. A. Kauffman and S. Levin. Towards a General Theory of Adaptive Walks on
Rugged Landscapes, Journal of Theoretical Biology, vol. 128, no. 1, 11-45, 1987.

13. H. Kaul and S. H. Jacobson. Global Optima Results for the Kauffman NK Model,
Mathematical Programming, vol. 106, no. 2, 319-338, 2006.

14. J. M. Keynes. Ogdlna teoria zatrudnienia, procentu i pienigdza, PWN, Warszawa,
1985.

15. O. Lange. Prawa ekonomiczne. In: O. Lange, Dziefa, vol. 3: Ekonomia polityczna.
PWE, Warszawa, pp. 260-304, 1975.

16. E. N. Lorenz. The Essence of Chaos, UCL Press, London, 1995.

17. A. Matsumoto. Controlling the Cournot-Nash Chaos, Journal of Optimization
Theory and Applications, vol. 128, no. 2, 379-392, 2006.



18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Chaotic Modeling and Simulation (CMSIM) 4: 657-667,2013 667

A. Noga. Teorie przedsiebiorstw, PWE, Warszawa, 2009.

H. E. Nusse and J. A. Yorke. Dynamika. Badania numeryczne, Wydawnictwo
Naukowe PWN, Warszawa, 1998.

V. |. Oseledec. MynbTHIUTHKATHBHAS 3progudecKkasa Teopema. XapakTepuCTHUEC-
Kde ToKasarenu JISmyHOBa JHHAMHYECKHX CHCTeM, Ipydsl  Mockoeckoz2o
Mamemamuueckozo Obwecmea, vol. 19, 179-210, 1968.

M. Pigliucci. Chaos and Complexity. Should We Be Skeptical?, Skeptic, vol. 8, no.
3, 62-70, 2000.

J. B. Rosser and M. V. Rosser. Discrete Dynamics in Transitional Economies,
Discrete Dynamics in Nature and Society, vol. 1, 269281, 1998.

J. B. Rosser, M. V. Rosser, S. J. Guastello and R. W. Bond. Chaotic Hysteresis and
Systemic Economic Transformation: Soviet Investment Patterns, Nonlinear
Dynamics, Psychology, and Life Sciences, vol. 5, no. 4, 345-368, 2001.

T. J. Sargent. Bounded Rationality in Macroeconomics, Clarendon Press, Oxford,
1993.

R. Thom. Structural Stability and Morphogenesis. An Outline of a General Theory
of Models, Benjamin, London, 1975.

D. Trotman and E. C. Zeeman. Klasyfikacja elementarnych katastrof kowymiaru <
5. In: Cieslak M, Smoluk A (eds) Zbiory rozmyte. Rozpoznawanie obrazéw. Teoria
katastrof. Wybor tekstow. PWN, Warszawa, pp. 123-194, 1988.

H. R. Varian. Mikroekonomia. Kurs sredni. Ujecie nowoczesne, Wydawnictwo
Naukowe PWN, Warszawa, 1995.

E. C. Zeeman. Catastrophe Theory: Selected Papers, 1972-1977, Addison-Wesley,
London, 1977.



