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Abstract

This article investigates the historicd emergence of regional standard railway tradk gaugesin
light of amodel of the interadion d agents choices within a spatial network. Contingent
events, reinforced by pative feedbadks, determined bah particular standards and the
geographic extent of standardizationin Britain, Continental Europe, North America and
Australia. The model, solved using numericd simulation, shows the dl ocaion processto be
path dependent. Monte Carlo experiments demonstrate how the distribution o possble
outcomes varies with historicdly varying systematic fadors. Both history and an extension to

the model demonstrate the role of externality-internalizing behavior in resolving dversity.
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Path Dependence in Spatial Networks:
The Standardization of Railway Track Gauge

One of the most vigoroudly disputed isues amongemnanic historiansis the importance
of path-dependent processes of all ocationin determining fedures of the eonamy. Over 250
comments on path dependence were paosted to an econamic historians' email discusson goup
over arecant five-yea period, abou threetimes the number addressng the next most
common topic.’

A path-dependent econamic processis one in which spedfic contingent events—and nd
just fundamental determinative fadors like techndogy, preferences, fador endovments, and
ingtitutions—have apersistent eff ed on the subsequent course of alocaion. Paul A. David
(1985 1993 and W. Brian Arthur (1989 1994 have mntrasted the multi ple potential
outcomes of path-dependent processes to the unique, necessarily efficient outcomes typicaly
predicted in standard neoclasscd models. Critics of the concept of path dependence, led by
S.J. Liebowitz and Stephen E. Margalis (1990 1994 1995, have enphasized the view that
forward-looking, profit-seeking agents geea al ocaion processes to the best outcomes
posshble given the aonstraints of foresight and transadions costs. At stake in this dispute, as
bath sides nate, isthe sense in which “history matters’ for explaining the present econamy.

The present article offersa partia reconcili ation d these differing views. It shows bath
empiricadly andin amodel how path dependence aises predsely when either foresight (or
information) isladking a else externaliti es prevent the sorts of behavior that could dired an
alocaion pocesstoward aunique and odimal outcome. AlthoughLiebowitz and Margdlis
(1995 dismisspath dependenceunder such condtions as not mattering and as off ering no
chall enge to “the neoclasscd model of relentlesdy rational behavior leading to efficient, and
therefore predictable, outcomes,” | show that such path dependenceindeeal aff eds econamic
structure and efficiency, and that it explains feaures of the eonamy that are not explained by
what Liebowitz and Margdlis cdl the “neoclasscd model.”

| examine these isaues using the historicd seledion d regional standards for railway track
gauge—the distance between a pair of rails.* Rail way companies or administrations that share

a common gauge can much more eaily exchange traffic, resulting in lower costs, improved
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service and geder profits. Asaresult, positive “network” externaliti es (Katz and Shapiro,
1985 1994 produce positi ve feadbadks among choices of gauge by dff erent agents.

Nevertheless in many parts of the world dversity in gauge aose and, often, persiststo
thisday (table 1). Australia and Argentina eab have threediff erent regional-standard gauges,
althoughthisisremgnzed as a wstly hindranceto national commerce. India, Japan, Chile,
and several other countries ead make extensive use of two gauges. “Breaks of gauge” hinder
throughservice acossnumerous international borders, including that of Francewith Spain
and most external borders of the former Russan and Soviet empires.

[Table 1 here]

To be sure, much costly diversity has been eliminated. The United States and Canada had
six gaugesin widespread use until the 1880Gs. Now only afew relic tourist lines use variant
gauges. Britain’s extensive Grea Western Railway system used a variant gauge for over 50
yeas before completing its conversion to the gauge of neighbaing systemsin 1892
Similarly, the origina gauges of the Netherlands, the ealier German state of Baden, and
much of Norway gave way to the common standard that emerged in most of western and
central Europe. In recent decales, Australia and India have made substantial progressin
reducing their diversity of gauge.

What explains the emergence, persistence, andin some caesresolution d diversity in
regional railway-network standards? To investigate this question, | first examine cetain
detail s of the worldwide history of tradk gauge. | investigate the incentives of railway
builders and operators, seeking to determine how individual and colledive choices of gauge
depended bath oncontingent past events and onsystematic tendenciesto optimizethe
system-level outcome. | find evidence bath for positive feadbadks, particularly in the ealier
stages of the aygregate gauge-seledion process and for systematic rationali zation of
outcomes, particularly in later stages of the process In nocase did the processentirely bresk
freeof ealy contingent choices and events. “Founder” eff eds have persisted, most notably in
the worldwide predominanceto this day of the gauge that enginee George Stephenson
transferred from a primitive mining tramway to the Liverpod and Manchester Rail way.

Nevertheless there gppea to be systematic reasons why regional standards have given way to
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larger-scde standardizaion in some curtries and continents but not in cthers.

To examine these reasons further, | investigate the underlying dyramic structure of the
gauge seledion processby developing a modeling framework that considers the interadion o
agents' choices within a spatia network. | show how both the extent of overall diversity and
the particular techniques that emerge a regiona standards may depend onspedfic contingent
events. | also show how the distribution d passble outcomes may vary with variationsin
fundamental fadors and retwork structure—feaures that varied among dff erent historicd
contexts. In an extension to the modeling framework, | show how systematic optimization
throughthe internali zation o externaliti es, as argued by Liebowitz and Margadlis (1994
1995, canin many bu nat al casesrationalize and improve the outcome of a path-dependent
process | consider how ead of these results aff ed the interpretation d the history.

The purpose of this article isto investigate how regional standard gauges have aisen,
persisted, and in some caes been superseded. The dhief econamic isaue & stake has been the
extent of standardizaion and dversity, not the seledion d subogimal gauges. At least some
gaugesin use ae subopimal, as most railway engineas hold that the optimal gauge for most
applicaionsis smewhat broader than the ammmon Stephenson gauge of 4 fed 8.5 inches
(4 8.5"—1435mm.), athoughthey do na consider the extent of inefficiency to be gred.’
However, | do nd argue that ealy choices of spedfic gauges were “wrong’ given the
technicd condtions and undrstanding d their time, or that markets, other institutions, or
entrepreneurs have “failed” in continuing to use them.

The cae of railway tradk gauge off ersthe oppatunity to consider the empirica relevance
bath of path dependencein general as an explanation d some e@namic dlocdion processes
and d aparticular classof models sometimes used to explain path dependence The cae has
an advantage over such dsputed cases asthe QWERTY typewriter keyboard (David, 1985
Liebowitz and Margadlis, 1990 in that there have been numerous well documented locd
redizaions of the process This makesit far easier to dff erentiate between the dfeds of
contingent events with pasitive feedbadks (David’ s emphasis) and systematic, forward-
looking ofimizing kehavior (Liebowitz and Margadlis emphasis)—and to consider how

these fadorsinterad. Furthermore, this gudy considers a mncretely spatial path-dependent



Path Dependence in Railway Track Gauge 4

process an applicaionthat David (1993 has cited as a needed addition to the literature.

|. Episodes in the History of Gauge

In reviewing the history of gauge, it quickly becomes evident that contingent events and
pasitive feedbadks played amajor role in deading which perticular gauges becane the locd
standards of particular regions, althoughagents choices were cetainly effortsto ogimize
Contingent events aso dften dedded the number of diff erent gauges introduced to diff erent
parts of regions within which traffic exchanges would later make a @mmon gauge desirable.
Asthe msts of diversity increased, systematic incentives and ogimizing behavior gredly
reduced this diversity, but in some caes ealy contingent diversity persists to the present.*
Britain

Greda Britain was the first country to develop modern railways, and events there had a
world-wide impad. A large variety of gauges were used for the primitive rail ways that
developed in mining dstricts during the late eghteenth century, including 48" (1422mm.)
onasmall group d linesthat brough coal to the river Tyne nea Newcastle. It was there,
however, that the gifted medhanicd enginee George Stephenson performed ealy
experiments with stean locomotion duing the 181Gs. In recognition d his broad abiliti es,
Stephenson was asked to buld the two rail ways that together introduced a new era of
construction and operating pradice, the Stockton and Darlington Rail way, opened in 1825
and the Liverpod and Manchester (L& M) Railway, opened in 1830 The L&M was the first
railway designed exclusively for steam locomotion and the first to rely exclusively on
commercia and passenger rather than mining traffic. Nevertheless Stephenson wsed the same
4’8" gauge a before—except for adding helf an inch (13 mm.) between the rail sto allow for
more spacebetween rail s and whed flanges.

Stephenson gave no particular thougtt to the question o optimal gauge but rather smply
followed precadent. As Stephenson’s on Robert later told a parliamentary commissgon, his
father did na “propaose” the gauge but rather “adopted” what was aready in usein hishome
region (Grea Britain, 1846 Minutes 7). Stephenson’s friend and kiographer Samuel Smiles
(1868 p. 424) wrote that the gauge “was not fixed after any scientific theory, but adopted
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smply becauseits use had aready been established.” By contrast, Stephenson’srivalsfor the
contrad to buld the L&M propcsed an unpecalentedly broad gauge, 5'6” (1676mm.), asa
refledion o what they regarded as a new engineaing problem (Carlson, 1969. If that rival
team or someone dse had bult the L& M, or if Stephenson had gdten his ealy experience
elsewhere, then the L& M’ s gauge would almost surely have been dff erent.

Stephenson’ sinvalvement with the L& M was the most crucial contingent event in the
history of track gauge. His choice of gauge generated pdasiti ve feedbads throughseveral
mechanisms. First, the Stephenson gauge was adopted for the sake of traffic exchange by an
expanding retwork of linesthat soon lranched ou from the L& M eastward into Y orkshire
and southward to Birmingham and London The gauge diffused diredly to till other regions
in Britain because Stephenson himself and his protégés used it, becaise other enginees
acceted it asrepresenting kest pradice, and kecause spedficaion d the gauge was briefly a
standard feaure of parliamentary ads to authorize new railways.

Beginning in the mid-1830s, however, some Briti sh locomotive buil ders foundtheir
ability to developincreasingly powerful, easily maintained engines constrained bythe 4'8.5”
gauge, while cetain civil enginee's expeded that a broader gauge would promote improved
stability, smoothnessof ride, spead, and cgpadty. Asaresult, afew short lines adopted 50"
(1524mm.) and 56" for what they initially expeded to be isolated loca networks. When the
lines were readed by the expanding Stephenson-gauge network, they converted immediately.

A much more important source of contingent diversity was Britain’s mnd gea railway
engineq, Isambard Kingdam Brunel, builder of the extensive Grea Western Railway (GWR)
system west of London More than any o his pee's, Brunel was convinced that a quite broad
gauge—fully 70" (2134mm.)—was nealed for the full development of railway techndogy.
He agued, furthermore, that the GWR system would form a self-contained railway district,
with littl e need to exchange traffic externally and thus unhindered by bre&s of gauge. Many
have interpreted this as an effort to use gauge to monopdizethe region straffic.

Brunel was oon poved wrong onthe importance of breaks of gauge. Not only did they
bemme amgor pulicissiein 1845asan “evil,” lealing to a parliamentary investigation and

then legal redtrictions to the spread of the gauge beyondthe GWR, but they proved costly to
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the GWR system itself, bath in transshipment costs and lossof traffic. Nevertheless as the
GWR system grew to encompassan increasing number of Stephenson-gauge routes beyond
itsoriginal boundiries, it was able to manage the diversity in arelatively rational, efficient
way, in part by using mixed gauges—threerail track—on trunk routes srving bdah gauges.
From 1868to 1892 the GWR progressvely converted to the Stephenson cauge.

Continental Europe

Belgium, France Austria, and several of the then independent German and Itali an states
adopted the Stephenson gauge during the mid- to late 1830s. Stephenson hmself introduced
the gauge to Belgium, his protogés or other British engineasdid so in several courtries, and
in ather placeslocd engineas either acceted the gauge a one dement of current best
pradiceor else smply fitted their trad to Briti sh locomotives. This common influence
gredly limited the anourt of diversity that might have developed. Some of the German states
apparently foll owed the prior choices of others, as an integrated German railway network was
part of the pan-German emnamic program promoted by Friedrich List. Prussa was interested
in a ommongauge link to France but otherwise thereislittl e evidencethat choices of gauge
were influenced initially by the desire to develop an integrated continental network.
Governments did ensure, however, that domestic railways adoped a ammmon gauge.

Thelad of interest in international standardizaionis clealy evident in the aloption o
broad gauges during the late 1830s and 184G by the Netherlands (1945mm.), the German
grand dwchy of Baden (1600mm.), Russa (1524mm.), and Spain (1672mm.). Following
much of contemporary British ognion and pradice, the government-commissoned engineas
(locd except in Russa) who seleded ead of these gauges saw them as embodying a more
advanced raillway techndogy. Contrary to a aommon kelief, Rusga’ s gauge was nat chosen
as adefensive military measure (Haywood 1969. With the probable exception d Baden,
these wuntriesdid na foreseethat railways would soon tegin to dsplacewater transport in
international commerce Baden souglt to have neighbaing courtries adopt the same gauge.

Soorer or later, al of these muntries came to regret their choices. The Netherlands found

itself losing entrepdt trade to Belgium due to the latter courtry’ s well-devel oped rail way
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system and common-gauge mnnedionsto Germany, and the Belgian network’ s expansion
over the border threaened to draw domestic trade avay from the Netherlands' own
commercia centers. When Prussa expressed interest in a mmon-gauge mnredion to
Amsterdam and Rotterdam in the ealy 185G, the Netherlands converted. In the case of
Baden, neighbaing states preferred to adopt the much more common Stephenson gauge, and
Baden itself converted in 185455 as it initi ated a new wave of construction.

The variant gauges of Russa and Spain remain to this day, as these more peripheral
courtries had littl e exchange of traffic with the @re of Europe until their common-gauge
networks—and pdential conversion costs—had grown relatively large. Russa’'s choice began
to be wstly during the 1860, when the main Rusgan network advanced into Russan-ruled
Poland, which had adopted the Stephenson gauge in 1839in order to gain an outlet for
international commercethroughAustriato Trieste a an aternative to the Prussan-controll ed
mouth of the Vistula. Spain’s (and Portugal’s) choice mattered relatively littl e until the recent
integration d Spain and Portugal into the e@namy of the European Union. An estimated cost
of (U.S.) $5 hilli on haes prevented conversion, but Spain isreducing the st of hoped-for
future wnversion byintroducing dual-gauge prefabricated concrete aossties during routine
tradk maintenance Spain adopted the Stephenson gauge for its high-speed train lines for the
sake of afuture cnredionto Franceés TGV, at the wst of an awkward dversity of gauge
within the country today.

In 1862 Norway pioneaed the development of narrow-gauge railways. By thistime the
main dfficultiesin locomotive design that had previoudly favored broad gauges had been
resolved, and it becane possble to take alvantage of the aility of narrow gauges to make
sharper curves, foll owing the contours of rugged o mountainous landscgpe and reducing the
need for costly tunrels, cuttings, bridges, and embankments. The narrow gauge was confined
to lines north and west of Odlo that were expeded to be used primarily for locd traffic, but a
new focus after 1900 on @veloping a nationally and internationall y integrated network led to
the gradual conversion and upgading d these lines.

Beginningin the 1870, narrow gauges were widely used for linesin the Alpsand aher

mountains as well asfor extensive systems of light railways used to bring agricultural
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produceto market in several parts of Europe. Many of the former lines are still i n service a

their original gauges, but the latter have been replaceal by modern road transport.

North America

Buil ders of the ealiest North American railways a so regarded the Stephenson gauge &
best pradice but they interpreted this pradiceloosely, introducing gauges of 4'10° (1473
mm.) and 507, aswell as4'8.5”, between 1830and 1832 During these ealiest yeas,
railways were seen as inferior substitutes for waterways, used for routes where canal
construction was impradicd. They served strictly locd purposes, and their builders did na
foreseethe later importance of a predse mwmmon standard. The gauge of 4'8.5” was
introduced byfar the most often in new regions, including bythe grea mgjority of the
scatered ealy linesin the southeastern United States. Nevertheless the major network
gpanning that region happened to develop as a series of lines conredingto the original 5'0”-
gauge railway, and this becamne the regional standard gauge. Similarly, the network of the
eastern Midwest (chiefly Ohio) expanded from asingle 4’ 10” line, forming a barrier between
Stephenson-gauge regions to the eat and west. Theintroduction d 410" to Ohio resulted
from the happenstance purchase of a surplus locomotive from a diff erent region “off the
shelf.” Otherwise thereisno clea case where equipment suppdy determined gauge in North
America as manufadurers supgied al major gauges and also built to order.

From 1838to the ealy 185G, builders aso introduced broad gauges of 6'0” (1828 mm.)
and 56" for what they though would be self-contained systems. Indee, in two cases, these
gauges were chasen na only for their presumed technicd superiority but also predsely
because they differed, for the purpose of controlli ng regional traffic. However, as
interregional traffic grew gredly in importance, the variant gauges srved much more to keep
traffic out of the systemsthan to keep trafficin.

Asaresult of these ealy events, nine diff erent common-gauge regions emerged by the
1860Gs, including threeseparated regions using the Stephenson gauge. This diversity was
resolved over the period 186-1886as a result of threedevelopments: the strong gowth in

demandfor interregional transport, including for the shipment of Midwestern grain to the



Path Dependence in Railway Track Gauge 9

seaboard; the growth of cooperation among separately owned lines; and the cnsolidation d
interregional trunkli ne systems under common ownvnership. The first development increased
the level of potential network integration kenefits (i.e., network externaliti es) relative to
conversion costs; the others fadlit ated the internali zation o externaliti es.

In 186, the Stephenson-gauge New York Central and Michigan Central Rail roads
off ered side payments to the intervening Grea Western Railway of southwestern Ontario to
lay a Stephenson-gauge third rail over its 5’ 6”-gauge route, creding the first “bridge” route
linking separated Stephenson-gauge regions. In 1869 the Pennsylvania Rail road (PRR) took
long-term leases of threetrunk routes aaossOhio, narrowing their gauge and linking the
mid-Atlantic Stephenson-gauge region to the Midwest.” Other railways in Canada and Ohio
then changed their gauge individually, asthe first conversions made it more profitable for
other linesto change their gauge awell. Asalarge, core mmmon-gauge network emerged,
other variant-gauge regions converted in order to gain the benefits of network integration.

The last region to convert was the 5’ 0”-gauge southeastern United States. Several lineson
the periphery of thisregion converted individualy, including the interregional Illi nois Central
Railroad' sroute to New Orleans. Theredter, the 14 major remaining lines made a
coordinated dedsion to convert together, thus preserving their mutual li nks whil e integrating
into the emerging continental network.

Even asthe ealy diversity was being resolved, a “narrow-gauge fever,” based largely on
unredi stic expedations of cost savings, led to the wnstruction d over 20,000 miles of 3'0”
(914mm.) and 36" track. The msts of breaks of gauge, together with the financial fail ure of
a “National Narrow-Gauge Trunk’ in 1883 led to a sharp dedine in new construction, but

some locd systemsremained in servicefor several decales (Hilton, 1990.

Australia

Australia off ers an example of institutional failure in the anergence and persistence of
gauge diversity. In the ealy 185G, the colony d New South Walesfirst chose 5'3” (1600
mm.) asits gauge and persuaded Victoria and South Australiato adopt the same measure.

Then New South Wales changed its chief enginee and foll owed his recommendation to
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change the planned gaugeto 4 8.5”. Victoria, which had alrealy ardered equipment from
Britain for the broader gauge, appeded to the Briti sh colonia administration to intervene, but
the latter applied the principle of laissez faire in refusing. The estimated cost of remedying
the resulting diversity rose, as equipment was purchased and tradk was laid, from £15000
£20000in 1853 when bre&ks of gauge were adistant prosped, to £24 millionin 1897and
£121 millionin 1913 when they were becoming costly. Eff orts to resolve the diversity were
long hindered by dsputes over how the separate government-owned systems ioud dvide
the costs (Harding, 1958. From 1957to 1982 the national government sponsored new
Stephenson-gauge routes to form a nationwide system linking state capitals. During the
199Gs, Victoria and South Australia converted their most major routes, and more wnversions

are expeded to foll ow.

Rest of the World

The patterns of gauge seledionin Latin America Africa and Asia can be aldressed here
only in very broad strokes. Regions where railways were introduced by the 1860 adopted
either the Stephenson gauge or broader gauges; regions where railways were introduced later
adopted the Stephenson gauge or narrower. Because railway builders differed in their
preferred gauges, diversity emerged aslocd commongauge networks of diff erent gauges
cameinto contad. Lessof thisdiversity was resolved than in Europe and North America, in
large part due to lower demand for interregional and international transport.

Japan is noteworthy for introducing rew diversity in recent times. Finding its 3'6” gauge
unsuitable for high-speed service, Japan introduced the Stephenson gauge in 1964for its
Shinkansen “bull et”-train system. Since 199Q this diversity has hampered eff orts to expand
high-speeal service and integrate the Shinkansen system into the rest of Japan’s network.

Some short sedions of tradk have been converted to the broader gauge or to mixed gauges.

Common Elements to the History
Amongthe mmmon elementsto dfferent regional histories was the mix of incentives
governing choice of gauge. First, railway bulders, operators, and in some cases regulators

have had preferences over spedfic gauges, based on perceptions of the technicd performance
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charaderistics of diff erent gauges. Seand agents have nealy aways valued compatabilit y
with neighbaing railways, adopting establi shed gauges where they existed. The first
incentive has been a source of variationin gauge pradice the seamndincentive asource of
commondlity of pradicethrough paitive feaedbadks amongthe choices of diff erent agents.

Historicdly, an interest in compatibility was often relatively wedk in the ealy yeas of
railways. Railway buldersdid na foreseethe future value of long-distancerailway transport,
and thus they placel littl e value on compatibility with previouslines, except for those neaby.
Astime went on, railway bulders placad an increasing value on compatibility, but in some
casesthey also placeal increasing value on particular variant gauges—generally broad gauges
from the late 18305 to the 1860 and rarrow gauges from the 186Gs to about 190Q In rare
cases, variant gauges were dhosen partly for the purpose of controlling regional traffic.
Equipment suppdy—rparticularly of locomotives—seemsto have dfeded oy afew choices
in Europe and orein North America, as supgiers off ered equipment for all the usual gauges
and also built to order.’

Early choices of gauge were generally made by individual locd railway companies or
governments, with littl e regard for the dfeds of their choiceson ahers. Later, cooperation
and the formation d interregional railway systemsled to increased coordination d choices,

often fadlit ating the resolution d ealy diversity.

Il. The Modeling Framework
| seek to capture these incentives in a modeli ng framework that sheds further light on the
underlying dyramic of the gauge seledion process bath under condtions of decentrali zed

choices and undyr conditions of incressed coordination.

A Spatial Model of Choice Among Techniques

W. Brian Arthur (1989 offersanon-spatial model of choice anongtedchniquesin the
presence of two sorts of incentives: varying preferences for spedfic techniques and an interest
in compatibility. He shows that, ealy in aseledion process the shares of different techniques
may fluctuate randamly depending onthe spedfic preferences of ealy adopers. If network

benefits are unbouned, however, one technique eventually gains a sufficient lead in
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adoptions that the compatibility incentive overrides the preference that some new adopters
have for the minority technique, causing the processto “lock in” to the majority technique.

Railways differ from the agentsin Arthur’s model in that spatial relationships matter:
railway lines have an incentive to use the same gauge a neighbaing lines, not necessarily the
majority gauge of the system as awhale. Furthermore, railway networks often fail to fulfill
Arthur’s prediction o general standardizaion; uniformity often emerges at the regional but
not national or continental level. One result of thisregional standardizationisthat transtion
to larger-scde standardizaion requires the conversion d smaller common-gauge regions to
the gauge of alarger region, afeaure that need na be treded in Arthur’ s model.

| therefore extend Arthur’s modeling framework substantialy, both by spedfyinga
gpatia network within which agents are located and by poviding for the posshility of
conversion after initial choiceof technique. | model individual railway lines asthe cdlsof a
lattice, define their mutuall y interdependent dedsion rules, and consider how the process
evolves over time. Non-lineaitiesin the model, related in part to conversion costs, make it
anayticdly intradable, but | solveit using numerica simulation bycomputer. Technicdly,
the model belongs to a dassknown as cdlular automata, which have along history in the
modeling d nuclea chain readions, eclogicd systems, and aher phenomenain the natural
sciences—as well as certain popuar computer games. Econamic gopli caions, by contrast,
have dather been relatively abstrad (Casti, 1989 Albin, 1998 or else focused onalimited
range of issles such as land-use patterns and multi person grisoners dilemmas.

This approacd isin some respeds smilar to, if perhaps lesselegant than, two cther ways
of modelinglocd (i.e., spatial) interadions, Markov randam fields (or interading perticle
systems) (David, 1993 and coordination games of leaning by boundedly rational players
(Ellison, 1993. In models using the former approad, agents switch their states (i.e.,
tedhniques) at randam intervals to the states of randamly chosen neighbas. Such transition
rules are nat readily interpretable in terms of incentives for railway network integration, both
becaise thereislittl e justificaion for randamnessin switching gauge and becaise these
modelsinvalve no cost for switching. Such models also generally predict the energenceof a

“continental” standard in every case. The latter approach, while it also cgptures the df orts of
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agents to coordinate their choices, isnat generalizable to an appropriate network structure.
As Liebowitz and Margalis (1994 1995 note, Arthur’s modeling approach impli citly
asumes substantial restrictions both onagents' foresight and oncoordination a other means
of internalizing the externaliti es amongagents' choices. The same istrue for the model here.
Empiricdly, as we have seen, foresight and coordination were in fad severely restricted,
particularly duringthe qucial ealy yeas of railways. Nevertheless bath fadors becane
increasingly important over time. | therefore develop an extension d the model to acourt for

these fadors.

Assumptions

Simplifying assumptions for the model include the following: (1) avail able gauges are
two in number (“broad” and “narrow”) and remain the same throughou the process (2) the
network has a grid structure, rather than the empiricdly common “tree” structure with
“trunk’ and “branch” lines; (3) the network islocated onafeaurelessplain, with no
geographica barriers or concentrations of econamic adivity; (4) locd lines are of equal size
and (5) parameter values are anstant aaossboth locaion and time. Sedion V discusses
variationsin parameter values that correspondto variations in the historica context.

The most problematic of these asumptionsis probably that of the feaurelessplain. |
adopt this assumptionin order to be sure that results are not condtioned by a spedfic,
arbitrary geographicd context, but red-world geographicd feaures have in fad often
provided boundries for commongauge regions or defined routes over which traffic is
heaviest and a cmmmon gauge is most valuable. Furthermore, narrow gauges have tended to

be used more in mourtains and in regions of low traffic demand. | return to thisissue below.

The Network and Sequence of Events

The modeled continental network comprises 256independent locd railway lines, situated
asthe cdlsof asquare latticewith 16cdlsonead side (figure 1). This number of lines
correspondsin order of magnitude to the number of original independent locd railway
companies in North America(the United States and Canada),” which was ssmewhat more

than the number of independent agentsin ather major regions.
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[Figure 1 here]

The modeled seledion processtakes placein two stages. First, locd railways are
constructed in randam order, choasing their original gauges, until al sitesin the lattice ae
filled. Empty sites next to existing lines are made ten times as likely to be fill ed asisolated
sites, refleding the tendency of patential routes that served as extensions of existing railways
to be more valuable and more likely to be constructed. In the second stage of the process
locd railways convert their gaugesif their benefits from doing so exceel their costs. This
divisoninto stagesis undertaken primarily for analyticd purposes; till, in severa historicd
cases, large regionswere d least thinly spanned by railway networks before an appredable
number of conversionstook dace In North America, for example, the first stage wrresponds

to the historica period from 1830to 1864 the second stage 1865to 1886(Puffert, 2000.

Choice of Gauge by Local Railway Lines

Ead locd railway line dhooses its gauge so as to maximizeits value—that is, the present
value of expeded revenues minus costs. Asin Arthur’s (1989 model, this value is modeled
as the sum of two terms, bath of which depend ontechnique (gauge):

V(G) = D(G) + E(G),

where G represents gauge, V(G) istheline' svalue, D(G) isatednicd-valuation function,
and E(G) is a network-integration-benefit (or network-externality) function. Gauge G is
chasen from the set {b,n}, where b represents broad gauge and n represents narrow gauge.

For new railway lines, the technicd function D(G) refleds the beliefs of ead line's
engineas and promoters abou how gauge df eds costs of construction, equipment, and
operation, and hawv gauge dfeds quality of service and thus revenues. The functionis
modeled as a stochasticdly varying term, refleding the variation in these beli ef s. Foll owing
David (1987, | asaume a ontinuous distribution d adopter types. Thus,

D(b) +a

for broad gauge and D(n)+a +L,
for narrow gauge, where a isanormalizaionterm and L is a stochastic parameter that

charaderizes the extent to which the line’ stedchnicd valuation d the narrow gauge exceals
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that of the broad gauge. L isdistributed uriformly over a unit interval that includes zero,
L ~[A-1,A],

sothat O« A « 1 represents the probability that any new railway line will prefer the narrow

gauge. For the baseline smulation kelow, A = 0.5, so that L fallsin the range [-0.5,+0.5].

Some later smulations consider higher valuesfor A.

The network-integration-benefit function E(G) represents the present value of the strean
of incremental profitsthat aline expedsto ean asaresult of common-gauge wnnedions
with ather lines. (These ae the network externaliti es conveyed to the line by the other linesin
its common-gauge network.) These profits are asumed to be propartional to traffic
exchanges with ather originating a destination railway lines, and traffic exchanges are
asumed constant aaossead o two groups of other lines: dired neighbasand all other lines
in the line’'s common-gauge network. Thus, the incremental profits could be interpreted either
asthetotal profits from ead traffic-exchange wnredion, if bre&ks of gauge make traffic
exchange prohibiti vely expensive, or otherwise & the savings in transsipment costs made
paosshle by use of a mmmon gauge. The functionis expressed as

E(G) = uM(G) +v N(G),
where M(G) is the number of neighbaing lineswith gauge G, N(G) is the number of linesin
the coommon-gauge network which the line would join by choasing G, and up>0 and v>0 are
coefficients.

New railway lines without previoudly built neighbas form an expedation abou future
network integration kenefits by considering any relatively neaby lines, spedficdly the
establi shed lines (and the sizes of their common-gauge networks) to which their future
immediate neighbaswill diredly conred:

E(G) = M(G) +v" N'(G),
where’, v', M”, and N are defined analogowsly to i, v, M, and N.
A new railway line chocsesthe broad gaugeif and orly if
V(b) > V(n).
A new railway linein an empty region chocses its gauge smply onthe basis of itsrelative

technicd valuation. A line that conredsto networks of both gauges eval uates the network
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integration benefits off ered by ead. A line with a higher technicd valuation for one gauge
(say, narrow) will chocse the other (broad) if its differencein network integration kenefits
outweigh the differencein technicad valuation. That is, the line chooses broad gauge if
E(b) —E(n) >D(n) —D(b) >0

or H[M(b) —M(n)] +v [N(b) —N(n)] > L >0.
Historicdly, new railway lines that conneded to previoudly built railways have nealy always
adopted the gauges of those railways. Thus, parameters for the model’ s baseline scenario gve
agreder value to the network benefits off ered by even a small number of other lines than to
the maximum differencein technicd valuation. A scenario presented later considers a
substantialy greder relative differencein the technicd valuation.

In the onwversion phase of the process railways switch their gauge, deterministicdly, if
their potential gain in network integration benefitsis greaer than the st of conversion:

E(a) - E(c) > C,

where ¢ represents the “current” gauge (whether b or n), athe “dternate” gauge (n or b), and
conversion cost C is assumed symmetric—the same in either diredion. | nolonger consider
differencesin technicd vauation kecause, historicdly, original gauge preferences often
becane unimportant by the time of widespread conversion. In any case, maintaining the
origina preferences has no qualitative dfed, and bu littl e quantitative dfed, onthe model’s
results. Because arailway line sincentives for conversion may change @ other lines convert,
the onwversion processcontinues urtil no further lines gain by converting.

The baseline set of results below are based onthe following parameter values:

A = 0.5, sothat L isdistributed unformly on[-0.5, 0.5],
H = 1.0,

v = 0.08

u =01,

v’ = 0.02 and

C =10

In numericd simulation, values of L are supfdied by a pseudo-randam number generator that

yieldsintegersin the range [-215, +(215-1)]; these integers are divided by 26 to fall i nto the
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suppat of L. Zero is applied to the upper half of the distribution.

lll. Results: A Sample Realization

Due to the model’ s gochastic feaures, eat redizaion d the processdevel ops
differently. | present resultsin threestages: first using a sample redizaion that ill ustrates the
model’ s mechanics and some principal fedures of potential outcomes, second wsing a Monte-
Carlo experiment that shows large-sample results, and third with a series of Monte-Carlo
experiments under varying parameter values. The latter experiments siow bath the robustness
of qualitative results and the ways that quantitative results vary with variationsin systematic
causal fadors, either aaosshistoricd cases or over time within ore case.

Figure 2 presents four “snapshot maps’ of the developing process Thefirst three
pioneainglines, in dfferent parts of the lattice, choose gauges randamly, acording to
whether parameter L takes a positive or negative value (panel A). These lines then become
the nuclei of expandinglocd common-gauge networks. The unlinked locd linesin the
“southwest” corner of panel A, labeled 4and 5 are eab close enoughto the neaby networks
that expedations of future links affed the relative values of diff erent gauges. For example,
the value of this expedationfor line 4 is 0.26, which falswithin the suppat of L and thus
raises the ex-ante probability of choasing kroad gauge from 0.5to 0.76. Line 5 is affeded by
expedations of connedionto bah narrow-gauge network 2 and kroad-gauge network 3.

[Figure 2 here]

Later (panel B), the original locd networks both merge with ather networks of the same
gauge and also run upagainst networks of the other gauge. When al li nes have been built
(panel C), there is one large broad-gauge network, comprising 160locd li nes, and two
narrow-gauge networks, one with 15and the other with 81lines. During the mnversion plase
of the process(panel D), this differencein sizes, and hencein network integration kenefits,
outweighs the st of conversion for ead o the linesin the “northern” narrow-gauge
network and for one line (marked “#”) of the “southern” narrow-gauge network. The other
narrow-gauge lines kegps their gauge. As aresult, regional standard gauges emerge, but a

continental standard daes ncot.



Path Dependence in Railway Track Gauge 18

The Impact of a Small Event

The modeled processis path dependent because dight variationsin either the order of
construction a the incentives of individual raillways can leal to alarge variationin the
outcome. Asit happens, this can beill ustrated rather dramaticdly by adight variationin the
present redizaion in which the suppat of L is sifted to [-0.4999 +0.5001].° As aresult, the
redized value of L for one of the railway linesin figure 2, marked with an asterisk (*),
bewmmes dightly positive rather than dightly negative, and the line choaoses the narrow rather
than the broad gauge. Neighbaing railway lines, built | ater, then adopt the narrow gauge &
well, forming alink between the northern and southern narrow-gauge networks rather than
between the western and eastern broad-gauge networks (figure 3). The combined narrow-
gauge network is then substantialy larger than either of the broad-gauge networks, offering
network integration kenefits that eventually induce dl the broad-gauge lines to convert their
gauge. The processendsin standardizaion, and it does © at a diff erent gauge than the
majority gauge in the original redizaion.

[Figure 3 here]

Quantitative Evaluation of the Result

Using thefirst variation d the sample redizaion, let us note cetain quantitative feaures
of the result (table 2). Locd lines make ammmon-gauge mnredionswith neighbasin 1,274
of 1,408 pessble caes, which isto say that 90.5 percent of patential M(G) isredized. | cdl
thisalocal standardization index. Furthermore, 56.9 percent of the patential value of N(G) is
redized. Because thisisthe average propation d other railway linesthat ead line hasin its
common-gauge network, | cal this a continental standardization index.’

[Table 2 here]

Anindex of redized network integration benefitsis eff edively aweighted sum of the
locd and continental standardizaionindices. It takes a value of 64.0. Two adjustments must
be made to thisindex to evaluate the relative emnamic dficiency of the outcome. Firgt, the
cost of 16 conversionsis subtraded from redized network benefits. Seand, the streams of
benefits and costs are discourted onthe asumption that the gopropriate red interest rate is 4

percent (reasonable for relatively safe railway bonds in Britain and Americain the nineteenth
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century) and that eight events (constructions or conversions) take place ealk “yea.” This
adjustment reduces the final index of ex-ante efficiency to 593. Much of the reason that
discounting reduces the value of the index isthat, even if standardizaion daes develop
eventually, there ae still costsin urrealized network integration benefitsin the short run.
Finaly, an index of ex-post efficiency compares redized network integration kenefits
with the benefits—net of further conversion costs—that could be redized by converting the
80 remaining narrow-gauge lines to the broad gauge; the sunk costs of ealier conversions do
not enter the cdculation. The index takes avalue of 72.8, showing the outcome is inefficient
from an ex post as well as ex ante paint of view. Thisinefficiency isan indicaion o possble
unredized profit oppatunities that, depending ontransadion costs, may be avail able to an
agent that internali zes the mutual externaliti es amongrailways (Liebowitz and Margadlis,

1994 19995. | consider the dfeds of this onthe model’ sresultsin sedion V1.

IV. Results of the Model: A Monte Carlo Experiment

This sample redizaion d the gauge seledion process iows one passble way that the
processmay evolve. In order to investigate the range of passble outcomes, aMonte Carlo
experiment was conducted: The processwas repeded for 1,600redi zaions, using the same
values of the model’ s parameters, but with stochastic variation in bah the order of
construction and the preferred gauge of eadh locd railway line.”

Asthefirst column of table 3 shows, on average, abou half the lines have alopted ead
of the two gauges by the end d bath the nstruction phase of the process(50.9 percent
narrow gauge) and the conwversion phase (51.6 percent narrow gauge). Confidenceintervals
for these results, which indicate the range of values within which the model’ s “popuation
mean” islikely to fal, both include the value 50 percent, as expeded gven the symmetric
pasition d the gauges in the model. However, the sample standard deviations of these mean
results are quite large (27.8 and 449 percent, respedively), indicaing that most individual
redizaions generated a substantial majority of one or the other gauge. This distribution d
resultsis broad and b-modal (figure 4), showing that the processis symmetry-breaking; it

nealy aways “tips’ to favor one gauge or the other. By the end d the mnversion plese,
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most of the weight of the distribution lies at the two extremes.
[Table 3 here] / [Figure 4 here]

Thisresult differs markedly from the narrow, uni-modal, asymptotically Gaussian
distribution that would result if each local railway line chose its gauge simply according to its
technical valuation, without reference to network integration benefits. In that case, according
to statistical theory, the variance of the mean proportion of narrow gauge in each realization
is (.5)2/256 or 0.00098, yielding a standard deviation of 0.031 or 3.1 percent. In the
experiment, the estimated variance and standard deviation for the construction phase are,
respectively, 80 and 9 times these theoretical values. As 80 isfar beyond the (modified) chi-
sguare critical value of 1.1 (1-percent significance level), one can quite conclusively reject
the hypothesis that the result of the process is indistinguishable from that of random choices.

Stochastic events, in both the order of construction and the gauges favored by local
railway lines, make the process path-dependent, and the result is unpredictable at the outset
for a hypothetical observer who knows only the general distribution of preferences and the
structure of the process. (Granted, such an observer would have a knowledge of the process
greater than that of the agents.)

By the conclusion of the conversion phase, the process resultsin a standard gaugein 78.8
percent of the realizations. The index of continental standardization indicates that, taking
these realizations together with those not resulting in an overall standard, local railway lines
end up in acommon-gauge network together with an average of 90.0 percent of all other
lines. The index of local standardization shows that local lines share a common gauge with
97.5 percent of their immediate neighbors. Thus, even redlizations that do not end up with a
continental standard still exhibit a high degree of local standardization.

Failure to generate a global standard means that there are unrealized potential network
integration benefits and thus inefficiency in the outcome relative to other outcomes that were
available for the process ex ante. In this experiment, an average of 91.6 percent of potential
network integration benefits are realized by the end of the process. Furthermore, nearly all the
realizations that eventually result in standardization nevertheless have both short-term

diversity and conversion costs. Taking these additional sources of inefficiency into account,
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an average of 76.6 percent of the patential benefits of network integration are redi zed.

Perhaps as notable & these average figuresisthe dispersion d results, asindicated bythe
sample standard deviations. The fad that several of these statistics lie within abou one
sample standard deviation d 100indicaesthat the lower tail s of the distributions have
substantial weight.

Severa qualitative results of the model—symmetry-bregking, path dependence,
unpredictability, and pdential inefficiency—correspondto results of Arthur’s nonspatial
model (Arthur 1989. An important diff erencein the spatial case isthe posshility of locd

standardization together with continuing continent-level diversity.

V. Variations of the Model, with Applications to History

A series of further Monte Carlo experiments both confirms the robustnessof qualitative
results and explores how the distribution d quantitative results depends on variationsin the
model’ s parameter values and structure. These variations correspondto variations in the
historicd context. Experiments also yield further insight into the dfeds of particular

contingent events, espedally ealy choices of gauge.

Impact of Early Events

A matter of particular interest for the interpretation d history isthe impad of ealy
choices on the subsequent development of the process Asin Arthur’s (1989 nonspatia
model, ealy events have adispropationate dfed (table 4). The gauge that happensto be
chasen bythe first line built tends, on average, to be adopted by realy two-thirds (66.3
percent) of all li nes built theredter. Furthermore, more than two-thirds of the trials that result
in standardizaion (56.7 out of 81.0 percent of all trials) do so using the gauge of thefirst line.

[Table 4 here]

A related questionisthe impad of intentional—or even acddental—coordination among
ealy agentsin dfferent regions. In cases where the second rew railway line adopts the same
gauge asthefirst, more than threefourths of all li nes (78.7 percent) eventually adopt that
gauge and virtually 70 percent of all trials result in standardization at that gauge. The overall

probability of standardization also is sgnificantly greder than under the baseli ne scenario,
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and retwork integration and efficiency indices are greder as well. These results obtain still
more strondy for casesin which the first four lines adopt the same gauge.

Theimpad of ealy gauge choices depends onthe line' s locaion within the lattice When
thefirst lineisbuilt in the center of thelattice rather than in arandam location, both the
mean propation d lines using that gauge and the likelihood d that gauge becoming the
standard are significantly greaer—76.3 and 668 percent, respedively. Interestingly,
however, the estimated overall probability of a standard emergingisnat significantly greaer
than in the baseline scenario, and reither are the indices of standardizaion and retwork
integration. Finally, four lines built to the same gauge in the corners of the lattice have much
lesseffed on the processthan four lines built in randam locations.

Together, thisfirst group d experiments suppats the interpretation that the dominance of
the Stephenson gauge in Britain, continental Europe, North America, and elsewhere is due to
itsadoption ealy andin several parts of those regions, not due to an inherent superiority. The
gauge sadoptionin more central locaions—cleaer in Britain and the Continent than in

North America—also contributed to its success

Impact of Variations in Parameters

A further series of experiments addresses the dfeds of variationsin the model’s
parameters related to the relative technicd valuation d gauges, network integration kenefits,
and conversion cost—all matters that varied among hstoricd contexts (table 5). First,
suppcse, withou lossof generality, that the narrow gauge is valued more highly by a
majority of railway lines. Does that gauge necessarily predominate in the outcome? When the
narrow gauge is preferred by 625 o the popuation d patential adopters, it ends up being
adopted by 78 mrcent; when preferred by 75 @rcent, it isadoped by 90percent. Thus, in
addition to being symmetry-bre&ing, the processis “asymmetry-enhancing.” The gauge
preferred more often islikely to gain an ealy lead in adogtions, off ering retwork integration
benefits that induce later adopters to choose that gauge even if they have agreaer technicd
valuation for the dternative gauge.

[Table 5 here]
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Also of interest, the probability of attaining a standard increases given asymmetric
preferences, and so dothe measures of standardization, network integration, and efficiency.
Nevertheless it remains possble for the processto standardize on the lessoften preferred
gauge, as happened in 5.2 percent of trials even when 75 percent preferred narrow-gauge. For
the interpretation o any spedfic historicd case, this means that we caana infer much abou
theinitial distribution d relative valuations smply from the end result of the process

Next, historicdly, relative preferences for broader and rerrower gauges changed over the
course of seledion processes. How flexible muld these processes have been to those dhanges?
We mnsider ashift in valuation such that, after either 64 a 72 lines have dl been bult at the
broad gauge (withou lossof generdity), all new lines prefer narrow gauge by arelative
valuation equivalent to the network integration kenefits off ered by five common-gauge
neighbas (or one neighba plus a 50-line mmmon-gauge network). Results $iow that a shift
in valuations after 64 lines have been bult | eads to the widespread adoption d the narrow
gauge, but a shift after 72 lines have been bult does not. Asin Arthur’s nonspatial model, the
processbeames inflexible to the dhange in incentives—it “locksin” to the first gauge
introduced. Historicdly, newly preferred gauges have been able to get afoothold oy where
previous railways are sparse. Efforts, like that of Britain’s Gred Western Railway, to
introduce new gauges after other gauges have gained a substantial lead have dways fail ed.

Perhaps the greaest problem in cdibrating the model to historicd casesisto judge the
relative strength of the valuation d spedfic gauges against network integration benefits.
Moreover, thisrelative valuation varied historicdly, as sme railway bulders had strong
preferences for broad or narrow gauges. A fifth experiment gives the modeled valuation d
spedfic gauges aten-times greder weight. Perhaps surprisingly, most results are statisticdly
indistingu shable from baseli ne results. Only the indices of locd standardizaion and ex-ante
efficiency take statisticdly significant lower values. The model’ s results are robust both to
uncertain assumptions and to arange of differencesin historicd cases.

Next, in numerous historicd cases relative gauge preference was arguably endogenods, in
part because gprentice enginea's that gained experiencewith a gauge in bulding oreline

continued to use it when they becane dief engineasfor later new lines. | make parameter A
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an endogenows function d the number of previoudy bult railways of eat gauge: A takesthe
value (Nn+2)/(NT+4), where Np, is the number of previousdly bult narrow-gauge lines and Nt
isthe number of previoudly built li nes of both gauges. The processbegins with a 50-percent
probability that ead gauge is preferred, but asit proceeds, these probabiliti es approadch eah
gauge's dare of established railways. Asaresult, relative technicd valuationitself has
pasitive feedbadks, and the process*“tips’ more quickly to favor one gauge or the other. More
of the redizations result in standardization, and all i ndices take higher values.

The form and level of network integration benefits also aff eds the model’ s results (panel
B of table 5), but thisislessof interest for understanding variationsin historicd context than
for understanding the dynamics of the model. First, if arailway line' s network integration
benefits depend simply onthe size of its common-gauge network, with noadditional benefit
resulting from neighbaing lines, then lines form significantly fewer common-gauge
conredions with neighbas. Eliminating kenefits resulting from the size of the network
gredly reduces the incidence of standardizationand all related indices. Doulling these
benefits naturaly increases all these statistics. Finally, elimination o the expedations
comporent of gauge dhoiceyields results indistinguishable from thase of the baseline
scenario.

Thelevel of conversion costs relative to network integration benefits has a substantial
effed onthe likelihoodthat ealy diversity isresolved (panel C of table 5). With zero
conversion costs, all redizaionsresult in standardizaion. As costs increase to 50 100, and
150 percent of the level in the baseline scenario, the likelihood d standardization and all
indices dedine. One fador that favored the rapid resolution d diversity in the United States
was the eay convertability of itstrad, where rail s were usualy spiked dredly to wooden
crossties and could readily be moved laterally. On Britain's GWR system, by contrast, most
railswere laid onlongtudinal deepers buried in the ground and it was much more stly and

disruptive to serviceto change the gauge.

Effects of Variations in the Structure of the Model

A final series of experiments considers svera variationsin the structure of the model
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(table 6). First, an experiment establi shes a standard of comparison for the baseli ne results by
showing the extent to which network integration emerges even when na intentionally
pursued—that is, when railway lines choose their gauges on the basis of their technicd
valuations alone, that is, randamly. Given the dhoice of only two gauges, substantial
common-gauge regions must emerge for smple reasons of topdogy.* An average of 14
common-gauge networks form, and the mean index of global standardization shows that, on
average, lines find themselvesin a common-gauge network with 366 percent of other linesin
the lattice Clealy afew of the mommon-gauge networks are relatively large.

[Table 6 here]

A related experiment considers the extent to which incentives for gauge mnwversion are
sufficient to resolve the diversity that results from randam initial choices. These incentives
lead to eventual standardizationin over 30 percent of trials and reducethe average number of
common-gauge networks from 14 to two.

An experiment that overlaps the anstruction and conversion phase of the processyields a
satisticdly insignificant differencein nealy al results. Next, a scenario with aless
conreded network structure, in which ead line has four rather than six neighbas, lealsto
substantialy less sandardization, integration, and efficiency. Finally, modeling a smaller
latticesize—12 by 12for 144lines—also generates lower values for these statistics. Small er

and lessdensely conneded networks prove lesslikely to result in a standard.

Modeling and Historical Realism

Whil e these variations in the model’ s parameters and structure acourt for some
variationsin the historicd context, no verson d the model corresponds closely to any
spedfic historicd case or geographic setting. The most obvious omisgons are thase of cities
and aher concentrations of econamic adivity, major trunk routes, and physica and pditi cd
geographic feaures that divide a ontinent into subregions and sometimes, particularly in the
case of mourtains, encourage use of particular gauges. These feaures have often helped
define regions that adopted common gauges either initially or throughconversion. Most

importantly, standardization d gauge on major interregional trunk routes has usually been the
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first step in converting variant-gauge regions, including in Britain, in most North American
cases, in the Netherlands, and recently in Australia.

Nevertheless amore general modeling approach asaures that results depend nd on
spedfic narrow assumptions but rather on the general logic of positive feedbadks within a
gpatia network. Application d the results to interpretation d spedfic historicd episodes
requires attention to spedfic geographic and aher detail s, but there is no reason why the
esential logic of the gauge seledion process ioud be dfeded. Further reseach onthe
effeds of spedfic geographic feaures could perhaps be most useful in helping to spedfy
plausible murnterfadualsfor spedfic historica episodes.

The model’s assumption d only two gauges applies well enoughto places such as Britain
and Continental Europe, where Stephenson-gauge networks were interrupted by separated
pockets of other gauges. But it does not apply well to North America, where threediff erent
gauges came together in some places. If North American railways had had only two gaugesto
choaose from, then much lessdiversity would have developed, as more locd common-gauge
regions would have had to merge into ather regions of the same gauge—an implicaion d the
four-color theorem in map-making and gaph theory. Nevertheless this feaure of the model

does nat affed the esential processof emergence and resolution d diversity.

VI. Extensions to the Model: Foresight and Coordination
More important for the interpretation d history, how are the model’ s results aff eded
when agents exercise greder foresight and coordination? First, suppcse that all agents know
from the beginning the future benefits of long-distance network integration and thus the value
of a ommon gauge. In that case, a smple game-theoretic framework shows that agents will
standardize from the beginning; strategic, preemptive commitment determines which gauge
bewmmes the standard. Alternatively, if new railway linesin empty regions at least take
acoun of the likelihoodthat distant common-gauge networks will eventually expand into
their regions, then they will often adopt the gauges of those networks, and lessdiversity will
develop. Historicdly, railway bulders often uncervalued future network integration, but in

many cases they did, in fad, choose gaugesin anticipation d future cnnedions.



Path Dependencein Railway Track Gauge 27

Results are dso aff eded when agents internali ze their mutual externaliti es, influencing
eadh ather’ s chaices throughside payments, through oerlapping owvnership, or smply
throughcoordinating their dedsions—all quite relevant historicaly, particularly during the
conversion plese of the process Still, althoughexternality internalization may grealy
enhancethe resolution d diversity, most results of the baseline mode still hold.

Consider, first, the net increase in network integration benefits that arailway line, situated
onthe alge of the smaller of two common-gauge networks, can redizefor itself through
conversion. Thisincrease is propational to the differencein sizes of the networks, N(a)-N(c)
in the notation introduced ealier, and is depicted as the “decentralized choices’ functionin
figure 5. It isassumed for smplicity that the line has threeneighba's of ead gauge.

[Figure 5 here]

Thisline' s conversionincreases nat only its own network integration kenefits but also, it
can redily be shown, an equal net level of benefits externally for other lines, subtrading
losses to linesin the line' s former network from gainsto linesin the new one. If the dfeded
lines off er side payments refleding their gains (or potential osses), then the maximum
coverable mnversion cost isdouled (figure 5, “side payments’).

Both of these mnwersion schemesrefled only marginal effeds—the gains from
converting ore line only. If the entire minority-gauge network can be onwerted, theniit is
relevant to compare the average gain per lineto the ast (per line) of conversion. Accourting
for all external effeds, the average socia value of converting can be shown to be asindicaed
by the “encompassng codliti on” function—so named because it indicates the maximum
contribution that all railway lines together could make to the wsts of conversion.*
Considering only the benefitsredized by the conwerting lines (nat lines aready using the
majority gauge), the average value is given bythe “minority coalition” function. The aea
between the minority-coalition and decentrali zed-choices functions refleds stuations where
all members of this coaliti on are better off if al convert, although noe gains by converting
alone. By conwerting together, they gain the benefits of compatibility with the larger network
withou losing the benefits of compatibility amongthemselves. Asit happens, any of these

internali zation schemes would sufficeto resolve the diversity remaining at the end d the
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sample redizaion dscussed above (figure 2, panel D), indicaed in figure 5 with an asterisk
(*).

How do these internali zation schemes aff ed the model’ sresults? In ead case, the
function showing kenefits to conversion, and thus maximum coverable @mnversion costs,
increases with the differencein network sizes, N(a) — N(c). If, onthe one hand, unit
conversion costs are high enoughrelative to pdentia gainsin network integration kenefits (at
levels above 20.4 in figure 5, if encompassng coaliti ons are feasible), then whether diversity
isresolved till depends on the degreeof asymmetry in ariginal gauge alogion. The
qualit ative results of the baseline model continue to hdd.

On the other hand, two of the functions for externality-internali zation schemes have
pasitive intercepts, unlike the decentrali zed-choices function. This means that, if unit
conversion costs are low enoughrelative to pdential gainsin network integration kenefits,
then externality internali zation makes it passble to resolve any degreeof ealy diversty.
Fifty-fifty splits, which are not resolved bylines ading alone, can be resolved by converting
groups of linestogether. Thislast conclusion dces contrast with results of the baseline model.

Historicdly, nathing resembling an encompassng coaliti on hes ever formed for the
purpose of resolving dfferencesin gauges. Nor have more than afew conreding lines of the
majority gauge ever contributed side payments for the mnversion d minority-gauge routes.
Transadions costs would neturally be highin organizing larger schemes, as siggested by the
long hstory of failuresto resolve Australia s diversity. “Minority coalitions’ have formed,
however, most natably in converting the railways of the southeastern United Statesin 1886
and aso in severa casesinvolving small groups of railways.

By far the most important way that externaliti es have been internali zed has been through
common ownership—the formation d interregional, initially multi-gauge railway systems.
Britain’ s diversity was resolved after the Grea Western Railway system incorporated
numerous Stephenson-gauge routes. In North America, important conversions were
undertaken by interregional trunkline systems sich as the Pennsylvania Railroad and the
[llinois Central Railroad. Conversion d Australia s broad-gauge railways foll owed takeover

of the railways of South Australia by the Commonwedth (national) Railways, owner of the
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Stephenson-gauge transcontinental li ne.

In contrast to the model and its extension, with their assumption d afeaurelessplain and
undfferentiated traffic demand, these historicd interregional systems have cmprised ad-hoc
groupngs of routes and regions with particular concentrations of traffic. Nevertheless the
esential conclusions of the model regarding the relation between conversion costs and
patential network integration benefits shoud still hold.

Asthe example of Australia—and the lack of positive examples el sewhere—shows,
government-owned railway systems may have difficulty internalizing their mutual
externaliti es throughside payments or (international or interstate) takeovers. The ladk of
internali zation mecdhanisms may hinder conversion that would be worth the amst—perhaps
someday in Spain. Or, new internali zation mechanisms may be developed, perhapsin Spain’s
case within the framework of the European Union.

To conclude, externality internali zation can help asaure that the resolution d ealy, path-
dependent diversity takes placewhere the potential gainsin efficiency are gredest. In North
America cooperation and system-buil ding led to arapid conversion as demand gew for
interregional transport. Indeed, given that this happened relatively ealy in the development
of bath traffic demand and interregional systems, one may conclude that even a much greaer
diversity of gauge, had it happened to develop, would eventually have been resolved. In ather
historicd cases, where ather the benefits of standardization a oppatunities for
internali zaion have been less ealy path-dependent diversity has persisted, at some st in
efficiency relative to what standardization from the beginning would have yielded. One may
presume that diversity isresolved whenever the st of its persistence exceals the st of

remediation—including transadions cost in organizing the internaization o externditi es.”

VII. Conclusion

Historicdly aswell asin the model, original regional gauge choices were drawn
esentialy as randam samples from arange of avail able pradices, and the benefits of
compatibility led subsequent, conreding lines to adop the same gauges. As aresult of these

pasitive feedbadks, common-gauge regions of various szes emerged. The resolution d
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diversity amongthese regions has depended bah onthe extent of ealy diversity and onthe
relation between pdential network integration benefits and cost of conversion. Thusthe
seledion d regional standard railway gauges has been path dependent, both in which gauges
emerged as gandards and in the extent of diversity that emerged and persisted.

The gauge now used on realy 60 percent of the world’ s railways, like other gauges, was
not primarily the result of fundamental incentives, systematic optimization, or a market test
but rather of a series of contingent events—even o historicd acadents—reinforced by
paositive feedbadks. The relative merits of diff erent gauges have, of course, been tested by
experience, but not in away that has sleded the best as aregiona standard, largely because
the asts of conversion have been greder than the potential gains. Experience has, however,
several times refuted expedations that new variant gauges would off er technicd advantages
outweighing the aosts of diversity. Experience has also shown broader gaugesto be generally
better than narrower, causing regret in regions where particularly narrow gauges emerged as
standards.

More often, experience has caused regret over the energence of diversity, which has
generated costs first of coping with breaks of gauge and then, sometimes, of converting
whaleregions. Theresolution d diversity throughconversionwas, of course, a matter of
systematic optimization, and it often happened throughthe sort of coordinating, externality-
internali zing behavior expeded by Liebowitz and Margalis (1994 1995. These aithors
view that path dependence might depend onthe ladk of ealy foresight—here, foresight into
the later importance of long-distance, large-scde network integration—also recaves
empirica suppat.

The cae of tradk gauge dso suppats baoth Arthur’s (1989 1994 general modeling
approach and his propasition that path-dependent processes can yield inefficient outcomes. In
contrast to the results of Arthur’s nonspatial models, however, the cae off ers two lessons for
the amergence of standards in spatial networks. First, regional standards emerge, but “global”
or continental standards do nd necessarily doso urless ®me regions are onverted ex-post.
Seoond, the patential inefficiency of a spatial path-dependent processmay lie much morein

the persistence of diversity than in seledion d a subogimal technique.
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Both of these lesons aso apply to ather technicd feaures of railways. For example,
trains that passthroughthe Channel Tunrel between Londonand Paris or Brussls have had
to cope with threedifferent eledrica power systems (varying in vdtage, alternating a dired
current, AC frequency, and colledion medanism), five diff erent train-control and signaling
systems, and dfferencesin loading gauge (cleaancedimensions) and aher parameters. Asa
result, dugicae technicd systems have raised costs, and train performance ould na be
optimized for any part of the system. Similar variations hinder the development of high-speed
train service ésewhere within the Stephenson-gauge region o Europe, but the growing
importance of these variationsis leading to their partial resolution (Puffert, 1993 1994).

More broadly, these lesons apply to ather spatial networks—such as for transportation,
communicaion, and eledricd power distribution—as well asto networks with nonrspatial
graphicd structures (patterns of conrededness, but in which ead agent has dired network
interadions with arelatively small subset of other agents. This arguably includes most
empirica networks, including the “virtual” networks often considered in discussons of
network externaliti es (Katz and Shapiro, 1994 Econamides, 1996.

In view of recent disputes over path dependence (Liebowitz and Margalis, 1994 19995, it
isworth naingthat the inefficiency discussed here is primarily the result not of market or
ingtitutional failure but rather of ealy lad of foresight combined with pasitive feedbadks that
lend increasing impad to ealy agents choices. Asaresult, diff erent passble sequences of
contingent events would yield oucomes differingin their relative dficiency, and the process
has littl e tendency to converge to its optimal potential outcome. The upper boundcost of
patential inefficiency isthe wst, including transadion costs, of full remediation.

Whether market fail ure, narrowly defined in terms of a diff erence between the
(foreseedle) private and social costs—and kenefits—of an agent’ s adions, aso played a
substantial role is a matter for future empiricd investigation. It is notable that side payments,
appropriation, and cooperation internalized the external eff eds of railway lines choices of
gauge sufficiently to yield socially optimal conversions of gauge in nunerous cases. One may
presume, however, that transadions costs have hindered such adionsin ather cases.

Nevertheless it isfar from clea that a puldic agency would often passessenoughinformation
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to improve on the woperative adions of railway operators.

It is noteworthy, moreover, that the deaest example of ingtitutional fail ure was not one
of markets but of governments—spedficdly of the separate Australian colonies (later states)
and the British colonial administration. If private firms do nd necessarily internalizetheir
mutual externaliti es optimally, then separate states may be even lesslikely to doso, being less

attentive to market incentives and rarely subjed to takeover by an interregional system.
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Notes

'EH.RES list archives, http://www.eh.net/, October 1996throughApril 2001 Admittedly, this court refledsin
part the particular interests of arelatively small number of vigorous participants.

’Some of these isaues arise implicitly, but are not diredly examined, in case studies of path-dependent
seledion amongalternative techniques in nwclea power (Cowan, 1990, eledricd power distribution (David,
1990, videocas=tte recording (Cusumano et a., 1994, and pest control (Cowan and Gunby, 1996. See &so
Scott’s (2007) discusson d Britain’s “coal car problem.”

*For example, the president of the (U.S.) Burlington Northern Rail road wrote in 1978that “if we had it to do
all over again we'd probably buld them with therails at least 6 fed apart,” althoughanaother authority wrote
at the time that, although lvoader gauges are sometimes advantageous, for general servicethe Stephenson
gauge is nat far from optimal (Hilton, 199Q p. 37). Enginees whom | interviewed at the Association o
American Rail roads and American Railway Engineaing Association also favored broader gauges.

“For amore detail ed acoourt seePuffert (1991). For eventsin North America, seePuffert (2000.

*The PRR adually converted its eagtern trunk route from 4’'8.5” to 49” and its western routes from 4’ 10" to
4'9.5", changing aproblematic 1.5 differencein gauge to a series of manageable half-inch dfferences. The
PRR reduced the gauge of its western routesto 49" during the late 1870s after most of the independent Ohio
rail ways had reduced their gauge by at least half an inch. The 4'9” gauge remained in use urtil after 190Q The
Lake Shore and Michigan Southern Railroad also played arole in reducing Ohio’s gauge (Puffert, 2000.
°Econamies of scaein rolli ng stock for particular gauges are exhausted at low levels, particularly for rolli ng
stock other than locomotives, which often have differed among gauges only in their whed trucks.

"The mrresponcenceis approximate. The 1880U.S. Census (Shuman, 1883 lists 1,174 individual rail way
companies, and Canada had several dozen more. Many of these companies were only short extensions of a
single other railway, and ahers were owned from the start by ather railways. Thusthese did na independently
affed the dynamics of the process

*The processis numericaly simulated using the same sequence of pseudo-randam numbersin bah cases.
°The cdculation is avail able from the author. Intuiti vely, ead railway ling's contribution to thisindex is the
propation d other linesin its common-gauge network. The index as awhole averages these contributions.
“The redi zations differ in the series of pseudo-randam numbers used in the numerica simulation.

“Thisisan implicaion d graph theory’s four-color theorem, which hdds that up to four colors are needed to
color an arbitrary two-dimensional map in such away that no adjoining regions have the same wlor.

“For smplicity, the dfed of eliminating resks of gauge anongimmediate neighbasis here negleded.
“This propasition, derived from Liebowitz and Margolis (1994 1995, is admittedly nontestable and

tautologicd, as any fail ure to remedy can be acribed to transadion costs.
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Table 1. Principal Railway Track Gauges, 2000

Gauge Propation o
Endish _Metric __Major countries and regions world totall
(ft.-in.)  (mm.) (percent)

2'6" 762  China*2, India* 17

30 914 Colombia, Guatemala, Ireland* 0.6

3'3.37 1000 Eadt Africa Southeast Asia*, Argentina*, Braal*, 8.8

Chile*, India*, Pakistan*, Spain*, Switzerland*

36 1067  Southern Africa Southeast Asia®, North Africa& Middle 9.0
East*3, Austraia*, Japan*, New Zedand, Newfoundand

4'85" 1435 Europe*, North America North Africa& Midde East*, 582
Argentina*, Audtralia*, Chile*, China*, Japan*

50 1524  Former USSR, Finland, Mongdia 128
53 1600 Audtrdia*, Brazl*, Ireland* 12
56" 1676  Argentina*, Chile*, India*, Pakistan*, Portugal & Spain*4 7.0

Notes. * Courtries or regions with more than ore gauge. Percentages add to lessthan 100
due to additional, rare gauges. 2750mm. 31055mm. 4Qriginaly 1672mm.; now 1668mm.

Sources: Jane' s World Railways; Railway Diredory and Yearbodk
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Table 2

Sample Realization: Quantitative Characteristics at End of the Process

Characteristic Value
Scale
of 100

Network characteristics:
Local standardization index (realized sum, numbers of common-gauge neighbors, ZiMj(G) ) 90.5

Continental standardization index (realized sum, sizes of common-gauge networks, ZjNj(G)) 56.9

Economic characteristics (network integration and efficiency):

Network integration index (realized integration benefits, 2 [UMj(G) + VN;j(G)]) 64.0
Preliminary ex-ante efficiency index (the above minus conversion cost expended,

2 [UMi(G) + VNi(G)] - 2iCi) 61.6
Ex-ante efficiency index (the above with discounting of benefits and costs) 59.3

Ex-post efficiency index (realized Zj [UMj(G) + VNi(G)],
relative to potential value minus cost of additional needed conversions) 72.8

Note: Subscriptsi index local railway lines.
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Table 3
Numerical Simulation: Summary Results of Monte Carlo Experiment

Mean Propation Mean Mean indices of network charaderistics

propa-  of tridlsre- number  Conti- Network
tion sultingin - common- nenta Locd integra-  Ex-ante
narrow  standard-  gauge standard- standard- tion effi-

gauge ization networks izetion ization  benefits ciency
——percent ——scaleof 100
Construction Phase
Edtimate: 50.9 0.2 3.73 63.2 86.4 68.1 67.0
Sample standard deviation: 278 50 118 132 44 11.0 108
95% confidenceinterval (z): 14 0.2 0.06 0.6 0.2 05 05

Cornversion Phase

Estimate: 516 78.8 1.26 90.0 975 916 76.6
Sample standard deviation: 449 409 0.55 194 50 16.3 115
95% confidenceinterval (z): 22 20 0.03 0.9 0.2 0.8 0.6

Notes: Number of trials= 1,600 The “95% confidenceinterval” is 1.962 (the relevant criticd value of t for a
two-sided test) times the standard error of the estimate.
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Table 4
Monte-Carlo Experiments: The Impact of Early Choices of Gauge
(Point estimates for results at the end of the process)

Mean Proportion of Mean Mean indices of network
characteristics

propor- trialsresultingin number of Conti-  Network

tionof  standardization common- Local nental  integra- Ex-ante

first First Either  gauge standard- standard- tion effici-
Experimental scenario gauge gauge gauge networks ization ization benefits ency

——Percent — ——Scaleof 100———
First gauge adopted by ...
Oneline 66.3* 56.7* 810 1.25 97.8 91.0 92.4 77.6
First two lines 787  69.8¢ 835 121 98.1*  921*  934*  79.0*
First four lines 9.7  86.7*  92.8~  1.09* 99.1* 96.5% 97.1*  84.2*
First line (in center) 76.3* 66.8* 817 1.23 97.8 91.3 92.7 77.6

First four lines (in corners) 66.0* 57.2* 833 1.26 97.8 91.9 93.2 77.2

*Results significantly different from basgline result at 5-percent level.
Note: The baseline experiment used 1,600 realizations of the process; others each used approximately 600

realizations.
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Table 5
Monte-Carlo experiments: Variations in technical and network parameters
(Point estimates for results at the end of the process)

Mean Proportion of Mean Mean indices of network

characteristics

propor- trialsresultingin  number of Conti-  Network

tionof standardization =~ common- Local nental  integra Ex-ante

narrow  Narrow Either  gauge standard- standard- tion effici-
Experimental scenario gauge gauge gauge  networks ization ization benefits ency

——Percent —— ——Saleof 100——
Baseline scenario 51.6 40.9 788 1.26 975 90.0 91.6 76.6

A. Gauce preference
Narrow preferred by 62.5%  77.9* 69.3*  83.8* 1.20* 98.1*  92.3* 935  80.2*
Narrow preferred by 75% 90.5* 85.0+  90.2* 1.12* 98.9* 953 96.0+  86.2*

Shift in preference to narrow ...

after first 64 lines 57.4* 52.5* 87.7* 1.27 98.1* 94.3* 95.1* 80.0*
after first 72 lines 27.9* 23.3* 87.5* 1.23 98.1* 94.5* 95.3* 82.0*
Ten-times stronger valuation  51.9 40.3 77.8 1.28 94.8*  89.2 90.4 65.4*
Endogenous preference 51.7 47.8*  92.0* 1.10* 99.0*  96.2* 96.8* 87.7*

B. Network benefits:

No neighbor benefit 48.8 37.3 76.0 1.69* 95.7*  88.9 88.9*  66.7*
No network-size benefit 50.3 0.5* 1.0~ 2.95* 89.8* 549 89.8  89.9%
Doubled network-size benefit  50.5 48.8*  96.3* 1.04* 99.6*  98.2* 98.4*  79.4*
No expectations 49.7 39.3 79.7 1.27 97.5 90.3 91.8 75.2

C. Conversion cost:

Zero cost of conversion 49.0 49.0¢  100.0*  1.00* 100.0r 100.0* 100.0* 83.5*
50-percent-of-baseline cost 51.3 46.8* 91.2* 1.09* 99.2¢  95.7* 96.4* 80.2*
Baseline scenario 516 40.9 788 1.26 975 900 916 76.6

150-percent-of-basdinecost  50.6 23.2* 46.7  1.99* Q2.7  76.5* 79.9¢* 71.6*

*Results significantly different from baseline result at 5-percent level.
Note: The baseline experiment used 1,600 realizations of the process; others used approximately 600

realizations.
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Table 6
Monte-Carlo Experiments: Variations in Structure of the Model
(Point estimates for results at the end of the process)

Mean Proportion Mean Mean indices of network characteristics

proportion of trials number  Local Continental Network Ex-ante

of narrow resulting  of net- standard- standard- integrationeffici-

Experimental scenario gauge in standard works ization  ization  benefits ency
Percent Scale of 100

Baseline scenario 516 78.8 1.26 97.5 90.0 916 76.6
Random gauge choices 49.9 0.0* 14.0* 49.9* 36.6* 39.4* @)
Conversion of random gauges 49.9 30.8* 2.05* 74.2* 65.1* 67.1* Q)
Single-phase process 47.9 81.5 1.24 97.9 91.3 92.7 78.2*
Four neighboring linesonly ~ 48.5 56.5* 1.94* 94.4* 77.1* 80.8* 67.9*
Lattice size of 144 lines 53.9 39.2* 1.83* 92.8* 77.1* 82.1* 79.2%

*Results significantly different from baseline result at 5-percent level.
agtatistic not meaningful for this scenario.
Note: The baseline experiment used 1,600 realizations of the process; others used approximately 600

realizations.
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Figure 1
Structure of the modeled network

-

q

Note: Circles sow the underlying lattice
lines represent locd rail ways, oriented
aternately in “north-south” and “west-east”
diredions. Railway A medstwo ather
rallways at eat end (B and C, F and G) and
two inthe midde (D and E).
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Figure 2
Numerical Simulation: “Snapshot Maps” of an Evolving Sample Realization
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C. Configuration after construction D. Fina configuration

Note: Maps were drawn by the computer program during the simulation.
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Figure 3
Numerical Simulation: Alternate
Realization

C. Configuration after construction
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Figure 4
Numerical Simulation: Distribution of Results in Monte-Carlo Experiment

Number of trials in each range

700 - After construction
60031 - After conversion |
500

400
300
200
100

0

0% 1-6 7-12 13-18 19-23 24-29 30-35 36-4142-47 48-52 53-58 59-64 65-70 71-76 77-8182-87 88-93 94-99 100%
Proportion of narrow gauge (percentage range)



Path Dependence in Railway Track Gauge Tablesand figures 11

Figure 5
Maximum coverable conversion cost to reduce diversity of gauge,
by externality-internalization scheme
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