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Abstract

The model of network degeneration, an evolutionary model de
veloped in previous work, was employed to examine the decla of
transportation networks and, in a broader context, the topological
evolution of networks, based on the "weakest-link" heurisic, which
removes the weakest link from a network in an iterative procss so that
a variable network topology is enabled over time. Using the mdiana
interurban network during its decline phase as a case, we vilate the
weakest-link model. The simulated sequence of line abandament in
the network is compared to that in observation using a non-paametric
Spearman rank order correlation test, revealing that the malel based
on the intuitive weakest link heuristic performs well in predicting the
sequence of link abandonment on the interurban network. A tvo-
sample Wilcoxon rank-sum test implies that the temporal change of
the examined topological attributes in simulation and in observation
followed the same trend. This study provides empirical eviégnce that
an agent-based simulation model, with proper modeling sethgs, can
replicate the topological evolution of a transportation network.

Keywords: Network growth, Network evolution, Indiana, Inerurban, sim-
ulation, validation



1 Introduction

Despite the immense progress that has been made in the anaysnd mod-
eling of transportation networks since the 1950s, it remasnlargely unclear
how surface transportation networks grow and decline oveimte and evolve
into unique topological patterns. This question, unavoidaly, requires an
evolutionary view. The main e orts in the past have been put o extract or
generate the optimal structure of networks, notably, to sek Network De-
sign Problems (NDPs) in either a continuous or a discrete for (LeBlanc,
1975; Yang and Bell, 1998). NDPs, however, assume a xed tdpgy of a
network, limiting their abilities to examine the structural transformation of
transport networks over the long term. Moreover, little empical evidence
has shown that the deployment of a transportation network @t time and
space actually follows an up-down optimal design.

Inspired by the concepts of agent-based simulation and selfanization
that have been introduced in physics to interpret the dynanus of various
complex systems (Barabasi, 2002; Newman, 2003), limitedtenpts have
been made to examine the topological evolution of transpa@tion networks
as the emergent outcome of the independent decisions madeljicy-makers,
suppliers, and users. The pioneer work include Helbing et d1997), which
simulated the emergence of trails in urban green spaces shdpby pedes-
trian motion, and Yamins et al. (2003), which presented a siatation of road
growing dynamics on a land use lattice. While both claiminghteir simula-
tion models can replicate the topological features of the amined networks,
neither study provides persuasive empirical evidence toguort their claim.

Following this stream of studies, Xie and Levinson (20®Y developed an
evolutionary model of network degeneration based on the ptesl "weakest
link" heuristic, which incorporates individual links as adonomous agents
that operate on their own, while the weakest member in the nebrk is shut-
tered in an iterative process. This model was then employed) a broader
context, to examine the topological evolution of surface ansportation net-
works (Xie and Levinson, 200a), essentially simulating an underdeveloped
area where all point-to-point paths can be used, with thoseaphs which
are more valuable reinforced while least used ones abandbas the network
evolves, thereby enabling a variable network topology forimg from a bottom-
up process. The aim of this follow-up study is to nd empirichevidence for
the "weakest link" assumption developed based on heuristicthereby val-
idating the degeneration model built on this assumption. Té network of
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Indiana interurbans that declined since 1918 and virtuallydisappeared by
the 1940s has been chosen for the purpose of model validation

This paper proceeds as follows. The background on Indianaténurbans
is rst introduced. The next section presents a simplied tavel demand
model built up with available historical data on Interurban interurbans and
introduces non-parametic statistical analyses for modehiidation. The re-
sults are presented and the paper is closed with a review ofrondings and
their implications for future study.

2 Indiana Interurbans

Among those surface transport modes that have degenerateldraugh time
(including canals, turnpikes, passenger rail, streetcarsand interurbans),
the interurbans in North America probably experienced the mst dramatic
change. Most interurban rails were built between 1901 and @8, and by 1912
the interurban network had taken its nal shape (15,500 mils or 25,000 km
in the US). A marked decline set in about 1918, largely due tdvé emergence
of the automobile as a new competitor, and within two decadeke network
was virtually annihilated. As the interurbans experienceduch a short and
relatively recent life cycle, their history is well documeted and retrievable
(Hilton and Due, 1960).

Reaching a maximum of 1825 miles (2937 km), Indiana was sedamly
to Ohio in the absolute size of its interurban network, and Idiana is the
only state where a large-scale grid-like interurban netwkremerged. There-
fore the Indiana network has been the subject of interest toesearchers for
a long time (Haley, 1936; Marlette, 1959). The network had gt rst line in
1887, started to decline from 1917, and completely disapped in 1941. For
the purpose of this study, the network of Indiana is separatefrom those
other states basically along the state border. The portiominorth Indiana is
excluded because it was more connected to Chicago and the Igan cities
around Lake Michigan, than to the main body of the Indiana netork. For
simplicity, detour lines shorter than 2 miles (3.2 km) are rglected and the
locations of the places as the terminals of these lines argjusted as if they
were located on the main line, including Milton, Richmond, @s City, and
Riverside Park. Consequently, a network of total 53 placesd 62 interurban
rail segments (124 one-way links) is identi ed in Figure 1(a which repre-
sents the interurban network of Indiana in 1916 in its "full" shape. The



topological pattern of the network can be best described assaries of irregu-
lar wheels, with their spokes radiating from major cities sth as Indianapolis
and Fort Wayne. Hilton and Due (1960) recorded the open/clesdates of
each interurban line in Indiana so that the actual topologial evolution of the
network can be retrieved through years.

3 Model Validation

(Xie and Levinson, 200@) presented a detailed implementation of the degen-
eration model. In general, the model represents the dynamiof a network
as an iterative process over time periods and each time peationcludes ve
sequential steps: network loading, travel demand dynamicsvestment, dis-
investment, and topological measures. Network loading atates exogenous
land uses onto a network. Tra ¢ ows across the network are tken predicted
in a simpli ed travel demand model. According to predictedihk ows, in-
dividual links invest (disinvest) in themselves; while theveakest member is
removed. In the end, the network topology is updated and theopologi-
cal measures of the resultant network are calculated befottee time period
is incremented. Figure 2 illustrates the procedure of modehlidation in a
owchart.

The decline phase of the Indiana Interurban network is takeas a case
to validate the degeneration model as follows.

First, population data by county are taken as exogenous inpuo the
model. The state of Indiana consists of 92 counties, and théstorical pop-
ulation records of each county are available every decaderin 1890 to 1990
(Forstall, 1996). Population of each county for each year waestimated by
interpolation. Population needs to be allocated to statios (cities) in order
to predict the travel demand on the network. Assuming the papation of
a county is allocated to the nearest station, measured by tHaear distance
from the centroid of this county to the station, 10 out of 53 sations would be
assigned no passengers, which is obviously unrealistic. fEsolve this issue,
the census tract is instead used as the geographical unit te@ld population
information. With no historical population data by census tacts available in
digital form, the population of a county is assumed to be evéndistributed
and allocated to tracts within its boundary in proportion to their areas. Trips
generated by each tract are then allocated to the nearest $ian. Consider-
ing people have to access the stations on foot or by horse orrc@ge at that



time (auto ownership was not yet widespread, and auto driverwould be less
likely to use an interurban), it is also assumed that only pgae living in the
tracts within 20 miles (32 km) of stations would consider taikg interurban
rail.

Starting from the 1916 interurban network, a simpli ed travel demand
model is adopted to estimate tra ¢ ows on individual interu rban links every
year. An estimated 94.4 percent of the revenues of electrinds in 1902 came
from passenger tra ¢ (Hilton and Due, 1960). Thus this studyconsiders only
passenger tra c on the network, and estimates trip generatin from a station
as a linear function of its assigned population. It is assurdehat each person
will generate one trip per annum by interurban regardless @ther modes. As
no historical evidence shows that the interurban had a notdé speed change,
the interurban speed is assumed to be xed over time and unifm over space.

Speci cally, it is assumed that interurban lines have a undrm generalized
speed of 15 mi/hr (24 km/hr) (taking into consideration a unform fare per
mile) while centroid connectors have a speed of 5 mi/hr (8 knhf). A doubly
constrained trip distribution model is adopted and the decafactor is set as
0.01, the same value that has been arbitrarily speci ed forhe simulation
experiments in (Xie and Levinson, 2008, and an all-or-nothing assignment
is performed which assigns all the trips between an origin aton and a
destination station on the shortest path between both statins. Note that
the predicted tra ¢ ows on individual links need not be calibrated against
the actual tra c level because the weakest link heuristic isconcerned only
with the relative ow level on links. Thus the parameters in tip generation,
although arbitrarily specied, will not a ect the predicte d course of link
abandonment. The sensitivity of model results on the decaydtor in the
trip distribution model, on the other hand, will be examinedlater.

According to link volumes predicted by the travel demand moel, the
link operated on the lowest ow level is then removed for eactime period
based on the weakest link heuristic until the whole networkigdappears (i.e.
in this case no stopping rule is imposed). Consequently, agsence of link
abandonment is derived in simulation.

At the end of each simulation period, a group of topological easures
are computed to evaluate the collective structural featuse of the emergent
network from di erent dimensions, including the measuresfametwork connec-
tivity (), density (D), and heterogeneity (entropy) H), which have been
de ned in (Xie and Levinson, 2003@), as well as the measures of ringness
(' ring ), Webness (wep), circuitness ( gt ), and treeness (yee) Which were
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developed by Xie and Levinson (2006) in a parallel study to @ntify prede-
ned connection patterns and evaluate their relative signcance.

The index compares the actual number of links with the maximum
number of possible links in the network:

e
6(v 2)

Where e is the number of edges (directional links) and is the number of
vertices (nodes). Values for the gamma index range from 0 toahd a higher
value represents a more connected network.

Network density measures the length of links per unit of suate. The
higher it is, the more a network is developed. The density of @etwork (D)
is measured by the length of examined links.( divided by the area of the
territory ( B).

L
D=—
B
An algorithm was developed to identify the prede ned struatiral elements
of ring, web, circuit, and branch in a network, and their reltive signi cance

can be evaluated as follows:
U
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where | is the length of an individual link i; is equal to 1 when a link
belongs to a ring. Similarly,

i
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Note that if a link is located on one and only one circuit, it blongs to a
ring; if it is located on more than one circuit, it belongs to aveb. If a link
belongs to a web or ring, it is de ned as a circuit link; othervse it is de ned
as a branch link. Therefore,

+

circuit =  ring web

tree = 1 ring web



Non-parametric statistical analyses are adopted to compathe sequence
of link abandonment as well as the series of topological atiutes in simula-
tion versus in reality (the actual network structures over gars were retrieved
from historical records and the selected topological attsutes measured).
Non-parametric methods di er from parametric ones in that he parameters
are not specied a priori but are instead determined from dat. A Spear-
man's rank-order correlation test (Higgins, 2003) is takemo correlate the
predicted sequence of link closure in simulation with the &gl sequence
of link closure by year in observation. Spearman's rank-oed correlation
test assesses how well an arbitrary monotonic function detes the rela-
tionship between two variables, without making any assumpins about the
frequency distribution of the variables. In other words, tle test examines
how well two sequences correlate with each other. The ser@stopological
measures in simulation are compared to their counterparts iobservation
using Two-sample Wilcoxon rank-sum (Mann-Whitney) test, Wich is also a
non-parametric signi cance test assessing if two indepeedt samples come
from the same population (Higgins, 2003). Viewing the measas over time
periods as time-series data, this test essentially assesgawo series of data
uctuate over time following the same trend.

4 Results

Figure 3 displays the scatter plot of rank orders in observatn versus in
simulation in terms of links' orders of being closed. Acconag to the rank-
order correlation test, the correlation coe cient is equalto 0.288. Thez test
of correlation signi cance scores -2.245 with thp value equal to 0.0204,
suggesting the two sequences are positively correlated atter than a 95
percent signi cance level. The correlation test implies tat although based
on a simple heuristics that the links with the least tra ¢ wil | be closed rst,
the weakest link heuristics predicts well the sequence ofli closure during
the decline phase of the Indiana interurban network.

The topological change of the network is depicted in Figure &s the uc-
tuations of proposed topological measures both from simtil@n and from
observation. The statistical results of Wilcoxon rank-suntest for each topo-
logical measure are also presented. Provided that the nulyothesis of the
rank-sum test is that the two samples are drawn from a singleopulation,
none of the presented values provide su cient evidence to reject the null



hypothesis. Thus we can conclude that the computed attribes in simula-
tion approximate the actual topological attributes of the retwork over time.
To better illustrate, Figure 1(b)-(i) presents the snapshts of the interurban
network in simulation versus in observation with the numbeof links in the
network.

5 Sensitivity Analysis

The decay factor in the distribution model indicates the rag¢ of decline of the
interaction between places across the interurban networlds the value of the
decay factor is arbitrarily speci ed as 0.01, changing thisalue may change
the travel demand pattern on the network, thereby a ecting he predicted
sequence of link abandonment. To test the sensitivity of th&tatistical results
on the decay factor, model validation was executed with twoi@rent values
of 0.005 and 0.02, and the Spearman correlation coe cient wae-calculated.
With a lower rate of decline of the interaction (0.005), the fearman corre-
lation test results in a more signi cant correlation (the caorelation coe cient
equals 0.429 with g value of 0.0006), suggesting that under a higher degree
of interaction, the "weakest link" heuristics performs ewe better in predict-
ing the sequence of link abandonment. With a higher declinate of 0.02, on
the other hand, the Spearman correlation coe cient, thoughstill with the
positive sign, is much smaller and statistically not signicant (the correlation
coe cient equals 0.125 with ap value of 0.289). This could be explained
by the fact that as the decay factor increases, people becomeductant to
travel farther. Provided that the interurban lines attract mainly intercity
travel, the travel demand on the network may be underestimatd, especially
on strategic routes that connect big cities. This accordirlg undermined the
predictive performance of the "weakest link" heuristics.

6 Concluding Remarks

The "weakest-link" model of network degeneration is an evationary model
that was developed in our previous work. It was employed to amine the
decline of transportation networks and, in a broader contexthe topological
evolution of networks. While fully recognizing that centr& authorities such
as regulators and planners (especially in recent decade&gypan essential role



in transport development, our approach complements the mastream opti-
mization studies in that the topological evolution of a netwrk is represented
as a spontaneous process which is played out as the outcomendépendent
decisions made by individual travelers and infrastructuresuppliers, with a
variable network topology enabled based on a heuristic assption.

This follow-up study retrieved the historical data from thelndiana in-
terurban network during its decline phase, and validated th degeneration
model on the data. The simulated sequence of line abandonrhen the
network is compared to that in observation using non-parantec Spearman
rank order correlation test, disclosing that the model baskon the intuitive
weakest link heuristic performs well in predicting the seance of link aban-
donment in the interurban network. The two-sample Wilcoxonrank-sum
test implies that the temporal change of examined topologat attributes
in simulation and in observation followed the same trend. TiB study pro-
vides empirical evidence that an agent-based simulation rdel, with proper
modeling settings, can replicate the topological evolutioof a transportation
network.
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Figure 1: Snapshots of the interurban network in observatioversus in simulation during dynamics. Starting
from (a) the "complete™ network of interurbans in year 1916the observed networks in (b) year 1930€116),
(c) year 1932 €=82), (d) year 1935 =56), and (e) year 1940 €=20), are respectively compared to the
simulated ones in (f) iteration 5 €=116), (g) iteration 22 (e=82), (h) iteration 35 (e=56), and (i) iteration
53 (e=20) with the same number of links remaining.
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Figure 2: The procedure of model validation

14



70

60 . . .

50
*e * * *
40
* * *e *e * * * *e LR 4
30
L a4 d *e *e *

20 A

*e *000e o *

Rank order in observation

*e

10 n L 444

*e * o0 *e

Rank order in simulation

Figure 3: Scatter plot of rank orders. Links are ranked accding to their
ordinal sequence of closure in simulation versus obserati
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Figure 4: Topological measures in simulation versus in olgation
are calculated from the dimensions of (a) Connectivity 2=0.014; p

value=0.989);(b) Density (z=-1.262; p value=0.207); (c) Ringnessg=-
0.375; p value=0.707);(d) Webness £=1.352; p value=0.176);
(e) Circuitness@g=1.431; p valugr60.152);(f) Treeness ¢=1.352; p

value=0.176). The results of the Mann-Whitney test are also presged
comparing the series of measures in simulation versus that dbservation.



