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This volume is an attempt to articulate some of the dissatisfaction felt by at
least some economisis about the ability of current economic theory to deal
with true economic change and development—in which technical change
clearly plays a crucial role. And it certainly follows in a well-established, if
somewhat heretical tradition in which the figure of Schumpeter stands out
prominently. However, the heretical status of that tradition will remain its
fate unless its positive insights can be translated into useful empirical
hypotheses and a consistent and powerful theoretical framework truly
appropriate to its task. In this respect the authors of this volume agree that
it is time to go beyond the stage of lamentation and begin to lay the
foundations of a new approach.

Taking its lead from the contributions in Part II on the need for a wider
framework, the chapters that follow attempt to outline the formal, mathe-
matical approaches which have already appeared scattered throughout the
literature or are just now in the process of emerging, and demonstrate that
they do indeed fall into a coherent pattern and represent a consistent
alternative framework for doing economic analysis. Although the point of
departure may originally have been dynamics, non-linearity, disequili-
brium, stability analysis, selection, or the dialectic of chance and necessity,
it is becoming clearer that these are all special aspects involved in the
description of self-organisational and evolutionary systems. Our task is to
identify the specific avenues of attack that will lead to a better understand-
ing of the evolution of technologies, national economies and social rela-
tions situated at a deeper level than mere analogy. I hope the reader will be
able to come away from this section with the feeling not only that these
avenues exist, but that they lead to stimulating new insights into the
economic process, many of which, though adumbrated in the past, begin to
take on clearer contours when viewed in this perspective.

My own chapter attempts on the one hand to enumerate the different
components of the overarching self-organisation framework while arguing
for their essential interrelatedness, and on the other to make a prima-facic
case for the relevance of this framework to economics. 1 then go on
o examine in some detail a number of specific models which I classify
under three headings: multi-equilibria and catastrophe-theoretic models,
selection models and Schumpeterian dynamics, and models of the self-
organisation of cconomic behaviour. There is a common thread underlying
this sequence of models and it is extraordinary how a few basic mathematical
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structures can be adapted to such seemingly disparate applications when
properly handled. , . . .
Metcalfe then focuses on the diffusion of innovations as an ext_:l}:p!ary
process at the core of technical change. Ait_er examining the EQI:llllbrlum
rradition in this ficld, he opts for an evolutionary appmach, which leads
him to a discussion of a number of selection models in some detail. These
models progressively incorporate more detailed features of market com-
petition and complement my discussion of the strengths and weaknesses of
current selection models. Finally, he analyses what he calls the process of
Marshallian diffusion. which allows the explicit derivation of substitution
curves as a function of the characteristics of a new tcchnolog;,r.‘ . _

Arthur’s chapter on competing technologies goes beyond this discussion
of diffusion/selection by introducing a significant additional feature: a non-
linear dependence of the relative rates of growth (or the probabilities of
adoption) of the technologies on their present or even expechd shares,
whether due to learning, standards, increasing returns, etc. This apparen-
tly small change in the dynamics of the competitive process is significant fpr
two reasons. First, it is a prime example of a collective phenomenon, n
which the decision of the individuals is constrained by the collective in such
a way that several possibly exclusive alternatives contend for dominance.
Second. it underscores the crucial role of small historical events which can
trigger the eventual choice between these alternatives. What is particularly
impressive about Arthur's chapter is the invocation of a very gepera]
and rigorous analytical result on the asymptotic behaviour of non-linear
stochastic processes. This result enables us to analyse a wide class of
increasing returns phenomena on the basis of only a qualitative under-
standing of the relationships involved. and is a powerful complement to
simulation results. . )

One implication of the evolutionary modelling presented in this section
is the doubt it casts on the unambiguous nature of ‘optimal’ behaviour and
strategic rationality. Lock-in to an inferior technology is also seen to be a
real possibility, which may require action going beyond the capacity of
individual agents acting without coordination to overcome.

Whereas Arthur and Metcalfe focus on the industry-level dynamics of
technological evolution, Boyer’s chapter is an attempt to integrate several
different forms of technical change with distributional mechanisms to
obtain a dynamic model of an entire economy. Taking his cue from the
French ‘régulation’ school to which he has been a principal contributor ._lhe
analysis focuses on a number of fundamental ‘regimes of accumulation’
representing feedback networks between productivity, wages, consump-
tion, investment and employment. He establishes links between these basic
components by drawing on Schumpeterian and Kaldur—Vcrdumpiun insights
concerning productivity growth, and a generalised Phillips curve with respect to
real wages. Qualitative changes in the resulting growth patterns are related
to different constellations of the underlying parameters, which Boyer asso-
ciates with long-term structural changes in the economy.
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Obviously, this can only represent a simplified attempt to reflect impor-

tant features of lechnif:al change and investment feedbacks in an overarch.
ing model of economic development. It remains a task for the future tq
work out a framework for analysing the economy-wide repercussions of

concrete innovations in historical time, whether they be ‘purely’ techng
logical or social as well. ]

Modelling economic dynmaics and technical
change: mathematical approaches to self-
2 organisation and evolution

Gerald Silverberg

MERIT, Faculty of Economics, State University of Limburg, Maastrichi

Introduction: self-organisation and economic change

In this chapter we shall discuss some relatively new approaches to mathe-
matical modelling which may loosely be subsumed under the heading
‘theory of self-organisation’. Although this modelling philosophy and most
of its early applications were originally inspired by problems in the natural
sciences, as we shall argue, its relevance o the social sciences and in
particular to questions of economic development and structure is more
than accidental.

The theory of self-organisation deals with complex dynamic systems
open to their environments in terms of the exchange of matter, energy and
information and composed of a number of interacting subsystems. Thus
the *behavioural environment’ and the individual subsystems are conceived
as undergoing a process of mutual coevolution which may admit a
determinate joint outcome. Within certain domains, in particular, in the
neighbourhood of a structural instability, these interactions can often be
represented at an aggregate level by a small number of order parameters
which summarise the net result of the complex of feedbacks constraining
the behaviour of the subsystems. Many such systems have been shown both
experimentally and theoretically to lead to the spontaneous emergence ol
coherent macroscopic structures (e.g. spatial, temporal, or in terms of
other system attributes) from the seemingly uncoordinated behaviour of
the component parts at the microscopic level. Moreover, self-organising
systems can undergo a succession of such structural transformations in
response to generalised changes in outside conditions coupled with internal
fluctuations at the microscopic level. In some cases this can take on the
character of an evolutionary progression. Good overviews of the field can
be found in Ebeling and Feistel (1982), Haken (1983a), and Nicolis and
Prigogine (1977). The relevance of the self-organisation concept to the
social sciences has been discussed in Prigogine (1976) and Prigogine, Allen
and Hermann (1977).

Before turning from this rather abstract description to details of specific
methods and applications, one may rightly ask what makes the concept of
self-organisation of interest to economic theory. and in particular to the
incorporation of processes of technical change and economic development
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at the very centre of its reformulation. To begin with, the economic system
in a biophysical sense is certainly open, dependent on inputs of ¢nergy and
information to maintain the processes of circular flow traditionally
analysed by economic theory. This point has been emphasised in particular
by Georgescu-Roegen (1971, 1976) as well as by Boulding (1978, 1981),
and even earlier by Lotka (1924) and Marshall (1890). This means that in
some fundamental sense the laws applicable to the general process of
biological evolution and ecological interaction will have their counterparts
in the cconomic realm. This is not a question of superficial analogy,
however, asserting a one-to-one correspondence between biological/
physical phenomena and economic ones, Rather, it implicates similar
causal patterns of, for example. competition, cooperation, and the
generation of variety operating in the ‘deep structure’ of both systems.

Second, it has become more clearly realised only in the last few years
that both the mathematical richness and the empirical realism of the study
of dynamical systems increases immeasurably when the focus shifts to
intrinsic non-linearities. In economics this insight goes back to Richard
Goodwin (1951), who showed that self-sustaining business cycles were only
possible in the context of non-linear models. In addition to self-sustaining
cycles, non-linearity introduces the possibility of systems with multiple
equilibria, bifurcation of solutions of various types, and deterministic
chaos, i.e. systems which, although deterministic, demonstrate no long-
term regularities of behaviour and are highly sensitive to the choice of
initial conditions. As we shall see, these features play an essential role in
the mathematical theory of self-organisation and evolution, Conversely, it
can be shown that non-equilibrium open systems can only display evolution
if they are in the non-linear region. Once such non-linearities are admitted
into economic modelling many traditional equilibrium approaches are
called into question, while some qualitative thinking which has eluded
formalisation until now can be given mathematical expression. Thus the
theory of self-organisation also addresses the fundamental question raised
by Adam Smith in economics: how do coherent market solutions emerge
from the uncoordinated pursuit of self-interest of individual agents? But it
makes clear that there may be a variety of answers to this question, many
of them possibly suboptimal, and dynamically non-trivial.

A further departure from orthodox modelling philosophy, but one which
also marks a reopening of scientific thought to historicity and the unigue
role of events, acts and individuals, is the place of stochasticity and ir-
reversibility in processes of self-organisation. In contrast to mainstream
econometrics, for example, which attempts to uncover unique structural
laws from under the veil of stochastic noise, which simply serves to obscure
them, stochasticity—the deviation of components and subsystems from
mean values—is dialectically intertwined with deterministic regularities
possibly to drive the system along new branches structurally distinct from
past regimes. In biology this is what Jacques Monod (1970) called the
interaction of chance and necessity. In economics it is not unrelated to the
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observation that a limitation of the large econometnc models l-sb|thetu
breakdown in the face of structural change, vlvhu.jh they are m:lt 4mcd£
anticipate. The dialectic of chance and necessity impimges _un t e’[‘b:ium
mental problem of the emergence of novelty. As against equilibr s
models which see the economic process as one of adjustment to gntrg
conditions, which then may change for exogenous reasons and be c;)n 111}-
pously and almost timelessly tracked by the system, the t?—.eory o sell—
organisation examines the conditions under which departures from prevai
ing behaviour can become self-amphfgnng and modify the very enw!'ot:lm
ment hitherto dictating that behaviour. Srmce these depar_tulres are strflchy
speaking unpredictable at the macroscopic level, Fhe cost is in terms of the
precise ability to predict when, if and cxai_:ﬂy which novelties m_ay_exer: a
significant effect on the system. The gain is, first, the open admm?l?l:l t art,-
the social sciences are indeed historical, !;)utﬂ second, the possibility ]1:
making educated statements about _the kinds of cl_mange. that may take
place, patterns of regularity when it does, the existence of competing
scenarios, and the magnitude of efforts needed to trigger a choice. Thls,_ of
course, is the very stuff of political economy and cconomic history, which
may now be open to an appropriate form of Efnalyncai treatment and more
resistant to the kind of ideological scientism (in the sense of Hayek) model-
guided theorising has been accused of '{n the past. : it
Finally, research on self-organisation has focusc‘lzl attention on the
critical role of collective phenomena and cooperative ._eﬁ'ecfx in many
systems. These features are of special relevance to applications in the s_oc:al
sciences and to the question of the relationship belwcezf lndl\i‘ldué.'li
behaviour and ‘rational’ choice, on the one hand, and th.e socio-economic
environment (climates of opinion, social norms and 1nsytutmns, herd
effects, etc.), on the other. Systems displaying these properties converge to
one or the other aggregate state depending on the dlSlrlll'.lutll.'}l:l of initial
states of the subsystems and possible thresholds and triggering cvents
constraining deviant components to align theltnscl\rf:s with the rlest of ths
system. In a sense the system is able to ‘vote” itself into a more structure:
or differentiated pattern because of the strong non-linearities mediating
distributions of behaviour. Modelling approaches that _proceed fror_n the
concept of a representative agent and unique self-consistent behavioural
equilibria completely miss this point and thusl are only able to account
for institutional patterns of behaviour, implicit forms _ot' :_:ooperauf-n
apparently at odds with myopic self-interest, and pal.th{)].Dglt!b like specula-
live bubbles, in highly artificial and ad hoc ways, if they recognise them
§ ?I:Iihe following sections of this chapter we will illustrate these prim:lpl_es
using a number of models which have been a_nalyzied in the economic,
social science and biological literature. We will not prfl:sent a detailed
background to the mathematical methods th@nsclvcs but instead refer_the
reader to the appropriate sources in the literature. Roughly speakm_gi
these models fall into two categories. The first demonstrate how a socia
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system moves between a small number of qualitatively distinet dynamje
states, either cyclically or in response to input variables, The second show

how such systems may encounter critical switch points which progressively
and irreversibly drive them down a branching tree of specific developmeng

paths. This second class of models exemplifies the transition from self.
organisation to evolution.

Multiequilibria and catastrophe-theoretic models

Consider a (multidimensional) dynamic system with state space vector x
parameterised by a vector a:

x = f(x.,a).

If £is a linear function of x then in general only a unique stationary state
Xy is possible. Its stability properties depend on the eigenvalues of the
matrix f: if their real parts are all negative (or at least one is positive) then
X is asymptotically stable (unstable) (see Hirsch and Smale, 1974, for a

thorough introduction to dynamic sysiems and the associated linear :

algebra). If, however, fis a non-linear function of x then more than one
stationary state can exist (for the moment we will leave aside the question
of the existence of other *attractors’, i.e. other subsets of the state space
such as closed curves, tori, and so-called strange attractors of fractal
dimension invariant to the dynamic and exerting an ‘influence’ on other
trajectorics of the system). Their stability properties can be determined by
linearizing the non-linear function f in the neighbourhood of the stationary
points and examining the corresponding eigenvalues as in the linear case.
In general, both the number and the stability of the stationary points may
change as a function of the parameter vector a. The values of a at which
such qualitative changes take place are referred to as bifurcation or catas-
trophe points. (In the mathematical literature one proceeds with greater
generality by analysing the topological structure of the flow, i.e. the
ensemble of all trajectories generated by f, and determining for what
values of a it changes. The concept of siructural stability goes further and
parameterises the system with respect to all possible small perturbations of
the equations. The system is structurally stable if the topological structure
of its flow is invariant with respect to all sufficiently small perturbations of a
certain class. Otherwise it is structurally unstable.) For a certain kind of
dynamical system, namely gradient systems, it is possible to classify com-
pletely the kinds of bifurcations that can take place locally for parameter
spaces of dimension less than or equal to four (cf. Poston and Stewart.
1978: Saunders, 1980: Thom, 1975). Gradient systems are characterised by
the fact that they are derivable from a scalar function V(x.a) (analagous to
potential energy in mechanics):

x = f(x.a) = — grad V(x.a) = — (aWax,, aViix, ... aVidx,).
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starting out very close together but running along either side of, say, the
cusp point of the catastrophe set can lead to widely divergent system states'
over time. Thus certain initial configurations can be very crucial for the
evolution of the system and can magnify the effect of random events
occurring near such parameter values, enabling them to decide Which.l
divergent path the system will be committed to. Random events can also he’
decisive near ‘overhanging cliffs’ of the catastrophe surface. tripping the
system over the edge so to speak and thus effecting a rapid switchover from
one solution surface to another. 1
Another multi-equilibrium model of direct relevance to the macrg.
dynamics of technical change was first presented by Mensch er al. (1980)
and subsequently reformulated and extended in Haag, Weidlich a
Mensch (1985). This model was inspired by the observation that the rela-
tionship between investment, employment and national product seems to
have broken down in the early 1970s. A number of authors suggested that
this had something to do with the composition of investment and not only
its absolute magnitude. Thus investment in modernising, rationalising, or
accelerated replacement of equipment (possibly due, for example, ta
investment in more energy-efficient machinery in the wake of the oil crisis)
would have a different effect on employment than pure expansionary
investment. This fact had not been explicitly taken into account by
macroeconomic models. (In fact, most models assumed that replacement
investment was a fixed percentage of the capital stock, something which
can only be justified in the long run in @ golden age, steady-state growth
universe.) Mensch er al. hypothesised that for certain combinations of
expansionary and rationalising investment the economy would be charae- 1
terised by two short-run equilibria representing full and underemploy-
ment. Under this assumption the simplist realisation is a cusp catastrophe
with the levels of expansionary and rationalising investment (suitably
normalised) as input parameters and the level of activity of the economy as
state variable (assumed in short-run equilibrium). As the ratio of rational-
ising R to expansionary F investment increases, the (approximately) linear
relationship between activity X and E becomes two-sheeted over a certain
range. An important implication of such a model is related to the pheno-
menon of hysteresis mentioned above. In the bi-equilibrium region, once
the economy has switched from the high to the low activity sheet, expan- .
sionary investment will have to be raised to a much higher level to trigger
a spontancous return to high activity than was necessary to keep the
cconomy on the upper sheet. This may be the key to explaining why
employment programmes often generate disappointing and only tempor-
ary increases in employment unless they exceed certain threshold levels.
The 1985 reformulation of the model differs from the original version in
that (a) the procedure for identifying and incorporating the relevant input
variables has been enlarged, and (b) short-period dynamics are also taken
into consideration. The basic idea of a possible bi-stability in the system
is retained, however. This leads to the construction of a fourth-order
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olynomial potential function with two 1ime—n1epcnflcm Fflriurﬂe‘li:i:
The potential function is estimated by least squares dﬁt:f i te h_L, b
fuctuations with an averaging process. This yields a time series for t c w :
s inbles. as vet unidentified. The relevant cconomic Inputs arc
!nput_ga‘; by a‘-;ﬁumi_nﬂ that the input variables in the pntcmu{.l function
“km'l 3 r cgmtlwinulio;s of variables selected from a set of possible candl-
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of problems of estimation in c::e.tza.:st_mpl'u:-'fh«:nrmm:llmla:}-]-1 cls -lha\'e - t;.c
{o standard econometrics, bi- or nmlu-mgdal error distri L;ljonl: - Da\;ie’
assumed) in the context of a model E}fg?;anon by Woodeock and s
see Fischer and Jammernegg :
“90?21}31 b(jrtt.av«a"t:a-:‘hc of much of the modelling inspired by calastlror;r::
theory is the distinction between state va’nah_les a_ng Paramet::jr:}. .
example, in the two versions of Mensch’s bi-equilibrium 'n;}{ljes ,In .
components of investment are rcgardeq as exngenous; vzrt:a kg:f i
complete dynamic description, however, 1L 1s glear that a fee bac e
form exists between economic activity am_j investment. ThlS: |sddlc ncl) :
ledged in Zeeman's model by the immdurlnum of the slow, secon :ve 1; :e
dynamic interaction between all the variables. The assumption that :
motion can be clearly divided between fast and _l.ow responses pcn:nllti :1 e
state variable/parameter distinction to be imposed mathcmahrul..f Y.;
however, at least as an approximation. This Pmcedure: known in p] 3:3_|c.
as the adiabatic approximation, is the basis for Haken s sn—cal!c;i s a»;:;;g
principle, which establishes a hierarchy of f::lius'.‘atlun hem‘-c_cn 0; er pd t
meters and *slaved variables’ near an instability in complex interc epfj't len.
systems (cf. Haken, 1983a and b). Needless to say, Lhcl bl[ur{.atllc_)?
involved can be of a more general type than e]crnelnllm_‘y catastrophes. e
distinction between slow and fast variables is implicit in most cnmpa‘ratllve?
statics exercises in economics. It is often assumed that some set olf »"zlr}ab es
is in equilibrium while another set of parameters can bc_frei,-.l?_ v;r::mtiz
represent economic change. The dangers of this kind of imp 1;114 Y[f i
reduction have been pointed out by Gando}m and Padufm (LfEJSh 1 L e
makes no a priori assumptions about the adjustment ::,pcuds of the various
dynamic interactions and actually estimates them against the data, 1t tu;ns:
0;11 that the equilibrium assumptions of, for example. capital marke
clearing models are revealed to be untenable.
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Selection models and Schumpeterian dynamics

Inspir / igi i
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{].[Jgsmlnlqeir:llcllw_‘-ﬂ}‘ Recent results are surveyed in Hofbauer anngiqm‘iLr:g
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mplexity can be taken a step further by introducing additional

dynamic variables v and lageed v:
e s y and lagged values of some of them z,(r) = y,(-A),
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This type of system is necessary to model the vintage structure of capital
stocks in disequilibrium and with possibly fluctuating rates of hest practice

technical change.
The models developed along these lines differ in a number of important

respects, however, which can be roughly summarised under the following
headings.

Unit of selection: Whereas the gene has come to be recognised as the
fundamental unit of selection in biology. it is still unclear at what level
evolutionary selection and innovation operate in spcio-economic systems.
In terms of the Schumpeterian model of creative destruction, for example.
it is not obvious whether the basic unit should be the firm. ot the innova-
tion or technology itself. In addition. one may attempt to model beha-
vioural strategies, rules of thumb, etc., as subject 1o an evolutionary
process. All of these approaches are represented in the literature. It
remains to be seen to what extent they can be reconciled, or whether they
introduce an implicit bias into a model.

Behavioural assumptions and the role of anticiparion, planning and ‘ratio-
nality”: Almost without exception, workers in the field of social evolution
acknowledge that human societies are characterised by an emergent
property almost totally absent from the biological domain —the presence of
conscious goal-seeking behaviour partly guided by mental models of the
world which attempt to anticipate the future course of the individual's
environment. An extreme position might regard this fact as irrelevant to
the ultimate outcome of the evolutionary process and therefore would
dispense altogether with a detailed treatment of the behavioural level
{Alchian, 1951, at times argues in this vein, and it seems to be implicit in
the work of Marchetti, 1983). However, even under this assumption it
would not be without interest to investigate the behavioural level as
experienced by the actors themselves, if only as a problem in social psycho-
logy. Moreover, even if the outcome remained the same, the fact that the
search process is not wholly random but directed, i.e. orthogenetic (cf.
Lotka, 1956, p. 379), implies that it may be advancing much more rapidly
than blind biological evolution. However, it is generally accepted that the
behavioural level plays an essential role in the socio-economic Process.
One need only point to the importance of imitation in human affairs, which
implies that successful strategies can be transferred between living agents
and do not necessarily have to drive the carriers of other strategies physi-
cally out of existence. (As far as I am aware, only bacteria practise an
analogous direct transfer of genetic information without reproduction.)
And this example makes clear that the prevailing conceplion in economics
of behaviour as ‘rational’ is woefully inadequate as a description of human
beings interacting in a social and historical setting.
Unfortunately, it must be admitted that the behavioural level has been
relegated to a mostly ad hoc part in most of the economic models, with the
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as these fall under the general heading of the origin and stability of
cooperative behaviour, a subject which only recently has begun to be the
focus of analytical investigation along evolutionary lines (cf. Axelrod,
1984).
Another goal to which many of the evolutionary models about to be
discussed have addressed themselves is to uncover long-term patterns of
technical change and economic development. One such result is the
familiar logistic substitution curve of technological diffusion, but the
question remains of how to embed it in a more general theory of economic
dynamics. Another is the possible existence of long-term macroeconomic
fuctuations and patterns of structural change, and the still highly contested
Jong-wave hypothesis. Still another is the origin and persistence of patterns
of unequal development in the world economy. One of the most promising
questiOnS, however, which has hardly been brought out in the literature, is
the relationship between the process of technical change and the disequili-
brium structures it engenders on the one hand, and short-period instabili-
tes and the problem of effective demand on the other. This is one of the
missing links (between Schumpeter and Keynes, so to speak) in economic
theory which the equilibrium paradigm is singularly unsuited to deal with.
On this more later.
To illustrate the basic form of the evolutionary argument let us start with
the model in Nelson (1968) and Nelson and Winter (1982, pp. 235-40).
While it is conceived to deal with underdeveloped economies characterised
by a modern and a traditional industrial sector, in principle it is equally
applicable to any closed economy which admits such a bipartite representa-
tion of capital-embodied technology. The technologies, assumed to
be linear production functions, differ only with respect to their labour
productivities. Each sector is wedded to its technology and reinvests its
profits in capacity expansion (the rate of capacity atilisation is always one,
output sells for a constant common price, and the wage rat¢ is determined
by a static labour supply curve), which results in differential growth rates of
the two sectors. The more productive technique gradually replaces the less
productive one in an approximately logistic fashion., depending on the form
of the wage function. The rate of replacement is proportional to the
difference in labour productivity.

A generalisation of this approach is presented in Silverberg (1984) based
on Goodwin’s growth cycle model (Goodwin, 1967). The argument
consists of two parts: a hypothetical Gedankenexperiment and a descrip-
tive dynamic analysis. The first part proceeds from the single linear
technology Goodwin model and asks how the choice of technique problem
can be answered dynamically in a Schumpeterian sense. That is, it asks
under what circumstances an entrepreneur investing in a new technology of
peneral linear form will eventually realise differential profits and establish
himself in the economy. Using 2 method of analysis first applied by Allen
(1975, 1976) to biological evolution in ecological systems, it is possible to
derive an unambiguous selection criterion which is independent of factor
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prices prevailing at any given time. The well-known stylised facts of |

economic growth—approximate constancy of the capital/foutput
the progressive increase of labour productivity—are shown to be necessary
consequences of the assumptions underlying Schumpeterian competition,
even if innovating entrepreneurs search for new technologies in a com.
pletely arbitrary manner. Thus the directed search for primarily labour-
saving technologies is a logical and self-
result.

The second stage of the analysis goes on to make the heroic assumption
that the further evolution of the economy can actually be described by
strict reinvestment of the respective retained earnings of the technologies.

ratio ang

consistent consequence of thig

There is obviously a certain irrationality to an entrepreneur’s continuing to
invest in a demonstrably inferior technology over a considerable period of

time, but it is not an entirely unknown phenomenon in business history.
Under this assumption it is possible to derive an analytical expression for
the substitution process of logistic type whose speed is proportional to the
difference between the values of the technical choice function of the two
techniques. Furthermore, the time paths of such macroeconomic variables
as the rates of unemployment and average profits and the rates of growth
of real wages and product result from a superposition of long- and short-
period fluctuations.
A number of models have continued in a similar vein and examined the

case of an arbitrary number of competing techniques under similar be-
havioural assumptions. Closely related are Gibbons and Metcalfe (1988)
and Nelson and Winter (1982, pp. 240-5). In essence these are industry-
level analyses because wages and other factor prices are taken as
exogenous. The strict technology reinvestment assumption is retained.
One may then demonstrate that for given factor prices and constant
technology sets a best technology exists and the industry progressively
converges to it. The rate of convergence of average industry unit costs to
best practice is proportional to the variance of unit costs of the technolo-
gies present in the industry (using market shares as weights). If factor
prices change exogenously, the best technique (in the sense of lowest unit

costs) changes accordingly, and, depending on whether sufficient variety
remains in the industry, the system now converges to that technique. This

result is known in population genetics as Fisher’s ‘fundamental theorem of
natural selection’ (Fisher, 1930). For a good discussion of the underlying
mathematics, sce Ewens (1979), Hofbauer and Sigmund (1984), and
Losert and Akin (1983).

The restrictive assumption of strict reinvestment in each technology can
be relaxed by allowing investment to ‘climb the ladder’ of available techno-
logies gradually over time, preferably in the direction of the techniques
which are being selected for anyway. Examples of this sort of model are
Soete and Turner (1984) and Iwai (1984a). The underlying assumption
revolves around the idea that information about best practice diffuses only
slowly, so that firms have to work their way up the production possibility
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technological trajectory, it is very unlikely that
far behind best practice (the problem of tech
dynamic returns to scale is
diffusion becomes significant when a real choice of technique opens up.
The vintage perspective also makes clear that there is an important disting-
tion between diffusion in current investment and diff
stock. Sahal (1981) is one of the few authors to present data substantiati
this point. The former is necessarily more rapid than the latter. Moreo

they will be investing very
nologies with pronounced

ng
ver,

the rate of diffusion through the capital stock is only partly determined by

the speed with which entrepreneurs embrace a new technology: it will
remain limited even if all entrepreneurs instantaneously shift their invest-
ment to the new technology, and it is not a sign in itself of some kind of

technological inertia or irrationality. Finally, the embodiment hypothesis

has the advantage of establishing a connection between the rate of change
of average productivity and the composition and level of investment. In
contrast to the steady-state vintage models extensively analysed in the
1960s and 1970s in which the rates of growth of best-practice and average-
practice productivities are identical and independent of the rate of invest.
ment, this is no longer true with disequilibrium dynamics, as has been
pointed out by Clark (1980).

The fact that best-practice technology cannot be taken as fixed during
the selection process requires an extension of the basic madel to include
the mechanism by which this frontier is expanded and explored (not to
mention how expectations about this frontier influence the scrapping
decision). The simplest assumption is that the frontier moves at an exo-
genously given growth rate which is more or less correctly anticipated by
firms. The task becomes considerably more difficult when this rate is made
partly endogenous, and when switch points arise between technological
trajectories. Although it is clear that both (costly) search and imitation
effects are at work here, there is still no definitive agreement about how
they should be incorporated into a model, and this will undoubtedly
remain one of the most difficult aspects of evolutionary modelling. The
approach adopted by neo-classical theory—optimal innovation as a
problem of maximisation or a two-period game —is certainly very much at
odds with the perspective inherent in the cvolutionary framework, which,
as we shall see, hinges in an essential way on the stochastic nature of search
processes, the problem of decision-making under irreducible uncertainty,
and collective effects.

The most ambitious attempt to incorporate these features is Nelson and
Winter’s evolutionary model of economic growth (Nelson and Winter
1974, 1982, Chapter 9; Nelson, Winter and Schuette 1976). Here we will
restrict our discussion to the salient mathematical and economic features of
the basic model to the exclusion of its extensions dealing with such gues-
tions as the so-called Schumpeterian hypothesis on industrial concentration
and innovation. The model is formulated in firm space, which allows the
explicit treatment of diverse firm strategies with respect to technological

perhaps an exception here). The problem of

usion in the capita]
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Gilverberg’s study (1987) is an attempt 10 establish a basic dynamic
structure governing prices and quantities in an industry driven by Schum-
cterian competition, embodied and ongoing technical progress, decision
rules modelled on actual business practice and reflecting the crucial role of
forward-looking expectations, and taking into account certain stylised facts
of industrial development. Kaldor (1983, 1985) in particular has singled out
the following observations as being in basic contradiction to received
wisdom and demanding a tundamental reinterpretation of the process of
industrial competition and evolution:

|. Markets do not always clear in the Walrasian sense. Businessmen take
this into account by carrying inventories and order books and respond-
ing to quantity signals.

2. The presence of business goodwill, differentiated products and market
inertia excludes the existence of market-clearing equilibrium (and
uniform) prices and mandates an oligopolistic and dynamic reformula-
tion of the price/guantity relationship.

3. Mark-up pricing scems to be the pervasive rule of thumb in industry
and trade. However, the existence of considerable variance in unit
costs of firms in the same industry indicates that either there is no
tendency to a uniform price or that competition enforces some pattern
of deviation from strict mark-up pricing. Evidently some mechanism
in between these two extremes must be in operation.

4 Okun’s law—that the short-run elasticity of product with respect to
employment is greater than one—was interpreted by Okun to imply
that the shori-run average cost curves of firms were declining due to
the existence of overhead labour. While this is undoubtedly true, the
other half of the story implies that short-run changes in demand cannot
preferentially affect only marginal firms but must be more or less
equally distributed over the entire industry. This is consistent with
stylised facts 1-3 above about imperfect competition. Moreover, it
necessitates enlarging the disequilibrium industry concept to variations
in the rate of capacity utilisation of all firms instead of just the techno-
logically marginal ones if short-period effective demand dynamics are

to be integrated into a theory of cconomic evolution. (This connection
was first pointed out by the German economist Ristow as early as
1926 cf. Riistow, 1951, 1984). The presence of static economies of
scale also has implications for the investment decisions of firms.

5. Dynamic models are characterised by cumulative causation, i.e. nega-
tive and positive feedback loops. If competitive economies, al the
industry, national and international levels, are characterised by diverse
strategies and capacities, then virtuwous and vicious cycles, i.c.
cumulative winners and losers. should also be possible under certain

circumstances.

To combine these features into a single industry-level model, a separa-
tion is introduced between the evolutionary process at the market and at
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the firm level. Firms' market shares in real orders are subject to a selection
mechanism based on disparities in competitiveness as they are perceived at
the market level, ie. in terms of relative prices, delivery delays, possible
qua%ny factors and advertising (only the first two are explicitly incorpora-
ted in the model at this stage). In essence this is a dynamical description of
the ki_nd of ‘imperfect’ competition connecting pri&e and other signals to
quantity variations outlined above. The value of a single parameter
encompasses the gamut from ‘pure’, i.e. instantaneous, competition to
pure monopoly.

The cost, price, production, capacity and delivery delay variables for
the individual firm change over time in response to its investment strategy
routine behavioural rules of thumb, and its success in the market. Em:
bodied technical progress is represenied as a vintage structure of each
firm’s capital stock. At each point in time firms have to decide how much
new equipment to acquire (gross investment) and how much oldest vintage
equipment to scrap, or, equivalently, the levels of net expansion of capa-
cny (net investment) and replacement/modernisation investment. Unit
prime cost is then an average over all vintages (as are overhead costs). It
can bclshown that it changes over time as a function of gross investment,
scrapping and the differences between best practice and marginal vintage
and best practice and average unit costs. The strategic parameters deter-
mining these components of investment are the desired payback period for
replacement (which itself reflects expectations about the long-term rate of
lechni.cal progress) and the firm's expected rate of growth of orders for
capacity expansion (modified by its rate of capacity utilisation).

The routine decision rules are similar to those employed in the systems
dynamics modelling tradition. Firms adjust their production level to main-
tain a desired delivery delay. Prices are adjusted to costs via a mark-up, but
a concession must be made to the firm’s competitiveness relative to the
lnfiuslry average (another example of a self-organisational relationship).
Given a time path for the growth of best-practice productivity (which may
!Jl.lt need not be taken as exponential), it is possible to test different
investment strategies against each other under different financial regimes
(e.g. m_terna! financing from cashflow and liquid reserves vs. unlimited
l?ormwmg). In particular, an optimal payback rule can be established;
firms which deviate from it are progressively driven off the market.

. Sil_vcrberg, Dosi and Orsenigo (1988) extend this basic model by con-
sidering a change of technological trajectory: at a certain point in time
firms are able to choose between two qualitatively different technologies,
which themselves continue to evolve over time (in the standard viniagc
formulation investment is always in a unique best practice). In contrast to
standard diffusion models, however, the adoption decision is not modelled
as one of information dissemination or involving a distribution of unvary-
ing firm characteristics. Rather, a specific skill level internal to the firm is
asa-uc_ialed with each technological trajectory which grows according to a
learning-by-using rule as a function of the firm’s cumulative producti:an on
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the trajectory and eventually saturates. This introduces a strong non-linear
positive feedback into firm productivity dynamics. In addition, the model
includes an externality in the form of a public skill level available to all
firms which lags behind the growth of the average internal skill level
present in the industry. Realised productivity on a trajectory is the product
of the underlying embodied productivity of the vintage in question and the
<kill level internal to the firm specific to it. This particular combination of
exogenous embodied technical progress and disembodied learning makes
the actual course of productivity growth even more a function of endo-
genous and costly investment and production effort, but also introduces a
strong element of cumulativeness.

Firms' strategies are now parameterised by an anticipation factor
reflecting their optimism about the development potential of the new
trajectory and their ability to pre-empt their competitors by adopting
earlier than their normal payback period investment criterion would allow.
The other side of the coin is the real possibility of free-rider effects due to
the externality. In fact, simulation runs show that, depending on the
dynamic appropriability of the trajectory (the ratio of the rates of internal
to public learning), the same configuration of anticipation factors over
firms can lead to either first or middle adopters being the major net
benefitors of the diffusion process. Very late laggards run the danger of
being pushed on to a downward spiral and driven out of the market
altogether. On the other hand, if insufficient variance is present in firms’
strategies, a socially non-optimal outcome is possible. No adoption of the
superior trajectory occurs because no firm is willing to incur the costs
necessary to bring the technology to commercial maturity. This kind of
model demonstrates that a complex tension can exist between individual
behaviours and aggregale outcomes, which may indeed be the most
interesting feature of social systems. In economics this may take the form
of relational pay-offs to strategies (e.g. whether first or second adopters
reap the profits of an innovation, or whether it is advantageous to bet with
or against the majority).

The fact that an evolutionary system may lead to completely different
but self-consistent long-run outcomes depending on initial conditions
and/or small random disturbances has been termed ‘hyperselection” (see
Ebeling and Feistel, 1982, Chapter 7) in deterministic models and ‘path-
dependency” in stochastic models (see Arthur's chapter in this book).
Hyperselection can occur if growth rates of species or strategies are non-
linearly coupled. In biology hyperselection is believed to be responsible for
the almost exclusive predominance of ‘left-handed’ organic molecules,
although a priori both ‘handednesses’ are equally viable, as well as the
uniqueness of the genetic code (in a more physical context this pheno-
menon is also referred to as symmetry-breaking). This is an example of a
‘once-and-for-all’ selection process which does not admit subsequent
evolutionary change and locks the system into a particular structure. David
(1985) has argued that the adoption of the QWERTY typewriter keyboard
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is an example of this kind of lock-in process in the technological realm
(mostly due to learning externalities). Hyperselective/path-dependent
behaviour need not rule out all further evolutionary progress, however,
and can also result in the coexistence of species which have specialised and
occupy different ecological niches, in each of which further evolution is
possible (cf. Ebeling and Feistel, 1982, pp-235-8). In the following
section on the self-organisation of behaviour we will come back to the
question of hyperselection and collective effects and their implications for
political economy and economic theory.

The self-organisation of economic behaviour

The behaviour of human beings, to the extent that it is not genetically fixed
for all times, is distinguished by the fact that it is social and subject to
learning. Thus both socially inherited norms, behavioural patterns, institu-
tions and values, as well as the ongoing interaction with other agents and
the struggle for differential advantages, must be taken into account.
Economic theory for the most part has detoured around this erucial fact by
reducing the problem to one of static choice of the individual who is either
assumed to be so small that his actions have no effect on others and their
actions can be taken as given, or so overwhelmingly large that for all
purposes he is the only actor. In both cases the problem reduces to one of
simple maximisation in a game against nature which the ‘rational’ indivi-
dual is at no computational loss to solve. Although the peculiar features of
the intermediate case have been recognised since Cournot, von Neumann
and Morgenstern, not very much of economic theory is actually based on
them. Yet the intermediate case, especially once formulated dynamically,
is indeed probably the only relevant one, with the other two being limiting
cases of little practical interest. (In fact, even ‘pure’ competition, in a
dynamic environment with uncertainty, ceases to be a game against nature,
as the extreme instability of primary goods and spot markets and the
disproportionate role of speculation in them show.)

This is especially so in non-zero-sum settings in which both competition
and cooperation are potentially possible. The best-known example and the
‘ideal type' to which much research has been addressed is Prisoner’s
Dilemma. A wide range of economic and social phenomena seem to be
related to Prisoner’s Dilemma, such as oligopalistic behaviour, protection
vs. free trade, arms races, etc. The most widely employed static equili-
brium concept—Nash equilibrium—is not Pareto optimal in this case.
Other non-zero-sum games admit multiple Nash equilibria, some of which
may be suboptimal. Thus the ‘rationality’ of a decision may depend on the
predominant strategy of the other agents; the social system decides col-
lectively. Hence the analysis of the representative agent is misplaced here.
The crucial question revolves around the interaction of the collective and
the individual, and individually ‘rational’ decisions may lead to system-
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level failures. This point has been illustrated in different contexts l?y,
among others, Keynes (1936, pp. 156-7), Schw:]_rtz (1961), Schelling
(1978). G. Hardin (1968), and R. Hardin (1982). It is also at the centre of
the discussion of the theoretical consistency of the m-call_ed rational
expectations hypothesis (cf., for example, the contributions in Frydman
and Phelps, 1983). " o _ ,

The key to overcoming the pessimistic implications of Pr}soncr s
Dilemma seems to reside in going over to a dynamic context (i.e. iterated
Prisoner’s Dilemma) and allowing strategies to acquire a memory of their
previous encounters with specific individuals, This radicali)_r changes the
context of the game and permits stable cooperative strategies to emerge
(cf. Axelrod, 1984). Before discussing the implications of these ﬁnf:ling for
social science modelling, we will briefly sketch some of the main ideas of
what is coming to be known as evolutionary game theory, and compare it
with other behavioural approaches in economics and with other possible
self-organisational processes. 3

The idea of applying game theory to problems of evolutionary biology
goes back to Maynard Smith (see Maynard Smith, 1982, for a survey of
the biological literature). The argument in a sense is the reverse of ‘lhat
applied in Silverberg (1984). One asks under what circun}sta_nces a given
distribution of genetically transmitted behavioural strategies in an :lmlmal
population cannot be invaded by a mutant. The underlying evolutionary
framework presupposes that animals interact pairwise and rando_mly_ afld
that the pay-offs of their interactions (e.g. in mating or tE.T.rltDFIa]I!}'
contests) are reflected in their reproductive fitnesses. Such a distl‘lbutlctn of
strategies in the population (which can also be interpreted as a single mixed
strategy with corresponding probabilities of being played) is called an
Evolutionary Stable Strategy (ESS), and a simple, static criterion can be
specified for the existence of an ESS. An ESS is a Nash equilibrium, but
the converse need not be true. An evolutionary game may possess several
ESSs or none at all. Thomas (1984, Chapter 8) presents a good textbook-
level introduction to the subject. The ESS concept can be used to demon-
strate why stags rarely injure each other in mating contests, for exam_plc,
although myopically it might seem in the interests of an indivitliual animal
to be prepared to fight to the death. In iterated Prisoner’s Dilemma the
pay-off of an encounter of two strategies is a discounted sum of the pay-offs
of the (potentially) infinite number of plays, the discount factor represent-
ing the probability of a further play (see Axelrod, 1984, Appendix B, for
details on what follows). A strategy is a (possibly stochastic) rule for
deciding whether to cooperate or defect on the next play given the history
of the encounter until that time. There is no universally superior strategy,
and a large number of pure strategy ESSs can exist depending on the value
of the discount parameter. Thus constant defection is an ESS, i.¢. lf_ it is
practised by all members of a population, a small number of deviants
cannot invade it. But TIT FOR TAT (cooperate on the first move, do what
your opponent did on the last move) is also an ESS for a sufficiently high
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probability of renewed encounters in the future. Thus being an ESS is a
collective property, and a system may admit many mutually exclusive
regimes. The question then arises of how a transition between ESSs could
come about, for example, from a world of pure defection to a world of first
and faithful cooperators (but quick yet forgiving retaliators) employing
TIT FOR TAT. Axelrod demonstrates that if deviants enter the system in
clusters instead of individually and thus have a higher probability of in-
ternal interaction than otherwise, a cooperative strategy can establish
itself. This transition between high and low levels of cooperation is alsa
reminiscent of Williamson's model of the dynamic bi-stability of oligopolis-
tic markets (Williamson, 1965).

An Evolutionary Stable Strategy is a static concept, however. The evolu-
tionary problem can be cast in a dynamic setting by making the reproduc-
tion rate of the frequency of a strategy in a population proportional to the
difference between its average pay-off against the population and the
average pay-off of all strategies against each other. This formulation, first
introduced by Taylor and Jonker (1978), returns us to our basic evolu-
tionary equation with a particular quadratic specification of fitness derived
from the pay-off matrix. The concept of an ESS is now replaced by that of

an attractor, and the methods of dynamical system theory become appli-—

cable. The main results in the literature are reviewed in Hofbauer and
Sigmund (1984). Of particular interest here is Zeeman (1979), in which it is
shown that point attractors exist which are not ESSs. If an ESS exists
representing a mix of all strategies, then it is a global attractor in the
interior of the population space. A non-ESS attractor in the interior need
not be global, however: the interior may also contain a basin of attraction
of another point attractor on the boundary. This is analogous to the
phenomenon of hyperselection referred to before. The system may con-
verge to either a coexistence of strategies or the complete elimination of
some of them depending on initial conditions. Zeeman also examines the
question of the structural stability of the game dynamics, i.¢. whether the
qualitative properties of the flow are robust with respect to small changes
in the pay-off matrix. In another paper (Zeeman, 1981) he shows that the
conclusions of a model may change when it is reformulated to make it
stable. Finally, periodic solutions can also occur in evolutionary games.
As a model of the formation of patterns of social behaviour. evolution-
ary theory represents a considerable advance over the static individual
maximisation paradigm by clearly underscoring the focusing effects
mediating the interaction of individuals with the collective as a process in
historical time. The representative agent can be dispensed with. and
indeed equilibria may correspond to heterogeneous behavioural distribu-
tions. Moreover, the rationality postulate in its strong form need not be
invoked. In its strong form this assumes not only that agents prefer higher
pay-offs to lower ones, but that they are able to explore completely the
pay-off matrix and coordinate their behaviours in a mutually consistent
way before any interaction actually takes place (no out-of-equilibrium
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trading). This is indeed a rather superhuman assumption, since it not only
places extraordinary informational and computational burdens on Fhe
individual agents but neatly abstracts from any realistic coordination
mechanism (Walras® tdtonnement process obviously does not fit this bill).
The various search and reaction mechanisms that have been modelled do
not necessarily converge to the game-theoretic eguilibria. The basic
mechanism of evolutionary theory only requires that success differentially
breeds more of the same strategy, whether this be due to market expansion
via a profitability/growth feedback or additionally due to imitation :%nd
adoption of ex post successful strategies by less successful agents (whichis a
first step towards an economic rationality in real time). At the first level
this provides a robust approach to the explanation of patterns of behav-
iour, norms, implicit forms of cooperation and the focusing value of
institutions and regimes when behaviour involves frequently repeated
interactions between agents committed to indefinite further play. The
stability of the resulting industry patterns can be probed by introducing
new strategies (representing Keynes's ‘animal spirits’ or Schumpeter’s
innovating entrepreneurs) and/or by varying parameters of the interaction.

The situation is somewhat different when an evolutionary game repre-
sents a less frequent kind of interaction and the parameters may be
changing in a crucial but unpredictable way between interactions. This
seems to be the case, for example, in the model analysed by Silverberg, Dosi
and Orsenigo (1988). Changes of technological regime occur only inter-
mittently and crucial parameters such as dynamic appropriability may vary
between plays in unforeseeable ways. The asymptotic pay-off matrix
depends in a very complicated way on the configuration of the anticipation
parameters of all the other firms and is relational. Thus a firm cannot really
decide to be second in because it cannot know the positions taken by others
in advance. And because the same experiment will not exactly be repeated
in the near future, little learning or convergence to an ESS, should one
exist, can be expected. What can be learned from the past, however, is that
an anticipatory position must be taken if someone else takes one. The
resulting uncertainty about how best to do this makes a diversity of strate-
gies with corresponding losses and gains almost inevitable and is what
drives the process as a whole.

As we have indicated, the evolutionary paradigm differs in several
fundamental ways from more classical approaches to the explanation of
structure and change based on the concepts of optimisation and equili-
brium. But it also sheds new light on the traditional question of system
optimisation, both as a realisable process in natural systems and as a
planning tool.

The evolutionary process differs from classical concepts of optimisation
by mandating system diversity in order to work at all. Moreover, this
diversity must be maintained over time if the system is to avoid stagnation
and display sufficient resiliency. This diversity appears to be bought at the
cost of lower overall efficiency compared to a uniformly “optimal’ structure.
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However, the evolutionary procedure generally displays  greater
robustness, i.e. lower sensitivity to mis-specification of the optimisation
problem and to fluctuations in the environment. It is often also computa-
tionally more efficient than traditional methods of numerical optimisation
when implemented as a search procedure on an eclectronic computer (jt
should also be pointed out that evolution is an intrinsically parallel process
and thus could be considerably accelerated numerically if it could be
liberated from the serial architecture of present-day computers). The
question of designing search procedures along evolutionary lines has been
taken up by Holland (1975), Schwefel (1981), and Brady (1985), as well as
in a number of contributions in Farmer (1986). Axelrod (1985) has applied
Holland’s approach to a genetic coding of iterated Prisoner’s Dilemma
strategies with play memory three moves deep to generate evolution-
ary solutions of considerable complexity and effectiveness. One of the
strengths of evolutionary algorithms is their much higher probability of
avoiding entrapment in local maxima.

The relationship between optimisation and evolution can also be looked
at in the other direction: what if anything is being optimised by the
evolutionary process occurring in natural systems? The answer is not
always clear-cut and depends on the exact nature of the interactions
between species in the system. Ebeling and Feistel (1982) provide a
thorough discussion of this point. In some evolutionary models it can be
shown that a function does indeed exist which monotonically increases
over time as a result of the selection process. In other cases a function may
only exist which is maximised at the asymptotic steady state but fluctuates
before it gets there (i.e. overall system performance may decline before it
finally improves). Notice that these ‘extremal functions’ are open-ended:
they may be capable of even further increases if new species enter the
system. In some cases, however, no such function can be defined. In
physical and biological systems extremal functions may correspond to such
key concepts as energy efficiency or reproductive fitness. In Silverberg
(1984) a ‘technological potential function’ is derived which unambiguously
separates superior from inferior techniques (not surprisingly, this function
is primarily dependent on labour productivity). The question of the exis-
tence of extremal functions characterising the evolutionary process both at
the system and at the agent level is of direct relevance to the validity of one
of the standard procedures of orthodox economic modelling. It is usual to
assume that the behaviour of individual agents can be described by a target
function which they attempt to maximise. To the extent that they are
interacting in a competitive environment which decides on their fortunes in
terms of survivorship, growth and rates of return, it is not at all clear a
priori which, if any, target function will be consistent with the resulting
selection process. In fact such target functions should be derivable from the
competitive process, and not the other way around. Thus the long-standing
discussion of whether firms maximise profits or growth rates (whatever this
may actually mean) is probably not resolvable at this level of analysis. It
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may ultimately turn out that the success of firms is not describable in terms
of target functions at all. )

The self-organisation of social structures can also be analysed without
an explicit consideration of pay-offs. Weidlich and Halag (1983) dlevelop a
basic model of interacting populations on the assumption that attitudes or
decisions have an objective and a socially conformist component. Thys the
probability of someone changing his opinion is. pgsilcd to be a function qf
the opinions held by others in society. In a limited economic sense this
need not be at odds with individual egoism, since. as Kc_}'lnes argue_d_., the
pay-off to speculative investment may depend on the ablllty to anticipate
average opinion. Equally, it may be justified as a lblasn: hun":an instinct
(herd tendency) or derived from an interpersonal utility function. On the
basis of this assumption they formulate a continuous Markov process and
show that qualitative collective changes in the stationary probability distri-
bution can take place when fundamental parameters such as the strength of
coupling between individuals are varied. The addition of feedbacks alle:ws
the model to be applied to the division of investment between expansion
and rationalisation as a function of underlying technological trends and the
dynamics of the investment climate. The particular speciﬁc:}tion chosen,
based on a Schumpeterian alternation between an expansionary and a
rationalising bias of pioneering investors, is shown to lead to a ?imll cycle
under some parameter constellations, to a number of fixed points under
others. ;

What are the implications of these admittedly very preliminary inw_esuga-
tions of self-organisational dynamics in social systems? On the basis of a
related modelling approach to regional economic development, Allen
(1982, p. 110} concludes that:

This changes the whole concept of modelling and of prediction. It moves away from
the idea of building very precise descriptive models of the momentary state of
a particular system towards that of exploring how the interacting elements of such a
system may ‘fold’ over time, and give rise to various possible ‘types’ corresponding
to the branches of an evolutionary tree.

There are a number of qualitative features of this kind of process which
deserve to be recalled in connection with policy issues. One is that non-
linear systems may display hysteresis and threshold phenomcna‘. so that it
is not always possible to generalise from the effects of small policy actions
to larger ones. The existence of collective phenomena and hyperselection
also implies that we are not always free to do what we want, because the
rest of the system may react in a very conservative, identity-preserving
way, or in counter-intuitively disastrous ones. On the other hand. very
astutely applied changes by an appropriately situated agent such as govern-
ments, social movements, etc. may be able to trigger a complete and self-
propagating reorganisation of the system to an uncquivuca_lly more favour-
able state which may not be attainable by the agents acting routinely on
their own. Thus while man is ultimately condemned to discover his own
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history in the process of making it, with the aid of the kind of reasoning we
have tried to outline here, he may be able to catch a glimpse of the
labyrinthine path he is treading between freedom and necessity and
possibly avoid some of the more hopeless dead ends.
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Introduction

The purpose of this chapter is to consider the diffusion of innovation from
a number of different theoretical perspectives. In the process | will discuss
the respective roles of equilibrium and disequilibrium methods of analysis,
profitability and ‘fashion’ supply-side factors, and the interaction between
changing technology and changing market environments. I shall not give
equal weight to the topics, nor shall T attempt other than the briefest
reference to the literature on the subject. My purpose is to highlight some
alternative methods of analysis. Davies (1979), Stoneman (1983), and
Thirtle and Ruttan (1987) provide valuable surveys of the (by now)
immense literature on this topic.

For the purposes of this chapter, diffusion and structural economic
change are treated as synonyms. In any study of innovation diffusion, we
are concerned with the process by which new technological forms are
integrated into the economy to impose changes upon its structure. Diffu-
sion-related structural change may be considered at a number of analytical
levels, from the macro development of an entire industry, to the micro
level at which a new machine, or consumer good, is diffused to generate
corresponding marginal changes in the behaviour of firms and individuals.
Muost diffusion research is conducted at the micro level, but the importance
of the diffusion theme spreads far beyond any detailed concern with
individual innovations. In terms of fundamentals, we are interested in
diffusion phenomena as examples of economic change and development
in how new technologies come to acquire economic significance, and, in
the process, displace existing technologies either partially or totally.

Whatever the level at which diffusion phenomena are studied there are
a number of basic issues which must be clarified. The first centres on
whether diffusion is to be viewed in terms of an equilibrium or a dis-
equilibrium process (Griliches, 1957), whether diffusion patterns reflect a
sequence of shifting equilibria in which agents are fully adjusted and
*Collaboration over a number of vears with M. Gibbons is gratefully acknowledged, as is
collaboration with colleagues in PREST, in particular, Hugh Cameron. Work reported here
has been funded within the ESRC programme on competitive performance. In preparing the
final draft I have benefited greatly from comments and discussion at the Maastricht confer-

ence, and, in particular, from the incisive comments of the editor of this section, Gerald
Silverberg.
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informed, or whether, by contrast, they reflect a sequence of imperfectly
perceived disequilibria lagging behind the development of a ‘final’
equilibrium position. Closely related to this dichotomy is the distinction
between diffusion processes which are driven by changes in external
events, and those which are driven by endogenous change from within.
These are not as sharp a set of distinctions as might at first appear, since
one can turn any disequilibrium model into an equilibrium equivalent and
vice versa by a suitable definition of the information sets and perceptions
of adopting agents, However, the distinction is critical to any understand-
ing of the diffusion literature. A second, more fundamental issue concerns
the decision-making procedures which are assumed to drive the diffusion
process. Here the relevant distinction is between models which assume full
information, classical rationality on the behalf of adopting agents, and
models which postulate limited information, bounded rationality as the
basis for decision-making. From these distinctions four classes of diffusion
model can be constructed. Neo-classical theorists naturally find the
matching of fully rational action with equilibrium models of analysis highly
congenial. Others, this author included, find the conjunction of limited—in-
formation disequilibrium methods of analysis appealing, not least because
of their more open treatment of human decision-making processes.
Naturally, since I believe in the appropriateness of bounded rationality as a
mode of behaviour, 1 also welcome diversity in our approaches to under-
standing diffusion. Boundaries are always interesting places to be, but
boundary disputes are only occasionally illuminating, and are normally
tedious and unproductive.

A third issue to be clarified involves the distinction between adoption
and diffusion. Adoption analysis considers the decisions taken by agents,
typically organizations such as firms, to incorporate a new technology into
their activities. It is concerned with the process of decision-making, and
leads to propositions linking the nature and timing of adoption decisions
to specified characteristics of adopters, e.g. the size of firms, or their socio-
metric position within a communication network. By contrast, diffusion
analysis is concerned with how the economic significance of a new tech-
nology changes over time. Economic significance may be measured in a
number of ways, e.g. by the share of the market held by a product innova-
tion or by the fraction of industry output produced with a process innova-
tion. In this sense the analysis of diffusion is closely related to the analysis
of technological substitution in which a ‘new’” technology displaces an ‘old’
technology (Linstone and Sahal, 1976; Nelson, 1968). The relation
between the adoption pattern and the diffusion pattern depends upon a
complex of factors, including differences in intra-firm rates of adoption,
and time lags between the decision to adopt and the implementation of
that decision.

The fourth issue relates to the specification of an innovation, and the
environment within which adoption and diffusion take place. For it is
frequently assumed that the innovation embodies a technology which does
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not change over time, and, less frequently, that adoption and diffusion

oceur in an unchanging environment. Neither of these assumptions is
helptul except in special cases of ‘minor’ innovations. More typically, an
innovation is one step in a sequence of innovations, within a particular
technological regime. These post-innovative improvements play a vital
role in increasing the rate of diffusion within existing applications, and
extending the technology to new applications (Georghiou er al., 1986;
Hunter, 1949; Rosenberg, 1982). While some post-innovative improve-
ments may be traced back to exogenous changes in knowledge, many arise
from the experiences, incentives and bottlenecks which arise endogen-
ously during the diffusion process. Furthermore, significant improvements
are often induced in technologies under competitive threat from the new
technology, so that the diffusion curve is shaped by the evolving pattern of
competitive advantage between rival technologies —a phenomenon which is
aptly named the ‘sailing ship” effect (Graham, 1956). Endogenously driven
changes apply not only to technology but also to its diffusion environment.
When first introduced, a new technology is evaluated in terms of a price
structure which is shaped by the prevailing technology. However, the
increasing economic weight of the innovation reshapes this price structure
in a way which may be favourable or unfavourable to the new technology.
Indeed, whenever the existing technology is eliminated, the price structure
will end up being conditioned entirely upon the characteristics of the new
technology. In short, the environment in which competing technologies are
evaluated evolves endogenously under the pressures of technological
competition. This is not to deny that it may also change for exogenous
reasons unrelated to the diffusion process, or that such changes (e.g. shifts
in demand structures or the supply of inputs) may profoundly affect the
evaluation of competing technologies.

The fifth issue relates to the relative importance of demand and supply
phenomena in the diffusion process. This is brought out most sharply
when one considers the question of profitability as the incentive to the
adoption and diffusion of a new technology (Mansfield, 1961; Oster,
1982). But profitability to whom, the potential adopter or the potential
producer, for innovations cannot be adopted unless they can be profitably
produced? Indeed, any diffusion curve is the outcome of two processes:
the one relating to the development of the market for the technology, and
the other relating to the creation of the capacity to supply that market.
Moreover, it is the relative profitability of competing technologies, not
their absolute profitability, which is important: and this will change during
the diffusion process under the influence of changes in the competing
technologies and in their diffusion environment. Even in that special case
where sufficient capacity already exists to meet the maximum rate of
demand for an innovation, supply factors expressed in terms of pricing
policy and rate of output decisions cannot be ignored (Stoneman and
Ireland, 1983).
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The final issue to be raised in this introductory section is perhaps the
most difficult of all to treat. It is the distinction between technology as
knowledge and technology as artefact (Layton, 1974). The studies of
diffusion and adoption on which this survey is based are almnsl_cntlreiy
about artefacts which, although they may be improving over lime, are
nonetheless readily identifiable. The study of the diffusion and adoption of
technological knowledge raises quite different issues, many of which are
identical to those faced in the technology transfer literature: issues relating
to the cognitive and assimilative capacities of different organizations, of
distinguishing organizational knowledge from technological knowledge, of
imperfect property rights and the appropriability of knpwk_:dge, of '[hl..
palance between codifiable, public knowledge and tacit, firm SchllfIC
knowledge, and of the structure of learning activity in a given TEChﬂOlOgIC.HJ
area. Suffice to say that these issues demand a survey of their own and will
not be treated further here, . ]

In the rest of the chapter I propose to explore some of these issues in the
context of three principal themes: equilibrium models of diffusion; selec-
tion dynamics and diffusion; and a density-dependent model of diffusion
and technological substitution. _

The section on selection and diffusion also reflects a concern with new
frameworks for analysing the process of economic change. For here we are
exploring the link between variety and economic change and the role of
mechanisms which enhance or diminish economic variety. There are
important links here with the literature on biological unq ecological change
[Monod, 1963} and with the literature on evolutionary economics
explored elsewhere in the volume (Silverberg). These last two sections
have perhaps a modest claim to follow Marshall's dictum that ‘biology is
the mecca of the economist’.

Equilibrium approaches to adoption and diffusion

We begin with the equilibrium approach to adoption behaviour an'd diftu-
sion, in which rational adopters possess full information about an innova-
tion at all points along the diffusion path. The approach _leads o dif_fusilun
paths, in which the timing of adoption is entirely explained by Ohjfl(:t'l\'c
changes in the profitability of using a new technology. Lack of information
or understanding does not constrain diffusion, and contalgiun effe_cts and
bandwagon effects are ruled out, a priori, as sources of }nfurmauul_l anld
influence upon adopter perceptions. The essential features of this
approach are: (i) the dependence of diffusion patierns upon heterogeneity
of adopter characteristics; and (ii) the identity between the objective
benefits of adoption and the perceived benefits of adoption. _

The general structure of an equilibrium model for tl_'nc: m.Jopuun of a
capital-good innovation may be set out as ful_lows, l‘l_n:re_ls a given po_pula-
tion of firms for which the capital-good innovation is technologically
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relevant. The size of this population may or may not be changing over
time. Firms differ with respect to at least one characteristic which influences
the profitability (benefit) of adoption, and the profitability of investing in
the innovation is consequently distributed across the relevant population
according to a density function such as B-B in Figure 25.1. For our
purposes, benefits can be defined as the expected present value of profits
arising from the adoption of the new technology. Obviously the shape of
the benefit distribution also depends upon economic characteristics of the
adoption environment, such as relative factor prices and the degree of
competition faced by adopters.

Immediately one can divide the population of firms into two categories;
non-adopters for whom b; <0, those firms to the left of the origin who will
never rationally adopt unless subsidized to do so, and potential adopters
for whom £, > (). In addition to the benefit function there is a distribution
across firms of the costs of adopting the innovation. For ease of exposition,
we shall assume that the present value of adoption costs is the same for all
firms, at the level indicated by C-C.

The proportion of actual adopter firms follows immediately as the
shaded area to the right of C-C. No rational profit-maximizing firm in this
section of the distribution will fail to adopt. It follows that, to generate an
adoption path over time, one or both of two events must happen: either the
cost of adoption falls and C-C shifts to the left; or the benefit distribution
shifts to the right in a more or less uniform manner. Either way, the
outcome is to increase the size of the shaded adoption area to the right of
C-C. Factors determining these rates of change would include: exogenous
variations in the economic environment, e.g. a change in wage levels or in
the price of primary material inputs; technical improvements to the
innovation in question; and developments in complementary and compet-
ing technologies. The crucial point here is that the information sets of the
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population of potential adopters are independent of the number of actual
adopters of the innovation. They may well change for other reasons but
these are unrelated to the adoption process per se.

To link the adoption curve with the diffusion curve (fraction of output
produced with the innovation) is not difficult in principle but obviously the
shape of this latter curve will depend upon the shape of the benefit dis-
tribution, the movements over time in it and the cost distribution, and the
distribution of industry output across the adopting firms. In some cases,
¢.g. with economies of scale in adoption, there will be an obvious correla-
tion between the benefit distribution and the distribution of output among
adopters. Unfortunately, there appears to be no research on the way in
which various relevant factors influence the entire benefit distribution, a
matter crucial to the shape of the diffusion curve. We do, however, have
some useful insights and empirical evidence on the general sorts of issues
involved. Three may be mentioned here.

The first concerns the question of interrelatedness, the dependence of
the benefits from adoption upon the firm-specific environment in which
the innovation is to operate. A new capital good typically has to be
operated in conjunction with the existing equipment of the firm, and if the
latter must be altered in any way to accommodate the innovation, the
additional costs of adjustment must be added to the capital cost of the
innovation {Frankel, 1955; Rosseger, 1979; Lazonick, 1985). In this way
interrelatedness limits the scope for adoption. Interrelatedness factors
should not, however, be limited to physical effects alone. Account should
also be taken of interrelatedness between an innovation and existing
labour and management skills and their organizational context, and
between an innovation and the composition of the adopter’s output (Feller,
1966; Rosseger, 1974 ).

The second point to be emphasized is the distinction between invest-
ment decisions which expand the firm’s capacity and those which replace
existing capacity. As far as capacity expansion is concerned, the adoption
decision should be based on a comparison of the net advantages of
investing in competing, newly produced capital goods, of which the
innovation is only one. If the innovation offers the highest net present
value it would be chosen. Old and new compete in this context on equal
terms. For the replacement decision this is not the case. The definition of
capital costs relevant to the existing installed technique is based not on its
current reproduction cost but on actual present value in the next best
alternative use, This may be as low as scrap value, net of dismantling costs,
and may even be a negative sum. Hence, the old and the new do not
compete on equal terms. The existing technique has costs which have been
to some degree sunk. As Marshall emphasized, the nature of capital costs
ex ante is quite different from their nature ex post. Indeed, this is precisely
the meaning of the oft-quoted phase, ‘bypones are bygones’. When the
alternative capital value of the existing technique is zero, an innovation will
only replace it when the savings it generates in prime costs are less than the
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capital charges incurred by adopting the new capital good (Salter, 1960);
Lutz and Lutz, 1951). It follows from this that where replacement deci-
sions are important (e.g. when innovations are to be adopted in a static or
declining industry) then the adopter benefit distribution will reflect a
number of factors including: the coexistence of different vintages of equip-
ment in different firms; echo effects from the past history of investment
decisions; and the existence of institutional factors such as second-hand
markets for durable equipment.

The third and final topic o raise here concerns the optimal timing of
investment (Barzel, 1968; Lutz and Lutz, 1951), Put simply, when a
potential adopter is choosing between alternative, mutually exclusive
investment projects it cannot be assumed that investment today is the
optimal strategy. The rational investment strategy is to adopt at that date
which generates the greatest net present value for the firm, and in the
presence of anticipated market growth or anticipated reductions in the
cost of adoption this optimal date will often lie in the future. Rational
behaviour may then involve a delay in adoption, such that for all firms
finding it profitable to adopt (in the shaded area in Figure 25.1) we have a
corresponding distribution of their optimal adoption dates.

A number of authors have made important contributions to the equili-
brium diffusion literature, Davies (1979) builds his diffusion model around
the concept of adopter heterogeneity and links the shifts over time in the
benefit distribution to the growth in the size of adopters and to exogen-
ously imposed patterns of post-innovation improvement in technology.
David (1975) explains the slow initial diffusion of the McCormick reaper
in the American Midwest in terms of shifts in the farm size (grain
acreage), distribution and economies of scale associated with mechanical
reaper technology. More recently, David and Olsen {1984 have applied
arguments based on the optimal timing of investment to develop a diffu-
sion path for a durable capital good. By linking the equilibrium patterns of
the diffusion to learning economies in the capital goods industry, they are
able explicitly to incorporate technological expectations (Rosenberg,
1976) into the derivation of the diffusion path. Stoneman and Ireland’s
(1983) paper applies a similar logic to the problem but also takes account
of the effects of different market structures in the supply industry upon the
diffusion path.

However, our chief concern here is with the general nature of the
equilibrium approach to diffusion. The key problem is not that adopters
have full @ priori information, although this is problematic enough. Rather,
the problem is the assumption of information sets which are given and
interpreted independently from the process of diffusion. It is this which
rules out any elements of fashion or bandwagon etfects as an explanation
of adoption. The appraisal by firms of an innovation is complete the
moment the innovation is announced. Delay in adoption can only be the
result of objective circumstances, not a failure to comprehend the sig-

THE DIEFUSION OF INNOVATION 567

nificance of events. In this postulated world of change entrepreneurs never
fail (Sandberg, 1984). fan ‘

It would appear that the central difference between Icquﬂﬂfmum tmd_
disequilibrium models of diffusion cuncems_the way in which agents
acquire the information relevant to their adoption decisions. In the 'cqunh—
brium approach this information is given a pror, and if it changes it does
<o for reasons exogenous to the diffusion process. In the dls_cquulhbrlum
approach this is not so: information changes because of the diffusion of a
technology, and the ways in which knowledge is acquired ;-;}nd tlhclrela!n'fc
costs of different sources of information become crumal,_lf Imph:ﬁ:ﬂ,
clements in the analysis. The key question in a world of costly information
and limited cognitive capacity is, ‘How do firms come 10 knpw the
economic properties of a new technology?” By this is meant not simply a
knowledge of the existence of the innovation in question but rather’know-
ledge of the precise relevance of the innovation 1o the adopter’s own
particular circumstances. Broadly speaking, two types of mechanisms can
generate the relevant data, remembering here that data sh_ouid not be
equated simpiciter with knowledge. The first is mr_cma] experiment, learn-
ing, appraisal and evaluation of the technology whlqh may or may not have
a formal R & D component. The second is observation of the experience of
others. It is this latter which is the basis for the density-dependent diffusion
process found in the disequilibrium literature. From this follows a great
deal in terms of managerial and organizational behaviour, the tf:chr_m-
logical sophistication of adopters, and informal and formal communication
links between the population of potential adopters and between them and
suppliers of the innovation (Carter and Williams, 1957; Rogers, 1983;
Czepiel 1985). N

Summarizing these various contributions, it is clear that they are
complementary with disequilibrium models of the adoption process. It
would be an error to consider them to be incompatible. The key insight
they contain is not the way in which information is acqu_ired but rather the
assumed heterogeneity of adopter benefits. Introducing arguments for
delayed adjustment enriches this insight; it does not diminish it (cf.
Heiner's chapter in this volume).

Diffusion of innovation as a process of selection

In this section we explore some simple dynamic models of an evolutionary
kind, which treat the diffusion of technology as the outcome of a process of
selective competition between rival technologies. The gencr_al structure of
these models is treated in the introductory chapter by Silverberg. O_ur
concern is with the mechanisms by which a technology acquires sig-
nificance, mechanisms which are based upon a sharp distinction between
firm and environment. Al root the argument is extremely simple. Techno-
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logical variety across firms is the basis for competitive advantage. Th
competitive advantages of different technologies, in cc-njunc:li:%n‘ wi .
certain strategic attributes of firm behaviour, determine how the e
technologies diffuse relative to one another. By following this a r;u;i
one can more readily relate the study of diffusion to the study 6[ tﬂz ma

general issue of competition and structural change. o

Firm and environment

lechnologies do not compare in the literal sense. Only firms compete, and
they do so as decision-making organizations articulating a tcchnolc—éy to
achrleve specific objectives within a specific environment. The outcome of
1I_1e1r decisions is precisely what determines the economic significance of
rival ‘tcchnnlngie_s and how this changes over time. For our purposes the
firm Is an organizational unit, possessing a knowledge base and a design
capacity to translate that base into products and processes of production
Such_ a firm may be represented in terms of three attributes. First is its;
efficiency, as measured by the quality of its products and the pmductilvity
pf the methods of production it employs. Efficiency depends on two
interwoven aspects of the firm’s knowledge base: its technological know-
ledge of how materials and energy are to be transformed into the desired
Emd.ucts, and its organizational knowledge base which determines the
firm's managerial capacity to plan, coordinate, control and monitor its
productive activities. The second attribute is the firm's propensity to
accumudate the ability to translate profits into the expansion of the capac-
ity to prudu_ce its current range of products. Accumulation is a question of
the perception of growth opportunities, the ability to command internal
f'md external capital funds, the investment requirements to expand capac-
ity, the ability to manage growth without sacrificing efficiency, and, last but
not least, the willingness to expand. A firm which does not wish,m grow
will, by dlt:fm'lli(in, have a zero propensity to accumulate. Finally, we have
the creativity of the firm: the ability to advance product and proa;ess tech-
nology either through improvements within existing design configurations

or 'by the addition of new design configurations to the 1uchn:alogical pon:
folio. As with the other attributes, the creativity of a firm will depend on a
number_ of considerations including: the richness of the firm's technologi-
cal environment; the resources which the firm can marshall for research
design and‘dcvclnpmcnt activities; the incentives to advance lechﬁulug)f
uﬁ]uem:leld in part by the scale of potential application and by the threat ol’-'
competitive imitation; the ability of the firm to manage the process of
acquiring new knowledge (from internal or external sources); and its ability
1o move from knowledge to artefact, by coordinating design and dcvelop‘-
ment with its production and marketing activities. In a world of bounded
rationality, it is hardly surprising to find inter-firm differences in creativit
Much technological knowledge is specific to the firm and not codifiable i)|:
any ready fashion. The knowledge base builds cumulatively, in part as pro-
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ductive and marketing experience is acquired: and what the firm perceives
as a possible development in technology is contingent upon an organiza-
tional memory which reflects the history of the firm (Pavitt, 1983]. Three
important points need to be stressed here concerning the relationship
between creativity, knowledge base and revealed performance. Firstly, it is
quite inappropriate either to depict the process of creativity as one in
which the organization fishes without restriction in a common pool of
public knowledge, or to equate data with knowledge. Data are frag-
mentary, knowledge is holistic, and two firms will often interpret the same
data in quite different ways. Bounded rationality will see to that. Secondly,
the knowledge base of the firm is structured within the organization and
develops an inertia of its own. Creativity is canalized along trajectories of
advance which are self-reinforcing and become embodied in the memory
and decision-making style of the organization. An established pattern of
advance often degenerates with time into the only possible line of advance.
The knowledge base is not infinitely malleable. It will develop in certain
directions but the firm will face great difficulty in moving into non-comple-
mentary lines of production which do not draw upon established know-
ledge (Richardson, 1972): hence the well-documented difficulties of
technology transfer between organizations. Thirdly, because firms differ in
their creativity they necessarily come to ditfer in one or more dimensions
of their efficiency. It is these differences in creativity which ultimately
underpin the competitive process. They gencrate and regenerate the var-
iety without which competition cannot operate.

It is appropriate to say a little more about the boundaries of the firm.
For in modern conditions, the firm is typically a multi-product, multi-
process operation, commanding several different technologies. We shall
define the ‘firm’ more narrowly, as that organizational sub-unit charged
with articulating a distinct knowledge base and the related design con-
figurations, accepting that this may involve the production of several
products. It follows that part of the organizational environment of the firm
is formed by the umbrella organization of which it is a part. How the firm
competes for capital and other resources with other sub-units and how
R& D activity is distributed between the umbrella organization and firm
are important determinants of accumulation and creativity.

With this clarification of the boundaries of the firm, let us turn to the
question of the environment. Again, this is not a simple concept. For the
moment, concentrate on the notion of the market environment to which
the firm sells its products and from which it acquires productive inputs.
The central point about the environment is that it is an operator, evaluat-
ing the firm’s current efficiency by translating product quality into a price
premium, and resource productivity into unit costs of production. This
economic evaluation forms the basis of a process of competitive selection
across technologies. Here one must make a number of important distine-
tions. First. the market selection environment may be tranquil or turbulent.
A tranquil environment grows steadily with gradually evolving patterns of
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relative input costs and product price premium. A turbulent environment
experiences discrete shocks, e.g. non-trivial, unanticipated shifts in the
scale of demand and in the supply conditions of productive inputs,
Important contributions to the organizational literature are concerned
with how the firm should be structured to deal with tranquil and turbulent
environments (Burns and Stalker, 1961; Lawrence and Lorsch, 1967).
Secondly, the market environment will have a particular frequency with
which the process of selection operates. A firm which sells its products or
buys inputs through long-term contracts will be in quite a different posi-
tion from the firm which must trade on a daily basis. Moreover, the market
may operate continuously, or at discrete intervals (as it does, for example,
for major civil engineering or delence contracts). Thirdly, one can dis-
tinguish market environments according to their selective force, the degree
to which they punish deviations in a firm's performance from the appro-
priate industry average. The classic competitive market is, in these terms,
one of maximum selective ferocity. By contrast, a monopolist operates in
an environment of zero selective ferocity. Finally, one can distinguish
market environments according to the uniformity with which they select
across different firms. In part, this is a question of the segmentation of the
market into non-competing groups of buyers, but it also reflects factors,
such as goodwill, which imply that selection is focused more upon some
firms than upon others. Stinchcombe’s (1965) concept of the ‘liability of
newness’ is a relevant example of non-uniformity in the selection environ-
ment. Now the implication of these environmental attributes is that, in
conjunction with variety in the attributes of firms, they determine the dif-
ferential rates of diffusion of competing technologies. To explore this more
fully we need first to present a distributional view of technology.

Technology as a distribution

It is commonplace to observe that in any industry one finds not uni-
formity but variety of economic performance. Take, for example, unit costs
of production. Instead of one common cost level, one typically finds firms
with a wide variation of unit costs of producing more or less identical
commodities; from best practice through average practice to worst
practice. Indeed, it was precisely such an observation which prompted
Salter’s (1960) pathbreaking analysis of the coexistence of competing
production methods in terms of vintage investment and replacement
decisions. As Silverberg (1985) has shown, the efficiency of a firm will be a
function of the mix of capital vintages that it operates, with this mix being
changed continually under the pressure of scrapping and investment deci-
sions, Exactly the same observation underspins studies of the frontier
production function (Farrell, 1957).

Consider an industry producing a more or less homogeneous product.
At any one time, the variety within it can be expressed (as in Figure 25.2)
in terms of a density function showing the fraction of production, s,
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accounted for by each different unit cost level, or equivalently by the
cumulative distribution function (Figure 25.3). The explanation of this
variety may be found in one or more of the following factors: the environ-
ment is not uniform so that different firms pay different prices for identical
productive services; the firms differ in their ability to organize the process
of production; or the firms are employing technologically distinct mcthfuds
of production or different combinations of the alternative technf:-logl_cal
vintages. Since our primary concern is with the diffusion of tn:chm_:logles,
we shall equate, for pedagogic purposes only, differences in unit costs
entirely with technological differences in the methods of production.
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Variety is then defined in terms of the technology set with range h, — h, It
helps exposition further if we assume that all firms operating the same
process technology do so with the same unit costs. Then the fractions of
production accounted for by each different technology, their market
shares, accurately measure the different degrees to which they are
currently diffused. Over time this distribution changes under the influence
of three sets of forces, process innovations and related post-innovation
improvements, process imitations, and market selection. The first two
redefine the elements of the technology set and are properly related to
matters of creativity. The third changes the economic weight of the rival
technologies and depends on the environmentally contingent interaction
between efficiency and fitness. It is this selection-induced respositioning of
the elements in the technology set which traces out the diffusion curves of
the different technologies.

This argument applies equally to questions of variety in product
qualities. Each product may be considered as a bundle of characteristics,
Depending on the (implicit) market valuations of these characteristics, the
different products will command different market prices. In a uniform
environment, the pressure of selection continuously changes the economic
weight of the competing products exactly as it does with respect to the
production methods. Product innovation and imitation similarly redefine
this dimension of the technology set.

The above account leads us to a multi-technology picture of the diffu-
sion process, The traditional bilateral model (new vs. old technology) is
not always appropriate as a basis for analysing diffusion phenomena.
Moreover, we see the direct link between diffusion and competitive selec-
tion. Rather than being on the fringes of competitive analysis, diffusion is
quite central to it. Diffusion and competition are based upon rivalry and
variety, and no dimension of variety is more telling in the long run than
that which is based upon efficiency differences and canalized patterns of
technological change.

A review of simple selection models

We can now put these general arguments to work in a sequence of illustra-
tive but simple selection models which build upon the ideas of Steindl
(1952), Downie (1955), Nelson and Winter (1982), and Iwai {1984). We
consider first selection by differential accumulation in uniform environ-
ments of maximum selective ferocity. We then extend this formulation to
cover imperfect customer selection, increasing returns and barriers to exit.
The common theme running throughout these cameo studies is of firms
carning differential quasi-rents which are then deployed to finance market
expansion and creativity.

Sefection by differential accumulation
Consider first a technology set comprising a given variety of process tech-
nologies for producing a homogeneous commodity. The market is

THE DIFFUSION OF INNOVATION

573

tranquil, growing at a constant compound r‘atc g Itis umfu_rm and c;faT?lJ:e
imum selective ferocity, so that every firm 1s_[0n:cd to sell its outpu Latt
common market price, p. At each point in time, the market c:eanfng va =ije
of p depends on the market demand curve and 'lhc schedule o sm:p:]: 151’;
itself dependent on the cumulative total (_:f capacity cu'rremly _mv;:s ( "
each competing process technology. All firms pay the san}e pnct_‘. or p
ductive inputs [uniformity), ?nd thisr Ia_nrujlcturc of input costs does not vary
i lection process (tranquility . . ,
duggil':hfescinologypis of the constant returns kind with capital: output
ratio, ¢, Unit costs with each technology u;, are the sum of a ﬁxcﬁ C{l)ir:j;
ponent, f;, and a further component, 0,8;; thl_sllatter rclﬂectm}_; the lir ;
petween the rate of growth of the firm and its ability to Iavmd consequentia
current cost penalties. For expositional purposes we will term A, unit costst..
for the ith technology. Unit cost in this sense includes the element o
normal return on capital invested in that technology. oty 1
At any point in time, the ith profitable tcchnoin:gy has ma:kct:, are s,
and this is our measure of its relative degree of diffusion. CO]’[E.!.CIEI‘ now
how these market shares change over time. Given the product price, firms
with different technologies earn differential profits (rents) which they
invest in further capacity expansion. The faster growing firms increase |_he
relative diffusion of their technologies at the expense of the remaining
firms. However, how quickly a firm grows depends not only upon its
efficiency but also upon its propensity to accumulate. Let eac‘? ﬁr;n
acquire investible funds from internal and external sources, anc.ll et at] ‘e
ratio of the growth rate to rate of profit for a given firm be . This is also
the cocfficient of investment in the particular Ifzchn(:-logy articulated by
that firm. Combining these hypotheses we can write

8= (:Er ) [p—h - 0.8l

which gives

1
g=flp-=h (1)
with
= (2)
J v+ o,

being the firm’s accumulation coefficient. The firm has a higher propensity
to accumulate, the smaller is its capital:output ratio, the more effeclnvcly it
manages growth (smaller is o,), and the larger is its investment ratio ;. A
firm which did not wish to grow or could not manage growth would have a
zero value of [, ) . :

We can now divide the technology set Into two groups. Profitable tech-

nologies in which investment is oceurring, p> ki, and bankrupt techno-
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logies for which output is zero i
» P<h;. On the borderline of survi
bet:.}'gen these groups are the marginal technologies, in which nurprlltv?]
F}fmt:\rﬂ alth!::ug}ih investment has ceased, p = h,,. Implicit in this partition :z
e assumption that bankruptcy results in immediate wi
market (on this see below). e
Under conditions of uniform accumulation, f, =, i
Uni ‘ _ . fi=1. the multi-technolo
diffusion process will operate in the following way. The aggregate grow%t{
rate of the profitable firms is g = Z 5,g., from which we derive

g=flp—h] 3)

with fi='E-.'i:-r‘l]-,l the level of average practice cost units. Two types of
selectlwe situation may then apply, depending on whether there exists a
marginal technology. If there is, then the market price will be fixed at the
level of p= h,,, and any discrepancies between g and g, will be reflected in
a changing degree of capacity utilization in this marginal technolo
Either g> g, in which case the utilization of the marginal lechnuiogygg;
declining, or g<g,, in which case its degree of utilization is increasing. In
each case thq marginal technology must eventually cease to be marginal (it
moves into either bankruptey or profitability). When this happens we find
that p is no longer technologically determined and rises or falls aver time
as g2 g, until g converges on g, to give

8 5
P—'f"'h (4)

]¥1 wl'!at follows we can, with minimal loss of content, focus solely on a
situation where marginal technologies have been eliminated. d

To depict diffusion phenomena in a multi-technology context we have a
number of options. The first is to consider directly the market share of the

ith technology, which evolves according to the relation
R il
a &8 flh—h] (5)

ll- follows that the rate of diffusion is linked directly to that technology’s
d|sltancc from average-practice technology. Provided the technology has
unit costs below the average level, its level of diffusion increases; otherwise
it declines in relative significance, surviving as long as it rcmainsjproﬁtablc,
It can be shown that this process brings to economic dominance the
Im\:esl—cost, best-practice technology, the diffusion of all other techno-
logies dropping in relative terms to zero. Crucial to this process is the fact
that th'is; multi-technology diffusion process continually defines the value
of h, since the more efficient technologies are always increasing in relative
weight. Thus any technology which is not best practice but which starts
with lower costs than average will first experience increased diffusion until
such time as h falls sufficiently to make it above average in terms of unit
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costs, when its level of diffusion declines. Ultimately, A will tend to the
best-practice unit cost level, h,,.

A second way to depict the diffusion process is in terms of the evolution
of the statistical moments of the technology disltribution. An obvious
candidate is the evolution of average-practice unit costs, according to the
zero order replicator equation (Schuster and Sigmund, 1983, and Silver-
berg in this volume).

dh <ds; . »
_=T et =T o | @, =— oo h ﬁ
@ L hi Ta.{& glhi=Clg,h) (6)

The rate of change of average-practice costs is equal to the covariance
between growth rates and unit cost levels in the technology set. This is a
fundamental and typical result in a selection framework {Price, 1972). The
evolution of any statistical movement of the technology distribution
depends on some measure of variety of performance across the distribu-
tion. However, we can go further, for [g,— g]=f[h — ], which gives

dh "

P fVih) (7)
where V(h) is the variance of unit costs across the profitable firms. This
result is directly analogous to Fisher's fundamental law of natural selection
in genetic biology (Nelson and Winter, 1982, p. 243). Here we also see the
accumulation coefficient as a measure of the ferocity of the selection
process. Competition is fiercer, and average practice falls faster, the
greater the propensity to accumulate of the firms in this industry. By an
exactly similar argument, one can show that the variance of unit costs
evolves in proportion to the third movement around the mean of the tech-
nology distribution.

Yet a third method of depicting the diffusion process, is to consider the
evolution of the cumulative distribution function of the technology set
(Twai, 1984). Choose a unit cost level, y, h,<y<h,,) and define S(y) as
the cumulative fraction of industry output produced by technologies with
costs less than or equal to y (Figure 25.3). This choice of y divides the
distribution of profitable technologies into two parts. Let A, be average
unit cost for all technologies with i, <y, and let i1, be average unit cost for
the remaining technologies, with si;>y. Then it can be shown that S(y)
evolves with time according to

IS0 o ey
= flh,

Ry ] S(y)(1 =Sy (8)
that is, logistically, at a rate determined by the propensity to accumulate
and the cost gap h,— h,. Of course, S(y) will not follow a logistic curve
through time, since this cost gap is itself changing as selection proceeds.
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Each of these methods provides a valid way ol describing the mulyj-
technology diffusion process, and each requires some minor modification
once we admit the existence of marginal technologies and the transition
into bankruptcy. The point here is that with the growth of capacity, the
price of the product follows a halting downward trend, so squeezing
progressively more technologies into bankruptey. Ultimately, best practice
dominates the production of the industry. While those technologies which
can satisfy the condition f[h,—h_|<g, survive, they will all ultimately
acquire a zero measure in terms of relative diffusion. This leads directly to
some crucial distinctions, Absolute growth in the output from a technology
should not be confused with its diffusion, which is a relative matter: a
technology can grow in terms of absolute measures but still be declining in
economic significance. Similarly, one must distinguish significance from
survival. To survive, all that is required is that a technology’s unit costs
permit profitable production, p> k. To have lasting significance a techno-
logy must be best practice. Notice that the margin for the survival of non-
best-practice technologies is greater the greater is the growth rate of the
market environment. It is static conditions that impose the *survival of the
most efficient’ as an equilibrium requirement.

Customer selection

We maintain the assumption of a uniform propensity to accumulate and
analyse the effects of alternative specifications of the diffusion environ-
ment. We consider first the consequences of weakening the force of market
selection, so that a firm with a ‘high’ price is not immediately punished by
finding its sales drop to zero. In effect, this introduces elements of dynamic
imperfect competition into the selection process. To fix ideas, imagine
that customers in the market at any time are divided between the firmsina
particular pattern but allow the firms to set different prices for the same
product. Each firm has a different customer base but interaction between
the customers of different firms spreads knowledge about the price dis-
tribution, so that customers switch gradually from high-priced to lower-
priced firms. Let the customer learning mechanism reflect random mixing
between the customers of different firms and follow the rule

ds,
50 % ss{p;—p))

When customers from two firms interact, the one paying the higher price
switch to the lower price firm at a rate proportional to the coefficient 8. In
s0 doing they redistribute the derived demand for the different process

technologies. This particular adjustment process generates a growth rate
of demand for each firm.

g'=g=1+‘5{ﬁ_pf:' (8)
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-ustomer  selection. Equation (8) salis ssary ags !
::‘;:ditiun that =s5,g,=g, When c‘::co- we lmvellhe_ Ldb::] dire;li:f ;?l?c
sidered, effective perfect competition, with ?H‘Ch firm forced to c 2! r:gqmce
Qan:c price. When o =0, we have ZI{WUI_]LJI ql' mdcpcndcnt;‘nﬁnoprc; k .ll.m e
the customer base of each firm is quite independent o : 1::1 p‘TtU tlhcir
charges relative to other firms, Customers are comfplslf:? l;:ya.l Sl e
existing supplies. In between we have a world o 32?1 n:; i fl:;o, flect
competition — dynamic because the Llemgnd cqrve_fur'c?c i iy t;ininl e
time in proportion to its average price d:ffcp:enh‘a.. oT o ?ncch-
customer selective mechanism with thc dIHBI‘E:I'ItIE-llJ accu_mg al h; ;

anism, and imposing the balance condition that g, =g;, we find t

_fgd‘i'd_g i h—h.
gi_?‘} +f+f5'{ .}

If we again ignore the existence of marginal firms, and fncusi on ﬂms_;rcl
tranquil situations in which market demand and aggregate capacity grow 1
step, we find

O (i )

r =g, +——(h— hi)

£=5a f+ (5{
Now (9) is a selective mechanism of identical for‘m to (1), except llh?:
imperfect market selection interacts with accumulative propensity tg s 4:‘:;c=
down the rate at which selection operates. At the cxtrem-l::s, wll1en‘ r_ule(i
we have market selection at its maximal rate; whe;l 6.= 0, se:(]ief;w?j i:[-u e

is e g,= all the technologies, and the ;

out. In this latter case g;= g, for al . the
process has its structure frozen into a pattern determined by initial market

shares. N )
Turning now to the evolution of the technology distribution, we find that

d£= il V{h), (10)
de fté

which reduces to (8) when customer selection i_s uf_ ma_xlrnaj %c_rolctny,e :R;Illfg

§=0, we naturally find that the technology dl:ﬂ;tnhunon cidscf. 0 ditim“.

The one line of argument which camr':ot be] C?;;Ti svma:; :]c: {;rt ;:;‘1:;]{;1]:] Cum.:
i > er selection is that rela ‘

ﬁlj gnlfri?;;;C;;L(;mF01 now we halvc a Flistrihution f}[ pffcs ]a;ld :I:donr:;;l

define a market demand curve. It is casily s}l10w1_1lll}al {,r:j pil is prop

tional to (i — h,), and hence the variance of prices is given by

( | - ap (11)
P’Lp}=[fi—é] Vlfr}—f+aC{:,h}

while
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dp_ s
Al (12)

sn_that selection generates lower average prices as well as lower

unit costs. The survival condition also requires some moéliﬁcqtinna;\e;agc
remains viable as long as it covers unit costs but the permiqqih(le la .b hl'Im
average-practice costs is greater the greater is the growth.r-ale of gcri o
and_ the lower is the ferocity of customer selection. Once again we ﬁndi:::,
rap}d market g!’DW‘lh is conducive to the survival of inefficient techn :
logies. From this we conclude that the ferocity of the market qciectio—
environment is a key determinant of patterns of technology difﬁls.ion T?Ln
more benign the environment, the smaller is 3, and the less quickl ‘d :
the best-practice technology establish its dominance. More gencral?r (? E
can a]]uw the ferocity of customer selection to be uneven across they;ecl;:
nologies (specifying d; different for any pair of firms) with effects simila
to those generated by non-uniform fitness. A firm whose customer bas i
rclan}fcly ‘sticky’ can tolerate greater inefficiency and thus survive ]0;1'3 :
than in a world of uniformity in the market selection pmces:.s.l o

A digression: increasing returns and the Verdoorn Law

We return again to the basic selection model but allow for increasin,
Teturns to sga]e as firms expand their productive capacity. Again, to see thE
cssc_nuals, imagine that scale effects are Harrod neutral flcavc the
cap]l‘a.l.:output ratio of each technology unchanged), and that the scale
clasticity, &, is the same for each technology. Then, along familiar iines
average-practice unit cost evolves according to , 1

@=Z ds; W d_h,

dr T de 7 de

=—fV{h)—eZs;hg;

Simplifying this expression further we can write

dlog(h) _ _ V(h)
de ["r“_“’ ;e;_”g'f}’ (13)

which is precisely the ‘form’ of relationship postulated by the Verdoorn

Law, with empirical : actic ; :
i I.P ical values of the scale elasticity typically found in the

Barriers 1o exit

It 15 n;tura] for the sludy‘ol' technical change to focus upon the frequency
and character of innovation events. We cannot, however, forget the con-
verse phenomena, the elimination of once economic technologies and the
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pankruptcy mechanisms which bring this about. In fact, the processes of
selection we have described depend upon two rules of behaviour: the
accumulation rule, which relates capacity growth rate to profit margin; and
the survival rule, which states that non-profitable technologies exit the
industry.

There are, however, good reasons to expecl the survival rule to be
violated in many situations. Even though a firm cannot cover its costs, it
may still draw upon accumulated capital resources in the hope of better
times to come. If it is part of a larger multi-product organization, the
profits generated elsewhere may be used to shore up the bankrupt techno-
logy. Finally, public subsidy may and often does keep ‘bankrupt’ technolo-
gies in operation. Now whatever the other implications of these violations
they do have one obvious consequence: they slow down the selection pro-
cess because the capacity invested in the bankrupt technologies remains in
production and depresses the market price. Consequently, the profitable
technologies are less profitable and their collective rate of diffusion is
correspondingly reduced. Certainly, in any study of diffusion and the com-
petitive process the conditions and timing of technology exit should be
given due consideration.

Some extensions

It is possible to develop this simple selection model in a number of ways.
Differences in product quality which generate different product prices may
be combined with cost differences to give two sources of differential
profitability. Similarly, different propensities to accumulate can be
introduced, so that the simple link between efficiency and capacity growth
rate is broken. Then it no longer follows that it is the best-practice techno-
logy which rises to relative market dominance (Metcalfe, 1984). One may
also introduce the effects of turbulence in the environment, with demand
curve or factor price shocks displacing the selection process from its initial
path. But in each case the central logic of the multi-technology diffusion
process remains unaltered. Selection works on economic variety at a pace

which is greater, the greater is the economic variety at any point in time.

A Marshallian diffusion process

While the approach to multi-technology diffusion in the previous section
has the advantage of generality, it has the consequential disadvantage that
explicit diffusion curves cannot be derived. In this final section we outline
a process of competition between an old and a new technology which
permits the derivation of a solution for both the traditional diffusion curve
and for the relative diffusion or substitution curve. The approach is
Marshallian, both in terms of the use of partial equilibrium methods, and
in illustrating the fundamental distinction hetween expanding and con-
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tracting industries. The latter are in a long-period situation of capacity
expansion, while the former are necessarily in a short-period situation with
given productive capacity. The approach also allows an explicit analysis of
the role of profitability and fashion, as incentives to adoption and ag
stimuli to capacity expansion. Demand and supply sides of the diffusion
process are brought together to determine simultaneously patterns of
output, prices, unit costs and profitability for the two technologies. The
approach also permits an integration of equilibrium and disequilibrium
approaches to diffusion, precisely to emphasize their complementarity,
This integration, however, is bought at a price, namely the reliance on
path-independent methods of analysis. For we construct positions of
equilibrium which are quite independent of the paths towards those long-
period positions. While this method has an honourable history in both
classical and neo-classical economic thought, it seems to be peculiarly
inappropriate for the analysis of the process of competition and techno-
logical change (see the chapters by Dosi and Orsenigo and by Arthur). It is
worth noting that the type of process outlined below has direct parallels in
the ecological literature on inter-species competition. It is in fact an
cxample of a density-dependent selection process, in which competition
settles the two technologies into their respective niches.

The problem

The process of competition is between two technologies which supply the
same productive service to users. We choose units such that one unit of the
old commodity provides one unit of productive service, while @ units of
the new commodity (e < 1) provide one unit of the productive service. The
coefficient a measures the qualitative superiority of the new technology
and thus its equilibrium price premium. In equilibrium the price of the old,
P., and new, p,, commodities must satisfy the condition p, /p,= a. The
two commodities also have different, constant returns technologies of
production, and correspondingly different equilibrium supply curves.
Within each technology, all firms produce under the same cost conditions.
The market environment is uniform, and there is a given, static demand
curve for the productive service. The two technologies draw upon dif-
ferent markets for their productive inputs, and as the output of each
expands external diseconomies are encountered which increase the
cquilibrium supply price.

The equilibrium niche

At the date of innovation of the new technology, the old technology
supplies the entire market for the productive service. This market is in
long-run equilibrium with price p* and output level C%. The entry of the
new technology redefines this position and creates a new set of niches for
the two technologies. Either the old is completely eliminated, or the two
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Figure 25.4

technologies share the market for the producfivc ser\fice. The ochomc
depends on the demand curve for the productive service, the two supply
curves, and the qualitative superiority of thn_z new technology {a]'. By com-
paring prices and quantities in terms of units of the new material we can
depict the possible outcomes in Figure 254, : " o s

D, is the excess demand curve for the new mat:_:nal, wh_lch is derived lg
subtracting, at each price, the supply of productive service from the o
technology from the corresponding market Flemand fug the p_rcnductwe
service. Hence the intercept of this curve with the vertical axis has the
value p*/e. With S, as the equilibrium supply curve _for the new tccr]:-
nology. its equilibrium niche is C, and corresponding price p,,. anr to the
innovation date the old technology has output aC7. In thf: new niche the
output from the old technology has contracted to a C, on its supply curve.
The long-run demand is shared between the two technologies in the
proportion s, given by

§ =—(—"" (14)
4 aC,+C,

In Figure 25.4, the two technologies coexist. This nee'd not be so. %f
h,> p*|ea, then the new technology cannot be cstablmhed,_ which, if
hn,u"a> p,. then the old technology certainly cannot survive. Some
sllpply' inelasticity is crucial to its survival (Harley, _19? 5).1t readllyl fo!lc-ws
that s, is greater, the smaller is «, and the greater is the cost superionty of
the new technology.

Transition o the equilibrium niche

Consider now the process by which the long-run cq_uilibril_im position is
attained. For the new technology to displace the old, its p‘mdumwle
capacity must be built up and users must be induced to switch their
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demand away from the old technology. Neither effect can take place
instantaneously.

On the capacity growth side, we can employ the argument of the second
section of this chapter. Growth is proportional to the profitability of the
new technology, with the added constraint that unit cost now depends on
the scale of production from the new technology. We can write this as

dx, ,
e frdpa=Six) o

where S(x,} is the long-period supply curve of the new commodity. For
given p,, this gives a determinate growth path of productive capacity.

The old technology is, of course, in a quite different situation. It is
marginal, with firms just earning the normal return required to keep them
in production. Investment decisions are no longer relevant, and the only
decisions to be made concern the rate of contraction down the long-period
supply curve.

On the demand side, users have to learn of the attributes of the new
technology before they will adopt it. Following the argument in the first
section, this leads to a learning process in which non-adopters learn by
observing the experience of existing adopters, so creating a ‘fashion’
element in the diffusion process. Under conditions of random interaction,
and no external influences in the learning process, this leads to the follow-
ing differential equation for the growth of demand for the new commodity.

dx,

de

=px,|D(p,) - x,] (16)

where f is the constant, adoption coefficient and D (p,) is the long-run
demand curve for the new commodity.

Now for a given value of p, we have two fully determined growth paths
for the new commodity. Moreover, if D,{p,) and 5 (x,) are linear func-
tions, then (15} and (16) reduce to a pair of logistic differential equations,
But for arbitrary p, they also generate different time paths for capacity and
demand. In a closed economy this cannot be so. Capacity and demand
cannot grow in an inconsistent fashion, for entrepreneurs will neither
tolerate capacity shortages nor excess capacity. In the short term such
deviations are probable but not in the long term. So we seek balanced
paths of diffusion to generate the secular trend of the diffusion process
(Kuznets, 1929; Burns, 1934), along which p, varies to maintain the
growth rate of capacity equal to the growth rate of demand.

In the particular case where D (p,)and §,(x,) are replaced by first-order
approximations then the balanced diffusion curve of the new technology
can be derived explicitly. Along the balanced path we find that

dx
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where C, is the niche defined in Figure 25'4’. and B is tr_u_: d!ffumon cf).e-[_
ficient which depends on B, fand the slopes of all the equilibrium curves in
Figure 25.4. A higher value of for of f increases Lh:f magnitude of f. (."I,[IS
independent of both these dynamic coefficients (Cameron and Metcalfe,

1987). . )
Solving (17) leads to the familiar logistic equation

x,(f)=C,[1+ Aexp(— BC,1)]™!

where A is a constant depending on the scale of output of Fhe new lf:r;h-
nology at the innovation date. Despite the complexities of this competitive
process, with endogenous changes in price, plm_ﬁlablllty, and unit costs, I‘hlc
output of the new technology follows a logistic curve tr{wards its egu;h—
brium niche. The properties of this process are more I'f.‘.ﬂdﬂ}.f seen in Figure
25.5. In Figure 25.5(a) we have the curve of balanced logistic growth for
X,, and in 25.5(b) the curve of the growth rate in output of the new
technology showing the familiar pattern of retardation. ln‘hgurc 25.5(c)is
the path of decline in the output of the old technology, .‘While 25.5(d) shows
the path of price and output for the new technology. Given that fand f§ are
both finite, the path starts from point a and reaches the long-period

(18)

anh
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o

#1 ,,__.’—’
| e e T

Figure 25.5
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position at d. Two special cases then fall into place. With = there is
no customer learning and p,(1)/p,(/)= a throughout the diffusion process,
The path followed is then along the demand curve from ¢ to d. With
J= = we have the corresponding case of no accumulation constraints on
the diffusion process, and the path followed is along the supply curve from
htod.

From this we draw an important implication. Along any balanced path
with f§<ea, we find that p,[¢}/p,(t) <a. This means that during the diffu-
sion process the new technology is always more profitable to adopt than
the old technology, and it is only the lack of familiarity with its attributes
that holds back adoption. Any adopter switching to the new commodity
will lower the cost of acquiring the productive service, although this cost
advantage declines over time. In the long-run position the new commodity
will sell at its full premium, and only then will the marginal user be
economically indifferent between the two technologies. Thus the diffusion
process has built into it a clear incentive to switch to the new technology
once its attributes are properly understood. Indeed, without this economic
incentive, the market for the new technology could not begin to grow.

The substitution curve

Having determined the outputs of the old and new materials we may now
derive the substitution curve for the new technology. An extensive litera-
ture exists on technological substitution (Linstone and Sahal, 1976;
Mahajan and Peterson, 1985}, but no adequate theory exists on the
determinants, as distinct from the empirical properties, of substitution
curves. Within this two-technology diffusion framework, the substitution
curve corresponding to a balanced path can be derived as follows,
although one must first decide how market shares are to be measured. The
obvious method is to employ current prices and to measure shares in total
expenditure, but this is unnecessarily complex and permits no easy
solution since the prices are changing over time. However, since the
materials are physical substitutes, we can justifiably use their relative effi-
ciency in supplying production services to compare them on a common
basis. Thus the market share of the new material at time f can be computed
as

Hifmsinlll

_ax,,(r}ﬂ"{r) (19)

This is equivalent Lo combining the old and new commodities at their long-
run relative prices.
On differentiating (19) we have

ds(t)
di

= s(e)(1 = s(2))(ga(#) = gole)) (20)
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Provided the growth rate of output of the new maleriql, g.(1), excucds_ the
corresponding growth rate of the old, g,{7), then s() increases over time.
At what rate it increases is not transparent, since the two output growth
rates are themselves varying over the substitution process. However, these
srowth rates are also determined once we knm_»' tl‘lc balancnlzd fﬁhﬂ'u&lon
i'-mh. Taking account of this we find that the substitution curve is given by

sly=s5[1+ RAexpl— BC, ]! (21)

where s, is as determined in (14}, and R is the ratio of sizes of the qupili-
brium markets for the productive service in the old and new E:qull}brlum
positions. [R=aC} f(aCy+ C,) <1] Ris a measure of the long-run impact
of the new technology upon the market for the productive service. All the
remaining coefficients in (21) are as defined in (18). ‘

Figure 25.5(e) shows the typical path of substitution, which follows a
logistic curve from a value s(0)= RA, towards the upper asymptote $;. Itis
not surprising that the coefficient BC, determines simultaneously the rate
of diffusion and the rate of substitution, since the output of the old tech-
nology is simply responding passively to the growth of the new commaodity.
It is the dynamics of the new technology which is driving the process.

As an index of the rate of substitution we can derive the time, T, taken
to reach some target substitution level s(T). Simple manipulation gives this
as

Dt 1_ r _-_T(T) [22}
™%, (“’g’*‘“' E‘L—s{r'n])

This time is greater the smaller is BC, and the greater is R. The more
significant the new technology, the longer, ceteris paribus, will it take to
reach a given level of substitution. k

Thus the substitution curve is akin to the hands of a clock, tracing out
the surface phenomena of substitution, while, hidd;n from view, a complex
dynamic of prices, production and profitability drives the proccsslof tech-
nological competition. For our purposes the significance of (2 ].]I_lres in its
non-arbitrary nature. The substitution curve is an explicit reflection of the
process of competition between the old and the new materials as reflected
in the relative profitability of using and producing them. e

One advantage of this approach is that it enables us to enquire Into the
factors hidden behind the substitution curve and thus to investigate the
effect of parameter changes upon the substitution process. Any such
change can be assessed in terms of its impact on s, R, BC . and A. One
possibility is to compare substitution processes !denu_c_::_al in all respects
except one, and to infer the effects of the specified difference upon the
substitution curve. Two examples will suffice to illustrate the method.
Consider first the effects of an improved process for producing the new
material, corresponding to a rightward shift in the supply curve S.x,)
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Taking first the effects on the long-run position we see that €, is increased
and p, reduced with the consequence that ¢, is also smaller. Together
these changes mean that an improved process is associated with a higher
value of 5. With respect to the dynamics of adjustment it follows im-
mediately that the improved process is associated with a higher value of
BC,, the substitution rate coefficient, and a higher value of product RA,
Thus improved methods for producing the new material work to expand
its equilibrium market share and ensure it is diffused more rapidly, so that
any given substitution level is reached soomer. By symmetry, inferior
methods for producing the old material have exactly the same effect.

As a second example, consider the impact of a greater willingness on the
part of users to switch to the new commodity, as reflected in a higher value
for A. Such a change has no effect on the equilibrium niches, nor the values
of RA and s,. But it does increase BC, and hence the rapidity with which
diffusion and substitution take place. Exactly similar implications follow
from an increase in the accumulation coefficient [,

Using this method, all manner of factors affecting the substitution
process may be made explicit and precise in terms of a comparison
between different substitution curves. Moreover, such exercises provide a
basis not simply for comparing different substitution processes but for
discussing the more complex consequences of changes in parameters
during the substitution process. Taking account of such changes, we can
generate a family of logistic substitution curves which typically form a non-
logistic substitution envelope, The precise shape of this envelope depends
on the nature and magnitude of the parameter changes and their temporal
incidence. The cautionary implication is clear. Without a knowledge of the
changes in determining conditions during the diffusion process, it is not
possible to infer the dynamics of substitution from an empirical knowledge
of the substitution envelope. Even simple logistic substitution, processes of
the kind discussed above, may be associated with markedly non-logistic
diffusion and substitution envelopes.

The framework of our Marshallian model is perhaps too simplistic. We
have not allowed for foreign trade (Metcalfe and Soete, 1984) or for situa-
tions in which the old technology is not in its long-run niche when the
innovation occurs (Metcalfe and Gibbons, 1987). Nonetheless, this simple
model does make explicit the factors shaping the diffusion and substitution
process within the competitive context.

Conclustons

In this chapter we have outlined alternative approaches to the study of
innovation diffusion, and suggested that diffusion phenomena should be
treated as part of the broader picture of competition and structural change
in capitalist economies. At the root of our review is the notion that com-
petition is driven by technological variety, variety which is evaluated in
economic terms by the prevailing market environment. Both equilibrium
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and disequilibrium methods for analysing diffusion play a role in (l?flnlng
niches for technologies, and the paths of adjustment towards these niches.
We have not treated adequately the complex question of the link
between the diffusion process and the mechanisms which generate tech-
nological variety. Possibly the ideas presented here WI"l provide one
foundation for such a study but this task remains unaccomplished.
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26 Compet]'_ng technologies: an overview™

W. Brian Arthur

Food Research Institute, Stanford University, Stanford, California

Every steam carriage which passes along the street justifies the confidence placed in
it; and unless the objectionable feature of the petrol carriage can be removed, it is
bound to be driven from the road, to give place to its less objectionable rival, the
steam-driven vehicle of the day.

William Fletcher (1904), Steam Carriages and Traction Engines, p. xi.

Introduction

When a new engineering or economic possibility comes along, usually
there are several ways to carry it through. In the 1890s the motor carriage
could be powered by steam, or by gasoline, or by electric batteries. In
more modern times nuclear power can be generated by light-water, or gas-
cooled, or heavy-water, or sodium-cooled reactors. Solar energy can be
generated by crystalline-silicon or amorphous-silicon technologies. An
AIDS vaccine may eventually become possible by cell-type modification
methods, or by chemical synthesis, or by anti-idiotype methods. Video
recording can be carried out by Sony Betamax® or by VHS technologies.

In each case we can think of these methods or technologies as ‘compet-
ing' for a ‘market’ of adopters (Arthur, 1983). They may ‘compete’
unconsciously and passively, like species compete biologically, if adoptions
of one technology displace or preclude adoptions of its rivals, Or they may
compete consciously and strategically, if they are products that can be
priced and manipulated. (In this latter case, following nomenclature intro-
duced in Arthur (1985), we will say they are sponsored).

What makes competition between technologies interesting is that usually
technologies become more attractive—more developed, more widespread,
more useful —the more they are adopted. Thus competition between
technologies usually becomes competition between bandwagons, and
adoption markets display both a corresponding instability and a high
degree of unpredictability.

Increased attractiveness caused by adoption, or what [ will call “increas-
ing returns to adoption’, can arise from several sources; but five are
particularly important:

* | am grateful to Paul David, Giovanni Dosi, Frank Englmann, Christopher Freeman,
Richard Nelson, Nathan Rosenberg, Gerald Silverberg and Lue Soete for comments on this
chapter, and to participants at the May 1987 TFTAS meeting on Technical Change and
Economic Theory, Maastricht, The Netherlands.
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(i) Learning by using (Rosenberg, 1982). Often the more a technology is
adopted, the more it is used and the more is learned about it; therefore
the more it is developed and improved. A new airliner design, like the
DC-8, for example, gains considerably in payload, passenger capacity,
engine efficiency and aerodynamics, as it achieves actual airline
adoption and use.

(ii) Network externalities (Katz and Shapiro, 1985). Often a technology
offers advantages to ‘going along’ with other adopters of it—to belong-
ing to a network of users. The video technology VHS is an example.
The more other users there are, the more likely it is that the VHS
adopter benefits from a greater availability and variety of VHS-
recorded products.

(i) Scale economies in production. Often, where a technology is embodied
in a product, like the polaroid technology, the cost of the product falls
as increased numbers of units of it are produced. Thus the technology
can become more attractive in price as adoption increases.

(iv) Informational increasing returns. Often a technology that is more
adopted enjoys the advantage of being better known and better under-
stood. For the risk-averse, adopting it becomes more attractive if it is
more widespread.

{v) Technological interrelatedness (Frankel, 1955). Often, as a technology
becomes more adopted, a number of other sub-technologies and
products become part of its infrastructure. For example, the gasoline
technology has a huge infrastructure of refineries, filling stations, and
auto parts that rely on it. This puts it at an advantage in the sense that
other technologies, if less adopted, may lack the requisite infra-
structure or may require a partial dismantling of the more widespread
technology’s in-place infrastructure.

Of course, with any particular technology, several of these benefits to
increased adoption may be mixed in and present together. Rarely do we
have a pure source of increasing returns to adoption.

Whatever the source, if increasing returns to adoption are indeed
present, they determine the character of competition between techno-
logies. [f one technology gets ahead by good fortune, it gains an advantage.
It can then attract further adopters who might otherwise have gone along
with one of its rivals, with the result that the adoption market may ‘tip’ in
its favor and may end up dominated by it (Arthur, 1983). Given other
circumstances, of course, a different technology might have been favored
carly on, and it might have come to dominate the market. Thus in competi-
tions between technologies with increasing returns, ordinarily there is
more than one possible outcome. In economic terms there are multiple
equilibria. To ascertain how the actual outcome is ‘selected’” from these
multiple candidate outcomes, we need to keep track of how adoptions of
rival technologies build up (together with the small events that might
influence these) and how they eventually sway and tip the market. We
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need, in other words, to follow the dynamics of adoption.
‘Where competing technologies possess increasing returns, a number of
very natural questions arise:

. How can we model the adoption process when there is competition
between increasing-return technologies and hence indeterminacy in
the outcome?

2. What analytical techniques can be brought to bear on this increasing-
return allocation problem? In particular, what techniques can help us
determine the possible outcomes of the adoption process?

3. When technologies compete, under what circumstances must one
technology—albeit an indeterminate one at the outset—achieve a
monopoly and eventually take 100 per cent of the adoption market?
Under what circumstances will the market eventually be shared?

4. How does the ‘competing standards’ case differ from the competing
technologies one?

5. What difference does it make to have different sources of increasing
returns: network externalitics rather than learning effects, for
example?

6. What policy issues arise in the competing technology case?

7. What major research questions remain to be answered?

In this chapter I have been asked to provide an overview of my work on the
competing technology problem, highlighting in particular the dynamic
approach. Where possible 1 will connect my approach and results with
those of others and I will mention open research problems. I begin with a
review of the basic competing technologies model and then go on to discuss
some of the questions raised above.

Lock-in by small events: a review of the basic model

As one possible, simple model of competition between technologies with
increasing returns (Arthur, 1983), imagine two unsponsored technologies,
A and B, competing passively for a market of potential adopters who are
replacing an old, inferior technology. As adoptions of A (or B) increase,
learning-by-using takes place and improved versions of A (or ) become
available, with correspondingly higher payoffs or returns to those adopting
them. Each agent—each potential adopter—must choose cither A or B
when his time comes to replace the old technology. Once an agent chooses
he sticks to his choice. The versions of A or B are fixed when adopted, so
that agents are not affected by the choices of future adopters.

Suppose for a moment, in a preliminary version of this model. all agents
are alike. And suppose that returns to adopting A or B rise with prior
adoptions as in Table 26.1. The dynamics of this preliminary model are
trivial but instructive. The first agent chooses the higher payoff technology
—A in this table. This bids the payoff of A upward, so that the next agent
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Table 26.1  Returns to adopting A or B, given previous adoptions

Previous
adoptions [t} 10 20 30 40 50 60 70 80 90 100

Technology A 10 11 12 13 14 15 16 17 18 19 20
Technology B 4 0w 13 16 19 22 25 28 31 34

-]

a fartiori chooses A. A continues to be chosen, with the result that the
adoption process is locked in to A from the start. Notice that B cannot
get a footing, even though if adopted it would eventually prove superior.

Already in this simple preliminary model, we see two properties that
constantly recur with competing technologies: potential inefficiency in the
sense that the technology that ‘takes the market’ need not be the one with
the longer-term higher payoff to adopters; and inflexibility, or lock-in, in
the sense that the left-behind technology would need to bridge a widening
gap if it is to be chosen by adopters at all.

Although there are examples of technologies that lock out all rivals
from the start, this preliminary model is still not very satisfactory. The
outcome is either predetermined by whichever technology is initially
superior or, if both are evenly matched the outcome is razor-edged.
In reality, adopters are not all alike and, at the outset of most competi-
tions, some would naturally prefer technology A, and some technology B.
If this were the case, the order in which early adopter types arrived would
then become crucial, for it would decide how the market might ‘tip’.

Consider now a full model that shows this. We now allow two types
of adopters, R and §, with ‘natural’ preferences for A and B respectively,
and with payoffs as in Table 26.2. Suppose each potential-adopter type
is equally prevalent, but that the actual ‘arrivals’ of R and S agents
are subject to ‘small unknown events’ outside the model, so to speak.
Then all we can say is that it is equally likely that an R or an § will
arrive next to make their choice. Initially at least, if an R-agent arrives
at the ‘adoption window’ to make his choice, he will adopt A; if an
S-agent arrives, he will adopt B. Thus the difference in adoptions be-
tween A and B moves up or down by one unit depending on whether
the next adopter is an R or an S, that is, it moves up or down with
probability one-half. This process is a simple gambler’s coin-toss random
walk. There is only one complication. If by ‘chance’ a large number of R-
types cumulates in the line of choosers, A will then be heavily adopted
and hence improved in payoff. In fact, if A gains a sufficient lead over B
in adoptions, it will pay S-types choosing to switch to A. Then both R-
and S-types will be adopting A, and only A, from then on. The adop-
tion process will then become locked in to technology A. Similarly,
if a sufficient number of S-tvpes had by ‘chance’ arrived to adopt B
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Table 26.2 Returns to adopting A or B, given ny and np previous adopters of A
and A°

Technology A Technology B

R-agent
S-agent

ap + rny
g + SMy

bp 4+ mp
by + sng

o

The model assumes that ag = bg and that by > ag. Both r and s are positive,

A leads Difference
in Adoptiens
of Aand B
Both adopter types choose A
I =N R-types choose A. S-types choose B.
Total Adoptions
Both adopter types choose B \\‘ Lock-in
B leads to B
Figure 26.1 Difference in adoptions: random walk with absorbing barriers

over A, B would improve sufficiently to cause R-types to switch to B. The
process would instead lock in to B (see Figure 26.1). Our random walk is
really a random walk with absorbing barriers on each side, the barriers
corresponding to the lead in adoption it takes for each agent-type to switch
its choice.

All this is fine. We can now use the well-worked-out theory of random
walks to find out what happens to the adoption process in the long run. The
important fact about a random walk with absorbing barriers is that absorp-
tion occurs eventually with certainty. Thus in the model T have described,
the economy must lock in to monopoly of one of the two technologies, A or
B, but which technology is not predictable in advance. Also, the order of
choice of agent is not ‘averaged away’. On the contrary, it decides the
eventual market outcome. Thus, the process is non-ergodic—or more
informally we can say that it is path-dependent in the sense that the
outcome depends on the way in which adoptions build up, that is, on the
path the process takes. As before, the process becomes inflexible: once
lock in occurs the dominant technology continues to be chosen: hence it
continues to improve, so that an ever larger boost to the payoff of the
excluded technology would be needed to resuscitate it. Further, itis easy to
construct examples in which this ‘greedy algorithm’ of each agent taking
the technology that pays off best at his time of choice may miss higher
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rewards to the future adoption and development of the excluded techno-
logy. As in the preliminary model, economic efficiency is not guaranteed.

This model, like all theoretical models, is obviously stylized. But it does
capture an important general characteristic of competition between
technologies with increasing returns. Where the competition is not dead at
the outset, with a single technology dominating from the start, the
adoption process is inherently unstable, and it can be swayed by the
cumulation of small *historical” events, or small heterogeneities, or small
differences in timing. Thus low-level events, stemming from the inevitable
graininess present in the economy, can act to drive the process into the
‘gravitational orbit’ of one of the two (or, with several technologies com-
peting, many) possible outcomes. What we have in this simple model is
‘order’ (the eventual adoption-share outcome) emerging from ‘fluctuation’
(the inherent randomness in the arrival sequence). In modern terminology,
our competing-technologies adoption process is therefore a self~organising
process (Prigogine, 1976). (For further details on self-organisation, see the
chapters of Silverberg, Corncelli and Dosi, and Dosi and Orsenigo in this
volume).

Of course, it could be objected that at some level —in some all-knowing
Laplacian world—the arrival sequenee in our model is fore-ordained, and
that therefore the outcome that this sequence implies is fore-ordained, and
that therefore our technology competition is determinate and predictable.
Ultimately this comes down to a question of modelling strategy. Where
increasing returns are present, different patterns of small events—whether
known or not—can lead to very different outcomes. If they are unknown at
the outset, if for practical purposes they lie beneath the resolution of our
model, we must treat them as random; so that unless we believe we know
all events that can affect the build-up of adoptions and can therefore
include them explicitly, models of technological competition must typically
include a random component. In the model above, randomness was intro-
duced by lack of knowledge of the arrival sequence of the adopters. But in
other models it could have different sources. Randomness might, for
example, enter in a homogeneous adopter-type model because techno-
logical improvements occur in part by unpredictable breakthroughs. The
subject is new enough that even obvious extensions like this have not yet
been studied. There may be a wide class of competing-technology models,
but we would expect to see much the same properties as we found above
upheld: inflexibility or lock-in of outcome: non-predictability; possible
inefficiency; and non-ergodicity or path-dependence.

Do real-world competitions between technologies show these proper-
ties? Does the economy sometimes lock in to an inferior technology because
of small, historical events? It appears that it does. Light-water reactors at
present account for close to 100 per cent of all US nuclear power installa-
tions and about 80 per cent of the world market. They were originally
adapted from a highly compact unit designed to propel the first American
nuclear submarine. the USS Nawtilus, launched in 1954 (Weinberg, 1954).
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A series of circumstances—among them the US Navy's role in early con-
struction contracts, political expediency within the National Security
Council, the behavior of key personages like Admiral Rickover, and the
Euratom Program—acted to favor light water, so that learning and con-
struction experience gained with light water early on locked the market in
by the mid-1960s {Cowan, 1987). And yet the engineering literature
consistently argues that, given equal development, the gas-cooled design
would have been superior (Agnew, 1981).

Similarly, gasoline now dominates as the power source for automobiles,
It may well be the superior alternative, but certainly in 1895 it was held to
be the least promising option. It was hard to obtain in the right grade; it
was dangerous; and it required more numerous and more sophisticated
moving parts than steam. Throughout the period 1890-1920, developers,
with predilections depending on their previous engineering experience,
produced constantly improving versions of the steam, gasoline and
electric automobiles. But a series of circumstances—among them, in the
North American case, unlikely ones like a 1895 horseless carriage com-
petition which appears to have influenced Ransom Olds in his decision
to switch from steam to gasoline, and an outbreak in 1914 of hoof-and-
mouth disease that shut down horse troughs where steam cars drew water
(McLaughlin, 1954; Arthur, 1984)—gave gasoline enough of a lead that it
subsequently proved unassailable. Whether steam and electric cars, given
equal development, could have been superior is not clear; but this question
remains under constant debate in the engineering literature (Burton, 1976;
Strack, 1970).

Is lock-in to a possibly inferior technology permanent? Theoretically 1t
is, where the source of increasing returns is learning-by-using, at least until
yet newer technologies come along to render the dominant one obsolete.
But lock-in need not be permanent if network externalities are the source.
Here, if a technology’s advantage is mainly that most adopters are ‘going
along’ with it, a coordinated changeover to a superior collective choice can
provide escape. In an important paper, Farrell and Saloner (1985) showed
that as long as agents know other agents’ preferences. each will decide
independently to ‘switch” if a superior alternative is available. But where
they are uncertain of others’ preferences and intentions, there can be
‘excess inertia’: each agent would benefit from holding the other techno-
logy but individually none dares change in case others do not follow.

Whatever the source of increasing returns in competitions between
technologies, the presence of lock-in and sudden release causes the
economy to lose a certain smoothness of motion.

Technology structure: the path-dependent Strong Law of Large Numbers

In the discussion so far, we have derived some basic ideas and properties of
technology competition from a dynamic model with a very particular
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linear-returns-from-learning mechanism. We would like to be able to
handle competing-technology problems with more general assumptions
and returns-to-adoption mechanisms. In particular we are interested in
qualitative questions such as whether, and under what circumstances. an
adoption market must end up dominated by a single technology.

In thinking about the type of analytical framework we would need for
more general versions of the problem, it seems important to preserve two
properties: (i) that choices between alternative technologies are affected
by the numbers of each alternative present in the adoption market at the
time of choice; equivalently, that choices are affected by current market
shares; (ii) that small events outside the model may influence the process,
50 that a certain amount of randomness must be allowed for. Thus the
‘state” of the market may not determine the next choice, but rather the
probability of each alternative being chosen.

Consider a dynamical system that abstracts and allows for these two
properties. 1 will call it an allocation process. At each time that a choice
occurs, a4 unit addition or allocation is made to one of K categories, with
probabilities py(x). pa(x) . . ., pelx), respectively, where this vector of
probabilities p is a function of x, the vector giving the proportion of units
currently in categories 1 to K (out of the total number n so far in all
categories). In our competing technologies problem, this corresponds to a
choice of one technology from K competing alternatives, each ‘time” of
choice, with probabilities that depend upon the numbers of each alterna-
tive already adopted and therefore upon current adoption shares.! (For a
given problem, if we know the source of randomness and the payoff-
returns at each state of the market, we can, in principle at least, derive
these probabilities as a function of adoption shares.)

Our question is: what happens to the long—run proportions (or adoption
shares) in such a dynamical system? What long-run technological struc-
tures can emerge? The standard probability-theory tool for this type of
problem is the Strong Law of Large Numbers which makes statements
about long-run proportions in processes where increments are added at
successive times, For example, if we successively add a unit to the ‘cate-
gory’ Heads with probability 1/2 in tossing a coin, the standard Strong Law
tells us that the proportion of Heads must settle to 0.5. But we cannot use
the standard Strong Law in our process. We do not have the required
independent increments. Instead we have increments—unit adoptions or
allocations to technologies 1 through K—which occur with probabilities
influenced by past increments. We have a ‘coin’ whose probability of
Heads changes with the proportion of Heads tossed previously.

We can still generate a Strong Law for our dependent-increment
process. Suppose we consider the mapping from present proportions, or
adoption shares, to the probability of adoption, as with the two examples
in Figure 26.2, where K = 2. We can see that where the probability of
adoption A is higher than its market share. there would be a tendency in
the allocation (or adoption) process for A to increase in proportion; and
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Figure 26.2  Probability of adoption as a function of adoption share

where it 15 lower, there would be a tendency for it to decrease. If the
proportions or shares in each category settle down as total allocations
increase, then they should settle down at a fixed point of this mapping. In
1983 Arthur, Ermoliev and Kaniovski proved that (under certain technical
conditions) indeed this conjecture is true.” Allocation processes indeed
settle down in the long run, with probability one, to an unchanging vector
of proportions (adoption shares) represented by one of the fixed points of
the mapping from proportions (or adoption shares) to the probability of
adoption. They converge to a vector of adoption shares x where x = p(x).
Not all fixed points are eligible. Only *attracting’” or stable fixed points
(ones that expected motions lead toward) can emerge as the long-run
outcomes. (Thus in Figure 26.2 the possible long-run shares are 0 and 1 for
the function p; and x; for the function p,.) Of course., where there are
multiple fixed points, which one is chosen depends on the path taken by the
process: it depends upon the cumulation of the random events that occur
along the way. This very general Strong Law for dependent-increment
processes (which, following convention, I shall label *AEK") generalizes
the conventional Strong Law of Large Numbers.

The allocation process framework, with its corresponding Strong Law,
applies to a wide variety of self-organizing or autocatalytic problems in
economics and physics (Arthur, Ermoliev and Kaniovski, 1984, 1987;
Arthur, 1986, 1987). For our competing-technology purposes, however,
we now have a powerful picce of machinery that enables us to investigate
the possible long-run adoption outcomes under different adoption-market
mechanisms. For a particular problem we would proceed in three steps:

1. Detail the particular mechanisms at work in the adoption process,

paying special attention to returns functions, heterogeneities, and
sources of randomness.

I————
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2. Use this knowledge to derive the pl'obabiiitics ‘()f choice of each
technology explicitly as a function of current adoption shares. .

Use the AEK Strong Law to derive actual long-run possible adnp'glfm
shares as the stable fixed points of the adoption-share-to-probability

mapping.

ed

A number of studies now use this technique (see, for example, David,
1986). The ‘informational increasing returns’ model of Arthur (198:‘)b) is an
example. In this model risk-adverse potential adopters are uncertain about
the actual payoff of two fixed payoff technologies they can choose fr_(:m.
They gather information by ‘polling’ some random sample of previous
adopters. (Neither learning-by-using nor network effects are present.)
Increasing returns come about because, if adopters of A are more nurm.:—
rous, the next chooser will likely sample more A’s than B's, and will
therefore be better informed on A. Being risk-averse, he will therefore
choose A with a probability that increases with A’s proportion of x of th_c
market. Application of the AEK Strong Law to a rigorous model of this
mechanism yields precise circumstances under which ‘informational
increasing returns” allow stable fixed points only at the points x = 0 a'nd
x = 1. That is, it yields circumstances under which informational increasing
returns alone cause eventual monopoly of A or of B with probability 1.

When is technological monopoly inevitable?

Is it inevitable that one technology must eventually shut out the others
when there are increasing returns to adoption? The answer is no. Consider
a more general version of the heterogeneous-adopter-unknown-arrival-
sequence model, in which there is now a continuum of agent types ralthe_r
than just two. We can now think of agents — potential adopters—as distri-
buted over adoption payoffs as in Figure 26.3. An adopter is chosen at
random from this probability distribution each time a choice is to be made;
and the distribution itself shifts either to the right or upward as returns to A
or B increase with an adoption of either A or B respectively. Monopoly—
lock-in to a single technology —corresponds to the distribution of payoffs
getting “driven’ over the 45° line in this two-technology case. (W-e assume
the distribution of adopter payoffs has ‘bounded support’—that is, it does
not tail off to infinity in any direction.) Where K technologies compete, we
can use the AEK Strong Law to show that where there is no ceiling tnlthc
increasing returns (so that returns increase without bound as adopnons
increase) then sooner or later one technology must by the cumulat!on of
chance achieve sufficient adoption advantage to drive the distribution of
adopters ‘over the line’. With unbounded increasing returns eventual
monopoly by a single technology is indeed inevitable (Arthur, 1986).

But where returns to adoption increase but are bounded, as when
learning effects eventually become exhausted, monopoly is no longer
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Figure 26.3  Payoffs to adoption of A and B under a continuum of adopter types®

* At the outset adopter payoffs lie in set Z. Adoptions of technology A only shift this set
horizontally to the right asin Z,.. Adoptions of B only shift it vertically asin Z,. Adoptions of A
and A shift it diagonally as in Z.,.

ingvitable. The reason is interesting. In this case, certain sequences of
adopter types could bid the returns to both technologies upward more or
less in concert. These technologies could then reach their ‘increasing
returns ceilings’ together, with adopter-type-payoffs still straddled across
the 45° line (as with Z,p5 in Figure 26.3), and thus with the adoption
market shared from then on. But other adopter-arrival sequences may
push the payoff distribution across the line early on. Thus with increasing
returns to adoption that are bounded, the general finding is that some
‘event histories” dynamically will lead to a shared market; other event
histories lead to monopoly (Arthur, 1986).

Exact conditions for monopoly in the strategic-competition case where
technologies exist as ‘sponsored’ products are not yet known. Hanson
(1985) explored a version of this IBM-versus-Apple problem, building on
the basic linear-increasing-returns model above. He assumed that firms
could price technologies and thereby manipulate adoption pavoffs in a
market where heterogeneous adopters arrived at random. Hanson was
able to show in this stochastic-duopoly problem that firms would price low
early on to gain adoptions, possibly even taking losses in an arm-wrestling
match for market share. If both firms were evenly matched enough to stay
in the market under these circumstances, then sooner or later the cumula-
tion of ‘chance events’ might allow one firm sufficient adoption advantage
to tip the market in its favor. It would then have sufficient advantage to be
able to raise its price and take monopoly profits, while keeping the other
firm on the contestable margin of the market. Using AEK, Hanson was
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able to detail certain conditions under which monopoly by a sing];—
technology-product would be inevitable, It is clear, however, that condi-
tions can be constructed where the markets can also end up shared. For
example, when increasing returns are bounded, and firms discount future
income heavily so that they are mainly interested in present sales, neither
firm may wish to price low early on. Neither might then eventually win the
‘natural customers” of the other and the result would be a shared market.

Competing standards and the role of expectations

The term ‘standard’ has two meanings in the technology literature: that of
a convention or code of practice, such as distributing alternating current at
110 volts or transmitting it at 60 hertz; and that of the technology or
method or code that comes to dominate—that becomes ‘standard’.
Standards in the first sense —conventions—can compete much the same as
method-technologies do, for a market of adherents, or users, or adopters.
Competing standards raise somewhat different issues from competing
technologies (see David, 1986, and the papers of Katz and Shapiro, and
Farrell and Saloner). I will treat standards here only in so far as they
overlap with our dynamics-of-adoption problem.

With standards, learning, information and production externalities are
less important and the main sources of increasing returns are network
externalities and possibly technological interrelatedness. Both sources
confer benefits if furure adopters go along with one’s choice. This intro-
duces something not yet considered in our discussion —expeciations. .

Katz and Shapiro, in an important paper (1985), consider a static version
of the problem of competing ‘networks™ of different standards, in which
‘network externalities’ accrue to increased network size. The networks are
provided by firms which must determine network size in advance. It pays
firms to provide large networks if potential adopters expect these net\:wrks
to be large and thereby commit their choice to them. Therefore 1f_, prior to
adoption, sufficient numbers of agents believe that network A will have a
large share of adopters, it will; but if sufficient believe B will have a large
share. it will. Katz and Shapiro showed that there could be multiple
‘fulfilled-expectation equilibria’ that is, multiple sets of eventual network
adoption shares that fulfil prior expectations.

In this simple but important model, expectations are given and fixed
before the adoption process takes place. More realistically, if adoption
were not instantaneous, potential adopters might change or modify their
expectations as the fortunes of alternatives changed during the adoption
process itself. One possible formulation (Arthur, 1985a) is to assume that
agents form expectations in the shape of beliefs about the adoption process
they are in. That is, they form probabilities on the future states of the
adoption process—probabilities that are conditioned on the nurnb.e?'s. of
current adoptions of the competing alternatives. Thus these probabilities,
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or beliefs, change and respond as the adoption market changes. (We would
have a fulfilled-equilibrium-stochastic-process if the acrual adoption process
that results from agents acting on these beliefs turns out to have condi-
tional probabilities that are identical to the believed process.) In this
model, if one standard, or technology, gets ahead by ‘chance’ adoptions,
its increased probability of doing well in the adoption market will further
enhance expectations of its success. Analysis here confirms the basic Katz
and Shapiro finding. Adaptive or dynamic expectations act to destabilize
further an already unstable situation: lock-in to monopoly positions now
occurs more easily.

Policy issues

We have seen that in uncontrolled competitions between technologies with
learning effects, or network externalities, or other sources of increasing
returns to adoption, there is no guarantee that the ‘fittest’ technology —the
one with superior. long-run potential —will survive. There are therefore
grounds for intervention.

Where a central authority with full information on future returns to
alternative adoption paths knows which technology has superior long-run
potential, it can of course attempt to ‘tilt’ the market in favor of this
technology. Timing is, of course, crucial here (Arthur, 1983): in Paul
David's phrase (1986) there are only ‘narrow windows’ in which policy
would be effective.

More often, though, it will not be clear in advance which technologies
have most potential promise. The authorities then face the difficult
problem of choosing which infant technologies to subsidize or bet on. This
yields a version of the multi-arm bandit problem (in which a gambler plays
several arms of a multi-arm bandit slot machine, trying to ascertain which
has the highest probability of producing jackpots). Cowan (1987) has
shown that, where central authorities subsidize increasing-return techno-
logies on the basis of their current estimates of future potential, locking
into inferior technologies is less likely than in the uncontrolled adoption
case. But it is still possible. An early run of bad luck with a potentially
superior technology may cause the central authority, perfectly rationally,
to abandon it. Even with central control, escape from inferior techno-
logical paths is not guaranteed. This finding is important for projects like
the US Strategic Defense Initiative, where ground-based excimer lasers,
particle-beam weapons, X-ray lasers, homing vehicles and other devices
compete for government subsidy on the basis of expected long-run
promise. Where each of these improves with development, it is likely that
lock-in to one will occur; however it may not be lock-in to the one with
superior long-run potential.

It may sometimes be desirable as a policy option to keep more than one
technology ‘alive’, to avoid monopoly problems (if the technology is
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marketed), or to retain ‘requisite variety’ as a hedge against shifts in the
economic environment or against future ‘Chernobyl’ revelations that the
technology is unsafe. The question of using well-timed subsidies to prevent
the adoption process ‘tipping’ and shutting out technologies has not yet
been looked at. But its structure —that of artificially stabilising a naturally
unstable dynamical process—is a standard one in stochastic feedback
control theory.

Some research questions

Several open or only partially resolved research questions have already
been mentioned. Besides these, there are at least three major classes of
problems that I believe would benefit from future study:

. Recontracting models. Where the sources of increasing returns is
learning-by-using, results would change little if adopters could re-enter
the ‘queue’ and change their choice at a future date. What counts with
learning is the previous number of adoptions of a technology, not the
fact that an agent is choosing a second time.” Where the source is
network externalities, results would change substantially. In this case,
with agents changing their preferences occasionally as well as striving
to go along with the more prevalent alternative, recontracting or
changing choice would take place as adoptions built up and might
continue even when the market was at its full, saturated size. We
would then have something akin to a stochastic version of the Farrell
and Saloner (1985) model. The important difference from our earlier
models is that with ‘deaths’ as well as ‘births’ of adoptions allowed,
increments to market-share position would tend to be of constant
order of magnitude. Adoption processes with recontracting would
therefore tend to show convergence in distribution rather than strong
convergence, with ‘punctuated equilibria’ possible in the shape of long
sojourns near or at monopoly of one technology coupled with inter-
mittent changeover to monopoly by a different technology. This type
of structure has counterparts in genetics, sociology and in far-from-
equilibrium thermodynamics (see Haken, 1978; Weidlich and Haag.
1983). But it has not yet been studied in the technology context.

2. Empirical studies. So far we have two excellent historical studies on the
set of events and varied sources of increasing returns that led to
dominance of the QWERTY typewriter keyboard (David, 1985) and
the dominance of alternating current (David and Bunn, 1987). For
most present-day uses, alternating current indeed appears to be
superior to the alternative, direct current. The QWERTY keyboard,
however, may be slightly inferior to the alternative Dvorak keyboard.
Norman and Rumelhard (1983) find Dvorak faster by 3 per cent.
Missing as vet, however, are detailed empirical studies of the actual
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choice-by-choice dynamics of technological competitions. For promi-
nent competitions such as that between nuclear reactors it might be
possible to put together a complete account of the adoption sequence
and the events that accompanied it. This would allow identification
and parameter estimation of the stochastic dynamics of an actual
rather than a theoretical case.

3. Spatial technological competition. One of the striking features of the
classical technology diffusion literature (Griliches, 1957; David, 1969)
is its concern with the spatial dimension—with the fact that a tech-
nology diffuses geographically as well as temporally. In the competing
technologies problem, geographical diffusion would of course also be
present. The spatial dimension would become particularly important if
returns to adoption were affected by neighbors’ choices. This was the
case historically in competitions between railroad gauges (Puffert,
1988) where it was advantageous to adopt a gauge that neighboring
railroads were using. The dynamics of spatial-technology competitions
have not been explored yet. But they would resemble those of the
well-known Ising model in physics and voter models in probability
theory, where dipoles and voters respectively are influenced by the
states of their nearest neighbors (Liggett, 1979). Here geographical
clusters of localities locked in to different technologies might emerge,
with long-run adoption structure depending crucially on the particular
spatial increasing-returns mechanism at work.

Conclusion

In the classical literature on the economics of technology, a new and
superior technology competes to replace an old and inferior one. In this
new literature, two or more superior technologies compete with each other,
possibly to replace an outmoded one. Competition assumes a stronger
form. In the competing technologies problem, the theory that emerges is a
theory of non-convex allocation. There are multiple equilibria—multiple
possible long-run adoption-share outcomes. The cumulation of small
‘random’ events drives the adoption process into the domain of one of
these outcomes, not necessarily the most desirable one. And the
increasing-returns advantage that accrues to the technology that achieves
dominance keeps it locked in to its dominant position.

I have indicated that competing technologies are examples of self-
organising, order-through-fluctuation systems. They are also examples of
evolutionary systems, although the mechanisms are quite different from
the ones in Nelson and Winter (1982). Where competing technologies
possess increasing returns to adoption, one technology can exercise
‘competitive exclusion” on the others; if it has a large proportion of natural
adopters it will have a ‘selectional advantage’; and the importance of early
events results in a ‘founder effect’” mechanism akin to that in genetics.

J——
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The dynamical picture of the long-term economy tha! rcsu!ts is less like
that of a sphere smoothly rolling on a flat surface, with its point of contact
with the ground unique and ever changing, and more like that of a poly-
tope lurching down a slope. Where technologies compete, patterns—
technology adoption structures—lock in. But as time passes and new
technological competitions come about the old patterns arc _changccl,
shaken up and re-formed, and in due course a new one is locked in.

To the extent that this happens, there may be theoretical limits as well as
practical ones to the predictability of the economic future.

Notes

1. If these probabilities depend on numbers adopted rather than directly on
market shares we can write them as (py{nx), pz(nx), px(nx). This becomes
equivalent to a probability function p, that depends on ‘time’ n as well as
adoption share x.

Hill, Lane and Sudderth proved a version of this thcorem in 1980 for the case
K = 2 and p unchanging with time n. The informally stated version in the text
holds for K = 2 and for time-varying functions p, provided they converge to a
limiting function p (Arthur, Ermoliev and Kaniovski, 1983, 1984, 1986).
Technically, the sequence of Borel functions p, needs to converge to p at a rate
faster than L/n converges 1o zero; the set of fixed points of p needs to have a
finite number of connected components; and for K > 2 convergence 1o a
point rather than to a cycle or more complex attractor requires the determin-
istic dynamics formed by the expected mation of the process to be a gradient
5ystcr{1. The 1986 paper is perhaps the best introduction to this theorem.

3. Agent arrivals, if second-time choosers, might, however, be dependent on the

previous arrival sequence

o
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Technological change and macroeconomics

This chapter deals with some methods for embodying technical change in
macroeconomic models, however simple. In a sense it is a follow-up to
Chapters 2 and 4. Both of them discuss the need for an analysis of the
conditions which must hold between the technological regime and institu-
tional structures in order to make sustained and relatively stable growth
possible, or, conversely, the possible mismatchings at the root of unstable
and/or slow growth.

The ‘régulation’ approach has already tried to elaborate such models,
even if they are not totally suitable for the present purpose. In the very
beginning of the regulation approach, two sectoral models were built
(Aglietta, 1974; Billaudot, 1976). They show the necessity of a connection
between the consumption and production goods sectors if accumulation is
to be a permanent and relatively stable process. Along the same lines,
subsequent works have investigated the specificities of the long post-1945
boom in France {Bertrand, 1978, 1983). In this context, Fordism results
from a specific growth regime in which intensive technological change and
new forms of social organization promote a complementarity between
mass production and consumption, modernization and capital deepening,
Furthermore, three theoretical models, corresponding to extensive
accumulation, Taylorism and Fordism, have been investigated (Fagerberg,
1984). Similarly, a simple growth model of Kaldorian spirit has been
compared with stylized historical facts (Boyer and Coriat, 1987) and then
used to analyse the viability of flexible specialization or, alternatively,
flexible automation.

In a sense, the model presented here benefits from all these formaliza-
tions, but tries to go a little beyond them. On the one hand, the model is
simplified and keeps only the core of the relevant mechanisms. It has been
suggested (Bertrand, 1983] that an aggregate model can retain a large
number of the properties of sectoral/disaggregated analysis. On the other
hand, the model is nevertheless more general since it investigates not only
Fordist but also a large number of other regimes,

The argument consists of five steps. First, the general hypotheses about
technological change and productivity, income distribution and demand
formation are presented and lead to a simplified growth model. Second, it
is shown that according to the precise features of the productive systems
and economic mechanisms, very different growth or crisis regime may
exist. Then the predictions of the model are compared to some stylized
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facts concerning capitalist economies over one or two ccn'turics, the test of
these hypotheses being left to future econometric work. Finally, this frame-
work helps us analyse the present economic and technological transition:
are the present transformations promoting gmw:lh or, on l‘hc contrary,
deepening unemployment and/or instability? Brief concluding remarks
summarize the major findings and propose some areas for future research.

Formalizing the sources of productivity gains and their sharing: back to
growth theories

Ideally, the model should distinguish at least between two sectors produc-
ing consumption and investment goods. Nevertheless, previous attempts
by Bover (1975), Bertrand (1983) and Fagerberg (1984) do suggest that
most of the arguments can be captured within a one-sector TnudeL Thus an
aggregate approach is adopted here. The starting point will be a genera-
lization of a previous formalization (Boyer and Coriat, 19§7}. We want to
study a larger variety of accumulation regimes, intensive as well as
extensive, with or without mass consumption.

The main hypotheses in a nutshell

The economy is assumed to be closed —thus applicable at the world level
or to a national economy not open to external trade. The model _could
easily be extended to an open economy, as has al_reacly been done in, for
example, Boyer and Petit (1981a, 1984). We basically want to formall_ze
both productivity gains and their division between wagesland profits, i.e.
the simultancous dynamics of production and consumption. Our model
will consist of seven endogenous variables, entering into seven behavioural
or accounting equations. o

Productivity trends plays a prominent role in the system. They are
related to three factors. The first is the intensity of innovation as mcasured
by R& D expenditures, number of patents, or the (_)ricntatinn of 1cchplc§|l
progress towards labour-saving equipment {va_nable {NNO),‘ This is
supposed to represent a Schumpeterian explanation of productivity. The
second is capital deepening, expressed by the lnvestmcm.-'uu.tpul ratio
(variable 1/Q). This effect could be termed Salterian, since th‘le van_ablc
captures the renewal of capital in a vintage model. Third is a
Kaldor-Verdoorn effect, linking productivity to output growth via
dynamic increasing returns to scale (variable Q). One might_ imaglqc learn-
ing-by-doing effects, or long-run properties linking the division of Iabulur.
productivity and the size of the market. Hence we propose the following
productivity equation:

,->f'e=a’+n’.-(‘;+ 4.0+ TNNO b.d.e>0 (1)
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Investment reacts to the dynamism of household consumption (C),
according to a traditional Keynesian accelerator effect. But in order to
contrast different accumulation regimes, one must add another deter-
minant usually introduced by classical theory: the profit share (PRO/Q).
Contemporary research usually combines these two factors: investment is
cither limited by demand —here restricted to consumption —or by profit-
ability. Furthermore, another Schumpeterian effect might also be of some
interest in dealing with technical innovation: if innovations are available,
firms will be induced to invest more in new products (variable INNO)
This leads to the formulation:

&5

é’= fl+uv'.Cru'. [EZO]'F e" INNO o' ' e">0 (2")

Households” consumption is modelled in a very traditional way. The
marginal propensity to consume is supposed to be different for wages and
profits (¢, and ¢, respectively). Since the other mechanisms are related to
medium-term trends, no lags are introduced in the equation. Hence we
have the following equation:

C=¢;.A(NRW)+¢,.(0-NRW)+g ¢,>¢,>0 (3")

Wage formation has to be richer in order to deal with at least two polar
cases: purely competitive determination of real wages and productivity
increases shared with wage earners more or less according to what has
been called the Fordist capital-labour compromise, The first mechanism is
captured by a linear elasticity of real wages with respect to employment
variations (parameter /). The logic of a Phillips curve is therefore extended
to real wages analysed in the medium term. The second one is described
by a second elasticity with respect to productivity trends (parameter k). As
usual, a constant term is added to capture any other factor. This leads to
the following equation:

RW=K .PR+{' (N-TF)+h k=20,I20 (4)
LF: exogenous evolution of total labour force

Three accounting identities close the model. The first one describes the
national accounts identity about resources and uses of total production.
The only difficulty is in converting levels into rates of change, a being the
share of consumption in total net output for the previous period. The
second relation defines changes in employment as the difference between
the rate of output growth and productivity increase. Finally, the last

equation says that net output is equal to the sum of profit and wages. Thus
we have:

O=a.C+{l-a).l 0O<as<l (5)
N=QO— PR (6")
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PRO_, _RW h
0 PR

The basic economic ideas are fairly simple, but the analytics are a little
bit more complex, as is usual when variables expressed in levels and ra'tcs
of change are mixed. So the next step is to build an approximate version
which can be completely solved and discussed mathematically without the
need for simulations or the use of general fixed point theorems.

A simplified model

In order to do this, the first three equations are linearized and written ina
less satisfactory form, but one which is easier to solve. Thus productivity
trends in the medium run are assumed to be linearly linked to investment
and output rates. Moreover, Schumpeterian variables related to techno-
logical change are estimated by incorporating them into thc_constam term
a. Similarly, by modifying the traditional accelerator equation, the varia-
tion in investment is dependent on consumption and the so-called wage
gap, i.e. the difference between productivity and real wages, a very crude
proxy for the evolution of the profit share. This change would be detri-
mental if our aim were to study cycles and stability properties, but seems
admissible as far as growth paths are concerned. The last change concerns
consumption: profits are assumed to be totally saved, whereas the
propensity to consume out of wages is ¢, not necessarily equal to 1. This is
a Kaleckian hypothesis, which does not change too much the global pro-
perties of the model.
After making these simplifications, the model is now as follows:

THE BASIC MODEL
(1) PR=a+ b.I+d. Q Productivity equation
(2) f=_,l“+ v.C+ u{(PfI - RI:V} [nvestment equation
(3) C=c.(N'RW)+g Consumption equation
(4) RW=k.PR+1.N+h Real wage formation
(5) O=a. C+ (1= rx].:f Accounting identities

(6) N=Q-PR
ENDOGENOUS VARIABLES: 6 PR, I, Q, C, RW, N.

EXOGENOQUS VARIABLES: none, since exogenous factors are reflected
by the constant terms a, fand h.

CONDITIONS ON PARAMETERS: b2 0, d=0, 020, uz0, 0=c=1,
kz0,1z0,0=a=1.

Accounting identities
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However simplistic, this framework is rich enough to deal with most of
the issues discussed in the previous section. Let us make a list of the
various polar cases:

— Technical progress is not only defined by the exogenous trend a—
which might be high or low according to long-run evolution —but by
various mechanisms related to productivity formation. These could be
due either to capital deepening (high b, possibly d=0) or to pure
increasing returns to scale, without any link with investment (b=, 4
important). The last case reflects a learning-by-doing effect ‘a la
Arrow/Wright'

— Contemporary macroeconomic theory is highly concerned with the
question of investment determination: is investment profit-, demand-
or credit-led? The present model deals mainly with the two first
alternatives. In the pure Keynesian case, only demand expectations
play a role in investment decisions (1= 0, v related to the capital-out-
put ratio). At the opposite extreme, in the Classical Marxian case, the
profit rate is the only factor determining investment (v =0, u import-
ant).

— Similarly, wage formation is at the core of many discussions about the
links between economic policy and the rigidity or flexibility of labour
markets. In this model, and contrary to the traditional presentation, the
indexation of wages to productivity is seen as the outcome of a Fordist
compromise, and not that much as due to pure market mechanisms (in
that case, /=0, k is positive or even close to one, with i=0). In the
other extreme case, wage formation is purely competitive, i.e. linked to
the evolution of employment, for a given trend in total labour force
{k =0, { positive and high).

The task then is to play with this small model by first studying in the
next section its analytical properties, and then in the following section
looking for interpretations of very stylized historical facts.

Very contrasted growth or crisis configurations may exist

For simplicity, the solution of the model can be organized around a very
simple idea: where does the productivity growth trend come [rom? A
subpart of the model can be solved in order to associate such a trend with
any given level of growth (relation I). Second question: how are productiv-
ity gains shared between wages and profits? Another part of the model (of
course, with some common equations) allows us to compute the growth in
demand associated with each productivity rate (relation I1). Let us briefly
study these two parts.

The productivity regimes: the joint result of technology, demand and income
distribution

Using equations (1), (2], (3) and (4], one gets the following ‘sub-reduced
form’ for productivity:
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- fJ[vr.'{l-i-f}—Hf]-l'ff . a+hf+ug+b[vc—u].h
I}, PR=—————— —— k= e i
() 1=blve—u).(k—1-1) ¢ 1—blvc—ullk—1-1)

PR=B.0+A

One recognizes the usual form of the so-called Kaldor-Verdoorn rela-
tions, but the matter is more complex than initially thought by these two
authors.

First, such an equation is not purely a matter of technology, since
demand formation and income distribution do play a role. The relation is a
function of purely technical aspects if and only if investment has no
influence upon productivity (b= 0}, i.e. only in a very special case.

But even if the technical frontier is kept constant, the productivity-
growth reduced form can shift or rotate when income distribution changes.
For example, when wage earners benefit from more favourable shares
(inerease in k), the elasticity of productivity with respect to growth
increases when investment is more sensitive to demand than to profit {v/u
> 1/¢), and decreases in the opposite case. This last situation might apply
to the tendencies observed after 1973, which are characterized by a
significant shift in income distribution. This is a possible explanation of the
instability stressed by Rowthorn (1975), which seems to be confirmed by
the breaking down of the formula since 1973 (Michl, 1984; Boyer and
Ralle, 1986a).

Similarly, any change in the investment function shifts the Kaldor-Ver-
doorn relation in a rather complex manner, since it depends on the whole
set of parameters. For low indexation to productivity (ie. k<1+1/), a
strengthening of the profit motive in investment (rise of u) and milder
accelerator effects reduce the apparent size of increasing returns to scale.
This is the kind of evolution which seems to have been observed during
the last decade.

Combining the factors characterizing technology, investment deter-
mination and income distribution gives a large set of configurations.
Instead of presenting all of them, it is convenient to discuss only major
cases (Figure 27.1). It turns out that four very contrasted cases might
appear, according to the intensity of the various mechanisms. Let us stress
only two major findings, First, in the pure Fordist case, the usual
Kaldor-Verdoorn relation is observed only if wage indexing is not too high
icase 3), since up to a certain threshold a perverse configuration may
emerge (case 4). Second, the same ex post reduced form may result from
very different mechanisms: purely competitive wage and exhilarationist
effects of profit upon investment (case 2), whereas for more likely
hypotheses productivity increases are lower, the higher the growth {case 1).

The previous discussion enables us to present a taxonomy of the various
technological systems andfor accumulation regimes. The former can be
distinguished according to the configuration of the whole set of parameters
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Figure 27.1 The various productivity regimes

I.  The pure classical cases
They can be characterized by three principal hypotheses:

(i} No increasing returns to scale: =10
{ii} Investment is purely profitdriven: v =0u%0
(iii) Mo ex ante productivity-sharing but competitive mechanism for wages: k=0,
=0

—b.ud. - a+b(f-uk)__ .
sprrEL e el i

Then by (I; P}E=l

According to the relative size of the effect of profit upon investment and employ-
ment upon real wages, two polar cases can be observed,

Case 1: The profit effect is limited Case 2: The profit effect is important

=0

IL".E;

The productivity-growth relation is

The productivity—growth relation is
downward sloping

upward sloping

+
In both cases we assume that: w < a_hf

bh
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Figure 27.1 The various productivity regimes

IL. The pure Fordist cases

By contrast, they are defined by inverting the three hypotheses of the classical
case:

[i) Significant increasing returns to scale: o> 0
{ii) Investment is totally demand driven: v ® 0 u=0 )
(i) Productivity-sharing of wages, absence of competitive mechanism: k>0 /=0

bue +d . a+bf+ug+buch
1—bvclk—1)" " 1—-bvclk-1)

Then by (I): PR=

By hypothesis bve+d>0 and it may be assumed that (@ + bf +vg + boch)= 0.
According to the relative size of the wage indexing and accelerator effects, two
other polar cases can be observed:

Case 3: Wage indexing is limited Case 4: Wage indexing is high

.
PR A L R Koy 1

Ax

el ]

The usual upward-sloping Kaldor-Ver- A perverse and negative relation
doorn relation appears as a reduced between growth and productivity
form



616 ROBERT BOYER |

{a, b, d, f, v,...). The latter would be defined as mainly extensive or
intensive by looking at the reduced form for productivity. Intensive
accumulation refers to spillover effects from growth to productivity, and
not that much to the size of productivity increases per se. Thus extensive

accumulation will prevail if B is fairly low, intensive accumulation when B
is high.

FORMALIZING GROWTH REGIMES 617

M
]
PR

Demand regimes defined by the wage formation and invesrment functions
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Let us now assess the consequences of a given productivity rate upon the
growth of demand, since in this model production is always fixed accord-
ingly. Solving the system without using the productivity equation (1) leads
to the following reduced form:

A HYBRID CLASSICAL DEMAND BTCIMD

2 lact+(l—a)ve—{1=-a)ul.lk—1-1) s
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Configuration ?
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We will denote by demand regimes the various configurations taken by
this reduced form. Basically, whether the curve slopes upward or down-
ward will depend upon two main factors: first, income distribution, i.e.
productivity sharing between wages and profits, and, second. the sensitiv-
ity of investment to either profit or demand variations (Figure 27.2).

The complete discussion will not be given here. Instead we shall present

four polar cases, combining two extreme hypotheses about investment and
income distribution,

The different demand regimes

CLASSICAL DEMAMD
I
. R HYDAID FORDIST DEMAND REGIME
{11)

. A PURE
is ingreasing with productivity

Demand is decreasing

Figure 27.2

PROFIT LED

Demand

|

Conf igurak ion 4

— A pure classical demand regime associates profit-led investment with
mainly competitive wage formation (configuration 1). In this case, _ —
productivity increases promote profits, hence investment and effective
demand, which enhance employment, therefore consumption, accord-
ing to a classical virtuous cumulative growth model. As a consequence,
demand increases with productivity. The functioning of this regime can
be summarized by a very simple causation mechanism:

Conf igurat ion 1
0

s

TRVESTHENT
FUNCTON

WAGE
FORMATION 1S

«

3k

MAINLY COMPETITIVE

K
BASICALLY FORDIST

P + + + y
Productivity - Profit ~ Investment - Employment — Consumption

A hybrid classical demand regime combines demand-led investment
with the same competitive wage formation mechanism ( configuration
2). The previous mechanisms are then reversed: more productivity
induces lower wage increases, hence lower consumption, in such a

manner that investment is also reduced via an accelerator based upon
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COI‘ISLITI‘]ptiDn. Therefore, demand is now declining with productivity,
according to the following stylized analysis: g

g - .+ +
Productivity + Real wages — Consumption — Investment — Employment

— A purchordist demand regime associates the same demand-led invest-
ment with an explicit sharing of productivity between wages and profits
{configuration 3). Now the growth of demand is wage-led: any improve-
ment in productivity raises ex ante real wages, hence caﬁsumptinn
mvestment and effective demand. As in the pure classical case, the la\a;
is now increasing but according to a very different mechanism:

g GRS i T
Productivity ~ Real wages - Consumption ~ Investment ~ Employment

But by comparison with the hybrid classical case, the only change
relates to real wage formation.

— A hybrid Fordist demand regime can be observed when wage indexa-
tion to productivity is up to a certain threshold, whereas investment is
now highly sensitive to profits (configuration 4). The rationale of the
declining demand curve is clear enough: more productivity induces
more consumption (via real wage increases) but less investment (due to
declining profits), in such a manner that the second [actor plays a
dominant role. The causation now runs according to the following
diagram:

L=+ + +
Productivity ~Profit — Investment — Employment —+ Consumption

Once again this configuration looks like the hybrid classical one, but
th_e reasons are quite opposite, since the mechanisms of income dis-
tribution and demand generation are different indeed.

Finally, a growth (or accumulation) regime can be defined for each com-
bination of productivity-growth relations and demand regimes, Instead of
presenting a purely formal analysis, the macro-model will be confronted
with the historical trends and periods already examined by the regulation
approach, as presented in Chapter 4.

Historical stylized facts over a century: an interpretation

If one considers the evolution of capitalism since the first industrial
revolution, the model suggests the possible succession of four stages,
combining specific technological systems and forms of socio-economic
tuning (Figure 27.3).

The nineteenth century: moderate increasing retums and investment-led
growth

This period is basically characterized by the penetration of new methods
of production, via rapid industrial investment promoting this new produc-
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Figure 27.3 Aninterpretation of typical historical periods

Stage 1: The nineteenth century
Moderate but stable growth

=11

Stage 2: The inter-war pernod
Structural instability and crisis

—g——

o

Hypotheses:

1. Moderately increasing returns of
scale (d=0, but b>0)

2. Competitive wages (k 0, /> 0)

3. Profit-led investment (v =0, u > i)

Stage 4: The Seventies
Slow and unstable growth: a structural
crisis

L 1

Hypotheses:

1. Significant returns to scale due to
Taylorism (d>0, 5> 0)

2. Still competitive wages (k=0, [>0)

3. Demand-led investment (v >0,
u<i)

Stage 3: The ‘Roaring Sixties” ™
Unprecedented high and
stable growth

Hypotheses:

1. Exhaustion of increasing returns to
scale (d and b declining)

2. Anover-indexing of wages o
productivity (k> 1+1)

3. The profit motive is back (v is
declining. 1 increasing)

o
ey
o

Hypotheses:

1. Fordism brings significant returns to
scale (off =0, b= 0)

2. Capital-labour compromise over
productivity sharing [k Z 0 (= 0] but
k<l+1!)

3. Consumption-led investment (¢ 0,
n<u)
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tive system. From the technological standpoint, the increasing returns 1

sa:ﬂic associated with the deepening of the division of labour are in 1 .
v:fathl l.hf; previous trends. Nevertheless, a high ratio of investment a!l(::\lre
significant productivity increases. Thus the productivity regime corr ;
ponds roughly toa profit-led productivity-growth relationship (as slwﬁ:
by case 2 in Figure 27.5). As far as demand generation is concerned
investment again is the leading factors via an income distribution initially
very fa_vu_ur:up]c to entreprencurs. Wage-earners only benefit from thiz
ms!ustn;ll_lzanon process if employment is increasing, wage formation
hfmg mainly competitive (the demand regime is close to configuration 1 i

Figure 27.2). "

0 Qr?scqucntly, one can imagine this first stage as associating an average
elq_whc:ty of demand with a moderately upward-sloping productivity cur%e
{F1guri: 27.3, stage 1). During this period, industrial crises are observed
Ifrnm time to time, but according 1o a process which is usually self-regulat-
ing, with the exception of the major crisis of 1848 or the Great Depression
of 1873-96. It can then be assumed that the growth model is stable, i.e
that any disturbance affecting either productivity or demand levels c—l:'f A
necessary condition for that property (| BD| < 1) is that ex post incream:ng
returns and demand elasticity are not too high.

The equilibrium growth path is stable and depends on the accumulation
regime. If, for example, innovation raises the exogenous trend of productiv-
ity, both productivity and growth rates will be higher. The outcome for
cmplln:yment is related to the elasticity of demand: a reduction if this
lclasnmry is low, an increase if it is high. Similarly, an upward shift usually
increases growth and productivity, but the precise results do vary if
st_ruclural change has effects upon investment, consumption or income
distribution,

The inter-war period: a surge of inereasing returns and a shift towards
demand-led investment

The mur{el allows an interpretation of the contradictions associated with
the transition from an extensive 10 an intensive accumulation regime. In
some respects the mode of regulation shows continuities, especially as far
as competitive wage formation is concerned. But in other respects two
structural changes speed up after the First World War. First, Scientific
Management leads to a strengthening of increasing returns, by ,decpening
the d'l'\-’i.-'ﬂl’)l't of labour and employing highly specialized v:quii:mcnt. This
results in an upward shift of the productivity-growth function (Figure
27.3, stage 2). Second, mass production has to be complemented by mass
consumption, so that investment is now linked not only to profits, but also
to housechold consumption. Therefore the demand regime ;],ra,-_;ticaliy
changes, rotating from an upward- to a downward—xlnpinghéurve.

The new gl(nl?al regime is then quite new, at odds with the previous one.
OI course, medium-term growth rates are logically higher, which explains
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the unprecedented Roaring Twenties. Potentially, the new technological
system accelerates the industrial pace. But the opposite side of the coin has
quite dramatic consequences: since the demand regime now declines with
productivity, the new technological system ultimately spurs productivity
growth but at the expense of employment. Furthermore, the excess of
productive capacity over demand is such that the whole system finally
becomes unstable. This is a possible theoretical explanation of the vicious
spiral of intensive accumulation without explicit mass consumption
stressed by previous analyses (Chapter 4 Figure 4.2).

Post-Second World War boom: a capital-labour accord consistent with the
technological patiern

After the Second World War the technological paradigm remains more or
less the same, but two major structural changes affect income distribution
and demand. First, a new capital-labour accord about productivity-
sharing induces a brand-new wage mechanism, hence a consumption
function increasing with productivity. Second, investment is now more and
more linked to demand, and not that much to profit rates, which are
already very high. Consequently, aggregate demand becomes an increasing
function of productivity, contrary to what was observed during the inter-
war period.

The model confirms that there may be a stable and fast growth path
within this general accumulation regime with which mass production and
consumption are associated (Figure 27.3, Stage 3). The rate of growth is
higher, since demand is much more dynamic and spills over to productivity
via increasing returns to scale, while capital deepening associated with the
accelerator mechanism strengthens even more the productivity-growth
relation. The pattern of development is stable if the indexing of wages to
productivity is sufficient but not too high, so that it guarantees that any
discrepancy between productive capacity and demand is self-correcting
(Boyer and Coriat, 1987).

Thus this analysis confirms the previous hypothesis about the shift from
an unstable accumulation regime to a stable one during the 1950s. Con-
sequently, the economic system reacts differently to the unfolding of the
same technological path. During the inter-war period, more productivity
ultimately meant less employment {compare, on Figure 27.3, stage 2 by
shifting upwards relation 1). After the Second World War, within the new
demand regime, the same movement simultaneously increases productiv-
ity, growth and possibly employment (imagine the same shift on Figure
27.3, stage 3.

The present crisis: the exhaustion of the technological path and contradic-
tions over income distribution

The very implementation and diffusion of Fordism set into motion slow
adverse trends which finally destroyed the structural stability of the
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system, and thus made it very vulnerable to external shocks, whether
stemming from energy supply or financial markets. Among the three
factors to be taken into account, the struggle for external competitiveness
cannot be treated within a closed macroeconomic model, but the other
two have consequences which are easier to analyse.

The fact that most economies operated at quasi-full-employment leve]
!arge]y berllefimd wage earners, who at the end of the 1960s won significant
increases in real wages and a rise in the degree of indexing, explicitly in
terms of consumer prices, implicitly in terms of medium-term productivity
gains. Therefore demand becomes more sensitive to productivity, if invest-
ment is still buoyant, and even if profit trends might be deteriorating
Above a certain threshold the growth path becomes unstable (F igure 27 3.
stage 4), which seems likely given the developments in OECD cuun[ri.es,
since the early 1970s.

_ The erratic character of demand aggravates the productivity problem
since markets are more and more difficult to forecast and do not allow 1hs;
increasing returns associated with stable and growing markets to be
realized. Bul {hc underlying difficulties of Fordism are much more severe:
more Caplta' is needed to get the same labour-productivity growth, and
the maturing of the technological system makes it less efficient in
improving industrial organization. This second change shifts downward
the productivity—growth function (for example, in the United States) or
even reduces drastically the significance of the Kaldor-Verdoorn
hypothesis (Mitchl, 1984; Boyer and Ralle, 1986a). Consequently, the rate
of growth is itself reduced, a second feature of the present crisis,

Of course, this sketch is more suggestive than really demonstrative.
Many detailed statistical and econometric studies will be needed in order
to support these hypotheses. Preliminary estimates for the United States
(Causlsat, 1981} or EEC countries (Boyer and Petit, 1986) seem rather
promising as regards the general structure of the model, if not the precise
timing of the stages (Boyer, 1986a). It is now time to derive some pros-
pective views from this historical perspective.

The present economic and technological transition: is a new growth
regime emerging?

It would take us too far afield to present the various and very contradictory
transfnr_rpations now affecting different institwtional structures (nature of
competition, wage-labour nexus, state interventions, international and
monetary regimes). One can find such analyses in recent publications by
the authors of the ‘régulation school’ {Aglietta and Orlean, 1982: Aglietta
a1_1d Brender, 1984; Boyer, 1986¢; Boyer ef al., 1987). Here the emphasis
will be upon both the technological system and the wage-labour nexus.
Among many combinations of different evolutions, two typical scenarios
will now be presented which serve as illustrations of the use of the model.
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Wage austerity and traditional technical flexibiliry: rowards stagnation?

It may not be an exaggeration to talk about a complete breakdown of the
whole pattern of industrial relations typical of Fordism: decentralization of
collective bargaining, general de-indexing, guidelines by governments
implying stability of real wages, and significant changes in wage dif-
ferentials. Thus the shift in income distribution observed after 1973 has
been reversed during the 1980s, with productivity gains now accruing
mainly to profits and far less to wage-earners,

If this change is assumed to be a structural and lasting phenomenon, its
consequences can be analysed within the previous Fordist growth model. It
would be interpreted as a de-indexing of wages with respect to productiv-
ity. If such a transformation were permanent, the consequences would be
twofold (Figure 27.4, step 1). Up to some threshold for de-indexing, the
growth pattern is again stable since demand is then kept in line with pro-
duction, which is new by comparison with the 1970s (step 0). But this
result has a major drawback: the equilibrium growth rate is lower since
consumption and hence investment (via an accelerator mechanism) are
less dynamic.

A second change concerns investment determinants. It seems that the
econometric equations estimated before the 1980s usually overestimate
the recovery of investment for a given increase in aggregate demand (for
example, Artus and Muet, 1984). Two different factors might explain this
new pattern. First, the atypical configuration of most key macroeconomic
variables {level of demand, rate of return, real interest rate) makes firms
more cautious before deciding upon investment. Second, the specialists in
industrial organization are suggesting that the introduction of electronic
devices into industrial processes and services has reduced the bottlenecks
associated with earlier Fordist equipment, which was highly specialized.
Since the same equipment can be shifted from one product to another of
the same variety, the investment level will react slower and to a lesser
extent to the same increase in demand (Bultel, 1983; Kundig, 1984).

Whatever the reasons (the macroeconomic ones might be dominant for
the 1980s, the flexibility argument possibly more significant in the long
run), this change weakens the accelerator mechanisms in the investment
function |decrease in parameter v without any offsetting increase in 1 or
f). Tt is easy to check that demand is now less sensitive to produetivity, i.e.
that its slope is steeper in the usual (growth-productivity] diagram (Figure
274, step 2). But simultaneously, lesser accelerator effects induce lower
productivity increases via the traditional capital-labour substitution
mechanism. As a consequence, these shifts reinforce the impact of wage
de-indexing; the economic system is stabilized but at the cost of a reduc-
tion in medium-term growth.

One last hypothesis about the technological system has to be added.
Among the very contradictory trends observed in the last one or two
decades, some observers stress that the flexibility-productivity trade-off
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Figure 27.4 A first scenario: wage austerity and technical flexibility

Step 0: The crisis of the Fordist regime
Low growth and instability

Step 1: A significant de-indexing of

wages
Slower growth, but possibly stable

Hypotheses:

1. Low increasing returns and invest
ment efficiency (d and b small)

2. Overindexing of wages to produc-
tivity (k> 1+1)

3. A mix of profit and demand in
investment (¢ and u average)

Step 3: Flexible specialization
Lower and stable growth

Changes:

2°,3"and 1" almost complete flat-
tening of the law
of return

Changes:

2", Subindexing of wages
[k <1+ [ and stability
condition)

Step 2: More investment inertia
Still slower growth, but stable

2'and 3" lesser accelerator effect (v is
lower)
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has been shifting towards methods to cope with variability, even at the cost
of lower productivity increases. Hence, even if from a static point of view
flexible equipment is superior to specialized machines, the cumulative
improvement in technical efficiency is inferior. Impressed by Italian
industrial organization, some authors have prognosticated a new industrial
divide. far from Fordist mass production, towards a modernized and
computerized variant of the Proudhonian logic (Piore and Sabel, 1985).

Taking into account that at an aggregate level and for mature industries
the Kaldor-Verdoorn relation has broken down, one could expect the
complete disappearance of increasing returns and a moderate exogenous
increase in productivity near the trend observed in the 1980s. Con-
sequently, the productivity relations would rotate clockwise and become
horizontal. Here again, this shift has two opposite effects: lower, but stable
growth (Figure 27.4, step 3.

This scenario roughly extrapolates some of the spontaneous develop-
ments of the present decade. The puzzling conclusion would be that a
series of strategies of adaptation to the crisis might induce, at the macro-
economic level, stability within stagnation, but without eliminating mass
unemployment. This hint is linked indeed to a very specific model, and a
crucial question remains open: what other mechanisms could counteract
these disappointing tendencies?

A compromise about flexible automation and income distribution: difficult
to reach, promising for employment and stability

At the core of this second scenario is a general hypothesis about the
novelty of socio-technical trends observed during the last decade. The
Fordist conception assumed a clear-cut distinction between productivity
gains generation (originating in scientific management and specialized
equipment) and their sharing via collective bargaining. Nowadays, in many
instances, such a split is detrimental both to economic efficiency and
workers’ expectations, so that key bargaining — explicitly or more often
implicitly —now revolves around know-how, motivations concerning
productivity, and quality. Therefore a possible new compromise com-
patible with the present process of industrial restructuring would be more
readily accepted if firms coneentrated on defining new wage formation
guidelines leading to a sharing of the benefits.

From the technological standpoint, the key issue is about the possible
productivity regime associated with such a new New Deal. According to a
rather widely accepted view, economies of scope would replace gconomies
of scale and therefore increasing returns to scale would no longer be at the
core of the competitive mechanism. Productivity trends would then be
quite independent of growth, even if potentially large. Actually, a lot of
evidence suggests a more balanced view. First, it can be shown that
economies of scope might be complementary to economies of scale (Bailey
and Friedlander, 1982), since the same inputs, equipment and know-how
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can be shared by various products. Second, a significant increase in final
product variety can be obtained by combining different, highly stand-
ardized subparts; therefore differentiation and economies of scale can be
jointly reaped. Third, detailed studies of experience curves show that the
more recent goods (disc memory drives, digital watches, integrated
circuits, MOS dynamic ram, etc.) are even more sensitive to such effects
than typical Fordist goods (model-T" Ford, steel production, etc.) (Ayres,
1985). Finally, such a diagnosis seems to be confirmed by a purely
macroeconometric study of productivity regimes since 1973 (Boyer and
Coriat, 1987). The industries in which demand is buoyant are experienc-
ing very significant returns to scale (between 0.7 and (.8},

Therefore a future upward shift of the productivity regime is likely to
the extent that the new technological system is implemented in new
industries and possibly some modern services. This would exert a positive
influence upon medium-term rates of growth and productivity increase,
Given an adequate elasticity of demand, this would promote a recovery of
employment (Figure 27.5, step 1 compared with the initial equilibrium in
step 0). It has to be noted that this tentative new virtuous circle presup-
poses that demand increases with productivity.

This feature is indeed crucial. Since demand characteristics matter even
in the medium or long run, it is possible to design a capital-labour
accords in order to satisfy two different objectives: speeding up growth,
without generating structural instability. Given all other parameters of the
economy and technology, productivity-sharing has to be bounded by two
limits (Boyer and Coriat, 1987). In such a case, the configuration of the
system is very favourable: industrial modernization and job creation might
again be coherent (Figure 27.5, step 2). From a purely economic stand-
point, the economic system is very close to the typical Fordist one (Figure
27.3, stage 3). Nevertheless, from a social and technological viewpoint, the
outlook is quite different as regards work organization, the nature of
products, and the structure of industrial relations and collective bargain-
ing.

Concluding remarks

The present chapter has tentatively combined two lines of analysis: on the
one hand, the ‘régulation approach’ which stresses the succession of
various accumulation regimes, and, on the other, a renewal of a post-
Keynesian theory of growth, In comparison to previous work, some steps
have been made towards a better integration of macro modelling and his-
torical analysis. First, a whole family of macro models has been proposed
in order to substantiate the basic hints of Chapter 4. Second, the hypo-
thesis of full employment, often made in the 1960s by post-Keynesians, is
removed in order to deal with cases in which the labour force and employ-
ment are diverging. Third, the cumulative causation model proposed by
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Figure 27.5 A second scenario: a cooperative approach to automation and
income distribution

Step 1: A surge in increasing returns
More growth, and possibly employ-
ment

Step 0: The initial situation
Stability within stagnation
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Hypotheses: same as Step 2, Scenario | Changes: 1'. Faster technical change
(d higher, or a)

Step 2: An adequate productivity-
sharing
A possible way out of the crisis

Changes: 2'. Higher share of produc-
tivity to wage earners (k
high but such that
BD<1)
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Kaldor (and especially the so-called Kaldor-Verdoorn equation) is

analysed within a more detailed and precise framework, in order to explain

possible structural shifts in the model. Fourth, special attention has been

devoted to the consequences of the matching or mismatching between the

technological regime and institutional conditions (Chapter 3)
Four major results emerge from the analysis:

1. One of the main features of the theory is its roots in the following
question: how are productivity gains generated (via innovations,
capital deepening, division of labour and extension of markets), and
how are they shared between wages and profits, consumption and
investment? The two major components of the model are thus
productivity regimes and demand regimes.

2. Fordism, i.e. the simultaneous transformation of productive organiza-
tion and lifestyle, appears as one very specific accumulation regime
(intensive with mass consumption) within a whole family. At least eight
regimes can be identified by varying structural parameters. The
productivity regime can be intensive or extensive, according to the
spillover effects between growth of the market, investment and
productivity. Similarly, four demand regimes were found: pure
classical, hybrid classical, Fordist, and hybrid Fordist, according to the
relative importance of demand and profits in investment decisions and
the nature of the wage formation process.

3. Further analysis shows that only some of these regimes are viable,
i.e. they induce a stable growth path. The technological and industrial
characteristics at the origin of the productivity regime have to be
compatible with the income distribution mechanism (either com-
petitive, ‘monopolist’ or ‘Fordist’) and demand generation (relative size
of consumption and investment, profit or demand-led investment).
Some subperiods of the nineteenth century and still more the post-
Second World War long boom are examples of such a virtuous circle.

4. Conversely, structurally unstable systems might correspond to
structural crises (for example, the 1929 crash) or depressions, some-
times called phase B in the Kondratiev waves literature. Therefore this
is a possible reinterpretation of these findings. During the first period,
the very success and deepening of a given accumulation regime
induces a slow shift in structural parameters (upswing of phase A ). But
beyond some threshold (given by the condition of stability), the system
becomes unstable, which leads to the crisis of the whole technological
system and the institutional forms. According to this view, the way out
of structural crisis would be neither automatic nor deterministic,
but would depend upon innovations, social and political struggles,
trials and errors, as well as chance.

Of course, all these findings are not definitive at all, since they rely upon
a very specific macroeconomic model, Therefore further analysis is
definitely needed. From an empirical standpoint, the stylized historical
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facts should be confronted with the results of very detailed srl}di-:_s.
Similarly, the origins of the present crisis must be ir_wcstigated again, in
order to check whether this description fits the simulations of a full
fledged macroeconomic model. From a theoretical point of view, ic
model of the economy should be opened to external trade and capital
flows. Furthermore, a careful study of dynamic patterns (espccigl?y of long-
and medium-term cycles) should be integrated into the analysis of growth
trends.
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