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ABSTRACT

The traditional approach to the road network degigblem focuses on the optimization of the
network efficiency under a given budget. Generdhys leads to the improvement of roads next
to the largest population centers, where travel atemis higher. Such implications are not
consistent with sustainable development princips#sce this will tend to increase the
dissimilarities between large and small centerdfave. Notwithstanding this, equity issues were
rarely taken into account in road network desigiorédver, all existing studies rely on a single
equity measure. In this paper we propose a brigkwe of equity concerns in transportation
planning and present a comparison of alternativetyaneasures. We selected three different
equity measures and incorporated them into an sixéy-maximization road network design
model. The three equity measures considered retlétdrent perspectives on equity: the
accessibility to low-accessibility centers; thepaission of accessibility values across all centers
(Gini Coefficient); and the dispersion of accedgibvalues across all centers and across centers
in the same region (Theil Index). The implicatiamisdopting each one of these equity measures
are illustrated through the application of the mptiation model to three random networks.
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INTRODUCTION

Most road network design approaches focus on impgothe efficiency of a network by
allocating a given budget to the construction off meads and/or to the improvement of existing
roads. The efficiency of the network is commonlgessed through generalized travel costs or
aggregate accessibility measures. In both cases.etficiency of the network is sensitive
especially to improvements of links from and to theger population centers of a network.
These are, generally, the links with higher traffaws in the network, for which a reduction in
travel time can imply a significant reduction oihngealized travel costs or aggregate accessibility
values. Therefore, because of budgetary constrdmsstype of approach usually leads to dense
road networks next to the larger centers and tosspaad networks next to the smaller centers.
A potential consequence of this will be the inceearegional disparities. This is certainly not
the best solution for regions (or countries) logkfar a well-balanced road network, capable of
promoting regional cohesion (1).

Excessively uneven accessibility conditions in ajiage are not consistent with
sustainable development principles (2). For th&soa, equity issues should play an important
role in road network design. Notwithstanding thike integration of equity objectives in
transportation planning is recent. Most of the iahitstudies including equity issues in
transportation dealt with the fairness of transgawsh policies. Few studies in road network
design took into account equity issues. Even fos¢hfew cases, the evaluation of equity relied
on a single measure. In our opinion, it is necgssarconsider alternative equity measures in
road network design, and compare their implications

In this paper we present a brief review of equigasures in transportation planning and
present a comparison of alternative equity measWksselected three different measures and
incorporated them into an accessibility-maximizatioterurban road network design model. The
three equity measures considered were: the acdigsio low-accessibility centers; the
dispersion of accessibility values across all aasn{&ini Coefficient); and the dispersion of
accessibility values across all centers and aaresgers in the same region (Theil Index). The
implications of adopting each one of these equigasures are illustrated through the application
of the optimization model to three random networks.

The paper is organized as follows. In the nextisectve introduce the equity issue and
discuss the incorporation of equity into transposta planning. Then, we describe the
formulation of the optimization model and presdrg equity measures. After that, we describe
the results obtained through the model for the eandhetworks. Finally, we provide some
concluding remarks.

EQUITY CONCEPTS

“Equity” refers to the fairness and justice of thstribution of the impacts (benefits and costs) of
an action on two or more units. Depending on thailable data and the chosen equity (or
inequality) measure, units can stand for individuad groups. For the definition of groups, one
can use collective units, such as households, ldidgheople, non-drivers, land-use type, or
regions, and characteristics, such as income,ltcast, population, or age.

The concept of equity has been extensively usedifierent disciplines, e.g., geography
(3, 4), medicine (5, 6), sociology (7, 8), econof@), and political sciences (10). In the decision-
making field, equity measures are commonly useasgess the economic and social impacts of
different development scenarios. Despite the irstnggaeffort to incorporate equity in decision-
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making models, there is little agreement abouthtb&t way to assess equity. A large number of
measures can be found in the literature, but westdtdar from a general consensus on the best
measure(s) to use in each case. Still, few attetmgpte been made until now to assemble these
measures, compare them, and define appropriateune¢gsfor each type of application. One of
the rare exceptions is Marsh and Shilling (11), iehee detailed review of equity measures for
public facility planning is presented.

In the transportation field, until the end of thmeties, equity issues were generally
limited to the evaluation of the economic impadt$ransportation policies. In most cases, these
studies regarded distribution of policy impactsiesn different social groups in the case of the
introduction of road prices in some links of thewark (12, 13). It was only in 2002, when
Meng and Yang (14) demonstrated that in the coatistnetwork design problem the benefits of
a capacity enhancement in some selected linkseamhtb an increase in travel costs for some
(O-D) pairs, that the debate of equity issues andportation network design became more
intense. Yang and Zhang (12), also observed thah&congestion pricing problem there were
significant differences between the benefits of eq@-D) pairs. Thus, in addition to the equity
issues involving social groups they proposed thesicieration of spatial equity in the road
pricing problem.

After these studies, some other authors proposednitiusion of equity concerns in
network design problems. Antunes et al. (15) carsid the distribution of accessibility gains
across population centers in an accessibility-mesdtion model. Cheng and Yang (16) included
spatial equity as a constraint in the link caparitgrovement problem with demand uncertainty.
More recently, Szeto and Lo (13) proposed the natémn of equity in a time-step network
design problem. They considered social and usetyefgu different periods of time.

All the measures used in the previous studies egb equity across all individuals or
groups regardless of their characteristics, needsesources — that is, horizontal equity or
egalitarianism. Another way of considering equisy by differentiating the impacts across
individuals or groups that have different abilities needs — that is, vertical equity or social
inclusion. The concepts of horizontal and vertegliity were already present in equity studies in
different disciplines when they were first introédcin the transportation field. Feng and Wu
(17) made use of both concepts in a network desigdel. The aim was to have equitable
accessibility across all the population centerthefstudy area (horizontal equity) and across the
centers of the same region within the study aredifal equity).

DESIGN MODEL

A considerable amount of research effort has besotdd to road network design models over
the last forty years (see Yang and Bell (18) foelatively recent review). Most of this effort was

directed towards problems where the objective imitamize the total network costs required to
accommodate given traffic flows, assuming routeiag®to follow a user equilibrium pattern. In

our opinion, this objective does not match the sefdong-term interurban road network design
because of reasons that are thoroughly explain&hirios et al. (19). A better match would be
achieved if the objective were to maximize the aggte accessibility to population centers with
a given budget. The match would be even bettethéroobjectives were also taken into account.
This is the case of the optimization model proposethis paper, which includes an equity

objective. The model can be formulated as follows:
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whereZ is the normalized value of a solutiom; andwg are the weights attached to accessibility
and equity/A andE are the values of a solution in terms of eachailje; Ag andA, (Eg andEy)
are reference maximum and minimum values for edpbctdve;N is the set of center®; is the
population of centey; A is the accessibility of centgry = {yim} is @ matrix of binary variables
equal to one if linK is set at road typer and equal to zero otherwiggj is the generalized cost
for traveling between centegrandk; Sis an impedance parametgris the equity measur®), is
the set of possible road types for link is the set of linksT, is the estimated traffic flow in link
I; Fm is the maximum service flow for a link of road &m; en, is the expenditure required to set
link | at road typem; andb is the budget.

The (main) decision variables of this non-lineambinatorial optimization model are the
y variables, which represent the road type to asiigthe various links of the network. The
objective-function [1] expresses the normalizedugabf model solutions considering both an
accessibility objective and an equity objective.igties are applied to the objectives to reflect
their relative importance. Constraints [2] and {&fine the accessibility measure to be used,
which is based on a widely-used measure proposeddsple (3). Constraint [2] defines
aggregate accessibility and constraint [3] defithesaccessibility of each center. Constraint [4]
defines the equity measure as being dependenteoro#id type assigned to the various links of
the network (several alternatives for the equityasuge are presented below). Constraints [5]
guarantee that each link will be set at one, ang one, road type. For some links, it may be
undesirable to choose some road types because&iobmmental reasons. This is the reason why
the set of road typedW() is indexed in the link. Constraints [6] ensurattithe traffic flow
estimated for each link will not exceed the maximsenvice flow consistent with the road type
chosen for the link. Traffic flows on links are dehined by assigning O/D traffic flows
calculated with an unconstrained gravity model he thetwork assuming trips to be made
through least-cost routes. Constraint [7] guarantbat the budget available for improving the
network will not be exceeded. Expression [8] defititee domain for the decision variables.
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EQUITY MEASURES

Many equity measures have been proposed in theatlite expressing different
perceptions of fairness, but there is little agreetmabout the best measure(s) to apply in
different situations. Besides this, different pexdjpves on equity can lead to different rankings
of solutions and, ultimately, result in contradicts (20). Consequently, it is risky to assess
equity based on a single measure without a compsére examination of several measures and
their implications.

To the best of our knowledge, until now, all theidsés that incorporated equity
objectives in road network design relied on a ngkasure. There are no works reported in the
literature comparing the application of alternateguity measures. In this paper we selected
three of these measures for comparison within gtienization model presented before. We used
an absolute concern with equity, since network ompments are aimed at an equitable
distribution of accessibility across all nodes. dsgible option would involve the distribution of
accessibility gains, therefore a relative conceith @quity.

Accessibility of low-accessibility centers

In road network design, when the only objectivehis maximization of accessibility, one can
end up with a solution where the largest accedsilghins occur in the most developed areas.
The difference between centers with higher acciéisgiind centers with lower accessibility will
tend to increase. One natural way of decreasingligparities between centers is to increase the
accessibility of the centers that have lower adbawg, rather than those with higher
accessibility. In order to represent this idea eleced the accessibility of a given percentage of
centers with lower accessibility as an equity meagid):

niy)= Y P xA(y) [9]

iONp,

whereNp, is the set of-percent centers with lower accessibility.

This is a simple vertical equity measure. Centath Wwer accessibility are favored in
relation to other centers.

Gini Coefficient

In a perfect, fully-equitable region, all centersuld have exactly the same accessibility. A good
way to measure the inequality of a situation isdmpare it with a perfect region. To do this, we
can resort to the Gini Coefficient or Gini Indexyeoof the most widely used measures of
inequality. For the application of this measurghiis study we used the following formulation:

Y IAM-AW)

— JON KON _ 10
n(y) Y [10]

wheren is the number of centers that belong\tpandA is the average accessibility to centers
that belong taN.

The Gini Coefficient can be defined as a measumisgfersion scaled by twice the value
of the mean. In practice, it measures the relatifierence between what we have and what
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would be a perfect situation. The value of the toeht belongs to the interval [0,1] and the
lower the value is, the closer it is to the perfatiiation.
This measure is a horizontal equity measure sinegyecenter is treated in the same way.

Theil Index

In some situations, minimizing inequalities betw@tividuals or groups can be as important as
minimizing inequalities within groups. For instansehen considering a country divided into
regions, we should aim at minimizing the inequaditexisting in those regions and, at the same
time, the inequalities between the different regiohthe country. In order to represent this idea
we selected the Theil (Inequality) Index (21):

ny)=Y AT, +ZAQ.In(%] [11]
A n, % Ag

with A =1Me —
YA nxA

_1 A « A
s

whereG is the set of groups (e.g. regiond),is the weight of grougG in the accessibility to
all centers]Ty is the Theil Index of group, 4y is the average accessibility to centers of grgup
A is the average accessibility to all centdtgijs the set of centers that belong to regipandny
is the number of centers that belong to regjon

Expression [11] defines the Theil Index of the oegiconsidering the inequality within
each sub-region (first term) and the inequalityoasrthe sub-regions (second term). Expression
[12] defines the share of accessibility to the eenbf a region when related to the accessibility
to all centers and expression [13] defines the[Thdex of each region.

Due to its decomposability properties, the Theddr is a popular measure, used for
example to assess income dispersion across redibesTheil Index takes values between zero
(perfect equality) and Inj (maximum inequality) and, as it happens with @&ri coefficient, it
measures the difference between a perfect situatidrthe actual situation. However, in contrast
with the other measures selected, the Theil Indekd an appealing interpretation.

This measure is, simultaneously, a horizontal anderical equity measure since it
considers both concepts of equity — horizontalt ateals with all the centers in the same way,
and vertical as it deals with centers accordingpéoregion they belong to.

[12]

MODEL APPLICATIONS

In order to compare the results that one can olthen using the different equity measures, we
applied the optimization model to three random roativorks defined for a territory with the
shape of a square with sides equal to 100 km agd/en number of centers (cities) with
population following a Zipf distribution. The thresetworks are depicted in Figure 1 (and
described in detail in Appendixes A and B). Thewsist of two networks of 10 population
centers and one network of 20 population centele ®enters are connected by links. In
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addition, some additional, pre-defined links canblét in the future. The centers were named
according to their population ranking: center 1the largest center; center 2 is the second-
largest; and so forth. The territory is dividedoirfour regions, each one corresponding to a
guadrant of the plane — northeast, northwest, smghand southeast. Most existing roads are
slow two-lane highways (free-flow speed equal toki#®h). Other road types are fast two-lane
highway (90 km/h), and four-lane freeway (120 kmMgtailed information about centers and
links of the three networks can be found in Tabéndl Table 2. The costs per kilometer for road
construction and upgrading are presented in Tablkh8 budget available for the improvement
of each network was set equal to 25 percent otdted expenditure involved in upgrading all
links to a three-lane freeway. The networks weneegated through the procedure described in
Santos et al (22). We used small networks for tleescises because this makes the results
obtained through the model easier to understandiecdss.

For solving the model, we used the enhanced gealgforithm previously developed for
the same model without the equity objective (22heW applied to large networks (with up to
200 links), this algorithm has been shown to gixeeient solutions as compared to classic local
search and genetic algorithms within acceptablepedimg effort (eight hours). When applied to
small networks (up to twenty links), for which weskg able to find optimum solutions through
complete enumeration only after several hoursai$ wlways able to identify optimum solutions
in a few seconds.

The model was first applied to the networks comsige only the accessibility-
maximization objective. Then, the equity objectives added to the model, considering
separately the three measures introduced abové. &@wgectives were given the same weight
(50/100).

Maximization of accessibility

When only the accessibility-maximization objectiseconsidered, the optimum solution consists
mainly of improving links connecting large centesgth the remaining budget being assigned to
the upgrade of links connecting either large centier neighboring small centers or two
neighboring small centers with each other (Figuae Eor all the three networks, the five largest
centers are connected with each other by fourdeeevays. The budgetary constraint prevents
the upgrade of other links, resulting in a low asdeility to centers located far away from the
larger centers. This is the case of Centers 6 and\Nétwork 1, Centers 8 and 10 in Network 2,
and Centers 15, 18, and 20 in Network 3.

As we could expect, the average accessibility abthiwhen only the accessibility-
maximization objective is considered is always biglhan the accessibility obtained when
equity objectives are added (Table 4). It is atsathat objective that the largest accessibility ga
occurs (by accessibility gap we mean the differebeéween the highest and the lowest
accessibility values obtained for the centers otgion). In addition, when we compare the
average accessibility for the four regions of eaetwork, the highest standard deviation occurs
when only the accessibility-maximization objectiseonsidered.

The solutions obtained with only the accessibifitgximization objective will be used as
reference solutions from this point forward.

Maximization of accessibility to low-accessibilitycenters

When we introduce equity concerns in the road n&&wmmodel, the results change considerably.
In the case of considering the accessibility of2Bepercent centers with lower accessibility, the
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optimum solutions involve, in most cases, the uggraf links connecting centers with poor
accessibility that have either large centers clos¢hem or small centers very close to them
(Figure 2b). That is, we obtain optimum solutioms Which the accessibility gap is clearly
smaller. For example, in Network 1, the two centeith lower accessibility were Center 6 and
Center 7. These centers are now connected with@heh by a freeway and connected to other
centers by a fast two-lane highway. Their acceldgibithe accessibility of the NE region)
increased by 15.5 percent. Because of the budgedtreint, there are fewer freeways in the
south when compared to the reference solution.dtwhirk 2, Centers 4 and 8 were the centers
with lower accessibility. Center 4 was alreadyhe teference solution connected to the largest
centers by freeway. Little was still to do in orderincrease its accessibility. However, the
accessibility of Center 8 is now increased by Zi&&ent by connecting this center to the nearby
Center 5 by freeway and by building a new road betwCenter 5 and Center 1. In Network 3,
the four centers with lower accessibility were @erit5, Center 18, Center 20, and the peripheral
Center 1. The solution to increase the accesgiliititthese nodes was the construction of a
freeway connecting all these nodes. This freewantsat Center 1, passes through Centers 2, 15,
18, and 20, and ends at Center 4. The cost oht#wsfreeway corridor prevents the existence of
other freeways in the SW region that existed inréierence solution.

As we could expect, for all the three networks, dbeessibility of the 20-percent centers
with lower accessibility is always higher when welude this equity measure.

Gini Coefficient minimization

When the Gini Coefficient is included as the equmtgasure, the optimum solutions generally
involve the upgrade of links that increase the ssitdity to centers with accessibility lower than
average to the detriment of the links connectingters with good accessibility (Figure 2c). For
example, in Network 1, the accessibility to Centérand 7, NE region, is improved by 14.0
percent while the accessibility of the SW regiorrdases by 10.0 percent. In Network 2, the
disparity between south and north is diminished. é&@mple, the accessibility of the SE region
increases by 13.3 percent, while the accessilolitthe NW and NE regions decreases by 13.1
and 14.7 percent, respectively. In Network 3, toréase the accessibility to low-accessibility
centers, such as Centers 1, 7, 15, and 18, therelésrease in the accessibility to the nodes of
the SW region. The accessibility to Centers 1,5%,dnhd 18, increases by 3.1, 13.5, 17.3, and
18.9 percent, respectively. The accessibility ef 8W Region decreases by 11.1 percent.

With the inclusion of the Gini Coefficient as thquity measure the accessibility gap
decreases considerably for all three networks 3 p@rcent for Network 1, 31.4 percent for
Network 2, and 14.8 for Network 3.

Theil Index minimization

When the Theil Index is included as the equity measthe optimum solution reflects the
concern of minimizing the differences of accesgipivithin the region and the differences of
accessibility within each of the four regions. lkengral, the regions will be more homogenous,
with a more balanced distribution of fast connetwiacross all regions (Figure 2d). In Network
1, the lower average accessibility occurred formdgon, but with the incorporation of the Theil
Index the average accessibility of that regioneases by 12.6 percent. For the SE region, where
the average accessibility was also low, the aveemgessibility does not increase but is not as
penalized as it was in the solutions obtainedHerdther equity measures. In Network 2, the SE
region is favored in relation to the other regioiifie average accessibility of this region
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increases by 11.8 percent. In Network 3, the NEoregs the favored region with an average
accessibility increase of 3.5 percent. In this éangetwork it is possible to verify that when the
Theil Index is considered as the equity measureoiain a more balanced distribution of
freeways across the four regions.

For Network 1 and Network 2, the values of the dtaid deviation are much lower for
this equity measure than for the other measures Mieans that there is more of a balance
between the four regions. For Network 3, the stahddeviation is slightly higher when
maximizing for the Theil Index than when maximizifay the Gini Coefficient, even though the
Theil Index is lower (12.5 percent). The reasontfos is because the accessibility to centers
within each region is more equitable in this case.

CONCLUSION

In this paper, we presented a brief review of ggodncerns in transportation planning. Many
equity measures have been proposed in the litexaexpressing different perceptions of
fairness. However, there is little consensus abwippropriate measure(s) to apply in different
situations. For this study, we selected three gifieequity measures. We provided a comparison
of these measures by incorporating them in an atukty-maximization road network design
model and applying the model to three random nétsvowe verified that, depending on the
equity measure used, we can have considerablyetffeesults, reflecting different concepts of
equity. As a result, for the best evaluation ofigqgu is imperative to have a good knowledge of
the problem as well as of the issues involved @&pceconomic, environmental, etc.).
Furthermore, for a comprehensive considerationqoitg concerns in road network design, the
incorporation of more than one equity measure endptimization model can be necessary. The
inclusion of different equity perceptions can résnla conflict of interests but can provide a
more consistent analysis of equity. Hence, therpm@tion of more than one equity objective in
the optimization model used in this paper can bmtanesting extension to this work.

ACKNOWLEDGMENTS

The participation of the first author in the stuedported in this article has been supported by
Fundacao para a Ciéncia e Tecnologia through §&RiH/BD/16407/2004.



Bruno Santos, Anténio Antunes, and Eric J. Miller 10

REFERENCES

1. Fernandes, C. and J. Viegas. Private FinancingRadd Infrastructure: The Portuguese
Experience. InTransportation Research Record: Journal of the Bpontation Research
Board No. 1659 Transportation Research Board of the Nationald&aaies, Washington,
D.C., 1999, pp. 23-30.

2. Gudmundsson, H. and M. Hojer, M. Sustainable Degweknt Principles and Their
Implications for Transpor&cological Economigsvol. 19, No. 3, 1996, pp. 269-282.

3. Keeble, D., P. L. Owens, and C. Thompson. Regideakssibility and Economic-Potential
in the European-CommunitRRegional Studigs/ol. 16, No. 6, 1982, pp. 419-431.

4. Truelove, M. Measurement of Spatial EquiBnvironment and Planning C - Government
and Policy Vol. 11, No. 1, 1993, pp. 19-34.

5. Bloom, G. Equity in Health in Unequal Societies: éflag Health Needs in Contexts of
Social ChangeHealth Policy Vol. 57, No. 3, 2001, pp. 205-224.

6. Rosero-Bixby, L. Spatial Access to Health Care os@ Rica and its Equity: a GIS-based
Study.Social Science and Medicingol. 58, No. 7, 2004, pp. 1271-1284.

7. Kokko, H., A. Mackenzie, J. D. Reynolds, J. Lingdstr, and W. J Sutherland. Measures of
Inequality Are Not EqualThe American Naturalis\ol. 154, No. 3, 1999, pp. 358 - 382.

8. Frederickson, H. G. Public-Administration and Sb&equity. Public Administration Review
Vol. 50, No. 2, 1990, pp. 228-237.

9. Atkinson, A. B. Income Inequality in the UKdealth EconomigsVol. 8, No. 4, 1999, pp.
283-288.

10.Maniquet, F. and Sprumont, Y. Welfare Egalitariami® Non-Rival Environmentslournal
of Economic Theoryol. 120, No. 2, 2005, pp. 155-174.

11.Marsh, M. T. and D. Schilling. A. Equity Measurerh@m Facility Location Analysis - a
Review and FrameworlEuropean Journal of Operational Researafol. 74, No. 1, 1994,
pp. 1-17.

12.Yang, H. and X. N. Zhang. Multiclass Network Tolefign Problem with Social and Spatial
Equity ConstraintsJournal of Transportation Engineering-ASCWol. 128, No. 5, 2002, pp.
420-428.

13.Szeto, W. Y. and H. K. Lo. Transportation Networkprovement and Tolling Strategies:
The Issue of Intergeneration Equitixransportation Research Part A: Policy and Practice
Vol. 40, No. 3, 2006, pp. 227-243.

14.Meng, Q. and H. Yang, Benefit Distribution and Hguin Road Network Design.
Transportation Research Part B-Methodologjdébl. 36, No. 1, 2002, pp. 19-35.

15.Antunes, A., A. Seco, and N. Pinto. An AccessipiMaximization Approach to Road
Network PlanningComputer-Aided Civil and Infrastructure Engineeringol. 18, No. 3,
2003, pp. 224-240.

16.Chen, A. and C Yang. Stochastic Transportation MetwDesign Problem with Spatial
Equity Constraint. InTransportation Research Record: Journal of the Bportation
Research BoardNo. 1882 Transportation Research Board of the National d&oaes,
Washington, D.C., 2004, pp. 97-104.

17.Feng, C. M. and J. Y. J. Wu. Highway Investmentwek Design Model for Equity Issues.
Journal of Urban Planning and Development-AS@EI. 129, No. 3, 2003, pp. 161-176.

18.Yang, H. and Bell, M. G. H. Models and Algorithn fRoad Network Design: a Review
and Some New Developmenigansport Reviews/ol. 18, No. 3, 1998, pp. 257-278.



Bruno Santos, Anténio Antunes, and Eric J. Miller 11

19.Santos, B., Antunes, A. and Miller, E. A Multi-Objeve Approach to Road Network
Planning. Presented at thé™World Conference on Transportation Research, Beyk€A,
2007.

20.Ramijerdi, F. Equity Measures and Their Performanc&ransportation. Iffransportation
Research Record: Journal of the Transportation BRedeBoard No. 1983 Transportation
Research Board of the National Academies, WashmdRdaC., 2006, pp. 67-74.

21.Theil, H.Foundations of Economic Justigghicago, IL, USA, 1967.

22.Santos, B., Antunes, A. and Miller, E. J. Solving Accessibility-Maximization Road
Network Design Model: a Comparison of HeuristicslvAnced OR and Al Methods in
Transportation, Poznan, Poland, 2005, pp. 692-697.



Bruno Santos, Anténio Antunes, and Eric J. Miller

TABLES AND FIGURES

TABLE 1 — Node data
TABLE 2 — Link data
TABLE 3 - Road construction and upgrading costs pekilometer

TABLE 4 - Summary of results for the random networks

FIGURE 1 - Random networks

FIGURE 2 - Results for the random networks

12



Bruno Santos, Anténio Antunes, and Eric J. Miller

TABLE 1 — Node data

Coordinates . Populatiol
Network Center < Y Region (X1%3 inh.
Center 1 637 46 SE 687
Center 2 362 874 NW 352
Center 3 396 414 sSwW 237
Center 4 63 299 sSw 195
1 Center 5 327 311 SwW 148
Center 6 936 748 NE 117
Center 7 833 1000 NE 105
Center 8 258 0 SW 86
Center 9 178 1000 NW 78
Center 10 477 230 SW 69
Center 1 209 560 NW 669
Center 2 252 269 sSw 408
Center 3 102 807 NW 250
Center 4 747 936 NE 183
2 Center 5 618 280 SE 144
Center 6 424 699 NW 120
Center 7 80 1000 NW 102
Center 8 951 0 SE 86
Center 9 48 635 NW 75
Center 10 607 22 SE 70
Center 1 120 869 NW 1028
Center 2 472 693 NW 519
Center 3 43 198 sSw 399
Center 4 747 154 SE 258
Center 5 307 165 sSw 226
Center 6 824 242 SE 183
Center 7 659 946 NE 148
Center 8 0 484 sSw 137
Center 9 10 44 sSw 115
3 Center 10 637 748 NE 104
Center 11 285 143 SwW 98
Center 12 384 759 NW 89
Center 13 329 176 sSw 81
Center 14 505 957 NE 75
Center 15 945 770 NE 69
Center 16 505 616 NE 65
Center 17 208 55 sSwW 61
Center 18 1000 682 NE 58
Center 19 615 297 SE 54
Center 20 978 385 SE 52
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TABLE 2 — Link data

Network Link Start End Length Solution
Center Center (km) 0 1 2 3 4
Link 1 1 10 21.3 Slow 2-lane 4-lane freeway 4-lane freewa Fast 2-lane 4-lane freeway
Link 2 1 8 33.2 Slow 2-lane Slow 2-lane Slow 2-lane Slovaze 4-lane freeway
Link 3 8 10 27.6 Slow 2-lane Slow 2-lane Slow 2-lane Shiane Slow 2-lane
Link 4 2 3 40.1 Slow 2-lane 4-lane freeway Fast 2-lane anklfreeway Fast 2-lane
Link 5 2 4 56.4 Project Road Project Road Project Road jeBr&®oad Project Road
Link 6 2 6 51.2 Project Road Project Road Project Road jeBr&®oad Project Road
Link 7 3 6 55.2 Slow 2-lane Slow 2-lane Fast 2-lane Slelar Slow 2-lane
1 Link 8 2 9 19.4 Slow 2-lane 4-lane freeway Slow 2-lane adel freeway Slow 2-lane
Link 9 2 7 42.5 Slow 2-lane Slow 2-lane Fast 2-lane 4-fneeway 4-lane freeway
Link 10 6 7 23.8 Slow 2-lane Fast 2-lane 4-lane freeway lang-freeway 4-lane freeway
Link 11 3 5 10.8 Slow 2-lane 4-lane freeway 4-lane freewa Fast 2-lane Slow 2-lane
Link 12 4 5 23.0 Slow 2-lane 4-lane freeway Fast 2-lane lang-freeway 4-lane freeway
Link 13 3 10 175 Slow 2-lane 4-lane freeway 4-lane fragw Fast 2-lane Fast 2-lane
Link 14 5 10 14.8 Slow 2-lane 4-lane freeway Fast 2-lane low2-lane Slow 2-lane
Link 15 4 8 31.1 Slow 2-lane Slow 2-lane Slow 2-lane Shiane Slow 2-lane
Link 16 5 8 27.7 Slow 2-lane Fast 2-lane Slow 2-lane Shelane Slow 2-lane
Link 1 1 2 27.3 Fast 2-lane 4-lane freeway 4-lane freeway 4-lane freeway Fast 2-lane
Link 2 1 5 46.0 Project Road Project Road Fast 2-lane ektdpoad 4-lane freeway
Link 3 2 5 34.0 Slow 2-lane 4-lane freeway Slow 2-lane adel freeway Slow 2-lane
Link 4 1 9 16.6 Slow 2-lane 4-lane freeway Fast 2-lane w3ldane Slow 2-lane
Link 5 1 3 25.1 Project Road 4-lane freeway 4-lane fregewa  4-lane freeway 4-lane freeway
Link 6 1 6 239 Slow 2-lane 4-lane freeway 4-lane freeway Slow 2-lane Fast 2-lane
Link 7 3 6 31.6 Slow 2-lane Fast 2-lane Slow 2-lane Slelarz Slow 2-lane
Link 8 3 9 16.8 Slow 2-lane Fast 2-lane Slow 2-lane Slelarz Slow 2-lane
2 Link 9 5 6 43.0 Slow 2-lane Slow 2-lane Slow 2-lane Slolaize Slow 2-lane
Link 10 2 10 40.2 Slow 2-lane Slow 2-lane Slow 2-lane deléreeway Slow 2-lane
Link 11 5 10 24.0 Slow 2-lane Slow 2-lane Slow 2-lane delfreeway Fast 2-lane
Link 12 3 7 18.1 Slow 2-lane 4-lane freeway Fast 2-lane lang-freeway 4-lane freeway
Link 13 4 5 62.2 Project Road Project Road Project Road ojeBr Road Project Road
Link 14 4 6 37.2 Slow 2-lane 4-lane freeway 4-lane freewa Fast 2-lane 4-lane freeway
Link 15 5 8 40.5 Slow 2-lane Slow 2-lane 4-lane freeway owSk-lane 4-lane freeway
Link 16 4 7 62.3 Project Road Project Road Project Road ojePr Road Project Road
Link 17 8 10 32.1 Slow 2-lane Slow 2-lane Slow 2-lane Rakine Slow 2-lane
Link 1 1 8 36.7 Slow 2-lane 4-lane freeway 4-lane freeway  4-lane freeway 4-lane freeway
Link 2 1 12 26.0 Fast 2-lane 4-lane freeway 4-lane freewa  4-lane freeway 4-lane freeway
Link 3 8 12 43.0 Slow 2-lane Slow 2-lane Slow 2-lane Shane Slow 2-lane
Link 4 1 14 35.9 Project Road Project Road Project Road land-freeway Fast 2-lane
Link 5 12 14 211 Slow 2-lane Fast 2-lane Slow 2-lane Slelane Slow 2-lane
Link 6 2 10 15.8 Slow 2-lane 4-lane freeway 4-lane freewa  4-lane freeway 4-lane freeway
Link 7 2 14 24.2 Project Road Project Road Project Road ojePr Road Slow 2-lane
Link 8 10 14 225 Slow 2-lane Slow 2-lane Slow 2-lane Shiane Slow 2-lane
Link 9 2 16 7.6 Slow 2-lane 4-lane freeway 4-lane freeway Fast 2-lane Fast 2-lane
Link 10 10 16 17.0 Slow 2-lane Slow 2-lane Slow 2-lane wSblane Slow 2-lane
Link 11 2 12 10.0 Slow 2-lane 4-lane freeway 4-lane fragw 4-lane freeway Fast 2-lane
Link 12 3 8 26.3 Fast 2-lane Fast 2-lane Fast 2-lane dfiaeway Fast 2-lane
Link 13 5 8 40.3 Project Road Project Road Project Road ojePr Road Project Road
Link 14 3 11 22.6 Slow 2-lane 4-lane freeway 4-lane frepw Slow 2-lane Fast 2-lane
Link 15 5 11 2.8 Slow 2-lane 4-lane freeway 4-lane freewa Fast 2-lane Fast 2-lane
Link 16 3 9 14.3 Slow 2-lane 4-lane freeway Slow 2-lane larte freeway 4-lane freeway
Link 17 3 17 19.8 Slow 2-lane Slow 2-lane Slow 2-lane Shilane Slow 2-lane
3 Link 18 9 17 18.0 Slow 2-lane Slow 2-lane Slow 2-lane Shilane Slow 2-lane
Link 19 11 17 10.6 Slow 2-lane 4-lane freeway Slow 2-lane Slow 2-lane 4-lane freeway
Link 20 4 6 10.6 Slow 2-lane 4-lane freeway 4-lane freewa  4-lane freeway 4-lane freeway
Link 21 4 19 17.7 Slow 2-lane 4-lane freeway Slow 2-lane -lane freeway 4-lane freeway
Link 22 6 19 19.6 Slow 2-lane Fast 2-lane Fast 2-lane Sdane Slow 2-lane
Link 23 6 20 19.1 Slow 2-lane Slow 2-lane 4-lane freeway  -lank freeway 4-lane freeway
Link 24 13 19 282 Slow 2-lane Fast 2-lane Fast 2-lane waldane Slow 2-lane
Link 25 5 13 2.2 Fast 2-lane 4-lane freeway 4-lane frgewa Fast 2-lane Fast 2-lane
Link 26 7 10 18.1 Slow 2-lane Slow 2-lane 4-lane freeway low2-lane 4-lane freeway
Link 27 7 14 14.0 Slow 2-lane Slow 2-lane Slow 2-lane deléreeway 4-lane freeway
Link 28 7 15 305 Slow 2-lane Slow 2-lane Slow 2-lane Shiane Slow 2-lane
Link 29 10 15 28.1 Slow 2-lane Slow 2-lane 4-lane freeway  4-lane freeway Fast 2-lane
Link 30 8 16 475 Project Road Project Road Project Road rojeBt Road Project Road
Link 31 13 16 43.1 Slow 2-lane 4-lane freeway Slow 2-lane Slow 2-lane Slow 2-lane
Link 32 15 18 9.4 Slow 2-lane Slow 2-lane 4-lane freeway  -lank freeway 4-lane freeway
Link 33 16 19 30.7 Slow 2-lane 4-lane freeway Slow 2-lane Fast 2-lane Fast 2-lane
Link 34 10 20 453 Slow 2-lane Slow 2-lane Fast 2-lane wSldane Slow 2-lane
Link 35 18 20 27.1 Slow 2-lane Slow 2-lane 4-lane freeway Slow 2-lane Slow 2-lane
0 Initial
1 Maximization of accessibility
2 Maximization of accessibility and maximization oeasibility to low-accessibility centers
3 Maximization of accessibility and maximization offGCoefficient
4 Maximization of accessibility and maximization oféhindex
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TABLE 3 - Road construction and upgrading costs pekilometer

To
From Slow two-lane Fast two-lane Four-lane
highway highway freeway
Possible road 1 2 3
Slow two-lane highway - 1.5 2.5

Fast two-lane highway - - 2
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TABLE 4 - Summary of results for the random networks

16

Accessibility of centers

Accessibility to low

Average accessibility of sub-regions

Network  Solution -
. accessibility centers
Highest Lowest Average NwW SwW SE Std.Dev.
0 1.199 0.363 0.648 0.727 0.363 0.478 0.885 0.368 0.183
1 1.64( 0.40¢ 0.84¢ 0.811 0.65C 1.17Z2 0.49] 0.29¢
1 2 1.59¢ 0.46¢ 0.81: 0.937 0.54¢ 1.1272 0.48C 0.272
3 1.431 0.43: 0.79¢ 0.87¢ 0.65¢ 1.05¢ 0.44] 0.24%
4 1.50¢ 0.43: 0.77¢ 0.907 0.54%  0.92¢ 0.47¢ 0.19(C
0 1.271 0.30¢ 0.657 0.65¢ 0.827 0.73¢  0.44¢ 0.15¢
1 1.700 0.326 0.867 0.794 0.468 1.161 0.881 0.505 0.285
2 2 1.513 0.392 0.838 0.853 0.461 1.095 0.854 0.529 0.255
3 1.306 0.364 0.804 0.763 0.399 1009 0.878 0.572 0.242
4 1.315 0.402 0.811 0.848 0.446 1.039 0.777 0.565 0.226
0 5.16:% 0.73¢ 1.70¢ 3.32¢ 1.53¢ 2.43¢ 1.08¢ 1.03¢
1 5.97¢ 0.87¢ 2.10¢ 3.68: 1.98¢ 3.01c 1.47¢ 0.601
3 2 5.851 0.887 2.057 4.28] 1.94¢ 287z 1.42¢ 0.54%
3 5.27¢ 0.93: 1.99: 4.13] 1.34: 2.67¢ 1.65¢ 0.501
4 5.352 0.903 2.009 4.029 1676 1873 2.761 1.410 0.507
0 Initial
1 Maximization of accessibility
2 Maximization of accessibility and maximization afessibility to low-accessibility centers
3 Maximization of accessibility and maximization ofnGCoefficient
4 Maximization of accessibility and maximization dfidil Index
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Network 1

Network 3
14

Population Centers

- 80 000 inhabitants
» 150 000 inhabitants

50 km e 250 000 inhabitants
B e 400 000 inhabitants
® 650 000 inhabitants

Service flow Free flow

Road Type (pcu/h) speed
Possible Road 0 0 km/h
Slow 2-lane highway 1428 70 km/h
Fast 2-lane highway 1869 90 km/h

FIGURE 3 - Random networks
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Network 1 Network 2 Network 3
4

(a) Accessibility
Network 2
7 4

(b) Accessibility and Centers with Lower Accessibity
Network 2 Network 3

(d) Accessibility and Theil's Inequity Index

Service flow Free flow

Road Type
Population Centers P (pcu/h) speed
80 000 inhabitants ok Possible Road 0 0 km/h
* 150 000 inhabitants 50 km ;
o 250000 inhabitants Slow 2-lane hlghway 1428 70 km/h
® 400 000 inhabitants — Fast 2-lane highway 1869 90 km/h
© 650 000 inhabitants == 4-ane freeway 2640 120 km/h

FIGURE 4 - Results for the random networks
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