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Abstract

The simple two-sector Kondratieff model developed by John
Sterman has contributed significantly to our understanding of
some of the basic mechanisms underlying the economic long wave.
The dynamic hypothesis of this model is that the positive feed-
back -associated with the so-called self-ordering of capital rein-
forces and prolongs the characteristic .expansions and contrac-
tions of the capital sector as it adjusts its capacity to the
required production. It is assumed that this feed-back can be
strong enough to produce a self-sustained oscillation (a limit
cycle) with a period which is about twice as long as usual capi-
tal lifetimes.

Concentrating on the ordering and production of capital, the
Sterman model only depicts a relatively small fraction of our
economic system. At least in its original version, the model
doesn’t deal with several of the basic phenomena involved in the
verbal description of the economic long wave, as it is usually

presented. There is no account of variations in :employment, °

buying power or political attitudes, for instance, and changes in
the rate of innovations are also outside the model boundary.

‘We do not think that one can presently develop a complete
and satisfactory ‘model of the economic long wave. ‘We have there-
fore adopted an alternative starting point by assuming that the
alternating phases of economic expansion and stagnation arrise
from the succession of technical-economic cultures each characte-
rized by its own infrastructure, leading industrial sectors,
‘typical production methods and main products. Even the geographi-
cal location of the dominant political-economic center may shift
from wave to wave. This is Mensch's process of metamorphosis.

Where the Sterman approach ‘emphasizes the cyclic character
of the wave, our model is meant to describe the qualitative
changes through which one set of technologies replaces the next.
In our model, the economic system has no equilibrium point to
oscillate around. ‘As long as technology develops and new discove-
‘ries are made, the potential for .economic activity continues to
grow. A purpose-of the model is therefore to show how randomly
distributed discoveries can be bunched .into .waves of innovations
with a relatively well defined period.
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Introduction ‘

Since the industrial revolution some 200 years ago, the
economic development in the Western World appears to have been
characterized by alternating phases of expansion and stagnation
with a period of 50-60 yearsll]. This phenomenon, which is refer-
red to as the economic long wave, was already noted by Kondra-
tieff!2) and others in the beginning of this century as a cyclic
pattern in economic_variab;ea such as interest rates, foreign
trade. wages and commodity prices for some of the leading indu-
st?ial countries.

Similar variations could also be observed for the production
of iron, coal and lead in England, and for the Qpﬁéumption%of
coal in France. As indicators of economic activif;% these variab-
les show sharp downturns in thé 1830-40's and in the 1870-80's
Qith subsequent periods of economic recovery and relative prospe-
rity.

Data for economic quantity vapiables were available only for
a very restricted period of time (less than 100 years), however.
Partly for this reason, and partly due to misbelief in the ap-
plied statistical methods, Kondratieff’s notion of a 50-60 years
economic cycle was never really accepted, even though a new
dramatic downturn occured in the 1930's. Of course, the lack of a
convincing theory to assert that the wave was endogenous to the
economic system and not generated by random events such as wars,
revolutions, gold discoveries, etc., also played a significant
role for the limited interest in Rondratieff's work. Nontheless,
well reputed.economists such as Joseph A. Schumpeter and Walt W.

Rostow have contributed significantly to the development of the
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long-wave idea.

Occuring precisely 350 years after the depression of the
1930's, the present economic crisis has added considerable new
momentum to the study of the economic long wave, and during‘the
last decade significant new evidence has been established, and a
number of theoretical explanations proposed.

Through the development of the National Modell3], the system
Dynamics Group at MIT has shown how bounded rationality in econo-
mic decission making combined with physical lags for instance in
the acquisition of capital create the potential for oscillatory

behaviour. By virtue of a number of self-reinforcing processes,

including the acceleration and multiplication processes of ordi-

hary Keynesian business cycle theory., the oscillatory behaviour

is destablized., and the macroscopic system becomes capable of

performing self-sustained oscillations with a period of 50-60

years. .

John Sterman has presented the basic dynamic hypotheses of
Forrester’s theory in simplified form([*). According to his treat-
ment, an increase in demand for capital leads to further increase
through capital Belf-ordering, i.e. by the fact that the capital
sec;or depends on its own output to produce more capital. Combin-
ed with other positive loops, agsociated fot instance with the
locally rational inclination for capital acquisitors to order
farther ahead in the face of increasing delivery delays, the
system becomes unstable. Once a capital expansion gets under way,
reinforcing processes sustain it until non-linear effects finally

allows production to catch up with orders.
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By this time, a coﬁsiderable amount of excess capital has
been built up, and the loops now reverse: a reduction in orders
reduces the demand for investments. leading to a contraction in
the capital sector and consequently also to declining employment,
wages, aggregaﬁe demand, and GNP. Capital production must remain
below the level required for replacements until the excess capi-
tal has been fully depreciated and room for a new expansion
created. Dﬁe to the long lifetimes of capital this process may
take a decade or two;

An important feature of this type of description is the
assumption that the economic system oscillates around an equili-
brium pointls] or, in other words, that the Rondratieff wave can
be separated from secular economic growth. The economic long wave
undoubtedly has a significant element of cyclic behaviour which
in fact reaches far beyond the boundaries of what ;a usually
considered the economic system: '

The 20 years of economic upswing are characterized not only
by massive investments, rising stoék prices, increasﬁhg employ-
ment and growing prosperity, but durihg this period of optimism
the society becomes more open and permissive, 1liberal political
and economic ideas are adopted, women's position is improved,
dicipline and parantel authority are revolted against, and people
gradually tend to becqme less inter;;ted in professional careers
and more interested in self—fulfilment.

At the end of the upswing, the society appears ovet-éapita—
lized, inflation and intékest rates are usually high.‘and a
general unsecurity develops with respect to the goals to be

persued both at the national and the personal level. Por the

4 .



majority of people, the first years of stagnation are relatively
good. The prosperity is high, and some of the tensions of the
previous decade of rapid growth havé disappeared. However, with
the significant lay-offs and capacity reductions in many sectors
6f the economy, the unsecurity develops into a' fear of the fu-
ture. _ ‘

During the following years of economic recession and high
unempléyment. excess capital is gradually depreciated, inflation
isvbrought to a halt, the class struggle is intensified while at
the same timevthe society turns more conservative and introvert.
Women are forced back to their pots, skirts are lowered, and
moral standards reinstalled.

This description only captures ﬁgtt of the picture, however.

Each upswing is usually characterized by its own infrastructure,

leading industrial sectors, typical production methods and main

commodities. New transport systems and energy sources are taken
into use, and even the geographical location of the dominant
political-economic center may shift from wave to wave. In fact,
therpresent society is quite different from the society of the
1930’s: the material wealth has increased immensely, women’s par-
ticipation in the work force is muéh higher, social security has
improved, international trade relations have changed, and so have
our means of coping with the crisis.

A purely cyclic description neglects the significant quali-
tative cﬁanges which take place from upswing to upswing, and it
fails to view the Kondratieff wave as an integrated part of the

evolution of our society. Por these reasons, we have attempted to
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construct an alternative, simple model in which the alternating
phases of expansion and stagnation arrise from the succession of
technical-economic cultures. The difficulty with this kind of
model, at least if it has to be general enough to deal with
several stages in the evolution, is that the variables are much
less well defined. Nontheless, we believe that Buéh a model can
add to our understanding of the economic growth process and its

interaqtion with the Kondratieff cycle.

A_Theory of Technical-Economic Succession

Partly based on earlier work by Kuznets and others,

‘Mensch[6] hag described how the development of the industrialized

world can pe pictured as a Buccession of technical-economic
cultures.

In this account, the fi;st Kondratieff upswiné exploited the
potential generated through the introduction of cotton textiles
and steam power. This took place between 1783 and about 1803, and
the wave is generally referred to Ss the ’‘Industrial Revolution
Rondratieff’. The upswing of the Bubseénent wave, the ’Bourgeois
Kondratieff' from 1843 to abouf 1857 represents the economic
growth made possible through the introduction of wood-powered
locomotives, telegraphy, Bessemer steei and Portland cement. The
upswing of the ’neo-Mercantilist Konératieff' from 1893 to about
1913 is associated with the introduction of coal powered rail-
roads, steam ships, dutomobiles. electricity. and tungsten fila-
ment lamps. Finally the fourth upswing from 1949 to about 1967 is
associated wifh motorization, air traffic, electric-arc steel,

computers. and a varity of durable goods such as TV-sets, refri-



gerators and washing machines.

’ Graham and Sengel7] guggest that each Kondratieff wave can
be associated with a particular typé of primary energy source.
The use of wood as a fuel appears to have peaked at the end of
the first Kondratieff upswing. The éignificahce of wind and water
power reached saturation at the end of the second Kondratieff
upswing, application of coal reached a relative maximum at about
1910, and the significance of 0il presumable peaked around 1970,
or just at the end of the fourth Kondratieff upswing.

In accordance with the National Model, Graham and Senge see
the periodic shifts in technology and the associated wave-like
variation in the rate of innovation as a conéequence of thé 50-60
yehrs oscillation generated by self—brdering in the capital sec-

tor. Bach burst of capital build-up allows a new set of technolo-

. gies to be utilized. However, as the build-up pfoceeds beyond its .

initial phases, opportunities for applying new inventions rapidly
deteriorate. The society locks itself onto a particuiar mix of
technologies, rapid expansion of the dominant industrial sectors
reduces the incentives for investments in new and less tried
techniques, commitment to a particular type of infrastructure
makes it difficulty to apply other forms of. transport or communi-
cation systems, engineers are taught to use the adopted technolo-
gies, and bureaucrates learn to trust them. In this period, the
society greatly favours improvements of existing technologies
over introduction of basically new technologies;

During the subsequent downturn phase, innovation opportuni-

ties gradually improve as existing capital becomes increasingly
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obsolescent, and large and strong institutions are brought to
fall. Near the bottom of the wave. where old capital is deprecia-
ted and the technologies of the previous expansion completely
outdated, the possibilities for introducing basic new innovations
reach a maximum. .

We certainly subscribe to most of these ideas. Bowevefﬂ we
would like to giQe the qualitati;e changes associated with the
technological development a more pronounced role, and we would
like to see the potential of a given ensempie of techniqués and
the switch from basic to improvement innovations explicity repre-’
sented in the model. In addition, we do not see the existence of
capital per se as a hindrance to the introduction of new techni-
ques: If a completely new type of industries has to develop, we
do not think that it necessarily has to await the depreciation of .
old capital. If the geogfgphical location of the dominant politi-
cal economic center is going to shift (as it has done between
some of the previoﬁs waves), we do not think that the next up-
swing has to await the depreciation of infrastructure in the
existing center [81,

As an alternative and presumably more general view on the
mechanisms behind the economic long wave, we have £herefore
turned to the metamorphosis model developed by Menschl6], Figure:
1 illustrates the main ideas of this model: Fundamental scienti-
fic discoveries are considered to réflect spontaneous processes,
and basic new inventions are therefore assumed to be made random-
ly over time. For an invention to acquire economic signifiCAhce.
however, it must be turned into a basic innovation from which new

industries can grow. This transformation, i.e. the introduction
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Figure 1. The metamorphosis model developed by G. Mensch.

of'basiCally new iechniques is conditioned by the state of the
economy and particularly by the expectations to the already

adopted technigques. Time must be righé. which means that exploi-

tation of the present ensemble of techhiques must be approaching

saturation.

Under such favourable conditions, many of the inventions
accumulated since the last economic upswing may be turned into
practical application within a relatively short period of time,
and together they lay the seeds for a coming upswing. Completely
new industries develop, and the most viible of these start a
rapid (exponential) growth. In the beginning, as long as the new
industries are economically insignificant, the competition for
capital, labour and other production factors is weak, and the
growth process is practically without constraints from the sur-
roundings. However, as the new industries start to become signi-

ficant, the competition increases, some of the less promising die
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out, and the incentiveé to introduce further new innovations fades

out. In this way, the society locks itself onto a particular sget

" of technologies, and the interest shifts to improvement innova-

tions.

- This phase of rapid initial growth of new industries after
the saturation of the former complex of leading sectors is ac-
tually the phase of economic stagnation. The economically signi-
ficant industries have stopped to grow, and the new rapidly
growing industries have not yet reached macroeéonomic'aignifican—
ce. In particular, the new industries can not yet absorp the
workforce layed-off from the old industries.

In this picture, the stagnation period is not determined by
the time it takes old capital to depreciate, but by the tine it
takes new industries to grow from virtually nothing to a leadlng_

position in the economy[9). The stagnation period can thus be

expressed by[19]
1 dth
Pgy = S 1n —*a;

where o is the (linear) growth cénstant for the new industries,
Q¢ the threshold economic weight factor at which the new indu-
stries become macroeconomically sigpif!dant. and q, the initial
weight factor for these industries. Inserting q, = 1%, gqg) = 30%
and Pgy = 20 years, we obtain a= 17%/year. This we consider a
reasonable estimate of the maximum growth rate for a complex of.
new industries.

The following years are the years of prosperity and economic
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growth. The new industries have attained their leading position
and are still rapidly growing. As this expansion proceeds, how-
" ever, the industries gradually approach the point at which the
potential of tﬁe adopted technologies is fully exploited. The
exponential growth may then turn into logistic gfowth as describ-

ed by

gg = kN(N, - N)
N, is here the total potential of the adopted technologies, N is
the exploited part of this potential, and k ~ a/N, is a constant
which characterizes the rate of exploitation.

Identifying the period of economic growth Pgr as the period
it takes for the new industries to grow from the threshold of

economic significance N;y (3 30% of the total potential) to near

saturation N, (say approximately 90% of the total potential), we

have
1 N2 (No-Ny)
P = == IA —————-"— = 17 years
gr kNo Nl(No"Nz)

It may also be worthwhile to express the total potential of
scientific discoveries N, available for a given Kondratieff up-

swing as the product

No = f3igc Pdisc TK
where fdiac is the frequency of discoveries, Pdjgc the average

11
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potential of the individual discovery, and Tg = 60 years is the
wave period.-

The simple logistic growth curve may be somewhat simplified
because, as we have indicated, improvement innovations during the

growth process will expand the potential of the adopted technolo-

.gies. As a first approach we may describe this process by

aw,
o= = kj NNy - N)

dat
where as before N denotes the exploited and No the presently
available potential for the adopted technologies. The constant ki
describes the rate at which improvements are made.

The set of equations of motion

dN

gl TN
an,

ac ki N(N, - N)

has the characteristic feature thatvif kj2 k., the saturation
level recedes faster ﬁhan exploitation develops. Under these
conditions, a new doqnturn will never occur. We should thus
promote a relatiVely'slow rate of exploitation 80 that sufficient
improvement innovations can be made ;long the road. This conclu-
sion is somewhat at variance with a conclusion which can be drawn
from the capital self-drdering model. Because, according to that
model, if capital is allowed to expand quickly enough, the posi-
tive feed-backs in the economic system will overwin the built-in

nonlinear mechanisms, and a downturn can be avoided.

12



* There is one more point we would like to make before turning
our attehtion towards our System Dyhamics model: Exponential (or
logistic) growth can not start from ﬁothing. For a growth process
to initiate, wé must have a source term. In real life this is
provided through persistent, random attempfs to|use new technolo-
gies. Most of these attempts will be abortive, and only under the
right circumstances will a new industry develop. We are thus
dealing with a typical self-organizing processlll] in which in-
creasingly effective technical-economic complexes in a far-from-
equilibrium system grow out of random noise.

We are also dealing with a self-organizing process in the
sence that the economic system generates telatively coherent 50-

60 years waves from an input of randomly distributed discoveries.

A_System Dynamics Formulation

According to the assumptions we have made, each .Rondratieff

wave is qualitatively different both from previous and from
subseduent waves. Each wave has its own characteristic infra-
structure, leading industrial sectors, and typical production
methods. Since qualitative differences can only be handled
through disaggregation, each wave must be described by means of
its own rate and level variables. In a more detailed model,
several of these variables will be expressive of typical economic
quantities such as investment rates, capital stocks, market po-
tentials, and resource amounts. In'our simplified model, only the
potential of a particular technology, and the degree to which

this potential is exploited are represented.
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Figufe 2 shows the SD-flowdiagram for a single module in our
model of succeeding technical-economic cultures. Each module
represents a particular Kondratieff wave. The three rate variab-
les BND, ROA and ROE represent the processes of discovery, adop-
tion and exploitation of a particular set of technologies. These.
variables may also be thought of as measuring the rates of inven-
tions, innovations and investments, tespectively; The level va-
riable UP represents the amount of basic gcientifié knowledge
which has'not yet been turned into pf&ctical applications, PUE
zeptesent theApotential for economic activities created through
new innovations, and EP is the fraction of this potential which
is already exploited. '

As basic discoveries we consider significant scientific
breakthroughs such as Maxwell's theory of electroﬁggnetism and
Pasteur’s discovery of mi;roorganisms. New inventions (the sfean
engine, the combustion motor, the telephone, the air plane, etc.)
are also included, and so are discoveries of new primary energy
sources, new types of raw materialé, and new production methods.
Ideas which can lead to fundamental abcial and political changes
(land reforms and parlamentarism) also belong to this category.

In our model, basic new discoyeries are generated as a
Poisson process[12]. i.e. we assume that they occur randomly
distributed in time. Por s}mplicity=;e consider only two kinds of
discoveries: small discoveries with a potential PSD (= potential
of small discoveries) = 600, and large disgpveries with a poten-
tial PLD = 4000. Small discoveries are assumed to occur with a
probability per unit time PSD (= frequency of small discoveries)

= 0.3/year, and large discoveries are assumed to occur with a
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Figure 2. Module for the adoptance and exploitation of a
particular set of technologies. :
frequency FLD = 0.03/year. The DYNAMO-equation for the rate of

new discoveries hereafter reads

BND.KL = PSD*CLIP(1/SDT,0,FSD*DT,NOISE()+.35)
+ PLD*CLIP(1/DT,O0,FLD*DT,NOISE()+.5)

Bach discovery is measured by its potential for generating
economic activity. This is certainly not an easy meééute to
quantify, and we don’t even know what the proper units should be.
For the moment, one may think of it as the amount of production
factors required at full exploitation of the discovery.

Scientific discoveries are usually not applied at once but
often preceed their practical use by 20-80 years. The basic
discovery behind the locomotive, for instance, was made by Watt

in 1769, but it was not until 1824 that Stephenson build his
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first locomotive plant[;il. In our model, basic new discoveries
are accumulated as ideas and basic knowledge in the level of
unexploited possibilities UP until, when times are right, they
are turned into practical applications in the form of innova-
tions. As basic new innovations we consider £he first pratical
application of new techniques, the introduction of new agricultu-
ral production methods, the introduction of new types of consumer

goods, the establishment of significant trade agreements, the

- first succesful formation of labour unions, etc.., recognizing

that technological change in the present context must be given a
very broad definition.

Innovation and introduction of neﬁ techniques create an
increasing potential for»economic activities. Exploitation of
this potential involves the build up of new industries, the build
up of new infrastructures, the cultivation of new land, the‘
production of new types of consumer goods, etc. It is not until
this stage that significant amounts of production factors (iabour
and capital) become involved, and it is therefore the exploita-
tion of economic possibilities which controls the overall econo-
mic development: periods in which the rate of exploitation is
high are economic growth petiods; and periods in which rélatively
few new possibilties are exploited ére‘stagnation periods.

Both the rate of adoptance ROA’énd the rate of exploitation
ROE‘are modeled as logistic learning or market penetration cur-

(131, Adoptance of new techniques is assumed to be propditio-

ves
nal both to the unexploited potential of scientific knowledge UP,

and to the amount of innovations already successfully introduced
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PUE. The second factor gives a rapid initial growth in ROA, while

the first factor provides ‘a saturation mechanism when the

available basic discoveries are fully adopted. Similarly, the

rate of exploitation is controlled by the potential under expldi— '

tation PUEvaS’well as by the already exploitedfﬁbtential.EP.

dur model is more profound than usual market penetration
models, however, because it describes both how the logistic
growth processes become possible as instabilities arise in shif-
ting parts of the system, and how the growth processes initiate
in the background noisé of random attempts to adopt or exploit
new techniques. There will always be attempts, for instance., to
apply existing aéientific knowledge in practice, and the rate of
adoptance therefore contains a random noise-term of the form

UP.K*RAF* (NOISE()+.5)

where the constant RAF measures the intensity or frequency of
these random attempts.

Under normal circumstances, the economic system is fully
occupied exploiting already adopted techniques, and attempts to
introduce basic new technologies seldom succeed. However, if an
existing set of technologies approaches saturation, the suppres-
sing forces weaken, the system becomes susceptible to new ideas,
and through an unstable transition it yields to a wave of new

innovations. This produces a potential of new economic possibili-

ties in the face of which the economic system becomes unstable,.

and a wave of exploitation unfolds.

The flow diagram of figure 2 also shows how a given poten-
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tial PUE under its exploitation can increase through improvement

innovations. This is modeled through the rate ROI, which in

agreement with our discussion in the last section is taken to
depend both on the potential under exploitation and on the al-
ready exploited potential.

Figure 3 illustrates how the instabilities are directed

through the system from one module to the next. The first module

is unstable from the very beginning since it is assumed that a

number of unexploited scientific discoveries have accumulated.
and since the model ié initiated in a state where the society. is
susceptible to new innovations. V

Aftér a certain incubation time which depends both on the
noise level (i.e. the intensity of random attempts to ‘turn the
accumulated kﬁowledge ‘into new innoyationa), and on the gain
factor (i.e. on tbe rate constant ARC), a macroscopically signi-
ficant potential for new economic activities develop. This. inno-
vation wave is assumed to last for about 10 years, or about 1/5
of the total wave period. ;

By creating a potential for ecénomic activities. a new
instability is generated, and an exponential growth in exploited
potential is initiated. After a new-iﬁcnbation period which again
depends both on the exploitation f‘r.‘equency (REF) and on the gain
factor (the eiploitation réte constant), the exploited possibili-
ties reach macroscopic significance. The society now engages
itself fully in the exploitation of already adopted technologies,
and the rate of adoptance falls to 0. In the model this is

obtained through the multiplier from exploited potential MEPA.
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FPigure 3. Overview of the coupling of subseqﬁent modules.

MEPA is a non-linear function which, starting at 1 for small
values of the exploited potential, approaches 0 as EP reaches
macroscopic levels. '

As exploitation of first wave technologies continuesh a
point of saturation is approached. The rate of economic growth
then declines, and the society gradually becomes ready to accept
a new set of technologies based upon scientific discoveries which
have accumulated since the first innovation wave. To describe
this phenomenon, we hﬁve introduced. the non;linear function MSDA -
which is a function of the degree of saturation with first wave
technologies SDA = EPA/PUEA. MSDA is 0 as long as SDA { .7 but
rises to 1 as SDA approaches 1. MSDA hereby opens for the adop-
tion of second-wave technologies. Hereafter follows exploitation
of second wave technologies. adoption of third wave technologies.

etc.
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If the total period of the wave has to be Tg = 50-60 years,
we must adjust the rate constants (ARC and ERC) as well as the
noise-intensities (RAF ahd REF) accordingly. In the present
case, we have taken the potentials and frequencies of small and

large discoveries to be

PSD = 600

PLD 4000

FSD = 0.3/year

FLD

0.03/year,

respectively. During a wave period., the model thus in average
generates scientific discoveries with a potential of

N, = (PSD'FSD + PLD.FLD) "Ty = 15000

If the 30-90% exploitation of this potential should last
about Pgr = 20 years (the period of economic growth), we must

have a gain factor

a = kN, = %———ln —t———l- ~ 15%/year

The approximate magnitude of the exploitation rate constant ERC =

k' = a/N, thus becomes 10'5/yeat. Ifléhe innovation wave is about
5 times faster thah this, we may insert ARC = ERC/S5. The
respective noise levels can hereafter be estimated from‘the
corresponding incubation times, which we have identified with the

period of economic stagnation.
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Simulation Results

Figure 4 shows a typical set of simulation results. We have
here plotted the variation with time of the three level variables
(the unexploited potential of basic discoveries UP. the potential
under exploitation PUE and the exploited potential EP) for each
of four subsequent modules. The figur shows how the curves for
the potentials under exploitation and the exploited potentials
all grow out of insignificant background noise. Note, how the
model produces a relatively regular succession of upswings with a
50 years interval out of the external signal of random disco?e—
ries. It should also be observed how the potentials under exploi-
tation show a double logistic growtﬁ of which the first part is
asgociated with basic new innovations during periods of economic
stagngtion. while. the subsequent enhancement is associated with
improvement innovations during periods of economic growth.

Figure 5 shows the development in the rates of basic innova-
tions associated with four subsequent Kondratieff waves. On this
figure, we have a;so plotted the randomly occuring basic discove-
ries plus the variation of the four waves of exploitation. It can
.be seen, how basic innovations occur in periods with low exploi-
tation rates.

To illustrate the significanée of the fandom element in our
model, we have run a series of simulations with different initial
values for DYNAMO’'s NOISE-function. The results hereof are shown
in figures 6 and 7 which are directly comparable to fiqgure 4. As
defined by the amplitudes of the individual waves and their
precise time of occurrence, the behaviour of the model strongly

depends upon the sequence of random discoveries. However, the
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tendency to generate 50-60 years waves out of these discoveries
is maintained independent of the NOISB;sequence.

Besides upon the logistic rate constants, the wave period
also depends up&n the intensity of background noise. The more
frequent the random attempts to adopt or exploit new technolo-
gies, the shorter will the wave period be. This 1; illustrated in
figure 8, where we have increased the rahdom adoption and exploi-
tation'frequencies for all four modules by a factor of 3. The
wave periodria now shortened to about 30 years, and a fifth
upswing would had started, had the model contained one more
module. '

FPigure 9 shows the effects of increasing the rate constant
IRC for improvement innbvations in the third Kondratieff wave
from 0.6'10'5/yeaz to 2.4'10'5/year. Improvement innovations can

now almost keep up with the rate of exploitation with the result

that the upswing of the third wave is prolonged considerably. If '

IRC becomes larger than the rate constant for exploitation ERC,

the upswing never stops.
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conclugion

. Succession is a well-known concept in ecology where it is
used to deséribe the process by which the dominance of one spe-
cies (or one composition of species) follows after another as the
external or iﬂternal conditions change. To our knowledge, this
process has nevef been modeled in a way similar té ours, and we
thus consider the present work as an attempt to develop a ggneric
model of succession.

As a model of the economic long wave, our model reﬁtesents
an alternative to the purely cyclic picture developed by the
System Dynamics Grodp at MIT. In our view, the Kondratieff wave
has both cyclic characteristics and characteristics of a succes-
sion process. In some way or the other, a complete description
therefore involves an integzation of the two approaches. Intuiti-
vely, we. believe that it will be easier to start with a succes-
sion model and build on the cyclic elements than the other way
around. Our model also has the advantage that overall exponential
economic growth can be represented by inﬁroducing simply a posi-
tive feed back from the total of exploited possibilites to the

frequencies of rindom'discoverles.
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