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Abstract: This paper proposes optimization frameworks focmite road network design considering the land-tiaasport
interaction over time. Unlike existing models, tgimization frameworks can determine the optimadigns automatically
without trial-and-error once the objective(s) istaclearly defined. Moreover, these frameworks altber evaluation of the
impacts of the optimal designs on the related parincluding landowners, toll road operators, trargperators, and road users,
and help network planners and profit-makers witbisien-making by eliminating many alternative desigA numerical study
is set up to examine road network design’s effentshese related parties under three road consiwacschemes: exact cost
recovery, build-operate-transfer, and cross-sulzgition. The results show that the changes in laméowprofits are not the
same after implementing any scheme. These unefjaabes raise the issue of the landowner equitys Thplies that the
government has to consider tradeoffs between Fxigiectives carefully.

1INTRODUCTION

Nowadays, many road improvement and constructiajepts are still ongoing, especially in some majibies in Asia and
Europe. These projects are expensive. With redpecbnstrained government expenditure, the goventirsieould carefully
select cost-effective improvement and construcficojects to be implemented. Traditionally, the gs@&l involved belongs to
the discipline of road network design. In the pastich research (e.g., LeBlanc, 1975; Abdulaal aBlanc, 1979; Boyce and
Janson, 1980; Boyce, 1984; Magnanti and Wong, 1B8dsz, 1985; Marcotte, 1986; Chen and Alfa, 1991eszet al, 1993;

Davis, 1994; Mengt al, 2001; Chen and Yang, 2004; Chiou, 2005, 200792B@anet al, 2006; Vitins and Axhausen, 2009)



was done on this discipline via the static approatdng and Bell (1998) and Lo and Szeto (2009) iolex comprehensive
reviews on the static approach to this discipline.

Recently, researchers considered the time dimersiomad network design. Three time scales areaiffyi considered in the
literature: seconds, days, and years. The smadilfestscale (e.g., Heydecker, 2002) is used to capghe within-day dynamics
such as queuing phenomena, the fluctuation of ddmathin a day, and the departure choice of travell The medium scale
(e.g., Friesz and Shah, 2001) is used to capteredite adjustment behaviour of travellers from ttagay. The largest scale
(e.g., Szeto and Lo, 2006; 2008; Lo and Szeto, 200@ikrishnanet al, 2009) is used to capture the changing demandugla
network upgrades, and cost and benefit over a pmrgpd of time, to maintain a similar social equityel over years, and to
determine the optimal infrastructure improvememtetiable, and its associated financial arrangenmahtaling scheme.

Some studies (e.g., Smith and Liebman, 1978; L®88,11979; Peiser, 1984; Feng and Lin, 1999; Metra., 2000; Lin and
Feng, 2003; Leet al, 2006; Qiu and Chen, 2007) also incorporated las®linto the analysis of the Network Design Proble
(NDP). All previous efforts on the NDP, howevernage the land use-transport interaction over timeeality, the transport
system interacts with the land use system. Wheswarpad is built or an existing road is widenea, ttavel costs between some
zones decrease, and hence the accessibilitieshf@etzones increase. Increases in the accessgilgad to changes in
population and employment distributions, and imtarnew travel demand pattern over time. The newetrdemand pattern
leads to a new traffic pattern and new congestieations, which may require further improvementthia future. Ignoring this
time-dependent land use transport interaction reaylt in wrong allocations of budgets on road improents or starting the
improvements at wrong locations or at suboptintags. In addition, the long term impact of road ioy&ment and construction
policies to the land use system and the benefdarafowners cannot be evaluated without considdtiegnteraction.

This paper develops a general time-dependent tiscretwork design framework encapsulating the Letype land use
consideration so that the land use transport iotieracan be dealt with when determining the optidesign. Both link addition
and link expansion is considered with capacity nledeas a discrete variable. Multimodal transpotéiiaction is also captured
in the framework. This paper differs from Szeto &wod(2006, 2008) and Lo and Szeto (2009) which dbaonsider land use
and its interaction with transport, assume thagciyp is a continuous variable, and consider ontgle transport mode. More
importantly, using the proposed framework, we ctudy the effect of road improvement and constructmlicies (e.g.,
subsidization of road construction projects usinglig fund or transit revenue, cost recovery, amel Build-Operate-Transfer

(BOT)) on land use, the profits of landowners ameirt profit distribution as well as population aaahployment changes. The



time scale we consider in the framework is in yemrsn Szeto and Lo (2006, 2008) and Lo and S2809), since the pace of
the adjustment process inside the land use systasiow compared with those occurred inside thespart system like the day-
to-day route adjustment process or the secondeorsktraffic dynamics. Nonetheless, a second smithe dimension can be
easily added to the proposed models to cope wihdymamics inside the transport system without eptn@l difficulty and is
left for future study. Since the largest time sdaleised here, the inherent advantages of the nprdpbsed by Szeto and Lo
(2006, 2008) and Lo and Szeto (2009) can be foarki$ framework.

The framework is formulated as a single-level snghjective optimisation program, in which the ahijge function
represents the concern of the decision maker. €bisidn maker can be the government or the prisattor, depending on the
source of funding for road improvement and consioacprojects. The objective thus depends on whbesdecision maker or
builder/operator. In the case where the funding/illy from the government who is in charge of rasetwork design, the
decision maker is the government and their objeatian be alleviating congestion or maximizing satibenefit. In the case
the improvement or construction projects involvevaie sector (i.e., the builder and operator is fihieate sector) like build-
operate-transfer (BOT) projects, the objectivessally profit-maximizing. The constraints includ®s$e describing modal split,
trip assignment, land use transport interactionr dirae, as well as design and financial constraifits incorporate the
considerations of various parties involved in rdetgprovement and construction projects, a multi-otiye optimisation
framework is then developed through the hybrid apph. This multi-objective framework can aid thevggmment making
decisions considering the objective of each relgttly and eliminating a large number of alterratiesigns without trial-and-
error.

A numerical study using a small network is setaipltistrate the effect of the implementation oAdoconstruction projects on
the related parties, especially on landowners,stioav tradeoffs between various objectives, althahghmodels can be used to
handle general networks. Three road constructiberses are considered: exact cost recovery, BOTt@nde the increase in
transit profit to subsidize road construction potge The scenario under each scheme is formulatgigidually using the
proposed frameworks, and the corresponding optufealgn is obtained by PREMIUM SOLVER PLATFORM towethe
models. The results show that the changes in landoyrofits are not the same after implementing @mg of three projects.
This raises the issue of landowner equity in teohghanges in landowner profits. More importantlye changes can be

negative after the implementation. If we force ttienges in landowner profits to be non-negativejetal benefit can be



reduced and the road network can be more congestagared with the situation without enforcing n@gative changes in
landowner profits.
The rest of the paper is organized as follows: fi¢rd section describes the formulation of the sirajjective framework and

the framework extension. Following that is the nuge study. The last section gives concluding rdma

2FORMULATIONS

We consider a strongly connected multi-modal transgpion network with multiple Origin-Destinatio®©D) flows over the
planning horizor{O,T] . The planning horizon is divided intd equal design periods. The network is further dididnto M

subnetworks, one for each mode, to account foutiigue travelling speed of each mode. The mode temebe an individual
mode or a combined mode. The proposed roads averalided in the bus, minibus, and car mode suwiorss. With this
consideration, we can formulate the proposed fraoniews a single-level, single-objective constrainptimisation program as
follows:

maxy ), )
subject to time-dependent Lowry-type constraints,

time-dependent modal-split/assignment constraints,

road network design constraints, and;

financial constraints

where y(x) is the objective function and is the vector of decision variables. In the foliogy we discuss the framework in

details.

2.1 Time-dependent Lowry-type constraints

Time-dependent Lowry-type constraints are develdpesked on Lowry’s (1964) model, which classifies lgind use into three
categories: basic sector, household sector andbasic- sector. The basic sector includes industimsinesses and
administrative establishments whose goods andceenare exported outside the urban area. It gexsesatentripetal flow of

capital into the city generating growth and surphidt is generally assumed that this sector s desstrained by urban location



problems since the local market is not the mainceam This consideration is an exogenous elemettteof. owry model and
must be given. The non-basic sector includes thosmesses, administrative and other establishthahtdeal with providing
goods and services for local residential populat®imce this sector strictly serves the local fioegl demand, the location
choice is oriented to the household sector. Empénievels are also assumed to be linked with dleallpopulation. The
household sector consists of residential populafide® number of residents is related to the nurobéasic and non-basic jobs
available. Their residential locations are alsoselg linked to the place of work. Since the resi@d¢rand non-basic sector
location choices depend on each other, the housemal non-basic sectors finally distribute themselo achieve equilibrium.
The time-dependent Lowry-type constraints exteral lthwry-type equilibrium to a dynamic frameworkn ¢éach design
period, a Lowry-type equilibrium is assumed to leédh The equilibrium is depicted by a number ofstasints. The first one

describes how to allocate residents who work inlegmpent zone to residential zongusing the gravity-type model:
I:%j,r = E,r B,r VYTr exp(_:Br iF,T ),|:| i j1T1 2)

where Bi.r=1/) W’ exptB' g, )0ir. (3)
j

R; . is the number of residents travelling between @D § in periodz or the number of work-to-home trips (or the number
of total employment trips) between OD p§irin period 7 . This is the number of residents in zopethat work in zone . E ,
is the total employment in zoriein period 7 . W, , is the attractiveness of zorjein period 7 , which can be represented by the

availability of floor space for residential use. is the economy-of-scale parameter to regulateattractiveness of each zone

(Bureau of Transport Economics, 199@). is a parameter to regulate the effect of transpust on distribution of residents. A
high value of 8" will result in the residents being allocated clos¢heir place of work; if3" tends to infinity, all residents will
live and work in the same zone. On the other hi#ng tends to zero, the residents whose work in zZomell locate to all
residential zones equallg, , is the composite travel cdsetween OD paiij in year 7, representing the inter-zonal impedance
and will be defined later. The balancing fac&r, is derived by Wilson (1970), which is to ensurearect allocation of

residents to zonej in period 7 so thatZB,,,VVj‘f’, exp-4'G,)=1and the total number of work-to-home trips from
i

employment zone in period 7 must equal the number of jobs available in thatzonperiodr , E , , or the number of people



working in employment zoné in period 7 must equal the number of jobs available in thaiezin the same period (i.e.,
Y R.=E,)
J
The total employment in zoniein period7, E ,, in (2) is the sum of the basic employmeE;ﬁ, and the service employment
or non-basic employmenﬁ?,, in zonei in periodr :
E,=E,+E,0ir. 4
The service employment in zomein periodr , ELST, in (4) is equal to the number of service emplewgiririps starting from

zonei in period7 or simply the number of service employees workhmege in that period:

€5 = Y ES.Oi i, ©

where Eﬁ, is the number of service employees who work ineziotiving in zone j or the number of service employment trips
betweenOD pairij in periodr .
The number of service employment triﬁ,ﬁ, is obtained by:
Ey, =sR, A, Wexp4°c,)0 i jr, (6)

where A =1/ W7 exptS°¢ . )air, (7)

s is a service employment-to-population raifg.. is the attractiveness in zomein periodr , which can be the availability of
floor space for commercial use. is the economy-of-scale parameter to regulateattractiveness of each zong’® is a
parameter to regulate the effect of transport onsdistribution of service employees, and its fiorcis similar toS" in (2). A
high value of #° will result in service employment being allocatddse to the residential location, and a small e@alill result

in service employment being allocated to all resi locations equally. The termA,  is to ensure a correct allocation of
service employment to zorie which has a similar function to the tern, in (3). The termsR , in (6) is the total number of
employees in zong in period7 .

The total number of residents in zofiein period7, R

j.r

in (6) is defined as:



R,=#).R,.0ir, (8)
where R; . is the number of employees who workiidiving in j in period7, and 4 is a population-to-employment ratio.

According to (8), in each period, the total numbkeemployees in zong , Z R, multiplied by the population-to-employment

4 gives the total number of residents in that zéhe.
2.2 Time-dependent modal-split/assignment constraints

The time-dependent modal-split assignment congsragpresent the transport model in this framevan@ describe the route
and mode choices over time. These constraints ademp of Wardrop’s conditions, travel cost corstsaas well as the modal
split, flow conservation, and non-negativity coitis.

Wardrop’s conditions. These conditions are supposed to be held in design period for each mode. They require that for
each modek in each periodr , the travel cost of each of the used routes betlee same OD pair must be equal and minimal.
This can be mathematically represented as:

>

ij.7?

. {20 if cl, :nif"'Dpi ikt o)
PIT=0 if ck e

i

k

where f,  is the representative hourly flow of mo#leon route p between OD paiij in period7 . cf , is the travel cost on

route p between OD paiij by modek in periodr . n”k, is the lowest total travel cost between OD pgpiby modek in
period 7 :
7, =min[c, ..0p] . (10)
According to (9) and (10), if the flow of mode on route p between OD paiij in periodr is larger than zero, its travel
cost is the lowest travel cost. If the travel cofsthodek on routep in periodr between OD paiij is larger than the lowest

travel cost, the flow of mod& is zero.

Condition (9) can be restated as:

fooc [y, =75, ]=0.0p,i,j kT . (11)



Chir =78, 20,0p,i,j kT, (12)

Travel cost constraintsTravel costs depend on flows, network charasties such as free flow travel times and capacdfes
links, and out-of-pocket costs such as tolls amdsfaRoute costs depend on route flows, in whiehldtter depends on link

flows through:

Vi =D X oPk Oa kT, (13)

i P
Wherev:,, is the hourly flow of modek on link a in period7, and &”* is a link-path incidence indicator for motte equals
one if link a is on routep, zero otherwise. Equation (13) states that foheaodek , the link flow in each period is obtained
by summing the corresponding route flows on thek in that period.

The link timet;, (such as travel time, waiting time, or walking é)ywelates link flows through the link performariaaction:

t =t (v,), (14)

a,r

wherev, = [vk

ar

} is the link flow vector in period . This link performance function is non-separaldete link time on link

a depending on the flows on other links. Since thwu$ of this paper is on road network design, we gnh example of the link

performance function commonly used in road tradisignment:

z Z aa,kvi;r e

tr =tgm 14| A ,Oa,m,, (15)

Ch= e+ > 00 Voo Da M7, (16)
b w=1

Y,. =0,5,253S..0 Ir 17)

where the superscriph stands for the mode that travels in the road nétwoly (which is different from the superscriktthat

is used for representing any mode considered snghper) t>™ and c)™ are the free flow travel time and initial capaafylink
a used by moden that travels on roads. For a proposed new lgjR, = 0. a,, and y, , are parameters of the performance
function of link a for modem. T, is the capacity of linka used by moden in period7 . S is the capacity of a standard
lane .y, , is the capacity improvement on lirik in period 7, meaning that the capacity of link is increased by, , units at

the beginning of periodr . &, is the simultaneous improvement/construction iawic which equals one if the



improvement/construction on link (in which b stands for a particular road) will also resultinmprovement/construction on
link a used by moden or a = b, and zero otherwise. This indicator is used in) d€cause a street or road may be used by
two different modes, say buses and cars, with iffetravelling speeds and we model the streepad by two different links
with the same capacity.

Equation (15) is an asymmetric link performancecfion, which describes the monotonic relationshepaleen the link travel
time t'. and the link flowsv},. Whena, . =0.15a, = 0a# b m# k, andy, , =4, equation (15) is reduced to the typical

Bureau of Public Roads (BPR) function. Equation) @6oresses the capacity of lirkused by moden in periodr as the sum

of its initial capacityc*® and total improvements up to periad, > > dny,, (or > y,, whena=b). Equation (17)
b

w=1 w=1
constrains capacity enhancements to be the mutfilee capacity of a standard lane.

The route costy; , is the sum of the link-wise additive cogs§; , and the route specific cosé; . :

AT ij.r

kK _ Ak K
Cp,ij,r_gp,ij,r+ Hp

Op,i,j.kK,T. (18)

Jdj,r

The link-wiseadditive costsg; are defined by summing up link attributes, whianblide link tolls,oak,, and congestion-

ij.7
dependent attributes; for instance, travel timel @ther costs such as fuel consumption) for roadiarés, or walking, on-board

and boarding/alighting time for transit network&eTink-wise additive cosg; can be written as:

ij.7

gb. = 2 (Wt +0k, ) B Opij kot (19)

a

wherey is the cost of unit (travel) time, and therefa;lvé;, is the (travel) time cost on line by modek in periodr . p;, is

the toll for modek using link a in periodr .

The route specific cost@i';ijy are non-linear and/or nonadditive over links; ifstance, some types of tolls in road networks

T
(e.g., non-linearly proportional to distance), @iting time and some fare structures for tranditvoeks (e.g., zone-wise prices).

The composite travel cost between OD ppiin period 7, ¢, ., is defined as:

j.7?

-In {Z(exp(—ﬁ(nﬁy, + ek))}
G = “ g Oiyjar, (20)



where B is the parameter in the logit model to regulatedffect of the mode travel cost‘v, +6*. 6" is the mode-specific cost.

The composite cost is obtained by aggregating théentravel coswijk), +6* over all modesk . The derivation of this composite

cost can be found in Williams (1977) and Ben Alaved Lerman (1987).

The modal split, flow conservation, and non-neg@tieonditions. Modal split can be obtained by the logit model:

. exp-B(7, +6°))
| YexpeB(m, +4"))

g, = J0i, j,k,7, (21)

where qi:.‘yr is the demand for modee between OD paiij in periodr, and R; ; is the number of residents who work in zane
livingin j defined in (2).
The demand for modk between OD paiij in periodr, qijky,, in (21) is equal to the sum of the route flowslwdt mode
between the OD pair in the same period so thaerfbotvs are conserved in each mode between eacpa®ln each period:
o, = £ 00k, (22)
p
Moreover, route flow in (22) must be non-negative:
foir 20,0p,0i,j k.7 (23)

2.3 Road network design constraints

They include link addition constraints, capacitystraints, and toll constraints.
Link addition constraintsThese constraints are added to ensure that floa proposed link can be non-negative only if the

link is built, and is zero otherwise:

Vi, <MY > 0N Y, 08 mr, (24)

b w=1
whereM is a very large constant.
Capacity constraintsThese constraints are included to address the fhet a link (in road networks) cannot be built or

expanded beyond an upper limit due to space liioitat

Co<ui,Oamr, (25)

10



whereu;' is the maximum allowable capacity of lirk for modem that uses the highways or roads. Equation (23hes
maximum allowable capacity constraint, which islitait the total capacity of each link after roadpaxsion or highway

construction in period-, to be less than its maximum allowable capacity

a [
Toll constraints. These constraints cater for scenarios, such gsofitical reasons, the tolp", cannot be collected on certain

links, or toll charges cannot be set too high. Mathtically, they can be stated as:

A =001 ,m,r, (26)
pr =0,0a,mr (27)
ol < pm . Oa,mr, (28)

where g is the maximum allowable toll for moda that travels on roads. The subsctiptepresents links without tolls.

2.4 Financial constraints

They depict the relationship between the improvenas construction costs, toll revenues, and sybditiese constraints
include cost and revenue functions and the costvexy constraint.

Cost and revenue functiansThe toll revenudl, and the improvement, construction and maintenaoséK, in period r

can be in terms of the equilibrium link flow, , the toll o, and the improvemeny, . as follows:

T, = ZZ” P, 0T, (29)

K, =>(h, +w,).0r, (30)

by, = (14 1) " Byly (Yor )™ OB, (31)
BD‘Z

=(1+7) { +ﬁbl )] },Db,r, (32)

where h,, and w,, are the improvement, construction and maintenaosg functions of linkb in period r respectively.

@,O,Eo,l, B0 By By, are parameters of these cost functiangonverts link flows from an hourly basis to a perbasis.] is

11



the inflation ratel, is the length of linkb . Equation (29) calculates the toll revenue in qubri , which is the sum of the

product of the link flow and toll in that periodg&ation (30) computes the improvement, constructimil maintenance cost in

period r by adding the improvement, construction, and negiabce costs of all links. Equation (31) is theetidependent

improvement and construction cost function. Themte(ﬂ.+ I)H represents the inflation factor: for the same cipa

enhancement, the improvement and construction icaseases by 109 % each period. The terrlt_q),olbyb,f‘*1 models the

improvement and construction cost of liakin period 1 (i.e., the base period). Equation (@4picts the general relationship
that the improvement and construction cost of k inproportional to the extent of the wideningddrence capacity gain) and

its length. This function is adopted for illust@ti and simplicity; other functional forms can beopigd in this framework

Boz
without difficulty. Equation (32) is the time-depsmt maintenance cost function, which is set togeg:+ :Bb,l(Z(”V&)J in

m

Boz
the base period, consisting of the fixed cgs} and the variable 0035’1,,1(2(“\/[:,)} , in which Z(nvg",) is the link flow on

m

link b in periodr . Again, the maintenance cost depends on thai'mﬁleﬁactor(1+ J’)’_l.

Cost recovery constraintsCost recovery can be classified into three typasial, exact, and profitable (Lo and Szeto, 2009).
Partial (exact) cost recovery occurs when the icoatdesign period is partially (exactly) recovetsdthe revenue, adjusted to
present value terms. Profitable cost recovery acadren, in present value terms, the revenue marre ¢hvers the cost, with a
surplus or profit at the end of the planning hanizéhese three cost recovery schemes can be mdtbaltggformulated using

one equation:

S S S
L) ) R )

where S, is the subsidy or contribution to network improwts in periodr . TOP is the profit or surplus of the toll road

operator. i is the discount rate.

The first term on the left hand side (LHS) of (88}he total discounted toll revenue for the enpli@nning horizon. Similarly,
the second (third) term is the total discountedegoment subsidy (the total discounted improvemenf)struction and
maintenance cost). The cost recovery equation (@)ires that, in present value terms, the tothlréwenue plus the total

subsidy minus the total improvement, constructind maintenance cost equals the surplus or profipedding on the values of

12



S, and TOP, equation (33) reduces to a) the partial costwegoequation ifS, is positive andTOP is zero, b) the exact cost
recovery equation if al5, and TOP are zero, or c) the profitable cost recovery eiqudf all S, are zero andOP is positive.

In the case where the subsifly is obtained from the increase in transit profihigh is numerically the same as the increase

in transit revenue when the operation and maintemaost is fixed. AU , the subsidy can be calculated by:

S{ = AUTk = U{k',aﬂer _ U{K,before, and (34)
u¥ :ZZ Py Nt 07K, (35)
1 p
where pf,’yij', andU¥ are respectively the fare and revenue of transitlerk’ on route p between OD paiij in period r

whose profit is used to subsidize road improvemants constructions. Equation (35) states that thsidy due to the revenue

of transit modek’ is the sum of the product of the farp“;: and the corresponding passenger flnf/é’z in the period

ij.r ij.r

considered.

2.5 Objective function

The objective thus depends on who is the decisiakem In the case where the improvement and castsiruprojects involve
the private sector (i.e., the builder and operaterthe private sector) like build-operate-trangf@jects, the objective is usually
profit-maximizing, and the objective functionTOP defined by (33).

In the case where the funding is wholly from the@grament who is in charge of a road network dedigm decision maker is
the government who usually considers a number jefctibes from the viewpoint of society. The maireds societal benefit, or
equivalently the change in societal benefit afteplementing a transport policy like implementingoad construction project
(because the societal benefit before the implentientas a constant that does not affect finding tiptimal design during
optimisation). This can be measured by the chamgedgial surplus (SS).

The change in social surplusThe change in social surpluASS, is the difference between the SS after and befwe
implementation, and is equal to the sum of the ghan consumer surplus (CS)CS, the change in landowner profi\l OP,

the change in toll revenu@T , the change in transit revenusl) , minus the change in net tax revenA®, the change in

13



improvement, construction and maintenance costhertoll road,AK , and the change in operation and maintenanceofost
transit modesAY :
ASS=A CStA LORA FA UA RA KA (36)
The change in consumer surpldsCS, in equation (36) measures the difference betwdeat consumers would be willing to
pay for travel and what they actually pay. It imi@izes the effect of network congestion and thielipis propensity to travel.
For the same network and demand characteristigigh&r CS (positive change in CS) implies a bgi@forming system. Here,

an approximation to this change, in present vadums$, is employed (Williams, 1976) and can be esged as follows:

ACS=3>" ACS, @37

Toij k (1+i~)r_1,

ACS;r = (1/ 2)(q<zrbef0re+ glfrafter)(q f(rbefore_ ]z. I: aftej, DI , J ,k T, (38)

where the superscripts ‘before’ and ‘after’ denbtfore and after improvement and construction ptojmplementations,

respectively. is the interest rateﬁ is the discount factor for period. According to (37), the change in CS is the sum
[

of the change in CS for all modes and for all Orgpaver time, discounted to present value terngstaion (38) is the rule-of-
half definition for CS.

The change in landowner pro#tl OP is the sum of the change of each individual disted landowner profidLOR, , over
time:

ALOP,

. 39
() (39)

ALOP =)"%"
L

The difference of a landowner’s profit before afitdrathe implementation of a road improvement anstonuction project can
be written as follows:
ALOP, = LOPY™ - LOP:™ 0 jr, (40)
where LOPffff‘"e and LOPf‘fe’ represent the profits of landowngr before and after the implementation of the road
improvement/construction project in peried The Landowner Profit (LOP) in residential zopdn periodr can be expressed

as follows:

14



LOP, =R, I, - Mo 0Oj,r, (41)

.
where R, , is the total number of residents in zopen period 7 as in equation (8)r, . is house rent per resident in residential

H
i

zone j in period7 . The maintenance cos¥) ", on houses can be formulated as a linear funetsdiollows:

M =M,  +m'R,0jr, (42)
where M ;.. Is the fixed maintenance cost on houses in resalezone j in periodr . m" is a parameter. The rent, in (41)
is assumed to increase over time due to inflation:

e =Tr (1+j~) , (43)
where | is the inflation rate. This rent is fixed withinperiod as the housing supply is assumed to begtgrfelastic. This
assumption can be relaxed in future studies.

The change in toll revenu&T can be similarly calculated by:

after __ 1 before
AT = zw . (44)

7 (1+i~)r_1

The term in the numerator is the difference of teNenue after and before the implementation ofl roaprovement and

construction projects. This term is discountedzlfy% to form the discounted change in toll revenueénqu 7. The sum
+i

of the discounted change in toll revenue in allgos is the change in toll revenue according t9.(44

The changes in transit revenue, tax revenue, amdntprovement, construction and maintenance castofbroads can be
defined in a way similar to the change in toll newe, where the subsidy used to calculate the chartge revenue and the total
improvement, construction and maintenance costene before the implementation.

The change in operation and maintenance cost ngitrAY is zero, assuming that this cost is fixed and pedelent of the

number of passengers.

2.6 Considerationsin road improvement and construction projects

15



Developing a specific model requires taking into@amt the parties involved in the implementatiomazd network projects. In
general, the implementations of road network ptsjévolve many parties, including road users, ggvlandowners, private
transit operators, private toll road operators, #ra government. Each of these parties has distendbjectives as discussed
below.

Road users: the shortest travel time and the lowrestel cost. Travellers are concerned with their actual traires and

travel costs. The actual travel time is the shottesel time between an OD pair:
g, =min[ &, ,.0p].0i,j kr, (45)

where gk, =>t P Op,i, j.k,T. (46)

gijk,, is the shortest travel time for mo#tebetween OD paiij in periodr . Q; is the travel time of mod& on pathp

ij.7
between OD paiij in periodr . The travel cost is the lowest travel coqf,,.

Private landowners: discounted profit or the changdandowner’s (discounted) profitin the case of private landowners,
they are concerned with their own total discoungeafit, which is the sum of the discounted landowpifit in each year. This
can be formulated as:

LOP,
LOP = ZWDJ (47)

where LOR is the discounted profit of landowngr, and LOP, , follows the definition in (41)-(42).

After the project implementation, there must bénange in landowner profit due to redistributiorredidents. This change in
landowner’s profit can be used as an alternativdotmulate the objective of the landowner, since phrofit before the
implementation is fixed. This change can be writs:

ALOP
ALOP =% ——1= 0], (48)
r (1

i)
where ALOP, , is defined in (40)-(42). A positive value &LOP means the project implementation is beneficialttte

landowner, and vice versa.
Private transit operators: profit.Like private landowners, the objectives of tramgitrators are profit-driven. The profit of

the private transit operator can be written as:
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K
=y Yo (49)

( )”'

whereU¥ is the revenue of transit operator in periodz defined in (35).Y* is the operation and maintenance cost of transit

operatork’ in periodr .
Private toll road operators: profit. The objective of each private toll road operatotoisnaximize his/her total discounted

profit TOR , which is the difference between the total dist¢edmrevenuel, and the total discounted cok :

TOR =T~ K,Ob, ©0

where T, = ZZ a’p"” (51)

i)

K, =Y —>—0Ob. (52)

~r1’
(1+i

The subscripb represents the toll road operatok;, o), is the toll revenue in period from modem on road networks,
and h, _ is the improvement cost following earlier definitio

Government: average network travel time, and edoéttyveen landownersThe government has a lot of concerns, including
the whole societal benefit, the congestion probligrm,environmental issue, the equity issues betwaerllers, between private
toll road operators, and between landowners, ar@ghsblere we only discuss and formulate two measthe average network
travel time, and the equity constraints betweeddamers.

Average network travel time (ANTT)he average network travel time is defined as Vadlo

DD I IV
ANTT = kst —— . (53)

222V

The numerator is the total travel time of all modsig road networks over the planning horizon, nele the denominator is
the total traffic over the planning horizon. Thigasure only considers the average speed of all snmule road network and
hence the congestion level of the network, whicHifferent from consumer surplus that considerhlibe effect of network

congestion and the public’s propensity to travel.
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Equity between landownersln general, the implementation of road improvenmojects may result in different changes in
landowner profits. Some changes can be greatertttgaother, and some changes can be even negdihissaises the issue of
equity between landowners. Here we consider thalsist case of equity: all changes must be nonivegdathat is,

ALOP = 0,0;j. (54)
If all changes are nonnegative, we say that inggiites not exist. While we notice that this is tieé only way to define
landowner equity, it is sufficient to illustrateathinequity exists between landowners due to nétwomprovement and

expansion, as will be seen in Section 3.

2.7 Threemodelsderived from the proposed single-objective framework

Based on the considerations above as well as eiffarombinations of objective functions and coristsadiscussed above, we
can develop many specific single-objective optitidsamodels. In this section, three specific models provided, which will
be used in the numerical study. They are the pnadiximization model, the social surplus maximizatinodel under exact cost

recovery, and the social surplus maximization meaeler cross-subsidization:

Profit maximization model (PM modelThe profit maximization model can be obtained bifisg y(x) in (1) to beTOP

defined by (33):

max TOP

ERfY.p
subject to time-dependent Lowry-type constrain)s(82,

time-dependent modal-split/assignment constrait@¥-(23),

road network design constraints (25)-(28), and;

financial constraints (29)-(31),
whereE,R,f,y,p represent, respectively, the vectors of the nurobeervice employment trips, the number of workitone
trips, path flows, capacity improvement, and tdiste that the cost recovery condition (33) isudeld in the objective function
rather than in financial constraints. This modedugable to aid decision-making in the build-operaansfer projects.

Cost recovery model (CR modeélhis can be formulated as follows:

max ASS
E,Rfy,p
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subject to the same constraints as in the PM madel,

the cost recovery condition (33) witOP=0 and S =0,0r7,

where ASS is defined by (36)-(48rror! Reference source not found.. This model formulates the problem from the
government’s perspective, assuming the toll revegererated to be able to recover the improvemeshin@&intenance cost. In
the case when the improvement and maintenancescesty expensive and the toll revenue generatedti®ble to recover the
cost, the model gives no improvement, zero tolkgéa and no change in SS.

Cross-subsidization model (CS modeéhis can be formulated as follows:

max ASS
E.Rfy,p

subject to the same constraints as in the CR megegptTOP=0 and S, >0,07,

the cross-subsidization condition (34)-(35),
wherep is the vector of transit fares. This model alsorfolates the problem from the perspective of theegument, assuming
that there is a transit profit and the increasprofit is enough to build the toll road. In realithe change in transit profit can be

negative but the transit can still have a profitthis case, the profit can still be used to stibsithe toll road construction and

its maintenance but the cross-subsidization cardittquires modifications.

2.8 Model extension: multi-objective optimisation

Multi-optimisation framework. The above single-objective optimisation model may Ipe able to give a design that makes
every party happy, as will be shown in the numéstady. If this happens, we find a compromisedgtesising the following

multi-objective optimisation framework extendedrfréhe proposed framework discussed before:

mavavi y ), (55)
subject to the same as the single-objective framiewo

Zwi =1, (56)

w >0, (57)

y(x)ze, (58)
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wherey, (x) is thei -th (normalized) objective functiorx is the vector of decision variables, is the (normalized) weight

for i-th objective function, which is an input. The tala magnitudes of all weights represent the redatmportance of the
corresponding objectiveg. is the aspiration level or the satisfactory object/alue, andy, (x) is the j -th objective function

that does not appear in the weighted objectivetfanén (55).

In the above framework, the objective function (&formed by summing all the weighted objectivadiions. Condition
(56) is the weight constraint, which requires thensf all weights to be one to normalize all theghés. Condition (57) is the
nonnegativity condition of the weights. Conditios8) is the performance constraint (©¢ constraint), which considers the
objective that does not include in (55). The oljectfunction is set to be greater than the desérablsatisfactory objective value

to ensure that at optimality, the-th objective value is at least equal to the satisfry value.

Cost recovery model under equity consideration @gRity model)This multi-objective optimisation model will be s
the numerical study and is formulated as follows:

max ASS
E,Rfy,p

subject to the same constraints as in the CR maddl,

the landowner equity constraint (54),
where ASS is defined by (36Frror! Reference source not found.(44). The key difference between this model andGRe
model is that this model has the landowner equitystraints, avoiding reduction in landowner prdfite to the implementation
of network improvement projects. However, incorpioigithese performance constraints in the singjeatlve optimisation can

reduce the optimal objective value, which will lBes in the numerical study.

3NUMERICAL STUDIES

This study is set up to compare the three schefmesd network design, namely build-operate-transfest recovery, and cross
subsidization, illustrate the impacts of the impégation of road construction projects on the eglgparties, especially on
landowners, and show the tradeoffs between vabjectives of the related parties. The build-opeteansfer (BOT) scheme
allows a private company to build a toll road aradlext tolls to recover the construction and maiatgce cost within a

franchised period; and after the franchised peisanler, all these toll roads are transferred liadke government. This scheme
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is very common now in Asia and Europe. The exast oecovery scheme uses toll revenuexactlyrecover the construction
and maintenance cost. The tolling and construditoategy is to maximize the change in SS, rathem tbh maximize the profit
as in the BOT scheme. Since the objective of ttieme is to maximize the change in SS, the prisattor is not willing to be
involved. The builder and operator is thus the goweent. This scheme can be found in India. Thescsobsidization scheme is
similar to the exact cost recovery scheme excegit e increase in transit profit is used to subsidhe construction and
maintenance cost of the toll road. This schemeotscommon and only applicable to the place likdaind, where the transit

system is government-owned and can generate agraffedue to high service coverage, high poputatend low fare.

Destinations

4

Fig. 1. The scenario network.

3.1 Scenario Setting

Although the frameworks are applicable for largéwoeks, a simple network is adopted as shown inufedl for the ease of
illustration. There are 4 links in this networkaks 1 - 4. Links 1, 2 and 4 are links whose trdiraks are given by the BPR
functions and link 2 is a proposed new link. Links3 separate transit link, as represented byh lilze in the figure. There are
3 zones too: E1, R2, and R3, in which ‘E’ stands &0 employment zone whereas ‘R’ stands for a eesia zone. The

attractiveness of each zone is assumed to follevidtowing function:

i,o;+1:W(;(1+ bvi)’
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where ﬁw,i is the growth rate of attractiveness of zénever time. The basic employment in the employnzemte is supposed
to grow linearly over time:

E%.. = E%(1+R,),
where ﬁE,i is the growth rate of basic employment. The tla@ees form two OD pairs: E1-R2 and E1-R3. Both Qirgare

connected by highways but only OD pair E1-R2 hagparate transit connection. In other words, theeetwo modes for OD
pair E1-R2 but there is only one mode for OD pdirHES.

The parameters in this study include:

a) Land use parameter§;, = h,, = ,,= 0.05;h., =0.04; r,, =r, =12 x €1000 x 10 years = €120008, =5000
jobs; W,, =3000 jobs; W,, = W,,=3000 houses;a =1; B' =0.04 €; 5°=0.03 €; y=5; s=0.1, M, = €100;
m" = €0.2/household.

b) Transport network parameters: = 3000 vph,c; = 0 vph; c] = 3000 vph;u, =u, = u, = 6000 vph;t) =tJ =5 hours;
t; =7 hourst] =4 hours;s = 1500 vph.

c) Transit's operation and maintenance cost in periodr> = €1000000.

d) Parameters of improvement cost functiobs; =1, b, , =€2000.

e) Parameters of maintenance cost functigfis;= €1200, 3,,= €0.001, 3, ,=1.

f) Parameters in travel cost functions: Value of tigres €15/h; mode-specific cosf™ =16; 8" =30; B =0.05€ ™.

g) Interest and inflation rate$:=0.03; | =0.01.

h) Converting factor:n =365 days x 24 hours x 10 years = 87600 hours/period

i) Length of each period: 10 years.

j) Planning horizon and franchised peri¢@; 50 .

k) Specific parameters for each scheme:

a. BOT: the transit fare on link 3 between OD pair B2-in periodz , p:,,, = €40; the toll on link 1p,, =€0;

Maximum allowable toll:p,,,, = €5.
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b. Cost recovery: the transit fare on link 8;,,, =€40; the toll on link 1,0,, =€0.

c. Cross-subsidization: the tolls on both links 1 angb,, = p,, =€0.

These values are chosen for illustrative purposes.

3.2 Performance of Each Scheme

The optimal designs under the three schemes aegneldtby solving the PM model, the CR model, aredl@$ model using

PREMIUM SOLVER PLATFORM. The corresponding performa measures are shown in Table 1 and Figure @eriral,

they show thatoad constructions have different impacts on redaparties,including road users, private landowners, transit

operators, private toll road operators and, theeguwent.

Tablel

The Objective Measure of Each Party under Threei®el

Party Objective measure Build-operate- Exact cost recovery Cross
transfer (BOT) subsidization
(Without equity) | Without equity | With equity | (Without equity)
Change in profit of
landowner 2 (in -937 -1030 0 -112
Landowners million €)
Change in profit of
landowner 3 (in 937 1030 0 112
million €)
Profit of toll road 281 0 0 0
operator
Construction and
Toll road maintenance cost (in 360 360 6030 360
operator -
million €)
Toll revenue (in
million €) 1141 360 6030 0
Transit Change in profit (in
operator million €) 2680 2490 5120 484
4SS (in million €) 9580 9370 4360 16100
Government i%irggénrlllggcof)k 6120 6880 -765 16000
travel time (min) 358 358 371 320
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Fig. 2a. Travel time between OD pair E1-R2 Fig. 2b. Travel cost between OD pair E1-R3

Fig. 2. Travel time and travel cost over time.

Road UsersThey are concerned with their travel times andefawsts. According to Figure 2, the travel timesl &ravel
costs increase over time due to increase in pdpolabver time and increase in travel demand. Howewdter the
implementation of any road construction projeatsyel time and travel cost are less than thoserbefo

Private LandownersPrivate landowners are concerned with their owofiforAs shown in Table 1, without considering the
equity of landowners, the profit of landowner 2Iviie reduced but that of landowner 3 will be inseghif any one of the
schemes is implemented. Landowner 2 will objetrtg implementation unless the government providexlbwner 2 a subsidy
to raise the profit back to the original level.

Toll Road OperatorsPrivate toll road operators are concerned withpttedit from the project. Without considering theugy
of landowners, the BOT scheme will result in getiegaa profit, but this profit may not be too atttige as the rate of return
(i.e., toll revenue/construction and maintenancst)cis about 3%, which is less than the usual nofi0-15 %. From the

viewpoint of the private toll road operator, theject is not attractive if no subsidy is furthevgn from the government.
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However, if the government gives the operator aislybto raise the rate of return to the minimuni10%, the SS will decrease
further.

It is worthwhile to point out that in the cost reeoy scheme, the builder and operator is the gonen, whose objective is to
maximize the change in SS subject to cost recovs)it is shown in Table 1, the profit is zero ahé construction cost and
maintenance cost is equal to the toll revenue.

Transit Operators:When the transit operator is private and profitein, without considering the equity of landownére
operator will welcome the implementation of the B&Td the cost recovery scheme because both schethesise the higher
transit profit, in particular the operator will jee the BOT scheme more as the change is larger.

When the transit operator is the government, tteitipe change in transit profit means the impleragah is good to society,
as the change in transit profit (or the changeandit revenue minus the change in the operatidmaaintenance cost of transit)
is part of the change in SS. Note that under csogsidization, the change in transit profit is ¢geeahan the construction and
maintenance cost of toll roads.

GovernmentFrom the government’s perspectives, the three sehare beneficial to society, as the change imksaiplus
(ASS) is positive. In addition, from the viewpointafngestion or road network performance, the teolemes do improve the
situation, since the change in consumer surph@S|) is positive and the average network travel tisnewer than 466 minutes
which is the average network travel time withow tlnplementation of any scheme. However, the gowent needs to consider
the unequal change in profit between the landowmdrsn any one of these schemes is implemented aydreguire to
subsidize the private toll road operator when tREBcheme is implemented.

It is difficult to comment which scheme is the biesgeneral after considering the perspectivedidha above parties. In this
particular example, the cross subsidization giveshighestASS andACS and the lowest average network travel time. This
scheme is the best from the government point ok viehe BOT scheme gives the largest profit fronh &old transit revenue,
and is the best from the viewpoint of the privai@nsit and toll road operator. When the transitrajoe is private, cross
subsidization is not possible and BOT gives a bgtteformance in terms &SS. Thus, BOT is the second best. However, all
these observations and conclusions are based ®spghtific case, and cannot be generalized to ensthdy. Nevertheless, a
general observation can be mad#é.schemes can lead to an unequal change in lanéowrofit, and some landowner’s profit
can be reduced.andowners will object to the implementation of S@heme if this happens. To avoid this happenirghave

to take their consideration into account when desigroad construction (and improvement) projects.
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3.3 Performance of the Cost Recovery Design under Landowner Equity Consider ation

To deal with the consideration of landowners, we add equity constraints to the three models, @mguhat the changes in
landowner profits are nonnegative. For illustratpugposes, we only add equity constraints to then@ilel to form the CR-
equity model. This CR-equity model is solved by RREM SOLVER PLATFORM, and the performance measuséth and
without the considerations of landowner equitya@s® provided in Table 1.

These results clearly shotnadeoffs between the perspectives of each of éinéep. The equity scheme is worse than the
original cost recovery design in terms A8S, ACS and the average network travel tid&S andACS are smaller and the
average network travel time is higher, meaning Hoatiety receives less benefit and the road netigorkore congested when
landowner equity is ensured. In particula€S is negative, which is highly unacceptable. Rwadellers face higher travel time
and cost compared with the situation without comsidy equity. However, the private transit operatdl favour the equity
scheme as the change in profit is larger.

To illustrate the tradeoffs further, in Figure 3ahed by solving the CR model while setting talisbe constant during the
planning horizon, it is demonstrated that the gomemt has to increase the toll level from the optinelue of €2 so as to
reduce the decrease in profit of landowner 2, onittimize the gap between the two changes in laméoywrofits. Moreover, in
the extreme case, if the landowner equity is emksute toll charge is €33, which may be too higd amy be objected to by

road travellers.

1500 —o— ATotal LOP —8— ALOP in zone 2
1000 —&— ALOP in zone 3

500

-500 |

million euros)

-1000

Change in Landowner Profit (in

-1500

Toll on link 2 (euros)

Fig. 3. Changes in landowner profits against toll on link 2
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4 CONCLUSIONS

This paper proposes a single-objective discrete/arit design framework considering the land-usedpant interaction over
time. This framework allows the evaluation of thgpact of the design on related parties includimgitavners and contrasts to
existing models that cannot be used for such per@ssthe land use transport interaction over tisnaat captured. This
flexibility helps network planners and private fgsnwith decision-making. The proposed frameworkoisriulated as a single-
level maximization program, and can be solved byynexisting optimisation methods. Through the hybapproach, the
framework is also extended to consider multi-olijest This multi-objective framework can aid thevgmment making
decisions considering the objective of each relgttly and eliminating a large number of alterratiesigns without trial-and-
error.

This paper also illustrates the models and the étspaf road constructions on related parties, éafpdandowners, under
different network design schemes through a simpdenple, although the models can be applied to génetworks. The results
show that it is difficult to comment which schensethe best in general after considering each mapgrspective and that
tradeoffs exist between the objectives of all edgbarties. Moreover, all schemes lead to uneceiges in landowner profits.
This raises the issue of landowner equity. If wa at ensuring that their profits must not be reducgher considerations such
as societal benefit and the road network performanay get worse. Therefore, the government hastefudly consider the
tradeoffs.

This paper opens up many research directions, Histpaper does not consider heterogeneous vefuase, mixed routing
strategies, and the elasticities of housing denzamtisupply. One can incorporate them into the megdrameworks in future
studies. Second, the proposed frameworks do naidendemand and supply uncertainty, but in reaégand and supply are
uncertain. Extending the proposed frameworks tdurapuncertainties is definitely one important fetuesearch direction.
Third, the Lowry land use model, which is incorgediin our proposed framework, can serve the pagosthis paper, but this
model has some limitations including ignoring tlmm®omic dimension and long-term character of leratiecisions. In the
future, one can incorporate a more advanced laadnadel into our proposed frameworks to study othmgrortant network-
design-related issues like the effect of road neétwadesign on location decision$:ourth, our proposed multi-objective
framework can indeed incorporate sustainabilityeotiyes and indicators summarized by Litman (20@8) road network

design analysis with the objective functions totbe desirable sustainability indicators and witk thrget value to be the
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desirable sustainability indicator values. One diom is therefore to apply this framework to amzalythe tradeoff between
various indicators in road network design. Fifthe toroposed frameworks do not capture the effeqihgbical queuing on
junction blockage, which can highly affect the aeay of travel time estimation and bottleneck idfes#tion as pointed out in
Lo and Szeto (2004, 2005). However, in the futoree can integrate a dynamic network loading mékelNie et al. (2008)
with the proposed frameworks by introducing anotiree dimension for within-day dynamics. Finallfietproposed models are
path-based, which are not suitable for solving dangtworks involving many paths because there @wentany decisions
variables and it is time-consuming to find out @diths. Moreover, like other optimization problerige proposed problem is
highly non-convex, which is difficult to solve fgtobal solutions efficiently. Therefore, developiadink-based formulation and
an efficient global optimisation technique basedooe or more heuristics like tabu search (e.g., &zh Machemehl, 2008),
genetic algorithms (Ngt al, 2009), and ant colony heuristics (e.g, Viting aéxhausen, 2009) for this problem represents

another worthy research direction.
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