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This paper concerns the interaction
between technological
creativity and political competition.
The paper is based on the
observation
that technological
progress encounters
resistance
from various groups that believe they stand to lose from
innovation.
These pressure groups will try to manipulate
the
political system to suppress successful innovation.
Modelling
this political struggle as a stochastic process with endogenous
institutional
adaptation
is attempted
using a simulation based
on urn models. Under fairly general conditions,
it can be
shown that the single economy will move inexorably
to an
absorbing barrier of technological
stagnation.
This process is
referred
to as Cardwell’s Law. The paper then proceeds
to
show whether Cardwell’s Law also holds in a world in which a
number of separate economies compete with each other. It is
shown that in a world with multiple economies
Cardwell’s
Law does not hold even if it holds for each economy separately. This is consistent
with the historical observation
that
political
competition
may be conducive
to technological
progress.

1. Introduction
In a memorable
passage in How the West
Grew Rich, Rosenberg
and Birdzell (1986, 13639) return to a theme explored earlier by both
North (1981) and Jones (1981). They write: “In
the West, the individual
centers
of competing
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political power had a great deal to gain from
introducing
technological
changes that promised
commercial
or industrial
advantage . . . and much
to lose from allowing others to introduce
them
first. Once it was clear that one or another of
these competing
centers would always let the
genie out of the bottle, the possibility of aligning
political power with the economic status quo and
against technological
change more or less disappeared from the Western mind”.
In this paper I will examine in some detail the
importance
of this fundamental
insight.
The
“competitive
model” of the European
“states system” as Jones termed it has figured quite prominently in the literature ‘of the “Western miracle”.
It is often analyzed
in the context of limits to
taxation: governments
would like to impose confiscatory taxation, but are prevented
by doing so
because of the competition
of rival states threatens to lure away the most productive
citizens or
to invade the country in question where it would
be welcomed
by its tax-weary citizens. I Rosenberg and Birdzell as well as Jones emphasize the
importance
of the state system as enhancing
the
generation
and diffusion of technological
change.
“The competitiveness
and ‘genetic variety’ of the
states
system
helped
to generalize
best
practices . . . books might be burned and scientists

1 The most explicit attempt to draw an analogy between the
political system in premodern
Europe and a competitive
industry was made by North (1981, pp. 138-142).
North
points out correctly that because the number of states is
small, there are opportunities
for colluding and COOper&
ing between the participants
as well as incentives to cheat
on the arrangement,
so that dynamic instability is a possible outcome of this system.
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tried by the church, machinery might be smashed
by mob . . . but Europe as a whole did not experience technological regression. The multicell system possessed a built-in ability to replace its local
losses” (Jones, 1981, pp. 123-124). *
How important was this pluralism or genetic
variety in the rise of modern technology? The
competitive model of standard economics underscores the advantage of any competitive system
over one in which power is concentrated. To that
we can add the equally intuitive argument of
geneticists that diversity in any gene pool is more
likely to produce creativity. ’ Thus a multitude of
diverse cultural traditions is more likely to result
in successful combinations. 4 Furthermore,
as
Rosenberg argued in why the West Grew Rich
and elsewhere, the diversity of Europe lent itself
admirably to the free experimental method that
led curious scientists and engineers to many of
the most pathbreaking discoveries before 1800.
The European historical record thus illustrates
the difference between the local behavior of a
single economy, and the behavior of a set of
economies in a global interactive system. The
interaction can be competitive in nature, or it can
be purely symbiotic (imitative), or a combination
of the two, but it has to be part of any dynamic
argument about the advantage of open economic
systems. To be sure, quantitative evaluations in
this area are of course unlikely to emerge, but the
emergence of technological creativity in Europe
in feudal and feuding societies is too widespread

This idea goes back at least as far as David Hume, who
pointed out in 1742 that “nothing is more favorable to the
rise of politeness and learning than a number of neighboring and independent
states, connected
together
by commerce and policy. The emulation
which naturally
arises
among those neighboring
states is an obvious source of
improvement.
But what I would chiefly insist on is the stop
[i.e. constraint]
which such limited territories
give both to
power and authority”
(Hume, 1742, 1985, p. 119).
To be more exact, technological
progress can occur either
through recombinatjon
(drawing together existing pieces of
information
into novel blends) or by ‘mutation’ (the emergence of new information
or variations of existing information). For either of these forms of progress,
a greater
diversity of existing forms of knowledge
would suggest,
ceteris paribus, a higher rate of technological
creativity.
This principle
is particularly
emphasized
by Dobzhansky
(1974). It is interesting
to note that the introduction
of
predatory
‘croppers’
into an ecological
system increases
diversity and biological variety (Stanley, 1973).

Law

to be accidental. All the same, the argument
should be qualified on at least three levels.
The first point to be made is that although a
correlation between political pluralism and technological creativity has been observed, it is quite
clear that pluralism is neither a sufficient nor a
necessary condition for technological creativity.
The stunning successes of imperial China during
the Sung dynasty were taking place in an imperial
context. To be sure, for much of this period
China was struggling with Mongol and Manchurian tribes, but the southern Sung, where most of
the population remained intact, destroyed the
Jurchen Chin dynasty. When the Sung itself was
overthrown by the Mongols, they established a
Chinese-type empire that ruled as the Sung had.
Throughout these upheavals, imperial China and
the Mandarin bureaucracy remained intact, yet
the progress of Chinese technological creativity
proceeded until at least a century into the Ming
dynasty (1368-1644). Large empires can generate
technological change, and their bureaucracies
have played at times important roles in its emergence.
Secondly, political fragmentation is certainly
no guarantee that technological creativity will
persist. From classical Greece to Moslem Spain
to pre-Mogul India to the early twentieth century
cases of severe political fragmentation and balkanization have been experienced without having
any visible effect on the advance of technology.
As in evolutionary biology, genetic diversity does
not guarantee natural innovation, any more than
in economics the existence of competition between firms can guarantee economic progress.
Thirdly and most seriously, both Jones and
Rosenberg fail to fully acknowledge the enormous costs and hazards of political fragmentation. 5 The burden that internecine wars imposed
on Europe from its very beginning is easily underestimated. Political fragmentation and interstate
competition did, in some cases, far more damage
than was tolerably affordable in exchange for any
putative technological benefits they may have
conferred. The destruction of prospering commercial and industrial regions is well known: Italy
Jones (1988, pp. 116-119) stresses the costs of invasion and
conquest on the Asian empires, but fails to note that the
corresponding
costs of the smaller-scale
wars in Europe
were equally devastating.
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after 1490, the Spanish Netherlands after 1580,
Germany and central Europe after 1620, Ireland
after 1650, Sweden after 1700 are just a few
examples of societies whose prosperity
was
severely damaged by the direct impact of armed
conflict.
The misleading nature of the economic model
of competition to the states system is illustrated
by the problem of the optimal size of the state.
Much of the history of Europe (as well as the
Middle East) demonstrates that for many purposes the city state was the optimally-sized unit
of organization. 6 Yet the competition between
city states and larger political units led to repeated military victories of the larger units, leading to the economic demise of prosperous city
states. The fates of Carthage, Antwerp, and
Venice all testify to the political non-viability of
an economically successful form. Only when city
states were able to come up with a cooperative
arrangement to share their defensive resources
(as the Lombard League and the Hanseatic
League, for example, were able to do) could they
withstand the pressure of larger units.
The most dramatic illustration of these costs
and benefits can be drawn from the period between 1870 and 1914. The sharp competition
between five or six large national economies produced an undeniable stimulus to technological
progress. German, French, and British engineers
worked hard to outdo each other in steel, chemicals, transportation,
and electrical engineering,
and felt they were short-changing their nations if
the competition pulled ahead. 7 Moreover, after
1850 it was becoming increasingly clear to most
European nations (Britain being an exception)
that technological progress required direct gov-

’

City states are discussed briefly by Rosenberg
and Birdzell
(1986, pp, 59-60) and Hicks (1969, pp. 42-591. Neither
attempt to provide a coherent
explanation
of the advantages of this form of political organization.
Clearly, however, the persistent
economic success of city states, from
Tyre to Hong Kong, suggests that there was something
efficient about this mode of organization.
An example of the interaction
of &he European
states
system and technological
change is the development
of the
Haber nitrogen fixing process in the early 1900s which was
strongly motivated by Haber’s fervent German patriotism.
The uses made of the nitrogen fixing process and Haber’s
own subsequent
fate serve as a reminder of the ambiguities
of this kind of ideologically-spurred
invention.
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ernment aid (much of it of course motivated by
‘national security’ considerations). In some nations, like Italy, Japan, the Habsburg empire and
Russia, political competition implied the need to
emulate and keep up with the best practice technology. These nations soon discovered that military and political power were inseparable from
industrial and infrastructural development. Yet in
1914 the European system fell off the knife’s
edge of continual progress, and plunged into an
abyss that eliminated many of the material benefits that pre-1914 technology had brought. Similarly, the coId war has had ambiguous effects.
The launching of the Russian Sputnik in 1957 led
to a re-energizing of the American R & D program (Rosenberg and Mowery, 1989, p. 1281, and
while the Cold War did not plunge the world in a
1914-type disaster, the ex ante chances of that
event were certainly not negligible.

2. Cardwell’s Law
It is thus far from a priori obvious that political fragmentation is beneficial. Yet I shall argue
that costly and unreliable as it is, pluralist and
competitive states system are shown to be superior to large and unified empires if technological
creativity is to last. This argument can be made
from a variety of points of view. In this paper 1
choose to highlight one of them without necessarily slighting the others.
In his classic book on the evolution of modern
technology, D.S.L. Cardwell (1972, p. 210) states
that most societies that have been technologi~aIly
creative have been so for relatively short periods. ’
This observation holds for individual European
societies, of course, but precisely because Europe
was fragmented it does not hold for the continent
as a whole. It is as if technological
creativity
was

s In a more general context, the idea that in the long term
nothing fails like success is an old notion. David Hume
wrote in 1742 that “when the arts and sciences come to
perfection
in any state, from that moment they naturally,
or rather necessarily decline, and seldom or never revive in
that nation, where they formerly flourished“
fHume, 1742,
198.5, p. 135). E.H. Carr (1961, p. 154) noted that “the
group--call
it a class, a nation, a continent,
a civilization,
what you will-which
plays the leading role in the advance
of civilization in one period is unlikely to play a similar role
in the next period”.

564

J. Mokyr / Cardwell’s Law

like a torch too hot to hold for long; each individual society carried it for a short time. So Iong as
there was another nation or economy to hand the
torch to, some light source illuminating the landscape has been glowing in Europe more or less
continuously since the eleventh century. As Cardwell puts it “the diversity inside a wider unity has
made possible the continued growth of technology over the last 700 years”. Led first by northern
Italy and southern Germany, technological leadership passed briefly to Spain and Portugal in the
Age of Discoveries to the Low Countries in the
age of Reformation. Much of Holland’s spectacular success in the Golden Age was a result of her
technological
innovativeness
which complemented her commercial achievements. From there
technological leadership passed to Britain during
the first Industrial Revolution, then to the United
States and Germany. No society, then, was able
to hold on long to leadership, but the states
system assured that as long that there was at least
one nation that was truly creative, the others
would have to follow suit. ’ Even regions in eastern and southern Europe, remote from the
sources of innovation, were inevitably affected by
technological advances elsewhere on the continent.
Why, then, does Cardwell’s Law hold? Cardwell himself provided no explanation for his observation which as it stands now is little more
than an empirical regularity. We can think of a
variety of mechanisms that account for it. After
all, economists have been trained to conceive of
economic systems as equilibrium systems, in which
bodies in motion gradually lose their momentum
and come to a standstill. One possibility, explored
briefly elsewhere (Mokyr, 1990, p. 269) depends
on the relationship between market structures
and innovation. At times monopolistic structures
seem more conducive to innovation, while at others competitive and decentralized markets are
thought to be preferable. “’ Technological innovation may of course change market structure by

’

Maddison
(1982) follows this scheme to some extent by
defining ‘economic’ leadership
in terms of GDP per person-hour,
although the numbers before 1850 are too frail
to make this definition very useful. The exact correlation
between technological
and economic leadership
is not fully
worked out by Maddison
and he seems to confuse the
terms repeatedly.

changing optimal plant size and other barriers to
entry. Assume for simplicity that there is an ‘appropriate’ market structure under which innovation continues and an ‘inappropriate’ one under
which it terminates. Innovation may change both
the existing market structure and the appropriate
market structure for continued technological
change. Thus there are two possible ways in which
technological change may come to an end: either
it changes the existing market structure to one
that is inappropriate or it changes the appropriate structure to one that differs from the existing.
If we assign finite probabilities to these outcomes
the economy will inexorably end up in an absorbing barrier and technological progress will cease.
A similar dialectical approach to the end of economic growth would postulate that the degree of
risk aversion or of time preference are affected
by income, so that people’s willingness to take
risks and to wait for the long-delayed fruits of
research declines as technological creativity yields
more and more fruits.
An alternative argument I have presented
elsewhere (Mokyr, 1990, 1992a) is essentially a
variation on a theme first proposed by Mancur
Olson (1982). Within each society there are powerful forces that tend to resist change because
they have a vested interest in the status quo.
Technological change involves substantial losses
sustained by those who own specific assets dedicated to the existing technology. These assets
could be formal skills, tacit knowledge, reputation, specialized equipment, ownership of certain
natural resources, barriers to entry that secured
monopoly positions, and community-based nonpecuniary assets. ” The definition of technological creativity in this paper is the adoption of more
efficient new production methods, widely defined
to include organizational changes. These technologies are assumed to arrive at a constant rate,
and would be adopted invariably if free market
‘(’The

literature on this subject is quite extensive. For recent
surveys see Baldwin and Scott (1987); Scherer (1980); Cohen and Levin (1989).
*’ In a recent paper, Krusell and Rios-Rull (1992) ingeniously
capture an example of this kind of problem. They model an
economy in which all capital is technology-specific
human
capital, and show that older workers who have invested in
a skill that is specific to a technology threatened
by obsolescence can be modelled as a ‘vested interest’ for whom it
is optimal to try to block the new technology.
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competition
was allowed to be the sole arbiter of
the choice of technology.
There would still be
diffusion-lags
of various types, but in the long run
the new techniques
will drive out the old ones.
When the new techniques
arrive, it is optimal
for those groups that stand to lose from technological change to resist them. It is also obvious
that they have to use non-market
mechanisms
to
do so. Much of Western
economic
history is a
description
of this resistance, and I have provided
some examples elsewhere (Mokyr, 1992a, 1994).
The most relevant point here is simply that this
resistance to progress is the mechanism
that provides the theoretical
background
of Cardwell’s
Law. The mechanism
does not rely on ‘irrational’
behavior of any kind: as Krusell and Rios-Rull
(1992) show, in a simple growth model rational
behaviour
generates
resistance
and possibly the
suppression
of technological
change. This insight
conforms
to our intuition
that technological
progress is almost never Pareto-superior,
and that
in the presence
of any vintage-specific
skills or
unmalleable
assets there will be losers.
A persuasive
explanation
of Cardwell’s
Law,
then, relies on the resistance
to new technology.
An innovative
technology
has to struggle against
powerful vested interests which try to thwart its
progress.
Olson’s pathbreaking
work as well as
that of Timur Kuran (1988) and Jones (1988) is
quite emphatic
on the importance
of the resistance to new technology. The upshot of this work
is that in a closed system, whether a major empire or a small but insulated society, the forces of
conservatism
can be quite powerful, and will make
it increasingly
difficult for innovation
to emerge.
The difficulty with persuading
economists
of this
truth is that it is based on a political,
not a
market process. Yet the significance of the modus
operandi
of Cardwell’s Law is deeper than that.
Once again, it is clear that in evolutionary
theory
similar problems have come up: in an important
book, Robert Wesson (1991, p. 149) points out
that evolutionary
change involves moving from
one stable attractor
to another,
and hence the
most important
competition
is not between individuals and their lineages as in the Darwinian
view but between new forms and the old. “The
old must nearly always win, but the few newcomers that score an upset victory carry away the
prize of the future.”
This idea carries over to
economics in an interesting
way: economists
have
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traditionally
thought of competition
as occurring
between
similar units (firms) using comparable
technology. Yet there may be an additional,
hitherto neglected, level at which competition
occurs,
namely between new ‘generations’
of technology
at which existing knowledge
tries to defend its
rents against rebellious
attempts to overthrow its
handle on power. Schumpeter
(1950, p. 84) was
explicit about this matter in a widely-cited
pasfrom
sage: “In capitalist reality, as distinguished
its textbook picture it is not [price] competition
which counts but the competition
from the new
commodity,
the new technology . . . which strikes
not at them margins of the profits of the existing
firms but at their . . . very lives”. l2
One example of how Cardwell’s Law operates
is provided
by the history of modern
Britain
(Mokyr, 1992~). Recent work, such as Calhoun
(1982) and Randall
(1991) has emphasized
the
resistance
to the new technologies
introduced
during the Industrial
Revolution.
Before 1830,
the attempts to stop the new technologies
were
doomed
in a society whose institutions
were
well-determined
to encourage
and support innovation and let the free market decide which technology worked better. After the middle of the
nineteenth
century some of this sparkle seems to
fade. The gradual decline of technological
leadership in Britain was closely associated with the rise
in resistance
by vested interests
and nostalgic
romantics
to further change in the period after
1850. Indeed,
the study of this society demonstrates the multifaceted
and often quite subtle
fashion with which the resistance can operate in a
society that had just gone through a prolonged
‘golden age’ of technological
creativity.
At the
same time the Victorian period remained faithful
to the principles
of free trade and the British
economy was an open economy par excellence.
The continuing
exposure
to foreign ideas and
competition
introduced
enough
yeast into the
British economy to continue
a high level of fermentation
despite
growing
influence
of reactionary
ideas. ” Industry-specific
studies show
how Victorian
British manufacturers
were often
‘* One of the few works in which this Schumpeterian

nature
of competition
in economics is explored is Brenner (1987),
especially in Chapter 3.
I3 Cardwell (1972, p. 193) points out that much of the inventive activity occurring in Britain was credited to immigrants
such as Ferranti, Marconi, Mond, Siemens and others.
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dragged
kicking and screaming
to adopt new
technologies
or succumb to import competition
(Church, 1968).

3. Path dependence
Law

and the tracking of Cardwell’s

The difficulty
in modelling
something
like
Cardwell’s Law is that the interesting
arena of
competition
between
the new and the old lies
outside the marketplace.
To be sure, most of the
struggle for survival still take place within the
marketplace.
All new technologies
that turn out
to be inferior to existing ones, like the vast bulk
of mutations,
are mercilessly nipped in the bud by
the selective forces in the market and disappear
without a trace. When a new idea, by some predetermined
selection criterion, turns out to have
higher fitness than existent technology,
the competitive market alone would eventually
turn it
into a success story. l4 Yet, just as is the case in
genetic mutations,
there is no guarantee
that
even an innovation
of superior fitness will in fact
be ‘selected’ for survival and reproduction.
For
example, when a technique
is part of a greater
technological
system, an innovation
may be rejected because of incompatibility
with other components, as often happens with network technologies. Another
historically
important
reason,
as
noted above, is that there have always been selfserving forces that stood to lose from the invention and used non-market
forces to thwart the
‘natural’
selection
carried out capitalist
enterforces fall into two
prise. l5 These non-market
broad categories:
legal measures
taken through
the social control and economic regulation on the
I4 Profitability

seems the most intuitively attractive selection
criterion,
but in the past surely other selection
criteria
were important:
compatibility
with existing intellectual
and
religious
norms, beauty, and national
interests,
however
defined,
are examples
of other criteria.
The important
logical point is that the selection criterion be established
independent
of the outcome,
so that ‘fitness’ does not
become tautological.
” Resistance
to change by existing forms of life is only one of
many reasons
why evolutionary
change
does not work
through selective forces alone. For a detailed statement
in
the context of biological change, see Gould and Lewontin
(1979). The work of Brian Arthur (1988, 19891, especially,
suggests other reasons why innovations
of high fitness are
not always adopted even in the absence of resistance.

part of official and quasi-official
institutions
(such
as guilds and organized religions), and extra-legal
measures
such as Luddite
and Captain
Swing
type of riots. l6 There seems no obvious way in
which economics can predict the outcome of these
non-market
processes,
although
it can suggest
certain principles.
Collective
action theory suggests, for example that all other things equal, the
more concentrated
the losses and the more diffuse the benefits, the more likely the success of
resistance.
” In what follows, I will not model the
likelihood of the outcome of the political process
that determines
whether the new technology will
be permitted to take root, with one exception: the
acceptability
of innovation
follows an autocorrelated process, in which the probability
of success
in period t + 1 is a positive function of the success in period 1. More specifically,
imagine the
game played as follows: each generation
creates a
new technology which competes with the old generation in the ‘political struggle’. Each period a
new technology ‘arrives’ exogenously and has the
potential to increase the productivity
of the economy by a constant factor if adopted. The probability of success in the struggle for adoption is pt.
If the new technology is successful, it will become
the dominant technology and become fixed in the
population,
that is, drive out the old technology.
‘*
This means that next period it will have to face,
in its turn, a new attempt by a new technology to
rise to dominance,
which it will fight with probability of success of 1 - pt+ , = 1 -pt. However, if

I6 At times resistance

to technological
change took the form
of subtle means, such as manipulation
of school curricula
or sanctimonious
‘protection’
of the public from allegedly
hazardous
novelties that need prolonged
periods of ‘testing’ to ensure their safety. A good example is the resistance
of meat processors
to the introduction
of refrigerated
railroad cars. See Libecap (1992).
I7 It is assumed throughout
that transfer schemes which would
provide Pareto-optimal
allocations
(basically by having the
winners compensate
the losers) are not feasible because no
binding commitment
on the part of the majority can be
envisaged.
t8 Note that this is a highly oversimplified
and unrealistic
assumption
about any evolutionary
process, including technological change. In many cases new forms arise that do
not drive out old forms but coexist with them in a multitude of relations,
including symbiotic,
the parasitic,
and
orthogonal.
Thus the steam engine did not drive out the
water mill, and the diesel engine learned
to share the
market with its gasoline cousin.
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the conservative technology wins in period t, that
is, it manages to suppress the new technology, it
will try to rig the rules in its favor by making it
more difficult to be challenged again in period
t + 1, so that pr+, <pr. It stands to reason that
the ability of the forces of technoIogica1 reaction
to change the institutions is itself a function of
the history of past successes determining the state
of technology x so that P,+JP, =f(x> with f’ >
0. This means that the more successful a society
has been in the past, the more difficult it is for a
present status quo to rig the rules against future
progress.
A natural way of analyzing the outcome of the
political process is proposed by Krusell and
Rios-Rull (1992) who model workers in a threegeneration model as either managers with a stake
in the existing technoiogy, or old untrained workers and young workers who would prefer a larger
output. The outcome thus depends on which interest group is politically dominant. In practice,
however, the outcome of the political process is
difficult to determine except in simplified cases.
What is needed is a function that serves as what
they call a ‘political aggregator’ function, that is,
translates preferences into political outcomes. I9
To circumvent this difficulty, the political decision making is modelled here as a random process. ‘”
One simple representation
of this stochastic
process is to imagine that the outcome of the
struggle is determined by drawing a ball from an
urn filled with black and red balls. The advantage
of urn models in this context is that by either not
replacing or double-replacing a baI1 drawn, we
can make the probabilities of success a function

” The importance
of the nature of the political aggregator
to
the outcome was pointed out more than a century ago by
Henry Maine (1890, p. 98), who argued that if there had
been an extended franchise in Britain for long, “the threshing machine,
the power loom, the spinning jenny, and
possibly the steam engine, would have been prohibited”.
I
am grateful to Stanley Engerman
for bringing this quote to
my attention.
‘” The voting process modeiled by Krusell and Rios-Rull is a
simple majority rule mechanism
by which various generations that are affected by the adoption of the new technology vote to adopt it. In practice, political influence has to
be weighted by wealth, and the diffusion or concentration
of the effect of new technology on the outcome.
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of past history. If drawing a red ball is equivalent
to ‘success for the new technology’ and drawing a
black ball equivalent to ‘suppress the new technology’, the proportion red balls x governs the
technological history of the economy. In this representation the direct nature and effect of technology are not modelled, except that it is assumed that ‘success’ increases overall output but
leads to a loss of resources by those who created
the status quo technology.
To capture the path-dependent nature of the
institutional changes following the struggle over
innovation, assume that once a ball is drawn, it is
returned with double replacement. 2’ To be specific, if a black ball is drawn it is returned and
another fi balls are thrown in with it under the
following conditions: at probabili~ 1 - T(X) these
fi balls are black (to load the dice against innovation the next period) and at probability 7(x) they
will be red to indicate a possible ‘reaction against
reaction’. If a red ball is drawn, return it and
throw in p black balls with probability 6(n) and
with probability 1 - 6(x) throw in /3 red balls.
The interpretation
of these parameters in our
simulated economy is as follows: X, the proportion red balls, is the chance of the invention being
accepted by the society. The parameter 7 measures the probabili~ of changing the institutions
in favor of innovation after a new technology is
rejected. The parameter 6 indicates the chances
of a successful technology to change the institutions after its success and preventing subsequent
change. 6 - T measures the dynamic bias against
innovation in the institutional restructuring following any decision. If 6 = r, red balls and black
balls are treated symmetricaIly. Thus the probability that a successful draw is followed by a
change in the institutions in favor of innovation
(1 -S> is equal to the probability that an unsuccessful draw is followed by an institutional change
in favor of conservatism (1 - 7).
Three statements can be made about this simple economy and its technological history. First,
its level of technology at each point in time is
fully captured by the proportion red balls x and

21

Urn models with double replacement
have been pioneered
by Brian Arthur in a number of pathbreaking
articles such
as Arthur
(1988) and Arthur,
Ermoliev
and Kaniovski
(1987).
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determined
by its past. 22 In that regard it abandons the non-reflexive
standard
assumptions
of
most dynamic models in explicitly building in a
positive feedback
loop. Technology
is path-dependent
in the strict sense that at each point in
time its chances for acceptance
depend on the
sum of past ‘events’. Technological
progress is
positively autocorrelated
in the sense that nothing succeeds like success. Moreover, the dynamics
are nonlinear
in that small differences
in the
early stages of the economy can affect the rest of
its development
dramatically.
A few lucky draws
early on may steer the economy onto a permanently different course. As evolutionary
biologists
and chaos mathematicians
have been trying to
tell historians
for a long time, contingency
and
accidents play a central role in determining
the
course of history. 23 Yet it is not unbounded
chaos: the long-run outcomes are constrained
by
the value of the system’s parameters.
In the urn
experiments,
depending
on the parameters
r and
6, the history in the very long run of the economy
is inexorably biased toward either long-term technological success or technological
stagnation
and
the proportion
x will asymptotically
tend to 0 or
1, except in the exact Polya scheme in which it
tends to a random number on the unit interval.
Cardwell’s Law of declining
x will obtain as long
as a/~ > (1 -X)/X.
In this world, the Law works
as an asymptotic
attractor
in which the chances
for an economy to engage in successful innovations gradually diminish and tend to zero as the
institutions
ossify and become more reactionary.
It should be noted that in the short and medium
run the movement
of an economy is not monotonic: if a run of red balls is drawn, it may
experience
a temporary
‘golden age’ of sorts. As
long as p is a constant number, however, in later
periods the inertia of history is such that even an
unlikely sequence of red balls cannot overcome a
large inheritance
of black balls.

Table 1
Values of x at t = 5000 for simple economy
Value of (Y

p=1

/3 = 0.05N

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
2.0
5.0
10.0

0.008
0.017
0.029
0.042
0.057
0.071
0.088
0.103
0.118
0.129
0.250
0.425
0.488

0
0
0
0
0
0
0
0
0
0
0
0
0

To run this simulation,
I will specify 7 = 0, that
is, after a black ball is drawn, /3 black balls are
returned with certainty. This means that after an
invention is rejected, the institutions
of the economy invariably
make any future adoption
less
likely, and the reactionary
forced are more deeply
entrenched.
As noted, the value of 6 should be a
rising function
of x, reflecting
the fact that in
more creative societies it is more difficult to rig
the institutions
against innovation.
For simplicity,
let 6(x) =x”. 24 Start off with an urn that has 10
red and 10 black balls. In the standard Polya type
of urn models, p is a constant
number and we
can set p = 1. If p is a constant, the simulation
has the property
of acquiring
more and more
inertia as the number
of the balls in the urn
grows large, so that the variability
of x declines
steadily over time. We can overcome this inertia
by setting p to be a proportion
of the number of
balls in the urn. In what follows, I use the alternative assumption
of a proportional
p = wN,
where N = B + R is the number of balls in the
urn. 25 The experimental
value of o was set to

24 Note that if (Y+m, the model tends to a standard

” Output

in this economy
depends
by assumption
on x
alone, and the technology
in use is determined
by adding
up past technological
changes in the form of red balls. This
is a simplification:
the production
function might be modified to distinguish
between red balls depending
on their
vintage, with more recent red balls have a greater weight.
23 The opus classicus here is Gould (1989, pp. 284-285). For
a recent restatement
of the importance
of such models to
historical analysis, see Roth (1992).

Polya
scheme of an urn with random replacement
in which x
converges
to a random variable
between
0 and 1. For
(Y= 0, the institutions
are changed in favor of conservatism
regardless
of the outcome of the process, which may be
considered
the strongest form of Cardwell’s Law.
2s The case of a proportional
/3 reduces-but
does not eliminate-the
path-dependent
properties
of the value of x, in
the sense that for any pair (N,, x,), the value of xl+, is
bound in the interval (x/(1 + w), (x + w)/(l+
WI). This
interval is constant as opposed to the shrinking interval for
p = 1.
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adjustment

Value
of (Y

p=1
n=2

n=3

n=4

tl=S

n=2

n=3

n=4

n=5

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.021
0.064
0.118
0.176
0.229
0.280
0.324
0.364
0.398
0.429

0.044
0.137
0.230
0.311
0.377
0.429
0.475
0.512
0.542
0.570

0.076
0.211
0.324
0.408
0.472
0.522
0.562
0.595
0.623
0.646

0.114
0.279
0.397
0.480
0.538
0.584
0.620
0.650
0.675
0.696

0

0

0

0

0

0

0.031
0.238
0.370
0.407
0.455
0.500
0.543
0.567

0
0.023
0.279
0.395
0.463
0.522
0.558
0.601
0.614
0.652

p proportional

0.05, which means that at t = 0 the two experiments are identical.
I then simulated
the single
urn model for 5000 periods.
Because the individual
experiences
can differ
so radically, the 5000 period history of each economy for each set of parameters
were run for 100
times each. The mean values are reported
in
Table 1.
Clearly, for even moderately
low values of (Y,
Cardwell’s Law holds relentlessly.
It is, however,
far stronger
in the proportional
p case, where
there is less room for a few lucky draws early on
to affect the outcome. As expected, the outcome
strongly depends on LY,and as (Y+ cfi, the mean
value of x approached
0.5.
To expand this simulation
from a local to a
global model, we need to consider more than one
urn operating at the same time and to model the
interaction
between them. The question then becomes in effect, to what extent can an open
interactive
system of urns do what a single urn
cannot do on its own? One obvious way to proceed is to assume that there is ‘perfect competition’ between the different economies in the sense
that each economy that falls behind catches up
immediately
with its rivals. Thus, for each economy xir = max(x,(, xjt). 26 At all times, the different economies have the same level of technological development
(that is, the same x1, but their
dynamic development
is interactive
in the simple
sense of the word, namely that the system dynam-

0

0.002
0.081
0.138
0.264
0.353
0.405

0.194
0.390
0.464
0.533
0.582
0.616
0.628
0.681
0.689

its are quite different than the individual dynamics of each economy in isolation. The behavior of
the system is given in Table 2.
A glance at Table 2 and a comparison
with
Table 1 suffices to demonstrate
the difference
between a single and a global economy. Indeed, it
can be seen that for a substantial
subset of (Y’S
and 12’s the system of competitive
economies
exceeds the mean of 0.50 which in the single economy is the upper limit for (Y-+ 03. It is also
striking that under the simple assumptions
stated
here, there are diminishing
returns in n: as n goes
up, the mean value of x goes up, but clearly by
smaller and smaller amounts.
The assumption
underlying
the computation
in
Table 2 seems unrealistic
in that no country ever
falls behind.
It seems more realistic to assume
that countries
fall behind, but as their gap with
the leader country increases, it becomes intolerable to them and a ‘revolution’ occurs (as in Japan
after 1853 or in Russia during the time of Peter
the Great) and the reactionary
institutions
of the
economy
are overthrown.
This modernization
process is assumed to be certain and instantaneous, though these are assumptions
that could
be relaxed further.
In the simulations
reported
below, we allow countries to lag behind a leader
up to a certain threshold;
if it falls below this
threshold, it catches up with the leader (leapfrogging over some intermediate
economies that may
be between
the leader
and the threshold).
27
Clearly, the larger this threshold,
the more diffi-

” This instantaneous

catching up is equivalent
to a one-urn
model in which the economy is allowed to draw a ball more
than once with the probabilities
stated and picks red if it
comes up in any of the draws.

*’ This assumption

is thus equivalent to the ‘strong’ statement
in the context worked out in a classic paper by Ames and
Rosenberg
(1971).
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Table 3a
Values of x at t = 5000 for n interactive economies: threshold adjustment with absolute and relative threshold: p = 1
Absolute
threshold

cx

n=2

n=3

n=4

II=.5

Threshold = 0.02

0.2
0.4
0.6
0.8
1.0
0.2
0.4
0.6
0.8
1.0
0.2
0.4
0.6
0.8
1.0
0.2
0.4
0.6
0.8
1.0
0.2
0.4
0.6
0.8
1.0

0.021
0.055
0.095
0.134
0.174
0.018
0.049
0.081
0.117
0.152
0.018
0.046
0.077
0.111
0.149
0.018
0.044
0.080
0.111
0.143
0.017
0.042
0.072
0.102
0.133

0.025
0.064
0.112
0.152
0.196
0.020
0.05 1
0.092
0.131
0.169
0.019
0.047
0.084
0.120
0.156
0.017
0.046
0.081
0.113
0.150
0.017
0.043
0.078
0.107
0.143

0.027
0.072
0.122
0.168
0.208
0.021
0.056
0.098
0.139
0.179
0.019
0.051
0.087
0.127
0.159
0.018
0.046
0.082
0.118
0.148
0.017
0.045
0.078
0.108
0.150

0.031
0.076
0.131
0.180
0.218
0.023
0.059
0.105
0.145
0.182
0.019
0.052
0.092
0.127
0.169
0.018
0.048
0.085
0.124
0.154
0.017
0.045
0.078
0.115
0.149

Relative
threshold

(Y

n=2

n=3

n=4

i-l=5

Threshold = 0.95

0.2
0.4
0.6
0.8
1.0
0.2
0.4
0.6
0.8
1.0
0.2
0.4
0.6
0.8
1.0
0.2
0.4
0.6
0.8
1.0
0.2
0.4
0.6
0.8
1.0

0.029
0.066
0.107
0.146
0.180
0.024
0.055
0.091
0.127
0.157
0.021
0.053
0.085
0.121
0.152
0.021
0.048
0.082
0.115
0.147
0.019
0.048
0.079
0.114
0.138

0.038
0.084
0.124
0.164
0.201

0.045
0.092
0.138
0.177
0.216
0.033
0.073
0.114
0.146
0.184
0.029
0.064
0.101
0.139
0.169
0.024
0.060
0.090
0.128
0.158
0.023
0.055
0.087
0.118
0.150

0.051
0.099
0.147
0.186
0.222
0.038
0.080
0.121
0.158
0.192
0.030
0.070
0.105
0.143
0.176
0.027
0.061
0.093
0.132
0.166
0.025
0.056
0.090
0.122
0.156

Threshold = 0.04

Threshold = 0.06

Threshold = 0.08

Threshold = 1.0

Threshold = 0.90

Threshold = 0.85

Threshold = 0.80

Threshold = 0.75

0.066
0.104
0.141
0.172
0.026
0.057
0.094
0.128
0.163
0.024
0.053
0.087
0.122
0.151
0.021
0.05 1
0.084
0.116
0.149
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Table 3b
Values of x at f = 5000 for n interactive economies: threshold adjustment with absolute and relative threshold: p proportional
Absolute
threshold

(Y

n=2

n=3

n=4

n=5

Threshold = 0.02

0.2
0.4
0.6
0.8
1.0
0.2
0.4
0.6
0.8
1.0
0.2
0.4
0.6
0.8
1.0
0.2
0.4
0.6
0.8
1.0
0.2
0.4
0.6
0.8
1.0

0
0
0.056
0.280
0.399
0
0
0.065
0.282
0.385
0
0
0
0
0.052
0
0
0
0
0.009
0
0
0
0
0

0
0.235
0.396
0.502
0.544
0
0.234
0.411
0.474
0.541
0
0
0.087
0.254
0.405
0
0
0.012
0.204
0.383
0
0
0
0.022
0.215

0.015
0.379
0.465
0.598
0.622
0
0.381
0.489
0.555
0.628
0
0.052
0.341
0.427
0.442
0
0.003
0.250
0.412
0.452
0
0
0.046
0.265
0.349

0.211
0.476
0.547
0.613
0.666
0.253
0.460
0.561
0.622
0.675
0
0.240
0.372
0.445
0.533
0
0.172
0.370
0.478
0.526
0
0
0.293
0.358
0.378

Relative
threshold

(Y

n=2

n=3

n=4

n=5

Threshold = 0.95

0.2
0.4
0.6
0.8
1.0
0.2
0.4
0.6
0.8
1.0
0.2
0.4
0.6
0.8
1.0
0.2
0.4
0.6
0.8
1.0
0.2
0.4
0.6
0.8
1.0

0
0
0.047
0.286
0.429
0
0
0.042
0.259
0.333
0
0
0.009
0.209
0.265
0
0
0.007
0.069
0.199
0
0
0
0.056
0.123

0
0.246
0.420
0.492
0.550
0
0.236
0.371
0.410
0.445
0
0.176
0.301
0.332
0.413
0
0.107
0.226
0.307
0.370
0
0.043
0.234
0.261
0.328

0.022
0.394
0.528
0.569
0.638
0.018
0.374
0.412
0.464
0.490
0.006
0.275
0.346
0.415
0.438
0.008
0.261
0.306
0.353
0.411
0.007
0.202
0.287
0.356
0.371

0.238
0.422
0.576
0.611
0.668
0.229
0.402
0.435
0.487
0.552
0.179
0.311
0.387
0.465
0.485
0.086
0.289
0.355
0.419
0.423
0.075
0.242
0.300
0.362
0.396

Threshold = 0.04

Threshold = 0.06

Threshold = 0.10

Threshold = 0.10

Threshold = 0.90

Threshold = 0.85

Threshold = 0.80

Threshold = 0.75
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Table 4
Values of x at t = 5000 for random-invention

economy

Value of a

/3=1

/3 = 0.05N

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
2.0
5.0
10.0

0.015
0.041
0.076
0.110
0.144
0.177
0.206
0.231
0.256
0.275
0.412
0.558
0.608

0
0
0
0
0
0
0.001
0.005
0.015
0.041
0.357
0.543
0.591

cult it is for the global system to escape Cardwell’s
Law. The results are summarized in TabIe 3.
An interpretation of Table 3 confirms the earlier conclusion that increasing the number of
economies interacting with each other improves
the chances the system has to beat Cardwell’s
Law. As the number of economies is increased,
the value of n after 5000 periods is consistentIy
higher than for the single economy. Yet for the
experiments in which /3 = 1, with the threshold
effect the gains are far less than with the instantaneous adjustment mechanism. Even for fairly
small gap tolerance, these economies tend to
resemble the single economy more than either
the instantaneous adjustment or the proportional
/3 economies. In the latter two cases the past is
not allowed to play much of a role; clearly the
weight of history and inertia is central to the
strength of the operation of Cardwell’s Law.

Table 5
Values of x at t = 5000 for n interactive

random-invention

Thus far, I have assumed that innovations were
uniform in quality and that the only factor determining successful adoption is the socio-political
environment as determined by X. A more realistic
model would involve a relationship between the
‘importance’ (e.g. net social saving of an invention) and its chances of adoption. This could be
modelled by making the simulation a two-stage
process where we first sample an innovation from
some distribution of possible social savings and
then make the probability of success a joint function of the quality of the invention and the social
environment. This could be achieved easily by
defining p, the probabili~ of success as a function of both x and a random variable z, which
measures the ‘importance’ or ‘quality’ of the invention. The assumption I shall make is that the
higher z, the more likely it is that an invention
will succeed.
Specifically, assume z N MO, 1) and define
p =xe’

for 2 5 log( l/x)

= 1 if z > log( l/x)
For the mean invention z = 0 and the procedure is identical to the one used in the model
above. This procedure differs from the procedure
above in two ways. First, the specification above
is in one sense biased in favor of Cardwell’s Law
compared with the previous case because when z
takes value of log(l/x)
or more, p = 1. This
means that E(p) <E(x).
On the other hand,
however, societies with low x’s could improve
their condition by drawing a few high z’s. On an
a priori basis, then, it is impossible to determine
the effect of this assumption. Table 4 shows,

economies:

instantaneous

adjustment

p proportional

Value of
1y

p=1
n=2

n=3

n=4

n=5

n=2

?I=3

?I=4

n=5

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.050
0.134
0.208
0.266
0.312
0.352
0.385
0.414
0.437
0.458

0.097
0.218
0.300
0.363
0.411
0.450
0.482
0.508
0.531
0.551

0.144
0.280
0.369
0.430
0.476
0.514
0.544
0.570
0.591
0.610

0.187
0.332
0.419
0.480
0.525
0.561
0.589
0.614
0.634
0.651

0
0
0.033
0.187
0.294
0.339
0.377
0.404
0.427
0.451

0
0.088
0.291
0.355
0.407
0.439
0.477
0.500
0.529
0.542

0.001
0.266
0.368
0.423
0.473
0.508
0.541
0.561
0.588
0.609

0.042
0.323
0.414
0.470
0.513
0.552
0.586
0.607
0.630
0.643
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however, that in the single economy random invention unambiguously
weakens Cardwell’s Law
in that the asymptotic values of x are consistently
higher than in Table 1.
In the interactive
multi-urn
model, however,
the results are less clear-cut.
A comparison
between Table 5 and Table 2 shows that in the
random-invention
world, the values of x for low
(Y’Sremain higher in the random-invention
model
with an especially dramatic increase in the upper
left corner of the table, where both (Y and n are
low. Yet when we increase n rise in x with a is
less steep and for high enough values of (Y, the
random-invention
results fall behind
for sufficiently high values of (Y. On the whole, however,
the main conclusion
is unaltered:
in a random-invention economy it is still much easier to defeat
Cardwell’s Law when separate economies
play a
competitive
game, then it is for a unified single
economy.

4. Concluding

remarks

Cardwell’s Law is primarily a statement
in the
economic
history of technological
progress, emphasizing the importance
of pluralism
and competition. At the same time, it also has an important message in the theory of international
trade
and the long term consequences
of economic
integration
and political unification.
It would be
absurd, of course, to argue that on the basis of
the results reported
here nations should not engage in political unification,
let alone economic
integration.
Yet it seems that there is an intrinsic
difference
between
openness,
which allows for
the free movement of goods, factors, and technology between different economies,
and the unification of non-market
institutions
which determine
the
constraints
under
which
market
economies work. It is precisely the unique combination of mobility and political
diversity which
accounted
for the European
success. A further
shift toward even further integration
may yield
diminishing
marginal benefits as the gains from
trade and standardization
are exhausted,
while
imposing an unexpected
cost in the long-run: the
decline in the institutional
diversity and creative
pluralism yielding increasing
danger that conservative forces could grab power and permanently
reduce receptiveness
to innovative ideas.
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