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Path Dependence, Network Form, and Technological Change

A processof econamic dlocaionis cdled path dependent when the sequence of
allocations depends not only onfundamental, a priori determinants—typicdly listed as
tecdhndogy, fador endovments, preferences, and ingtitutions—but also on particular
contingent events. Instead of converging to a determinate, predictable, unique euili brium,
such processes have multiple potential equili bria, and which oreis sleded depends on the
spedfic history of the process Positive feedbadks among agents' choices lend persistence
and, inded, increasing impad to particular ealy choices and aher events.

Under what condtionsisan allocaion pocesspath dependent? | addressthis question,
first, by synthesizing elements of previous answers, focussng onthe @ndtions under which
alocaionisdetermined ower time rather than at a single moment. Second, | extend my
answer by focusing ontwo isaues: first, the form or graphicd structure of the explicit or often
“virtual” networks that charaderizethe interdependency of agents choices and thus the
structure of positive feedbads and, seand, the spedfic charaderistics of techndogy and
tecdhndogicd change, which in various ways aff ed the relative atradivenessof diff erent
patential equili bria and the permanence of “lock-in” to a spedfic path of all ocation. My
emphasis here, like that of most of the literature, is on path dependencein techndogy—
spedficdly, in the seledion d spedfic techniques. After developing thistheme, | aso briefly
apply the ideas here to what David (1993 has cdl ed the homomorphism of path dependence
in techndogy, institutions, organizaions, and aher matters.

Paul David (1985 1987 spedfied three ondtionswhich may work together to make
processes of techndogicd change path dependent: the technicd interrelatednessof system
comporents, quasi-irreversibility of investment (or, more generally, switching costs), and
paositive externaliti es or increasing returns to scde. These andtions leal agents to coordinate
their choices and also lend persistenceto the resulting al ocaion.

W. Brian Arthur (1989 1994 focused attention ona single condtion: increasing returns
to adoption that are redized na at asingle point of time but rather dynamicaly. These
increasing returns may arise ather onthe supgy side of amarket asaresult of leaning

effeds (leaning by dong a by using) or onthe demand side @ aresult of positive network
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(or agglomeration) externaliti es that raise the benefits of atedhnique, product, or locaion for
eadt user asthe total number of usersincreases. Either case resultsin a positive feedbadk
from the maao state of the system to the choices of individual agents, passhbly resultingin de
fado standardizaion onasingle technique.

By contrast, the most prominent critics of the concept of path dependence S.J. Liebowitz
and Stephen E. Margdlis (1994 1995, cdled attention to two condtions under which
alocaion pocesss are not path dependent: first, foresight into the dfeds of choices and,
send, oppatunitiesto coordinate agents choices throughcommunicaion, market
interadions, and the gpropriation and promotion d aternative techniques—in short, adions
that internalize the mutual externaliti es of agents' choices. They argue that purposeful
behavior overrides the purposelessmecdanisms that they understand to be the basis of path
dependence and that path dependence can therefore df ed only aspeds of the eonamy that
no agent has an incentive to change—and that neither econamic agents nor econamists have a
reasonto care éou.

Aswe will consider, econamic agents often ad under condtions of limited foresight and
limited internali zability, and their purposeful adions sow that they bath care dou and take
acoun of that fad. Because these condtions are both prevalent and interesting, econamists
shoud examine eplicitly how they aff ed the nature and oucomes of an econamic dlocaion
process

These mnsiderations of the condtionsfor path dependence ae complementary in ways
that | examine in the foll owing sedion. Even together, however, these mnsiderations do nd
explain dfferences in the outcomes of empiricd casesthat fulfill the cndtions. For example,
some caesresult inasingle, “global” de fado standard, othersin multiple loca or
subretwork standards. Some cases of standardization a “lock-in" appea permanent, but
some have given way to new standards, sometimes $howing a tendency to converge to an
optimal technique. Externality-internali zing behavior proves fully compatible with path
dependencein some caes but not in athers. The latter part of this article offers a partial

acounting for these diff erences.
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Toward a Systematization of the Conditions for Path Dependence

Our path toward afuller charaderization d the necessary and sufficient concrete
condtions for path dependence beginswith Paul David’' s (1999 refledions on the ultimate
abstract condtions. First, there must exist multi ple, diverging feasible paths of al ocdion,
eat onelocdly stable so that agents are nat “led badk to asinge, globally stable atrador of
the kind that charaderizes an ergodc dynamica system.”! Seaond, the fadors or criteria that
seled amongthese branching paths must be to some extent “orthogoral” to any system-level
eoonamic isaes at stake—for example, efficiency. Thismeans, in part, that “the adual path
of development must ... be an emergent system property whaose ‘ seledion’” was an unntended
consequence of the interadions among agents that were not engaged in any conscious
colledive dhoice” A processfor which the path to be taken isitself an olged of choiceisnot
path dependent.

The divergence of paths noted under the first condtionis, straightforwardly, the result of
pasitive feedbadks, the increasing returns to adogion identified by Arthur. In David' sterms,
thismay be the result of technicd interrelatednesscombined with increasing returns or
paositive externaliti es. As bath Arthur (1989 and David (1985 note, paositive feedbadks may
endif increasing returns are bounced or exhausted at a sufficiently low level.

Thelocd stability of pathsislargely the result of quasi-irreversibility of investment—
high switching costs. If the dedsionsthat put an allocaion pocesson ore path are wstlesdy
reversible (including in terms of information and transadions costs), then the processcan
always move to the path that isreveded asoptimal. Less ¢rictly, if switching costs are
paositive but still sufficiently low relative to the gains from switching, then a path reveded as
subogimal losesitslocd stability. Aswe shall seg both the msts and benefits of switching
may vary with the state of techndogy, and rew techndogy may bring an end to the locd
stability of a particular path.2 Furthermore, the private and socia costs and benefits of
switching degpend ontransadions costs in internali zing the externaliti es prevalent in path-

dependent processes. These transadions costs may be quite high under conditions of strong

1An ergodic system is one in which the distribution of states that the system can assume becomes independent
of particular past states.
2From another perspective, thisis not the end of local stability but rather the reconvergence of different paths.
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technical interrelatednessand ingtitutions that set the interests of diff erent agents against one
ancther, as Scott (2001) showed in astudy d Britain's “coal wagon goblem.” However, the
innowetion d new internali zation mechanisms (generaly organizations or institutions) may
lower transadions costs and so bring an end to the locd stability of a particular path.

The second d David' s condtions, the ladk of a dose link between fadors that seled
amongaternative paths and the system-level econamic issues at stake, iswhat gives room for
the impad of particular contingent events, that is, events not necesstated by systematic, a
priori fadors. These @ntingent events may be ather purposeful choices by econamic
agents—for example, variationsin strategy motivated by idiosyncratic beliefs abou unproven
techndogies and urexplored markets—or else “historicd acddents’ that are exogenous from
the paint of view of these aggents. In either case, such events are the sorts of things that
management scholars and the businesspresscite a reasons for the relative successof
different firms, but which are nat yet sufficiently incorporated into econamic theory.

What can cause this divergence between the fadors that seled amongalternative paths
and the ultimate eonamic isaues at stake? Firgt, positive externaliti es. Even in a “path-
independent” process externaliti es cause adiscrete divergence between atheoreticd social
optimum and aredized equili brium, a divergence quantifiable in relation to the diff erence
between private and social costs and benefits. In a path-dependent process externaliti es can
result in the seledion d awhale different path, and the original divergence canin a cetain
sense be grealy magnified. Of course, to the extent that externaliti es are internali zed, as
asuimed by Liebowitz and Margalis (1994 1995, this divergencedisappeas. In pradice,
however, externalities are rarely if ever fully—or perhaps even mostly—internali zeble, and
the presumption remains that uninternali zed externaliti es could be asubstantial fador in the

onset—as well asin the continued locd stabilit y—of a path dependent process?

SLiebowitz’ and Margadlis (1994 1995 general resporse cncerning the role of externaliti esin path
dependenceisthat any inability to internali ze eternaliti es can be charaderized as the result of transadions
costs, so that the path taken represents the most efficient one known and attainable, once dl costs are taken
into consideration. Granting the partial validity of this argument, it remainsthe case that potential paths may
differ in their foreseedle relative dficiency by an amount within the range of the perhaps considerable
transadions costs required to dred the emergent coll edive dhoiceto the (expeded) most efficient outcome.
Furthermore, the agument does not addresseither the impli cations of ladk of foresight or cases where the
isale & stakeis not Pareto efficiency but rather the distribution o rewards. What is problematic in Liebowitz’
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Seoond, and in most cases more importantly, the seledion among ths may take
insufficient acourt of the isaues at stake because ggents do nd know enoughto foreseethe
consequences of their choices—either the destinations of diverging peths or how their choices
can best aswure the redizaion o desired oucomes. Agents may, for example, have uncertain
or mistaken views about the relative alvantages of diff erent new techniques or abou other
agents’ interests, or they may nat foreseesuch later emerging fadors as the benefits of
technicd standardization and thus the tendency of ade fado standard to emerge. Importantly,
this applies not only to the passble seledion d an inefficient rather than (Pareto) efficient
path, but also to the seledion among alternative Pareto-efficient paths that generate diff erent
payoffsfor diff erent agents.

These two fadors, espedaly foresight, are what distingushes path dependence from the
fulfill ed-expedations processes that in some models determine dl ocaion when network
externaliti es are present. Let us sippase—quite ounerfaduall y—the existence of perfed,
complete intertemporal markets, with complete information abou techndogicd paosshiliti es
(which may neverthelessbe time dependent) and agents’ interests and preferences. In this
case the optimal path (or set of Pareto-optimal paths) is clea to al agents; furthermore, all
externaliti es can be internali zed. Future markets clea at time zeo, leaving no e&dding role
for the dynamics of the processas such, and thus thereis no path dependence When all
objeds of future choice (and their consequences) are known and thus “ present” at the
beginning d an all ocaion process and when the externaliti es of agents' choices are
internali zed, then the path itself becomes an oljed of choicefor the internalizing, optimizing
agent—predsely David' s (1988 1997) criterionfor what he cdl s “moderate to mild history,”
as oppacsed to the “strong history” of path dependence There may till be multiple potential
Pareto-optimal equili bria a aresult of increasing returns, but the seledion amongthese takes
placethroughsome processof formation d rational (and subsequently fulfill ed) expedations,

perhaps asssted by the preemptive adions of (externality-internalizing) agents who have a

and Margdis discusson d externaliti esis not their analysis of the impad of transadions costs on behavior
but rather their assertion that a processthat is not inefficient by their criteriais uninteresting and nd at
variance with “the neoclasscd model of relentlesdy rational behavior leading to efficient, and therefore
predictable, outcomes’ (Liebowitz and Margadlis, 1995.
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stake in which Pareto-optimal equili brium is sleded (Katz and Shapiro, 1985.

However, aworld in which information abou the haraderistics and uses of new
tedhndogies and the interests and strategies of agentsis progressvely reveded, not foreseen
from the beginning, is one in which the path of allocaion as sich isnot an ojed of choice
for any agent and the end result of an all ocation processmay be dedded by its particular
history. Asthisis certainly the sort of world in which we live, Paul Krugman (1998 is
unwarranted in criticizing Arthur for not basing his models on fulfill ed expedations (in
contrasts to Krugman’'s own models of increasing returns yielding multi ple equili bria).

Inaworld of imperfed foresight, path dependence aises whether or not externaliti es are
fully internali zed as they arise. What of a world—unredistic, to be sure—of “perfed”
foresight but incomplete internali zation? If we stipulate that only fundamental fadors but not
contingent events are foreseen, and if it is predsely the externaliti es associated with these
eventsthat are nat internali zed, and if these events and their effeds are “large” enoughto
prevent the formation d fulfill able expedations, then the path o allocaionisnat an oljed of
choice d the beginning, and path dependenceis possble.

Fulfill ed-expedations processes also invalve positive feedbadks and have a cetain
continuity with path-dependent processes. In fad, thase who model such processes implicitly
asume a cetain period d uncertainty during the processof expedation formation, a period
during which bah suppiers and users of competing techniques ek to understand and
influencethe process(Katz and Shapiro, 1994 Besen and Farrell, 1994). During this period
the processis path dependent, as agents consider various outcomes possble and form their
expedations in response to the ensemble of ead athers contingent adions.

The @mnsequences of imperfed foresight and imperfed internali zability are simil ar
whether the system-level isale d@ stake is potential inefficiency or, rather, which of two or
more (ead Pareto-efficient) proprietary products or techniques will be established as a de
fado standard. Under these condtions, future paths as such are not objeds of choice d the
beginning d the processfor interested agents, individually or colledively. The mmpetitionis
not dedded at one paint in time by a Katz-Shapiro (1985 medanism; it isdedded ower time,

path-dependently. This does nat, of course, rule out strategic behavior—quite the wntrary. If
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the sporsors of the dternative techniques recgnizethat the dlocaion processis a path-
dependent one with pasiti ve feadbadks, they ad strategicdly to influencethe ealy events that
have adispropartional impad on the subsequent evolution d the process They promote their
proprietary system “architedures’ in the manner described by Morris and Ferguson (1993.
Asthose authors paint out, such behavior is pervasive in advanced-techndogy industries.

It iscuriousthat Liebowitz and Margadlis regard such pupaoseful behavior asthe antithesis
to path dependence rather than as presuppaingit.* There gopea to be two reasons for this.
First, ealy paperson path dependence enphasized haow it can result from exogenous
“higtoricd acddents’ in contexts where thereisno puposeful sponsorship of competing
techniques. Seaond Liebowitz and Margadlis (1995 confuse the concept of path dependence
with the medhanistic, deterministic models of chaos theory or “ sensitive dependence oninitial
condtions’—even though pomoters of the cncept of path dependence have deliberately
avoided this association. Thus Liebowitz and Margadlis argue that purpaseful, forward-
looking behavior overrides the dfeds of mere “acddents’ or initial condti ons—that
eoonamic dlocaion daes nat evolve medhanisticdly from the past but israther steaed by
interested agents toward desired future ends. In thisthey surely have apoint. Where they err
isin never coming to terms with the positive feedbadks that interad with purposeful behavior
and the limitations that history imposes on what future-oriented behavior can accomplish.
When dff erent equili bria ae possble and paths asawhade ae not objeds of choiceto

interested agents, then all ocation can indead evolve in a path-dependent fashion.

A General Analytical Framework

In order to examine, first, whether particular empiricd all ocaion processes are path
dependent and, seaond, the role of bath network form and techndogicd changein path
dependence | propcse here an analyticd framework with threefeaures: sources of variation
in agents choices, asource of positive feadbadks in their choices, and the posshility, in some
but not all cases, of reversal of initial choices. Thisframework isrelatively general andtoo

informal to congtitute amodel, but it is applicable to a broad range of empiricd cases. It

4Respondent Stephen E. Margolis made essentially this comment about a preliminary version o this paper
presented to medings of the Social Science History Asciationin October 1997
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builds upon previous rigorous modeling approaches and points the way to new ones.

Adopters or Users of Techniques
There are two types of agents: (1) users and, in some cases, (2) suppliers of aternative
products or techniques.® A typical potential user chooses the technique T [7{T1, To, ...} that
maximizes either her consumption uility or the net value of atechniquein productive
adivity. Following Arthur (1989 and ahers, the technique’ s value (in production a
consumption) V(T) istreded as the sum of two terms,
V(T) = D(T) + E(T). (1)
D(T) represents the user’ stechnicd valuation d the technique, based onthe user’s
expedations abou how the technique will serve ather the particular tastes of the ansumer or
the particular productive adivities of the producer; in productive adivity, this term represents
(discourted) expeded streams of incremental net revenues or profits. Thistechnica vauation
function dfers, we shall see several waysto introduce variation into the process andit isthe
chief means throughwhich techndogicd change can affed the processasit proceedls. The
seoondterm, E(T), refledsthe user’s expeded benefits of using the same technique & other
users—the expeded present value of network integration benefits or network externaliti es.
Thisfunctionisthe source of positive feedbads, and the form of this function refleds the
form of value-producing retwork interadions amongagents, as| consider in alater sedion.
David (1993 has cdl ed attention to the need to consider reversibility aswell as
irreversibility of choices, and| propcseto doso by stipulating a cnwversion cost which is not
necessrily prohibitive. The value of the technique to which ore switchesisthen
V(T) =D(T) + E(T) - C(T), 2
where C(T)>0 isthe ast of conversion to that technique (assumed here to be independent of
which aher technique was used previoudly). For auser’s current technique, C(T) = 0.
It may be noted that D(T) is normali zed dff erently in equation (2) than in equation (1),

differing bythe sunk costs of adopting technique T. In general, conversion costs may be

5] use the term “technique” (where Arthur uses techndogy o system variant) to refer to a particular
instantiation o a more general techndogy. Thus, computer operating systems are atechndogy, while MS-
DOS and Linux are techniques. The system of flanged wheds onfitted rail sis a techndogy, whil e spedfic
railway tradk gauges are techniques.
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regarded as the portion d these sunk costs that must be paid ou anew when switching from
one technique to anather. In the cae of raillway tradk gauge, for example, the same roadbed
substructure and rolling stock can usually be used for tradk of diff erent gauges, but rail s have

to be moved, whed trucks altered, and sometimes |locomotives replaced.

Suppliers or Sponsors of Techniques

Althoughin some caes techniques are inherently nonproprietary—railway tradk gauges,
for example—in many cases they are developed and sporsored by a second classof agents.
Their roleisto explore new techndogy, choose the spedfic feaures of marketed products or
techniques, and then suppdy and promote their techniques through picing and marketing. In
pursuing reseach and seleding feaures, they may need to make guesses both abou the
patential for further improvementsin spedfic techniques and abou what feaures will best
serve user neals in ayet unproven market. In their pricing and marketing behavior, they help
form users expedations both abou the value of the spedfic technique—D(T)—and abou the
future dhoices of other users and thus the future value of network benefits—E(T) (Katz and
Shapiro, 1994 Besen and Farrell, 1994 Liebowitz and Margadlis, 1994 1995. In this, they

serve & partia internalizers of the externaliti es among sers.

Solution Concepts

How amodel of alocaionis olved depends on further assuumptions. Given perfed
foresight (into bah techndogy and wsers interests) and internali zability, as discussed in the
previous major sedion, paths as awhole ae objeds of choice d the beginning d the process
andit isreasonable to apply modelsin which rational fulfill ed expedations lea to a Pareto-
optimal result. Such processes are not path dependent.

Moreredigticdly, given imperfed foresight, as new adopters arrive over time and chocse
the technique that off ers the highest expeded total value, bath D(T) and E(T) may changein
ways not perfedly predicted or controll ed. Several potential sources of variation could lead to
abranching d potential paths of all ocaion. For one, potential adopters may vary either in the
objedive suitability of different techniques for their purposes or in their subjedive

expedations abou the suitability of different techniques. Arthur’s (1989 well-explored
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stochastic arival processconsiders what happens when such adopters arrive a@ the market
sequentialy in urforeseedle, random order. Market share evolves, at first, as arandam walk,
but when ore technique gains a sufficient market share, leaning a network effeds override
the preferences of some aopters for minority techniques, causing the processto lock-in to the
technique that had gained the ealy lead for purely stochastic reasons.

This approadh has the weanessthat it does nat readily lend itself to incorporating either
expedations, except in atruncaed form, or the sporsorship of techniques and internali zation
of externalities—pointsthat Liebowitz and Margalis (1995 seized upon Nevertheless
Arthur’s more general analysis of the dynamics of paositive feedbadks in market share does
not depend onthe spedfic stochastic-arrival medchanism and remains generally valid.
Furthermore, | have foundthe stochastic-arrival medanism to dffer agoodexplanation for
the alopion d spedfic raillway track gauges by the eailiest locd railways in various regions
(Puffert, 200Q 20013).

Anather reason to look beyondthe stochastic-arrival mechanism is that stochastic
variationsin adoper arrival are likely to be wed in cases where numerous adopters make
simultaneous choices—and aher potential sources of variation are likely to be much stronger.
Most important, | believe, are the contingent aspeds of the behavior of supgiers, particularly
their dedsions concerning what lines of reseach and development to pusue, what feaures to
include in their products or techniques, and hawv to market their techniques. As Nelson and
Winter (1977 have taught us, firmsdo nd follow known redpes for maximizing profits but
rather engage in exploratory behavior, particularly in the context of unproven techndogy and
untested market interest. A range of behavior is possble, some strategies sicceeal better than
others, and, given increasing returns to adoption, variationsin behavior may easily be
sufficient to set an all ocation processon ore path rather than another. | am developing a
model to explore such an all ocaion process(Puffert, 20018.

Adopersalso liveinaworld of uncertainty, and their expedations may well be
influenced bah bythe cntingent adions of supgiers and by“exogenous’ events that seam to
offer information abou the relative technicd values and future market shares of different

products or techniques. Thus, even the outcome of asingle, well-publicized ealy typing
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contest may have dfeded the later course of allocaion d keyboard systems (David, 1986 cf.
Liebowitz and Margadlis, 1990.

Over time, greder informationis reveded abou the relative value of diff erent techniques
in applicaion, but meanwhil e the dlocaion processhas arealy procealed alonga spedfic,
locdly stable path. Even if the technique and peth seleded are shown to offer lessto users
than some other that had been avail able, the new information may off er lessincentive than

would be needed to overcome the locd stability and redired the process

Technological Change and Path Dependence

Tedchndogicd change may affed the path dependence of an all ocaion processin several
ways. Firdt, again, it isasourceof variation. The uncertainty associated with new techndogy
andits potential uses creaesroom for avariety of contingent beli efs, expedations, and
behaviors that together may determine which particular path an all ocaion processtakes.
Seoond, as Cowan (1990 has noted, particular contingent techndogicd advances may
encourage development of thase alvances rather than exploration d other techniques which
in some caeswould doffer greder longterm benefits. Third, techndogicd change may
introduce new best techniques. These may be “locked ou” becaise mwnversion costs
(including transadion costs) outweigh pasble gains, or they may off er sufficient benefitsto
induce onwersion, rendering the old technique obsolete and ending the previous path-
dependent lock-in. In afourth effed, techndogicd change may lea to a sort of
reconvergence of different paths, at least in the sense that atechnique esolvesto develop
fedures smilar to those that might have developed alonga diff erent path. In terms of the
anaytica framework here, thesefirst four effeds all work throughthe technica vauation
function D(T).

Fifth, techndogica change can reducethe level of conversion costs C(T) and thus end the
locd stability of an established path. Sixth and last, techndogicd change may affed the
network benefit or externality function E(T) throughthe introduction o adapters or
“gateways’ (David, 1987 that offer a substantial degreeof network integration even in the

absenceof a mmmon technique. Adapters are devices that enable products using ore
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tedhnique to function within a system or network that is based onancther technique.
Gateways are onredions among dherwise incompatible networks, formed either by adapters
or by the performance of some task that eff edively converts a product or servicefrom one
technique to ancther. In railways, for example, rolli ng stock that crosses a “bree of gauge”
can shift to the new gauge ather throughadjustable wheds and axles (an adapter) or through

the complete exchange of whed trucks (a gateway operation).

Network Form and Path Dependence

Models that examine path dependence or, more generally, network externaliti es often
asume that network externaliti es (or network integration kenefits) vary smply with what
David (1993 cdlsthe maao state of the system; that is, that E(T) can be expressed smply as
E(N(T)), E">0, where N(T) isthe number of adopters (or, aternatively, market share) of
technique T. As David ndes, thisis often inappropriate, and he propacses, as an aternative,
the asumption that agents have dired value-produwcing interadions only with their immediate
neighbasonaone- or two-dimensional lattice Here we mnsider also alarger set of network
formsthat arise in concrete empirica cases.

In general, the network externaliti es or network integration benefits for ead agent i
depend on ler spedfic value-produwcing interadions with ather agents, that is, on bdh the
graph I representing these interadions and, perhaps, onthe ayent’ s position within that
graph:

Ei(Ti) = E(T°(T3,Ti), ©)
where Tj isthe technique chosen byi and T; isthe vedor of techniques chosen by agents
other than i. Both the dynamics of the dl ocaion processand fedures of its outcomes depend
onthe spedfic graphicd structure. The various possble network structures may involve
either dired interadions among wsers or else interadions through poviders of “network
services’ (figure 1). The following dscusson assumes that all potential value-producing

interadions are of equal value.

Alternative Forms

Dired interactions among sers of atedhnique may take numerous forms, of which the
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following are important basic types (figure 1).

(1) A complete network structure feaures dired interadions (the links or “edges’ in agraph)
amongall users (the nodesin agraph) who adopt a cmpatible technique. For such
networks, if the values of interadions are asumed equal, then E(T) takes the form
E(N(T)).

(2) A randam network structure involves defined ex ante probabiliti es of interadions among
pairs of users. If these probabiliti es are equal for al li nks, then functional form E(N(T))
again applies.

(3) Spaial networksinvave dired links only anmongimmediate neighbas, most smply
modeled as within aregular lattice In many empiricd examples, there ae dso
eonamicdly relevant indired links with the neighbas neighbors (and so on), so that the
broader “conredivity” of the network is also relevant. For example, locd railway lines
have an interest in the adility to exchange traffic both with immediate neighba's and
indiredly with more distant railways. As diff erent agents have different neighbas,
function Ej(I'(T;,T;j)) varies amongagents and may take arelatively complicaed form.

(4) When pdentia interadions occur only within urconneded or discrete subnetworks, with
complete or randam links within the subnetworks, function E;j(I'(T;,Tj)) depends only on
the number of other users within the user’s sibnetwork that use the same technique.
Whether usersin aher subretworks use the same technique does not matter.

(5) Overlappng subretworks are simil ar to the foregoing in terms of the structure of eat
agent’ sincentives, but agents who pdentially interad with ead ather differ in the sets of
other agents with whom they could have interadions. Spatial networksin which oy
dired interadions matter are asubset of this network form and dfer asmplified
modeling approach.

(6) Complementary groups consist of agents possessng complementary comporents of some
larger production system, who ead therefore have patential value-producing interadions
only with the other group. The paradigm for this network form is the set of trained typists
together with the set of firms who buytypewriters and hire typists to use them (David,

1985, which may be regarded as a speda case of either of two sorts of networks
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discussed by Econamides (1996): first, the supdy network of firmsor agentsin upstrean
and davnstrean industries and, second, buyers and sell ers in markets where both gain
from increasing market “thickness” In dff erent contexts, members of one group may
have patential interadions with all or with orly some of the members of the
complementary group, and the resulting overall form could be ather densely
interconreded o divided into subnetworks.

(7) For eadh o the foregoing retwork forms, value-producing interadions could be ather
redprocd or one-way. An important example of aone-way effed is a sequential learning
processin which later adopters of atechnique have an oppatunity to adopt aless
expensive or improved version as aresult, respedively, of leaning-by-doingin the
production d ealier versons or leaning-by-using in their applicaion. Each adoper in
this case benefits from, or “interads’ with, previous adopersonly. Arthur (1989
motivated his basic mode of path-dependent all ocaion byconsidering just such an effed.
It is noteworthy here that supdy-side leaning eff eds can, like demand-side dfeds, be
modeled in terms of networks.

At least four important network structures are based onindirect interactions among sers
of the technique, where dired interadions are with the supgiers of network services:

(8) In the telecommunications paradigm (Econamides, 1996, users are mnreded dredly to
serviceproviderswho in turn are wnneded dredly bath to a set of other usersand also
to ather service providers with conredions to further sets of users. Each service-provider
network requires use of a wmmon technique (for example, a spedfic cdlular or wireline
analog a digital standard), but conredionis possbleto users of other techniques and
other serviceproviders, although dten at a greder cost or price Interconnedions among
“locd” networks are provided by gateways, so that a mmon wser technique is not
neeled.

(9) In the broadcast paradigm, network interadions are one-way from service providersto
users, whose recavers must be compatible with broadcast signals. Given that users
receve signals from multi ple broadcasters, it is advantageous that these dl use the same

tedhnique. Broadcasters also often gain revenues from having more viewers or listeners.
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(10) In the software paradigm, there is monopdi stic competition among suppiers of
applicaion software for spedfic hardware platforms or operating systems—for example,
for computers or video players. Asaresult, bath the variety and price of software improve
for eath user as the total number of usersincreases, making the hardware platform or
operating system more valuable. The value of network interadions for eat user may, for
example, take the form E(M(N(T)), where M is the number of software supgiers. This
functional form reducesto E(N(T)), and the network form itself can therefore be regarded
as collapsing to form (1). In cases where diff erent sets of agents use diff erent applicaion
software, the network form may coll apse to (4) or (5).

The relevant feaure of softwareisthat, as pure information content combined with a low-
cost distribution medium, it exhibits high fixed costs and low variable @sts, givingriseto
strongemnamies of scade. The network externaliti esin this case ae nat techndogicd but
rather peauniary in neture, and Liebowitz and Margalis (1994 have ssserted and
attempted to demonstrate that the externaliti es therefore have no eff ed on the nature of
the dl ocation process based in part onthe quixotic assumption that all software-suppier
rents can beinternalized by the sporsor of atednique (the supgier of the hardware or
operating system).6 However, as Krugman (1991) paoints out, “In competiti ve general
equili brium, of course, peauniary externaliti es have no welfare significance and could na
lead to ... interesting dyramics.... In the presence of imperfed competition and increasing
returns, peauniary externaliti es matter; for example, if one firm’s adions affed the
demand for the product of ancther firm whaose price excealds marginal cost, thisis as
much a‘red’ externdity asif one firm'sreseach and development spill s over into the
genera knowledge pod.”

(1) Findly, leaning effeds may be mediated by the supgiers of techniques that are subjed
to leaning. Nevertheless the network form can be regarded for some purpases as

collapsing to that of form 7.

6Moreover, Liebowitz and Margdlis asserted that network externaliti es are generally pecuniary rather than
techndogicd in nature. Thisis Smply false, asthe examplesin this paper show.
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Implications of Network Form

The main implicaion d network form for an allocaion pocessis that positi ve feadbadks
are not always based smply onthe maao state of the process Sometimes they are, asfor
network forms 1, 2, 7, and perhaps 10, and in such cases the dhoices of new adoperstendto
reinforce any asymmetries in total market share. If econamicadly relevant network
interadions take placeonly in dscrete subretworks (form 4), then pasiti ve feadbadks take
placeonly within these subretworks. Indeed, if only a small number of agents are involved
and these drealy diredly communicae with ead ather, then they can smply coordinate their
choices by agreement before alopting atechnique. Extended families can adopt the same
videorewrding system in order to exchange home videos, and co-authors can adopt common
word-processng software (Liebowitz and Margalis, 1994).

Much more often, however, subretwork interadions take place anong owrlapping
subretworks, whether spatial (form 3) or otherwise (form 5). In these caes, an interesting
dynamic may develop, as| (Puffert, 200Q 2001a) have both modeled and dacumented
empiricdly in the cae of railway tradk gauge. Early adoptersin an alocation process
coordinate their choices “locdly” (to use the spatial metaphar also for non-spatia cases), but
different techniques may be adopted in dfferent locations. Later adopters use the same
technique a adjacent established users, leading to the expansion d regional networks of a
common technique. Eventually, regions using dff erent techniques runinto ead aher, so that
agents on the borders of these regions cannat adopt the same technique a all potential
partnersin interadion. Locd standard techniques emerge, but a “global” (or continental)
standard dees nat. If indired aswell as dired connedions amongagents matter, asin the cae
of railways, then all agents pay a pricefor the resulting dversity. Of course, given perfed
foresight and complete internali zation d externaliti es, all agentswill coordinate their adions
from the start (unlessdiversity isin fad efficient due to differences among wsersin which
technique suits their neals). Empiricaly, however, both fadors are often ladking in the
crucial ealy stages of an alocdion pgrocess

The amergenceof diversity in aspatial network (or any network of overlapping

subretworks) raises the issue of conversionin away that does not arise when feadbadks from
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the maao state of the system lead to gobal standardization from the start. David (1993 and
co-authors (David and Foray, 1993 David et a., 1998 examine the cae where ajents onthe
borders amongregions of common technique may change their technique randamly to that of
one or ancther neighba, as might happen when network interadions are randam and
conversionis costless This enables them to draw on the extensively developed theory of
Markov randam fields or interading particle systems. | examine the cae where conversions
have a ©st and depend deterministicaly on systematic network interadions. Both approaches
show how conversion can yield increasing coordination ower time, possbly but not
necessrily eliminating ealy diversity. My approach also demonstrates how various s£hemes
for the internali zation d externaliti es—for sharing the wsts of conversion—can contribute to
the resolution d diversity, providing that transadions costs are sufficiently low (Puffert,
20019). It also demonstrates that permanent or even temporary diversity, and thus unredi zed
network integration kenefits, can be agreaer source of inefficiency in an allocaion pocess
than seledion d a “wrong’ technique.

The mnsideration d network forms aso clarifies where alogion d a mwmmon technique
matters most for the fadlitation d network interadions, and where gateways and adapters
render complete standardizaion lessimportant. Both in the telecommunicaions and kroadcast
paradigms (forms 8 and 9, users must adopt the same technique as their service provider(s),
but not necessarily the same technique as al other users. In telecmmunications, network-
level gateways enable users of diff erent service providersto interad. Broadcasters can, at
relatively low cost, convert programming developed in ore format to their own format.
Broadcast recavers can al'so be made for multi ple formats, as haslong keen the cae for
radios andisincreasingly so for televisions, particularly in combining dgital satellite and
high-definiti on cgpabiliti es with analog. Gateways can also link spatial subretworks together,
at costs that may be low enoughto effedively unify the networks, asin the cae of eledricd
power distribution, or nat, asin the cae of railway tradk gauge.

Network form also has implications, nat yet extensively explored, for the extent to which
network externaliti es can be internali zed, either by the sponsors of techniques or by coaliti ons

of users. Asnated, usersin small, discrete subnetworks can realily coordinate their choices,
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but alarge number of usersin overlapping subretworks may nat be @leto doso. A network-
form-based theory of transadions costs could yield more spedfic, testable propasitions. The
supfdier of atechnique subjed to leaning (form 11) is naturally able to internali ze the
benefits of leaning, including by picing ealy versions of atechnique below cost in order to

increase sales and reducethe st of later versions.

Case Studies

The value of these cnsiderations can be seen concretely in asampling o empirica cases
representing dff erent network forms and dff erent charaderistics of techndogy (table 1).

Railways form spatia networks in which standardization of tradk gauge fadlit ates the
exchange of traffic anongcompanies or state alministrations (Puffert, 200Q 2001a). Early in
the history of railways, diversity in gauge anerged in numerous regions bath due to
uncertainty and changing opnions abou optimal gauge and also dueto ladk of foresight into
the later importance of long-distance network integration, as ealy railways usually served
strictly locd transport needs. Althoughthe diffusion d spedfic engineaing traditions limited
the proliferation d gauges, six gauges gained widespread adoptionin North America seven
or more becane regional standards in Europe, and multi ple gauges were introduced to all
other continents and to numerous pedfic courtries. The introduction o spedfic gaugesto
spedfic regions was esentialy a stochastic arival process as gauges were chosen by
engineas and promoters representing randam draws from a heterogeneous popuation.

Nealy al the diversity of gauge in North America and much of that in Europe were later
resolved as demand gew for long-distancetransport. Thiswas sometimes fadlit ated by side-
payments, interregional system-building, and coordination—pradices that internali zed the
mutual externaliti es of locd railways. Costly diversity remainsin Australia, in India, at the
border of Francewith Spain, and numerous other places. A variety of gateway techniques
(e.g., mixed-gauge tradk and exchangeable whed trucks) have off ered a degreeof network
integration despite diversity and have dso sometimes fadlit ated long pocesses of conversion,
providing a “migration path.” Most railway enginee's regard the ommon 48.5” (1435mm.)

gauge, adapted from the gauge of small coa cartsin mines nea Newcastle and used today on
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nealy 60 percent of world railways, as narrower than ogtimal, but the main source of
inefficiency in the processof gauge seledion hes been the emergence and persistence of
diversity.

Adopion d a mmmon technique has mattered lessfor railway eledrificaion retworks
(Puffert 1993, 19949), because railways have usually preferred to change locomotives at
(national or company) borders anyway. Nevertheless recent eff ortsto achieve a ‘Europe
withou frontiers,” particularly in high-speed train service have increased the @mst of
diversity. The development of relatively efficient adapters in multi-current locomotives and
high-sped trainsets is bringing improvements in network integration.

Early industrial and howsehold eledrica power distribution retworks were marked by an
initialy vigorous competition between Edison’ s dired-current (DC) and Westinghotse's
aternating-current (AC) systems, as ead promoter’s drategy responced bah to network
effeds and to a series of techndogicd innowations (David and Bunn 1988 David, 1990.
Development of an inexpensive gateway technique, the rotary converter, provided a means to
join together loca subretworks of eat system, enabling end wsersto adopt the systems best
suited to their neals and fadlit ating the progressve replacanent of DC by AC in the trunk
distribution system, where the advantages of AC proved substantial. Techndogicd change
broke the dlocaion processfreeof itsealy history, making it path independent—although
the persistence of avariety of locd-standard AC frequencies and vdtages has certainly been
path dependent. The processof rationalization was fadlit ated in the end byexternality-
internali zing cooperation ketween Edison’ s and Westinghotse' sfirms.

Television kroadcasting hes heretofore required locd standards s that viewers could
readily receve signals from diff erent broadcasters, but broadcasters have been able to use
signal converters to adapt programming from diff erent formats. Adapters and multi-system
receversfor users can now recave both analog signals and dgital signals from satellit es and
terrestrial high-definitiontelevison (HDTV) broadcasters. Standards have been seleded by
national authorities, in several cases with aview to industrial palicy based partly onleaning
effeds. France and Germany introduced the SECAM and PAL color television standards,

respedively, rather than adopt the North American NTSC system, in pert to reducethe
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advantage of experienced U.S. equipment manufadurers. Japanese government and
equipment manufadurers developed their analog HiVison HDTV system during the 198Gsin
an effort to take the lead in HDTV, hopng to establish agloba standard that they would
dominate. Europeans responded with their own system, HD-MAC. Both systems, however,
were rendered olsolete during the 199G by development in the United States of a digital
HDTV system. Japan and Europe have subsequently adopted variants of the U.S. standard.
Thus, techndogicd change overcame dfortsto preemptively determine new standards.

This new techndogy may well overcome the historicad legacy in much o the world. First,
however, program developers, broadcasters, and viewers must overcome the chicken-and-egg
dilemma of eat waiting to be sure that others will adopt before they lay ou theinitially high
cost of equipment. The transadions cost of overcoming this dilemmaby organizing a
simultaneous adoption appea to be high. The dilemma may be resolved, however, by new
digital techndogy, as digital HDTV shares video compresson and audio techndogy with
other recently developed consumer eledronics products, and it readily interfaces with
computers as well. Consumers may therefore buy HDTV recevers asrelatively low-cost
additionsto hame-entertainment or information systems even before there islarge-scde
transmisson d HDTV signals. Early HDTV studios and lroadcasters may read threshold
numbers of viewers by relying oncable and satellit e transmisson.

Cdlular telephonyrequires a mmmon technique for a given service provider, but
network-level gateways off er conredionsto ather cdlular and wireline telephore users, and
multi -system handsets fadlit ate user “roaming’ in areas of diff erent service providers. Thus,
there has been no @th-dependent obstade to the introduction d rapidly improving rew
techniques. Thereis path dependence, however, in competition amongalternative techniques
for adoption byservice providers and regulators, as leaning eff eds reduce the csts and
improve the caabiliti es of both network equipment and handsets (Puffert, 19931).

The Internet is anetwork of networks—of numerouslocd area and wide aea éedronic
data networks that use avariety of architedures and signal protocols. These ae linked to the

Internet and thus to ead ather by means of signal-protocol converters or “gateways’—aterm
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first applied to technicd standards in this context.” The Internet may be regarded as the
network interlinking the hub noas within the telecommunications paradigm (form 8). After
the ealy development of data-communicaions networks based on poprietary architedures
(primarily those of IBM and DEC), two eff orts were undertaken to develop vendar-
independent suites of standards. One, based onthe Transmisgon Control Protocol / Internet
Protocol (TCP/IP) developed incrementally for the now widespread Internet. Over much the
same period, international standards-development organizations gponsored the definition, by
computer scientists, of an aternative, much more comprehensive suite of standards known as
the Open Systems Interconredion (OSI) model .8 AlthoughOSI has numerous theoreticd
advantages over TCP/IP, it has gained littl e accetancein the market. Equipment and
software supgiers have foundit easier to develop and test products within afunctioning
network and standards environment, while network users have not wished to puchase
products based on urtested concepts. A decale ago, experts debated whether TCP/IP and OS]
internets would functionin parallel during a period d transitionto OSI or whether TCP/IP
would evolve by incorporating OSI concepts that extend TCP/IP' s cgpabiliti es in ways
particularly demanded by wers (“Grea OSI Debate,” 1992. The latter has proven to be the
case. The cgadty of the TCP/IP technique to evolve, and thus converge in some respeds to
the OSI model, have brough the dlocation path to a point, in some but not all dimensions of
tedhndogy, that might have been readed along dher possble paths.

Markets for magnetic and ogicd recording and reproducing techndogies for audio,
video, and datainvolve & least threesorts of network interadions: dired exchange of
software anong wsers (within discrete or overlapping subretworks); software-supdy effeds
bath in sales and rental markets; and leaning eff eds by system-equipment supgiers, giving
rise to reduced costs and improved feaures (Puffert, 19940. Supgiers foresight into the

"According to a standard industry reference (VLS| Research, 1988 p. xxi), agateway is “a particular type of
equipment used to conned incompatible networks by means of a protocol trandator.” David (1987 brough
the term into general use for technicd standards. The term was also applied to railwaysin an atherwise
unremarkable 1986 seminar paper by the present author.

8The OSl projed recaved much of itsimpetus from European firms and gowernments ®eking to reduce the
competitive alvantage of U.S. firms that promoted their proprietary architecures. The more modest TCP/IP
projed was designed simply to interconred networks using dfferent architedures.
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tendency for competitive exclusionin the setting o de fado standards have led them to unte
in suppating common standards for such techndogies as first-generation compad discs (CDs
and CD-ROMs) and second-generation DVDs (digital versatil e discs), forming common
expedations and eff edively choasing the path of allocation at the outset of the process DVD
equipment has been made backward-compatible for current CDs and CD-ROMs (it has built -
in adapters), reducing the st to consumers of migration to the new technique and
eliminating any tendency for the market to remain locked in to the older technique.

Foresight has nat always preempted path-dependent all ocaion processesin thisindustry.
The most cdebrated systems competition was that among systems for consumer video
recording—primarily Sony s Betamax system and JVC's VHS—from the mid-1970s to mid-
198Gs. Arthur (1994 explained this as the result of positive feedbads in the video film rental
market, as video rental stores gocked more film titl es for the system with alarger user base,
and rew adopters chose the system for which they could rent more videos. However,
Cusumano et al. (199) showed that this eff ed, athoughimportant, emerged at only alate
stage in the competition, when VHS arealy had a stronglead. Nevertheless they argued that
the ealier processarealy had a path-dependent market-share dynamic, becaise an increasing
number of manufadurers and dstributors suppated VHS over Betamax as they came to
believe that VHS would emerge & a de fado standard. Three ontingent ealy differencesin
strategy were aucia. First, Sony procealed withou major co-sporsors for its Betamax
system, while JVC shared VHS with several major competitors. Seand, the VHS consortium
quickly install ed alarge manufaduring cgpadty. Third, Sony oped for amore mmpad
videocasstte, while JVC chose instead alonger playing time for VHS, which proved more
important to many customers. In a ontrasting interpretation, Liebowitz and Margolis (1999
treded this playing-time alvantage for VHS as the single aucial fador in the competition, so
that VHS won because its feaures more dosely matched consumer demand—and nd due to
path dependence When, however, one views the strategic choices of firms as a source of
contingent variation that aff eds the subsequent course of allocaion, it becomes clea that the
processwas indeed path dependent.

Microcomputer operating systems off er one of the more topica cases amongthose
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discussed here, asrapid changesin techndogy, in markets, and perhapsin the institutional
environment continue to affed the urse of all ocaion. Although olservers attention hes
turned increasingly to the future prospeds of Linux and the open-systems movement, the
most notable systems competition thus far has been that between Apple’'s Madntosh OS,
supfied together with a hardware system at a high unt mark-up, and Microsoft's MS-DOS
and Windows, avail able for awide range of third-party hardware & what wasinitialy alow
unit price. Apple followed a traditional businessmodel in maximizing current profits
(Solman, 1996, while Microsoft’s drategy showed greder foresight into the dfeds of

paositive feedbadks. During the 1983 and ealy 199G, Microsoft’s drategy gaveit aleal in
market share that in turn stimulated a greaer suppy of appli caion software, increasing the
relative value of the Microsoft systemsto users. Many users (and programmers) noretheless
preferred the graphicd user interfaceof Madntosh, but the introduction  Windows 95
largely matched most of the feauresin which Madntosh had held an advantage, and Apple’s
share of the market then began to dedine markedly.

The Madntosh OS maintained aleal for atime in high-end gaphics applications,
educational software, and aher market niches where ather it had gained an ealy lead or else
itstighter technicd integration between graphicd user interface operating system, and
hardware gave it a particular advantage. These market niches have mnstituted subnetworksin
which users interadions with ead ather have had a greaer value than their interadions with
the larger user community. Nevertheless the overlapping d user subnetworks for diff erent
applicaions (network form 5 or 3) hasfadlit ated the expansion d the Windows-standard
“territory” into “regions’ previously dominated by Madntosh. Apple’s grategy for survival
relies partly on gateways between Maantosh and Windows, fadlit ated bah by Windows
emulators (i.e., adapters) runnng onMadntosh and bythe development of similar versions of
some gopli cation software for both systems. The eanulators canna match the performance of
Windows macdhines, however, and much appli caion software is avail able only for Windows.
Apple's drategy relies aswell oninnovation, most visible recently in iMachardware and
operating system version OS X, designed to exploit new, network-interadive market

segments. Apple has also developed appli cation-software-devel opment toadls that, the
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company clams, reducethe st of developing software ten-fold. If true, this could ater the
software-paradigm feedbadk medhanism strongy to Apple’ s advantage.

Leaning eff eds have been the principle source of path dependencein the aloption o
nuclea power techniques (Cowan, 1990. The dominant “light-water” reador design appeas
to beinherently lessefficient than pdential aternatives, but it was rushed into use becaise
the Cold-War pdliti cd value of peacéul usesfor nuclea techndogy owerrode the value of
finding the most cost-eff edive technique. Theredter, engineaing experiencefor the light-
water technique continued to make it the rational choicefor new readors over lesswell
developed dternative designs, athoughequal development of the dternatives might have
made them superior. The principle U.S. suppiers and sporsors of light-water readors,
Westinghotse and General Eledric, aded as internali zers of externaliti es by offering ealy
systems at prices below cost in order to gain experience and dfer improved systemsto later
adopters at higher prices.

Both locd positive feadbadks and leaning eff eds have dfeded farmers choices between
systems of chemica pest control and integrated pest management (IPM) (Cowan and Gunby,
1996. IPM reliesin part on pgredatory insedsto devour harmful ones, and the drift of
chemica pesticides from neighbaing fields often makes the use of I|PM impossble.
Predatory inseds also drift amongfields, further raising farmers incentivesto use the same
tedhniques as neighbas. To be pradicd, IPM must be used onthe whole set of farms that are
in proximity to even ore other in the set—that is, the larger network made up d the
overlapping subretworks that are subjed to drifting pesticides. Where this st islarge, the
transadions costs of persuading all farmers to forego chemicd methods are often prohibitive.
Adopion d IPM has al'so depended onleaning, bath at the global level andlocdly. The
path-dependent locd lock-in of both techniques has smetimes been upset by such
developments as invasions by new pests and the emergence of resistanceto pesticides.

Finaly, the disputed case of ealy typewriter keyboard systemsisripe for further
examinationin light of issuesraised here. David (1985 1986 argued that typists, their third-
party teaders, and their employers ead chocse systems based onthe potential pod of

matches in adensely interconneded network (figure 1, form 6), generating market-wide
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paositive feedbadks. By contrast, Liebowitz and Margalis (1990 cite instances where
externality-internali zing typewriter suppiers offered in-house training to purchasers of
aternative keyboards, and they implicitly deny that typists would have caed abou the
systems used by dher patential employers. They assume adiscrete-subnetwork form of
interadion. Further research could clarify the relative prevalence of different medchanismsin
the ealy employment market for typists, and thus the form of the overall virtual network and
the scope and effed of positive feedbads. Furthermore, Liebowitz and Margali s argue that
the purpaseful behavior of typewriter supdiers overrode the dfeds of contingent events. If,
however, the existence of positive feedbads is confirmed, then the relevant questioniis,
rather, how both puposeful behavior and aher contingent events interaded with the
underlying dyramic of the process The full story of the energence of the QWERTY standard
isclealy more complicaed than either the story thread pursued by David or that pursued by
Liebowitz and Margdlis. David’'s esential explanationislikely more robust, however, to the

presence of multi ple mechanismsin the enployment market.

Concluding Remarks

The positive feedbads that give rise to path-dependent processes of econamic dlocaion
arise because gyents derive increasing value from an increasing number of interadions with
other agents. These interadions often depend onthe aloption d some common technique,
and they either arise out of literal networks or can be treded as arising ou of virtual
networks. Diff erent network forms aff ed the dynamic of all ocationin dfferent ways, giving
riseto general standardizaion a creding dversity amongregions or subretworks.

Tedchndogicd change may affed either the network-independent values of alternative
tedhniques, or the extent to which value-producing interadions depend onthe aloption d a
common technique, or the st of conversion. Each of these posshiliti es aff eds how the
alocaion pocessevolves, and hav ealy it breksfreeof its past. Because new techndogies
and their uses—as well asthe interests and strategies of interading agents—are reveded
progressvely over time, al ocaion processes aso evolve progressvely rather than being

dedded in ore timelessmoment of expedations formation. The e@namics of path
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dependencetells us nat only how history mattersin all ocation; it also tell s us how, even more
fundamentally, time matters.

The cae studies examined here establi sh two fads that have often been negleded in
previous gudies. First, al ocaion processes driven by retwork integration benefits often lead
not to asingle “global” standard but rather to multi ple regional or subnetwork standards. In
the context of some network forms and some tedhndogies, these subretworks are natural
market niches; in ather contexts, subnetworks defined by common techniques arise & path-
dependent artifads of contingent events. Second, subretworks based on dff erent techniques
are quite often integrated with ead ather by means of gateways. In some networks—e.g., for
teleoommunicaions or eledricd power supgdy—thisintegrationis closeto perfed; in ather
networks—based, for example, on common railway gauges or computer operating systems—
gateways offer only arelatively imperfed and costly integration.

The persistence of diversity among subnetworks raises new questions regarding
efficiency: Might this diversity offer greder scope for development of diff erent techniques,
allowing the best technique to emerge, prove itself, and utimately win the whole market? In
cases where one technique does eventually win the whole market, is the seleded technique
the winner of a market test—or is it the path-dependent result of ealier contingent events? |
have shown the latter explanationto be crred in the cae of raillway tradk gauge (Puffert
200Q 2001a), but further reseach may identify cases where ealy diversity fadlit ated the
emergence of amore optimal technique than ealy standardization would have dore.

The cae studies also demonstrate the prevalence of behaviors that partialy internalize
externaliti es. In cases where ealy foresight was good—e.g. the introduction d CDs and
DVDs—these behaviors €leded outcomes preemptively, short-circuiting any tendency for
the amergence of path-dependent competition. In ather cases, these behaviors entered into
later stages of path-dependent processes, rationali zing the outcomes somewhat but not leading
to oucomes that were independent of ealier contingent events and peths.

Paul David’s and Brian Arthur’ s assertions of the importance of path dependencethus
withstand the aitique of Liebowitz and Margadlis, but the positive insights of these aiticslead

to afuller understanding d when and hav econamic dlocaionis path dependent. Our
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understanding is also improved throughtaxonamies, first, of the network forms that
charaderizethe value-producing interadions among agents and, second, of the aspeds of
tecdhndogicd change that in various ways aff ed the emergence and stability of aternative
paths of alocaion. Takingthese mnsiderations into aceunt opens up aricher set of dynamic
processes aff eding econamic dlocation, showingin new ways how “history matters.” More
reseach is needed to gain analyticd control over the various possbiliti es and to seehow
frequently they ead arisein the red world.

Path-dependent processes of change in matters other than techndogy are dso, | would
hypahesize the result of value-producing interadions among agents. Institutions,
organizdions, cultures, and subcultures, for example (David, 1994, all consist in
interadions—interadions that have particular network forms and that depend on se of
common pradices or “techniques’: languages and jargors, symbals, rules and nams, and
more. Like path-dependent techndogica change, the evolution d ingtitutions, organizations,
and cultures surely depends on the pattern of interadions (i.e., the form or structure of social
networks), the dharaderistics of innovative pradices, foresight, switching costs, posshiliti es
for internalizing external gains from switching, and aher matters analogous to thase

discussd here.



Path Dependence, Network Form, and Technological Change 28

References

Arthur, W. Brian (1989, “Competing Techndogies, Increasing Returns, and L ock-in by
Historicd Events,” Economic Journal 99:116-31.

— (19949, Increasing Returns and Path Dependence in the Economy, Ann Arbor: University
of Michigan Press

Stanley M. Besen and Joseph Farrell (1994, “Choasing How to Compete: Strategies and
Tadicsin Standardization.” Journal of Economic Perspectives 8:117-131

Cowan, Robin (1990, “Nuclea Power Readors. A Studyin Techndogicd Lock-in,” Journal
of Economic History 50:541-67.

Cowan, Robin and Phili p Gunby (1996), “ Sprayed to Deah: Path Dependence, Lock-in and
Pest Control Strategies,” Economic Journal 106521-42.

Cusumano, Michad A., Yiorgos Mylonadis, and Richard S. Rosenbloom (1992, “ Strategic
Maneuvering and MassMarket Dynamics. The Triumph d VHS over Beta,” Business
History Review 66:51-94.

David, Paul A. (1985, “Clio and the Econamics of QWERTY,” American Economic Review
(Papers and Proceedings) 75:332-37.

— (1986, “Understanding the Econamics of QWERTY : The Necessty of History,” in W.N.
Parker (ed.), Economic History and the Modern Economist, Oxford.

— (1987, “Some New Standards for the Econamics of Standardization in the Information
Age,” in P. Dasgupta and P. Stoneman (ed.), Economic Policy and Technological
Performance, Cambridge.

— (1988, “Path Dependence: Putting the Past into the Future of Econamics,” Institute for
Mathematicd Studiesin the Social Sciences Tedhnicd Report 533 Stanford University.

— (1990, “Heroes, Herds, and Hysteresisin Techndogicad History: Thomas Edison and the
Battle of the Systems Reconsidered,” Journal of Industrial and Corporate Change
1/1:129-180

— (1993, “Path-dependence and Predictability in Dynamic Systems with Locd Network
Externalities. A Paradigm for Historicd Econamics,” in D. Foray and C. Freeman, eds.,
Technology and the Wealth of Nations: The Dynamics of Constructed Advantage,
London Pinter.

— (1999, “W hy are Ingtitutions the * Carriers of History’ ? Path-Dependence and the
Evolution d Conventions, Organizations and Institutions,” Economic Dynamics and
Sructural Change 5/2:205-20.

— (1997, “Path Dependence and the Quest for Historicd Econamics. One More Chorus of
the Balad of QWERTY,” University of Oxford Discusson Papersin Econamic and
Socia History, Number 20.

— (1999, “ At Last, aRemedy for Chronic QWERTY -Skepticism!,” working paper, All
Souls College, Oxford University. (www.eh.net/Publi caions'remedy.shtml)

David, Paul A., and Julie AnnBunn (1988, “The Econamics of Gateway Tecndogies and



Path Dependence, Network Form, and Technological Change 29

Network Evolution: Lesons from Eledricity Supdy History,” Information Economics
and Policy 3:165-202

David, Paul A., and Dominique Foray (1993, “Percolation Structures, Markov Randam
Fields and the Econamics of EDI Standards Diffusion,” in G. Pogarel, ed., Global
Telecommunication Srategies and Technological Change, Amsterdam: Elsevier.

David, Paul A., Dominique Foray, and J.-M. Dalle (1998, “Marshalli an Externaliti es and the
Emergence and Spatial Stability of Techndogicd Enclaves,” Economics of Innovation
and New Technologies 6/2& 3:147-82.

Econamides, Nichdlas (1996, “ The Econamics of Networks,” International Journal of
Industrial Organization 14/4: 673-99.

“Grea OSI Debate,” event at Interop 92Spring Conference, Washington DC, May 22, 1992

Katz, Michad L., and Carl Shapiro (1985, “Network Externaliti es, Competition, and
Compatibility,” American Economic Review 75:424-40.

— and— (19949, “ Systems Competition and Network Effeds.” Journal of Economic
Perspectives 8:93-115

Krugman, Paul (1991), “Increasing Returns and Econamic Geography,” Journal of Political
Economy 99:483-99.

— (1998, “The Legend d Arthur,” Sate, January 14. (www.d ate.com)

Liebowitz, S.J., and Stephen E. Margdlis (1990, “The Fable of the Keys,” Journal of Law
and Economics 33:1-25.

— and— (1994, “Network Externality: An Uncommon Tragedy,” Journal of Economic
Perspectives 8:133-50.

— and— (1999, “Path Dependence, Lock-1n, and History,” Journal of Law, Economics, and
Organization 11/1:204-26.

Morris, CharlesR., and Charles H. Ferguson (1993, “How Architedure Wins Techndogy
Wars,” Harvard Business Review (March-April), pp. 86-96.

Nelson, Richard R., and Sidney G. Winter (1977, “In Seach o aUseful Theory of
Innowation,” Research Policy 6:36-76.

Puffert, Douglas J (1993), “Tedhnicd Diversity and the Integration d the European High-
Spedal Train Network,” in J. Whitelegg, S. Hultén, and T. Flink, eds., High-Speed Trains:
Fast Tracks to the Future, Hawes, North Y orkshire: Leading Edge.

— (19931, “Tedchnicd Standards and International Competition: The Case of Cellular
Communicaions,” Industry, Trade, and Technology Review, U.S. International Trade
Commisson, October.

— (19949), “The Technicd Integration d the European Railway Network,” in A. Carreras,
A. Giuntini, and M. Merger, eds., European Networks, 19th-20th Centuries, Proceedings,
Eleventh International Econamic History Congress Milan: Universita Bocooni.

— (19941, Industry and Trade Summary: Audio and Video Recording and Reproducing
Equipment, USITC pulication 2822



Path Dependence, Network Form, and Technological Change 30
— (2000, “The Standardization d Tradk Gauge on North American Railways, 1830-:189Q”
Journal of Economic History 60:933-60.

— (2001a), “Path Dependencein Spatial Networks: The Standardization d Railway Tradk
Gauge,” working paper, Institute for Econamic History, University of Munich.

— (20011, “Entrepreneurship, Innovation, and Path Dependence,” working paper, Institute
for Econamic History, University of Munich.

Scott, Peter (2007), “Path Dependence and Britain’s * Coa Wagon Problem’,” Explorationsin
Economic History 38:366-85.

Solman, Paul (1996, “Rocky Road,” transcript of report on NewsHour with Jm Lehrer, Jan.
18.

VLS| Reseach (1988, VLS Manufacturing Outlook, San Jose.



Path Dependence, Network Form, and Technological Change 31
Table 1. Features of network technologies
Network charaderistics
Techndogy Formor Interadions L ocus of Charaderigtics Internaliza
(seleaed spedfic graphic  Natureor Fore- adapters/ of techndogy and tion d ex-
techniques) structure _source seen? gateways techndogicd change ternaliti es
Railway tradk gauge Spatial  Traffic Early: Users Heterogeneity & change By users,
(485",50",53",56", (tre@ (ca) often (cas) & in preferred pradice fadlit ated
750mm., 1000mm.) exchange not network Variety of gateways conversion
Railway eledrification Spatial  Trainset & (Not an Users Changesin preferred Little
(AC16.67Hz 15 kv, (tree locomotive ealy (trainsets&  pradice
DC 1500V, etc.) exchange isae) locomotives) Recent goodadapters
Eledricd power distribu- Spatial ~ Power Rela-  Network Heterogeneous users Suppier
tion (AC/DC, 50/60 Hz, (tre  trans tively (andsome Very efficient adapter coopera-
110220 other voltages) misson ealy  users) tion
Color television Broadcast Signal Yes(to Network New digital techndogy Coopera-
(NTSC, SECAM, PAL, discrete reception  extent (broad- renders older obsolete  tionin
HiVision, HD-MAC, subret- that it casters) & setting
U.S. & other digital) works matter) some users standards
Cellular telephony Teleoom Signa Yes(to Network, Rapid innowation Coogn
(AMPS TACS, NMT, subrets! exchange extent users (for Digital superseded in setting
GSM, TDMA, CDMA) Leaning Leaning  matter) roaming) original analog standards
Internet (data telecom) Teleoom Data Yes Usersand  Rapidinnowation Coopnin
(TCP/IPv. OSl) interlink exchange network Evolvable, convergent  standards
Magnetic & opticd recrd- -Software -Software  Yesor Users Series of new produwcts  Promotion,
ing & reproduction complete salefrental  mostly and medig; digital now  Coopera-
(VHS, Beta, CD[-ROM], -Overlap -Media repladng analog tionin
DVD, audio casstte, subrets  exchange setting
DAT, DCC, MD) -Leaning -Leaning standards
Microcomputer operating -Software -Software  Varied Users Rapid techndogicd Promotion
systems subrets  market and market change
(MS-DOS, Madntosh,  -Subrets -File Evolvable, convergent  User co-
Windows, Unix, Linux) exchange ordination
Nuclea power systems Leaning Supgier Some None Early uncertainty By system
(light water, gas graphite) leaning High development cost  suppiers
Pest (insea) control Spatial  -Spillover  Yes None Changing pest User co-
(pesticides, integrated of medium environment (spedes,  ordination
pest management) Leaning -Leaning resistance)
Typewriter keyboards Comple- Produc- ?? Users Neurophysiologicd Suppier
(QWERTY, Ided, DSK) mentary tion (maahine) habituation o typists promotion
groups?>  system Remappable keyboards

Notes: INetworks overlap to the extent that users “roam” in ather loca subretworks. 2Whether interading
agents form small discrete subnetworks or an interconreded network is disputed.
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Figure 1. Alternative Network Forms

1. Complete 2. Randam 3. Spatia (and spatial metaphar)
A. 2-dlattice  B. 1-dring C. Tree
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4. Discrete 5. Overlapping 6. Complementary groups 7. Sequential
subretworks subretworks leaning
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XI E o— "Traicr:ed typists"” S Y4
8. Telecommunicaions paradigm 9. Broadcast paradigm
(showing two separate markets)
Users Viewers / Listeners
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10. Software paradigm 11. Sequentia leaning by
(subnetworks represent different operating systems) suppier
Users

o Adopters (sequential)
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Note: Nodes represent agents; links represent potential value-producing interadions, which are actualized orly
if agents use a ompatible techniqgue—including bymeans of adapter or gateway, which may reduce net value
of link.



