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ABSTRACT

This study proposes a benefit estimation method that considers travel time reliability. The proposed
method is based on a network model that is formulated as a utility maximization problem with
constraints. Since this utility maximization problem has the same equilibrium conditions as a multi-
class user equilibrium traffic assignment problem with elastic demand, both transport demand
forecasting and benefit estimation can be carried out in the same framework. By assuming a certain
form for the utility function, the road network model can estimate the prohibitive price, so the
proposed method is convenient for estimating opportunity loss due to disruption of origin-destination
connection in the event of a natural disaster. Furthermore, the values of travel time and travel time
reliability are estimated endogenously in the proposed method; thus, changes in these values can be
reflected in the benefit estimation. A numerical experiment demonstrates the method presented in this
study.
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1. INTRODUCTION

Cost—benefit analysis is widely used for determining an option that maximizes a benefit while
reducing a cost. Benefit estimation is a main part of cost-benefit analysis. The benefit of a transport
project is defined as the willingness to pay compensation for the welfare change generated by the
project. Accurate benefit estimation is required for valid decision-making. Recently, travel time
reliability is increasingly recognized as an important factor in benefit estimation of transport projects.
Under travel time variability, travellers do not take only mean travel time into account; they also take
travel time reliability into account. They allocate more time for their trip in order to reduce the
possibility of late arrival. Therefore, reducing travel time variability generates a user benefit. Two
tasks are involved in measuring the benefit from transport projects in road networks in terms of travel
time reliability: evaluation of travel time reliability in the network and establishing the monetary value
of travel time reliability. A benefit estimation method that is consistent with the evaluation of travel
time reliability is also required.

For evaluating travel time reliability in a network, many studies have proposed equilibrium models
that address uncertainties in the network. These uncertainties can be categorized into main two groups:
those of demand, and those of supply. Lo & Tung (2003) and Lo et al. (2006) proposed user
equilibrium (UE) traffic assignment models that regard link capacity as a uniform distributed random
variable. In contrast, some UE models based on random variations in demand have been proposed.
Watling (2002) considered the demand variability generated from the route choice proportion. Clark &
Watling (2005) extended this model to consider stochastic origin-destination (O-D) demand flow
when that flow follows a Poisson distribution. Furthermore, some authors considered both stochastic
demand and supply in calculating stochastic travel time. Siu & Lo (2008) proposed an equilibrium
model that considered both stochastic O-D demand and link capacity. Lam et al. (2008) proposed an



equilibrium model considering both stochastic O-D demand and the influence of adverse weather on
link capacity.

Some studies have proposed equilibrium models with exogenously specified travel time distribution.
These studies focused on the driver’s risk-taking behavior. Based on a scheduling delay concept,
Watling (2006) proposed a UE traffic assignment model that penalised late arrival. This concept is
employed in the scheduling model. Chen & Zhou (2010) proposed mean-excess traffic equilibrium
models to capture aspects of reliability (on-time arrival) and unreliability (late arrival) of travel time
variability. Ng et al. (2011) presented a method for assessing travel time reliability without
specification of probability distributions of the sources of uncertainty.

Studies which address the value of travel time based on a utility maximization problem began with
Becker (1965) and Deserpa (1973). Some analytical models which address the value of travel time
reliability based on the utility maximization principle have been proposed. As shown in Fosgerau &
Karlstrom (2010), there are basically two mainstream approaches: the mean-variance approach, and
the scheduling approach. Because of the simple structure of the mean-variance approach, many
empirical studies have used it to estimate the value of travel time reliability (e.g., Lam & Small, 2001,
Brownstone & Small, 2005). A scheduling approach was proposed by Small (1982) in which the
traveller’s cost function is assumed to depend on travel time and on the difference between the arrival
time and the preferred arrival time.

Fosgerau & Karlstrom (2010) developed a model that estimates the value of travel time variability
based on scheduling preferences. By using a simple formulation of scheduling utility, they showed that
the maximal expected utility is linear in the mean and standard deviation of trip duration. Fosgerau &
Engelson (2011) considered the value of travel time variability under scheduling preferences that were
defined in terms of linearly time-varying utility rates associated with being at the origin and at the
destination. They showed that a related measure of travel time variability is variance of travel time.
Hjorth et al. (2015) empirically estimated scheduling functions and compared them with a more
general form and a conventional form with regard to model fit by using SP data.

The studies that address travel time reliability based on equilibrium network models have required
exogenously given values (preferences) of travel time and travel time reliability. In contrast, studies
that addressed the value of travel time and of travel time reliability based on utility maximization have
not addressed traveller route choice behavior in the network, even though it is an essential factor in
estimating these two values. Although these two types of studies are closely related to each other, they
have not been considered in the same framework. To address this issue, Uchida (2012, 2014) proposed
two network models that estimate the values of travel time and travel time reliability. The two models
were derived from a utility maximization problem under budget constraints. The models were finally
formulated as UE traffic assignment problems with elastic demand in which the risk-averse driver
route choice behavior was expressed. Kato et al. (2013) extended these network models to address
heterogeneous drivers. The drivers in their model are distinguished by the value they place on travel
time and on time reliability. This model was formulated as a multi-class UE traffic assignment
problem with elastic demand.

For evaluating the benefit of transport projects, traffic demand forecasting and benefit estimation
consistent with microeconomics are required. To forecast traffic demand, a UE model or a stochastic
user equilibrium (SUE) model is adopted. These models consider equilibrium conditions in which the
driver minimizes the disutility of a trip. That disutility is expressed as a function of the traffic demand
that expresses congestion in a road network. Although disutility minimization behavior is expressed in
terms of UE or SUE, no traffic demand forecasting model has been formulated as a utility
maximization problem that uses traffic demand as the decision variable while expressing flow-
dependent disutility. Therefore, existing benefit estimation methods for transport projects have two
steps: transport demand forecasting, and benefit estimation. For example, Kidokoro (2004) estimated
the benefit by expressing route choice behavior as a utility maximization problem for a representative
consumer. However, the equilibrium user disutility of a trip was given exogenously by using the



results of a demand forecasting model. Since these two steps are carried out separately in existing
benefit estimation methods, the lack of consistency between them has been discussed in the literature.
Kidokoro (2006) clarified the relationship between assumptions made in transport-demand modeling
and benefit estimation methods by focusing on the forms of the utility function of a representative
consumer. However, a benefit estimation method that carries out both steps in the same framework has
not been proposed. In the literature on transport demand forecasting methods that include travel time
reliability, many measures of travel time variability have been used, such as standard deviation,
variance and percentile. The estimated benefit is biased when there is mismatch between the travel
time variability measure in transport demand forecasting and that in benefit estimation. A benefit
estimation method that can carry out both steps in the same framework is useful for correcting this
bias.

Ueda et al. (2002) indicated that the prohibitive price of transport at which a traveler in a transport
network abandons his/her trip plays an important role in both estimating the benefit of newly opened
transport service and developing a new pricing scheme. In the literature, there are no studies that
address a finite value of prohibitive price within a utility maximization framework. To evaluate an
opportunity loss that results from the disruption of an O-D connection in the event of a natural disaster,
it is necessary to estimate the finite value of the prohibitive price.

Kono & Morisugi (2000) and Jiang & Morikawa (2004) examined the changes in value of travel time
by static analysis on travel and individual socio-economic environments. In the logit model, the form
of the traffic demand function is significantly affected by the values of travel time and travel time
reliability. Therefore, these values also affect the benefit estimated by using the logit model. However,
the logit model cannot address the change in value of travel time and travel time reliability. Existing
studies have not addressed how these changes could be reflected in benefit analysis.

In the present study, we propose a benefit estimation method that is based on the network model
proposed by Kato et al. (2013), which can carry out the two steps in the same framework. In this
model, the inverse demand function, which describes the relationship between the generalized travel
cost of an origin-destination (O-D) pair and the corresponding O-D traffic demand, i.e., the
relationship between the price of the O-D pair trip and the corresponding O-D traffic demand, is
derived based on the Stone-Geary utility function. Therefore, the prohibitive price of each O-D pair is
estimated as a positive finite value. In addition, the proposed method does not require predefined
values (preferences) of travel time and travel time reliability. Therefore, by using the proposed method,
we can estimate the benefits considering the changes in the values of travel time and travel time
reliability.

To summarize, in this paper we propose a method of benefit estimation for transport projects that
considers travel time reliability. Since the proposed method is based on the network model proposed
by Kato et al. (2013), it has the following convenient properties: (i) both transport demand forecasting
and benefit estimation can be carried out in the same framework, (ii) the prohibitive price can be
estimated as a positive finite value, and (iii) the benefits considering the changes in the values of travel
time and travel time reliability can be estimated.

The paper is structured as follows. In Section 2, we review the network model proposed by Kato et al.
(2013). Section 3 presents a benefit estimation method based on the network model described in
Section 2. In Section 4, a numerical experiment is carried out on a test network. Finally, the
conclusion and directions for future study are given in Section 5.

2 THE MODEL
In this section, we review the network model proposed by Kato et al. (2013) as preliminary to

explaining the method of benefit estimation. For a detailed discussion, please refer to Kato et al.
(2013).



2.1

Notations

In this study, we consider the same random variables as employed by Kato et al. (2013): stochastic O-
D demand flow, and link capacity. The following notations are used for representing network flows in

this paper.

A Set of links in the network

(1) Set of O-D pairs in the network

J; (| J; |) Set of routes between O-D pair i

Oy Variable that equals 1 if link a is part of route j, and O otherwise

Q Stochastic traffic demand for O-D pair i

0; Mean traffic demand for O-D pair i

F Stochastic flow on route j for O-D pair i

£ Mean flow on route j for O-D pair i (¢, = Z fy viel)
1 “
jed;
Vv, Stochastic flow on link a
v, Mean flow on link a (v, :ZI:ZJ:&“’ f; VaeA)
iel jel;
Mean flow that passes through both links a and b (v,, =) > 5, -6, - f; - Va,beA;
Vab i
ifa=b, v, =v,)

2.2 Model Structure

In the model, the following three assumptions for the estimation were employed.

Al. Route flows in the network can be observed or estimated. Note that, link flows and O-D
demands can be calculated by route flows. Considering recent advances in ITS technology, it
may be possible to obtain large amounts of link flow data in a road network. By applying an O-
D flow estimation technique that uses a partial set of observed link flows (e.g., Sherali et al.,
2003), O-D flows and route flows in the network can be estimated, as can link flows. The
observed or estimated flow can be regarded as the mean flow.

A2. Observed or estimated traffic flows are generated from the optimal behavior of each driver in the
network such that the utility level of each driver is maximized subject to the three budget
constraints regarding mean travel time, mean travel cost and travel time reliability. In general
econometrics, it is also assumed that the observed behavior is generated by the optimal behavior,
i.e., utility maximization behavior.

A3. The upper bounds for the three budget constraints in A2 can be calculated by using observed or

estimated traffic flows. As shown in Kato et al. (2013), the left-hand side of the three budget
constraints can be expressed by the link performance function in which the explanatory variable
is link flow. Following A2, the observed flows maximize utility and satisfy the constraints.
Therefore, if we know the link performance functions, then the right-hand side of (2)-(4) can be
calculated by substituting the observed flows into the left-hand side of (2)-(4). The link
performance function can be estimated by calibrating parameters in the function from link
performance data.

Note that, by applying the model proposed by Kato et al. (2013) and by employing A1-A3, the values
of (mean) travel time and of travel time reliability can be estimated from observed traffic flows. That
is, we regard the observed traffic flows to contain drivers’ revealed preferences of travel time, travel
cost and travel time reliability in a road network. In addition, the price and the demand of goods other
than transportation demand are assumed to be fixed.

The network model was formulated as the following primary problem [PP]:



g

v:maxu(ql,...,qm):;()ﬁ.dw (1)
s.t.
ti-q =4 Viel (2)
pi O =m; Viel 3)
o,-q, =6 Viel 4)
q, +¢€ :é]i Viel (5)

It should be noted that the decision variables in PP are ¢, (Vi e I), although ¢, (Vi € |) are assumed

to be observed (Al). By solving PP with parameters estimated from observed flows, we can obtain not
only the observable flows but also the values of travel time and travel time reliability in the traffic
situation observed. The objective function u in (1) can be regarded as a direct utility function
(Varian ,1992) in the network, since the objective function becomes

g ai
u(ql,...,q,l)zgl'm.dw=§ai -In(q; +1) (6)

(6) follows the style of a Stone-Geary utility function (Stone, 1954) by assuming that the mean O-D

flow, q;, is the number of substitute trips i, and that ¢, (> O) is the marginal propensity to consume

such that Zai =1. The inequality constraints shown by (2) to (4) can be regarded as budget

constraints in which three different prices (t,, p, and o, ) are offered to the O-D flow g, .

e (Os g < d,) in (5) is excess demand (Gartner, 1980) that does not appear in the network. (ﬁi in (5) is

a constant given to each O-D pair i that is larger than the supposed maximal traffic demand. The
utility function (6) means that the greater the O-D flow is, the higher the utility level is. However,
these three budget constraints do not allow the O-D flows to increase independently of the observed
link flows. A calibration method of the marginal propensity to consume ¢; will be discussed later. t;

is the price for mean travel time between O-D pair i. In a similar way, p, and o, are prices for mean
travel cost and travel time reliability between O-D pair i, respectively. Note that the values of t;, p,
and o, are calculated by using the network flows. Following A3, the upper bounds for three budget
constraints that are respectively denoted by ¢,, 7; and 6, are calculated by using the observed route
flows. t,, p, and o, are the functions of network flows.

If the marginal propensity to consume, ¢;, which is the proportion of supernumerary income spent on
substitute trip i, is known, then we can obtain the relationship between the demand g; and three
different prices (t;, p, and o;). However, we assume that «; is constant in predicting the demand and
price, since the change in «; cannot be predicted in advance. Hence, o; can be considered as the
expenditure share of substitute trip i. ¢; can be calculated as

@+ + 0,

ai:Z(¢k+ﬁk+9k) Viel (7)

kel

As shown by Kato et al. (2013), each of the three upper bounds ¢, z; and &, for the three constraints

shown by (2) to (4) can be transformed to an integration of a corresponding function that is either
mean travel time, travel cost, or travel time reliability of O-D pair i with respect to network flows. By
applying the partial Lagrangian with respect to the budget constrains denoted by (2) to (4), we can
obtain the equilibrium conditions that are equivalent to multi-class UE traffic assignment problems
with elastic demand. The equilibrium conditions for the route flows are expressed as (8).

fi '(Cij (F)-di(e))=0, f; >0,¢c,(F)—d;(e)>0 ®)
where



c,(F)=4 - E[Eij ]+ w’ - E[l“ij ]+ 7 -var[Eij] 9)

.
d;(e )= ' 10
(&) § e 11 (10)
In (8), c; (F) is the route performance value in which F is the vector of route flows, and d,(e,) is the

inverse demand function that provides the minimum route performance value for O-D pair i. In (9),
E; and T, are stochastic travel time and stochastic travel cost on route j for O-D pair i,

respectively. Variance of route travel time is employed as an index of travel time variability in (9).
Note that other indexes, such as standard deviation, can be applied to the present formulation. (Uchida,
2012, 2014 and Kato et al., 2013 have adopted variance of route travel time as the index of travel time

variability.) A47," and y;" are respectively the optimal Lagrangian multipliers for constraints (2) to (4).
(A4, and y; are also the same as the shadow prices of the mean travel time, mean travel cost and
travel time reliability of O-D pair i, respectively.) Hence, the value of travel time (VOT) and of travel
time reliability (VOR) for O-D pair i can be obtained as VOT, =4 /@ and VOR, =y /w’ ,
respectively. By using the values of travel time and travel time reliability, we can obtain the
generalized cost, which is a monetary cost experienced by a traveler making a given trip in a network.
When the flow on O-D pair i is0 (éh —e, =0), the inverse demand function equals ¢; . Therefore, the

prohibitive price for O-D pair i is «;. By dividing the route performance value by the optimal
Lagrangian multiplier of travel cost, @, the corresponding prohibitive generalized travel cost is
calculated as ¢, /oy .

How to check the accuracy of the estimated results should be mentioned. Since a set of observed flows
are considered and are assumed to be correct in the models proposed by Uchida (2012, 2014) and by
Kato et al. (2013), there is no way to evaluate the accuracy of the estimated values other than
calculating the corresponding error, e.g., root-mean-square error between the observed flows and the
estimated flows. In the case where several sets of observed flows are available, a maximum likelihood
estimation method can be applied. The accuracy of the estimated O-D demands and the values of
travel time and travel time reliability can be examined based on an inverse hessian matrix of the log-
likelihood function. Accordingly, the accuracy of the benefit estimation proposed in this paper can be
discussed in this case.

In the maximum likelihood estimation framework, the upper bounds ¢, , 7, and 6, (Vi € 1) for the

constraints shown by (2) to (4), which are inputs to the network model proposed by Kato et al. (2013),
are also decision variables. Since the network model has the same structure as the multi-user class UE,
network flows are estimated by solving the network model with the given inputs. Therefore, the
likelihood function that corresponds to the model inputs can be calculated by using the several sets of
observed flows. By applying a perturbed Fischer-Burmeister function (Fukushima, 1998), the optimal
conditions of the PP, which was transformed as a nonlinear complementary problem in Kato et al.
(2013), can be expressed as equality constraints. Therefore, we can formulate the maximum likelihood
estimation problem with equilibrium constraints in which the decision variables are the three upper
bounds, O-D demands, and the values of travel time and travel time reliability.

3. THE METHOD OF BENEFIT ESTIMATION

The benefit of a transport project is defined as the willingness to pay compensation for the welfare
change generated by the project. Therefore, the benefit is measured as a monetary value. By
calculating the changes of the generalized cost and the traffic demand generated by the transport
project, we can estimate the benefit. As an intuitive example, we consider the simple case in which the
O-D demand and the values of travel time and travel time reliability are fixed. When the mean and
variance of travel time decrease by one unit as a result of a transport project, the benefit of the project
is given as the sum of one unit value of travel time and travel time reliability. It should be emphasized



that we take the change of O-D demand and the value of travel time reliability into account in the
benefit estimation method proposed in this study.

In this section, we estimate the expenditure function from PP for the purpose of estimating
compensating variation (CV), which is an index of benefits. By solving PP without and with the
update of the network parameters generated by transport projects, the three different corresponding
prices (t;, p, and o;) at the equilibrium can be obtained. We denote these three prices at the

equilibrium as t”, p; and o/, respectively. We employ the same convention for all the variables in

the rest of paper. It is reasonable to assume that these three prices (t, p; and o)) are constants by

focusing on the equilibrium condition for benefit estimation. By using these three equilibrium prices,
the expenditure function can be obtained as shown below.

It was assumed that all the equality constraints denoted by (2) to (4) are satisfied under the equilibrium
condition. This assumption shows that the consumption of goods other than the amount of substitute
trips does not change after a transportation project and that the drivers in the network generate as
many trips as possible within the budget constraints. The former assumption can be relaxed by
introducing goods other than traffic demand. For example, it can be relaxed by applying a nested
constant elasticity substitution utility function in which the consumption of goods other than the
amount of substitute trips is decided in an upper-level problem, whereas the amount of substitute trips
is decided in a lower-level problem. The latter assumption is the same one as employed in typical time
allocation models (Becker, 1965, Deserpa, 1973). Since the right-hand sides of (2) to (4), ¢, z; and

6;, are calculated by using observed flows, this assumption holds when the link flows are the same as

the observed ones. For benefit estimation, we have to consider the changes in link flows generated by
transport projects. Following again this assumption, new Lagrangian multipliers corresponding to the
constraints will be obtained after the transport projects. Therefore, the values of travel time and travel
time reliability will change as a result of the transport projects. We obtain the following relationship at
the equilibrium by applying this assumption.

(ti*+pi*+o-i*)'qi* _ ¢+ + 6,
Z(t;+p:+0':)-q: Z(¢k+”k+9k) (11)
kel kel
=q;, Viel

Note that the limit of (11) still holds as g, approaches zero from the right.

Based on the assumption mentioned above and (11), the inequality constraints denoted (2) to (4) can
be unified as the following equality constraint.
Z Pi-q = zl//i (12)
iel iel
where
p, =t +p +0; Viel (13)
v, =¢+m,+6, Viel (14)
We consider then the optimization problem in which the utility function denoted by (1) is maximized
subject to the constraints denoted by (12) and (5). In the following paper, we call this optimization
problem “PP-2". Note that, PP-2 is equivalent to PP, as shown in Appendix A. Assuming that the O-D
flow, q;, is the number of substitute trips i, it is reasonable to regard p; as the price and y; as the

budget of substitute trip i .

By solving PP-2, the demand function can be obtained as shown by (15). This demand function is the
same as that obtained by employing a Cobb-Douglas style utility function (Cobb & Douglas, 1928).

Q; 'Z‘//k

qi :—kEI V| (S I (15)
Pi



By substituting the demand function into the utility function denoted by (1), the indirect utility
function, v, is obtained, as shown in (16).
Q; ‘Z‘//k

v=>a-In %-{-1 (16)
iel i

According to duality theory, the expenditure function is obtained as
e(p,v)=—2" p; +exp(v)- H(ﬂJ 17)
iel iel i

p in (17) is the vector of the prices of O-D flows E[Qi ] Therefore, the CV is obtained as follows.

CV = e(pW , VW)— e(pW v ): {exp(vW )— exp(vWO )} H[Z—‘WT (18)

iel i
The superscripts w and wo indicate the condition with the transport projects and without the transport
projects, respectively. We employ these conventions for all kinds of variables in the rest of paper. Note
that, p, is different from the generalized travel cost of O-D pair i . However, by applying the

following one-to-one mapping from the price, p;, to the corresponding generalized travel cost, gc;,
which is derived from (8) to (11), p, can be transformed to gc,. (The correspondence to the case of
q; =0 was discussed in Section 2.)

gc =—-(d(e))= ;, W‘qi’#l it g7 >0 (19)

o /o if g =0

4. NUMERICAL EXPERIMENTS
4.1  Benefit estimation by using the proposed method
4.1.1 Settings

In this section, the observed route flows are assumed to hold for the UE conditions under the
predefined values of travel time and travel time reliability. The route performance function obtained
based on the BPR function is employed. Figure-1 shows a test network with two O-D pairs. For each
O-D pair, the number of equilibrated routes is four, as shown by the sequence of link numbers
1—-4—5-8, 154—6—7, 2—3—5—-8 and 2—3—6—7 for O-D pair 1, and 9—11-5—14,
9—11—12—13, 10»3—5—14, and 10—»3—12—13 for O-D pair 2. Only two links, 3 and 5, are
shared by the two classes of drivers, i.e., the driver traveling O-D pair 1 and the driver traveling O-D
pair 2. Note that drivers traveling different O-D pairs are assumed to have different preferences on
route choice, and thus multi-class users are expressed in this manner.

origin 1 (1)—2—~(2)—13—~(3) Destination 2

2 12| | 4 14
N3 e\ O
(D——=C ~®)
10 11| |6 8

Origin 2 (7)—2—(8—L"—=(9) Destination 1




Figure-1. Test Network

We assume the following mean travel time function, mean travel cost function, and function of
covariance of two link travel times, which are respectively given by

%a(va)zl—a'{ler-[\é—aJ ] VaeA (20)

So a
5 ()= pg-[rl-la-{1+m-(\é—aj }%J vacA 1)
Ot-ab (Vab)=%‘%‘(vab )h \V/a,b EA (22)

a b
where
v, 222561' -f; VaeA (23)
iel jeJ;

Vo, =2, D 8,0y - fy - Vabe A (24)

In (20), c, Vae A is the mean capacity of link a that we set at 1.67 [pcu/min] for all links in the
network, where pcu represents the passenger car unit; |, Va e Ais the length of link a that we set at
10 [km] Yae A; s, is the free flow speed (1 [km/min]); and m and n are parameters of the BPR
function (m=2.62, n=5). In (21), p, is gas price (140 [JPY/I]); r, =0.009 and r, =0.059 are the
parameters for travel cost function estimated in Uchida (2010). In (22), g,Vae A and h are the
parameters for variance and covariance of travel time (g, =3 Vae A,h=2). Note that we assume
that the covariance of the two stochastic link travel times is expressed as a function of v, , which is

the mean flow passing both links a and b. The validity of this assumption is discussed in Appendix B.
Mean route travel time and mean route travel cost are given by the sum of those of the links that
compose the route, as shown in (25) to (26).

E[g, =Y t.(v.)-6, Viel,vie), (25)
aeA
E[r, = p.(v,)-6, Viel,vjel, (26)
aeA
The variance of route travel time is given as follows. (See Appendix B for the derivation.)
var[Eij]:zz&ab(vab)ﬁaj -8y, Viel,Vjel, (27)
aeAbeA
The utility function of this problem is given by
u(qla%):al'ln(%"‘l)"'az'In(qz +1) (28)

where (al,az) are calculated as (0.5, 0.5). The equilibrated link flows that we regard as the observed
link flows are calculated based on the predefined value of travel time, 40.00 [JPY/min]; and the value
of travel time reliability, 10.00 [JPY/min?], as shown in Table-1. We set the same values of travel time
and travel time reliability for each O-D pair for the purpose of seeing how these two values change
according to the transport project.

Table-1. The observed link flows

Link 1 2 3 4 5 6 7 8 9 10 11 12 13 14

EV.] 210 1.23 248 210 248 210 210 123 2.0 123 210 210 210 1.23

(All units are [pcu/min])
4.1.2 Results

As the first step, by solving PP with the observed flows, we estimate the values of travel time and
travel time reliability for each O-D pair. Here, the values of travel time and travel time reliability for
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two classes users are respectively estimated as 40.00 [JPY/min] and 10.00 [JPY/min?] for each O-D
pair. Those values are same as those used for generating the observed flows. Table-2 shows the O-D
flows, the route flows and route performance values without the transport project. The corresponding
link flows are shown in Table-3. The diagonal elements of Table-3 represent v,, and the off-diagonal

elements represent v, . It is shown that the flows, the value of travel time and the value of travel time

reliability are all estimated consistently with the observed flows. Mean link travel time, mean link
travel cost and covariance of two link travel times without the transport project are calculated by
substituting the flows shown in Table-3 into (20) to (22), respectively.

Table-2. O-D flows, route flows and route performance values without the transport project

0-D 1 2
E[Q,] [pcu/min] 3.33 3.33
Route 1 2 3 4 5 6 7 8

9-11-  911-  103-  103-
514 12413 514  12-13
E[F,[[pcu/min] 090 120 034 090 090 120 034 090

ElZ, | [min] 874 834 915 874 874 834 915 874
EIr,| OPY] 4776 4709 4842 4776 4776 4709 4842  477.6
var[g,] [min] 501 670 332 501 501 670 332 501
c,(F) [nounit] 4475 4475 4475 4475 4475 4475 4475 4475

Link seq. 1-4-5-8 1-4-6-7 2-3-5-8 2-3-6-7

Table-3. Mean link flows v, and v,, without the transport project

Link| 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13 | 14
1 ]1210| O 0 [210{090|120|120|090 | O 0 0 0 0 0
2 (123123 0 |033]090|09|033| 0 0 0 0 0 0
3 (248 0 |067|090(090|033| 0 |123| 0O |0.90|0.90|0.33
4 © 1210|090 |120|{120|090 | O 0 0 0 0 0
5 1248 O 0 |123/090(033|090 | O 0 |1.23
6 1210210 | O 0 0 0 0 0 0
7 1210 O 0 0 0 0 0 0
8 1123 0 0 0 0 0 0
9 (210 0 |210|1.20|1.20|0.90
10 1123 0 |[090|0.90]0.33
11 : 1210 1.20 | 1.20 | 0.90
12 12101210 O
13 1210 O
14 o 1.23

(All units are [pcu/min])

Next, we assume a transport project that increases the mean capacity of link 1 by 0.83 [pcu/min] (i.e.,
a change from 1.67 [pcu/min] to 2.5 [pcu/min]). By solving PP with the transport project, we estimate
the equilibrium flows and the route performance values as shown in Table-4. Table-5 shows the
corresponding link flows. As mentioned in Section 3, the values of travel time and travel time
reliability can change as a result of the transport project. In this numerical experiment, we assumed
that only the Lagrangian multipliers of travel time reliability change as a result of the transport project
whereas those of mean travel time and mean travel cost remained unchanged. Therefore, only the
value of travel time reliability is assumed to change as a result of the transport project. As a result, the
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values of travel time reliability are estimated as 9.00 [JPY/min?] for O-D pair 1 and as 10.13
[JPY/min?] for O-D pair 2 with the transport project.

Table-4. The O-D flows, the route flows and route performance values with the transport project

o-D 1 2
EQ ] 3.40 3.35

[pcu/min] (+0.068) (+0.017)
Route 1 2 3 4 5 6 7 8

9-11-  911-  10-3- 103
514 1213 514 12413
E|F, | 099 128 028 08 08 119 036 093

[pcu/min]  (+0.085) (+0.080) (-0.055) (-0.045) (-0.030) (-0.005) (+0.027) (+0.027)
E[E i J 86.9 83.3 90.4 86.8 87.0 82.7 90.7 86.4
[min] (-0.5) (-0.1) (-1.1) (-0.6) (-0.4) (-0.7) (-0.8) (-1.0)
E[FU,] 476.7 470.8 482.5 476.6 477.0 469.9 483.0 476.0
[JPY] (-0.9) (-0.1) (-1.7) (-1.0) (-0.6) (-1.0) (-1.2) (-1.6)

var [Eij J 48.4 65.1 32.0 48.7 48.8 66.6 33.6 51.4

[min?] (-1.7) (-1.9) (-1.2) (-1.4) (-1.3) (-0.4) (+0.4)  (+1.3)

Ci (F) 4,387 4,387 4,387 4,387 4,453 4,453 4,453 4,453

[no unit] (-88) (-88) (-88) (-88) (-22) (-22) (-22) (-22)
() The difference between without versus with the transport project

Linkseq. 1-4-5-8 1-4-6-7 2-3-5-8 2-3-6-7

Table-5. Mean link flows v, and v, with the transport project

Link | 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13 | 14
1 227 O 0 (227|098 |127|127|098| O 0 0 0 0 0
2 : 1113|1113, 0 |(028|085/085|028| O 0 0 0 0 0
3 : 1243 0 |065|085|/085|028| 0 |128| 0O |0.93]|0.93]|0.37
4 : 12271098127 |127]098| O 0 0 0 0 0
5 : 1250 O 0 |127|087|037|087| 0 0 |1.23
6 : 12131213 | 0 0 0 0 0 0 0
7 1213 O 0 0 0 0 0 0
8 : |127] O 0 0 0 0 0
9 : (207 0 |207|118|1.18]|0.87
10 : 1128 0 |093]|0.93]|0.37
11 : 1207|118 |1.18 ]| 0.87
12 12121212 0
13 1212 0
14 : 1 1.238

(All units are [pcu/min])

As shown in Table-4, however, the route flows on routes 1 and 2, which include the link extended by
the project, increase, and their route performance values decrease, as a result of the project. In contrast,
both the route flows and the route performance values on routes 3 and 4 decrease. The reasons for
these changes are that some drivers traveling on route 3 or 4 before the project change to route 1 or 2
after the project. Such driver route changes and the decrease in the value of travel time reliability for
O-D pair 1 decrease the route performance values, thereby increasing the O-D demand. In total, the
equilibrium route performance values for O-D pair 1 decrease. In O-D pair 2, the route flows on routes
7 and 8 increase, whereas those on routes 5 and 6 decrease. These changes are caused by the decrease
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in the flow on link 3, which contributes to traffic flows for both O-D pairs. The flow on link 3 of O-D
pair 1 decreases by about 0.17 [pcu/min] (the sum of the decreases in flows on routes 1 and 2). Such
route flow changes and the increase in the value of travel time reliability decrease the route
performance values, thereby increasing the O-D demand. In total, the equilibrium route performance
values for O-D pair 2 decrease.

Now, we have the equilibrium prices, t;, p; and o, without and with the transport project.
Accordingly, we can reformulate PP as PP-2 as shown in Section 3. The prices of substitute trip i, p;,
with and without the transport project are obtained as shown in Table-6. By substituting them into the
demand function shown by (15), the O-D flows are obtained as shown in Table-6. The number of
substitute trips i, q;, increase due to the decrease in the price of substitute trip, p,, which is results
from the transport project. Note that the O-D flows estimated by PP (shown in Table-4) and those
estimated by PP-2 (shown in Table-6) are almost the same.

The benefits are generated from increase in the total utility of the network. Table-6 shows CV
estimated by (18) and Consumer Surplus (CS), which equals the user benefit in a special case (Willig,
1976). CS can be calculated by integrating the demand function with respect to p,. Note that CV and

CS shown in Table-6 are monetary values obtained by substituting the generalized travel cost, gc,,
shown by (19) into p; in (18).

Table-6. O-D demand, price of substitute trip, generalized cost, CV and CS

op EQI" EQ] oo g8° g’ CV o CS o CS
[pcu/min] _[pcu/min] ' ' DPY] [PY] [PY]  [PY] [PY]
1 3.33 340 1820 1780 7458 732 298.05
2 333 335 1820 1810 7458 7h22 /037 T4y 37260

4.2  Comparison between the proposed method and existing methods

4.2.1 Settings

As mentioned in the introduction, the proposed method can estimate the benefit while considering the
changes in the values of travel time and travel time reliability. In this section, we compare the
proposed model to existing methods. We adopt a Nguyen—Dupuis network (1984) with 4 O-D pairs,
25 routes and 19 directed links (Figure-2). The link sequences of the routes are shown in Table-7.

2(2)

2
Destination
16

19@

Destination

Figure-2. Nguyen—Dupuis Network

Table-7. Routes and link sequences
OD OD pair Path Link seq. OD ODpair Path Link seq.
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1 2-18-11 14 1-6-13-19
2 1-5-7-9-11 15 1-5-7-10-16
3 1-5-7-10-15 3 13 16 1-5-8-14-16
1 12 4 1-5-8-14-15 17 1-6-12-14-16
5 1-6-12-14-15 18 2-17-7-10-16
6 2-17-7-9-11 19 2-17-8-14-16
7 2-17-7-10-15 20  4-13-19
8 2-17-8-14-15 21  4-12-14-16
9 4-12-14-15 4 43 22 3-6-13-19
10 3-5-7-9-11 23 3-5-7-10-16
2 4-2 11 3-5-7-10-15 24 3-5-8-14-16
12 3-5-8-14-15 25  3-6-12-14-16
13 3-6-12-14-15

We assume the same mean travel time function, mean travel cost function and function of covariance
of two link travel times as those of the first experiment. The parameters of these functions are also the
same as those of the first experiment, excluding the link length, I, Yae A, and the link capacities,

c, Va e A . Table-8 shows the link lengths and link capacities.

Table-8. Link length and capacities

] Link length Link capacity ] Link length Link capacity
Link [, [km] c, [pcu/min] Link [, [km] c, [pcu/min]
1 10 25 11 10 25

2 10 25 12 10 25

3 10 25 13 20 25

4 20 25 14 10 25

5 10 25 15 10 25

6 10 25 16 10 25

7 10 25 17 10 25

8 10 25 18 30 25

9 10 25 19 10 25

10 10 25

The equilibrated link flows that can be regarded as observed link flows have been calculated based on
the predefined value of travel time, 40.00 [JPY/min]; and the value of travel time reliability, 10.00
[JPY/min?]. The O-D flows without the transport project are assumed as 25 [pcu/min] for O-D pairs 1
and 4 and 16.17 [pcu/min] for O-D pairs 2 and 3.

4.2.2 Results
For the purpose of comparison, we consider three cases.

Casel. The change of traffic demand and the values of travel time and travel time reliability generated
from a transport project are ignored. This case is one of the most simplified methods (the so-
called “shortcut approach”).

Case2. Only the changes of traffic demand generated from a transport project are taken into account;
the values of travel time and travel time reliability do not change. This case corresponds to the
combined model in which the parameter on the demand function is calculated from the utility
maximization problem denoted by (1)-(5). However, this model does not consider the change
of values of travel time and travel time reliability. It means that the constraints on travel time,
travel cost and travel time reliability are ignored in estimating future travel demand.
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Case3. The change of traffic demand and the change of the value of travel time reliability generated
from a transport project are both taken into account. This case corresponds to the method
proposed in this study. Unlike Cases 1 and 2, this case takes the constraints about travel time,
travel cost and travel time reliability into account in estimating the future travel demands.

Note that only the value of travel time reliability is assumed to change as a result of the transport
project in this experiment, as mentioned in the first experiment. We evaluate the user benefit generated
from a transport project in each case. We assume a transport project that gradually increases the mean
capacity of link 8 from 25.00 to 33.33 [pcu/min] by 0.17 [pcu/min]. Note that CV cannot be evaluated
in Cases 1 and 2, since the expenditure function cannot be obtained in both two cases. Then, we use
CS to approximate the user benefit. Figure-3 shows the changes of CS in the three cases. As shown in
Figure-3, the estimated benefit in Case 1 is the biggest, that in Case 2 is the middle and that in Case 3
is smallest. Since there is no induced traffic demand in Case 1, the generalized user costs decrease the
most among the three cases. Thus the estimated benefit in Case 1 is the greatest among the three cases.
On the other hand, induced traffic demand in Cases 2 Case 3 make the estimated benefit smaller than
that in Case 1. In Case 3, the value of travel time reliability is estimated as 8.09 [JPY/min?] for O-D
pair 1, as 9.43 [JPY/min?] for O-D pair 2, as 7.95 [JPY/min’] for O-D pair 3, and as 9.25 [JPY/min?]
for O-D pair 4, when the capacity of link 8 is 33.33 [pcu/min]. Decreases in the values of travel time
reliability generate decreases in generalized user costs. Therefore, the increase in estimated benefit is
diminished and the estimated benefit in Case 3 is the smallest among the three cases. When the mean
capacity of link 8 is 33.33 [pcu/min], the O-D flows are estimated as 25.75, 17.12, 16.62, 24.91
[pcu/min] for each O-D pairs in Case2; 25.95, 17.12, 16.76, 24.92 [pcu/min] for each O-D pairs in
Case3.

[JPY]

16,000

14,000
& 12000 || —Casel —
O | | === Case2 / ,,,,,
S 10,000 —
£ 8000 . | —Case3 .-
= y —=
[T} / e’
£ 6,000 e
@ 4,000 i

2000 =

0 - ;

25 26 27 28 29 30 31 32 33 [pcu/min]
Capacity of link 8
Figure-3. Estimated benefit in the three cases

5. CONCLUDING REMARKS

This study proposed a benefit estimation method that considers travel time reliability, based on a
network model proposed by Kato et al. (2013). The network model was formulated as a utility
maximization problem with constraints on (mean) travel time, travel cost, and travel time reliability.
The proposed method assumes that the inequality constraints become equalities at the equilibrium, and
that the marginal propensities to consume are constants. Applying these assumptions, we reformulated
the network model as a standard utility maximization problem with a constraint, which allows the
expenditure function to be obtained. Finally, CV can be estimated by the expenditure function. Since
the network model has the same equilibrium conditions as a multi-class UE traffic assignment problem
with elastic demand, the proposed method can achieve both transport demand forecasting and benefit
estimation in the same framework. By using the proposed method, the values of travel time and travel
time reliability are estimated endogenously. Furthermore, the method can evaluate benefits
considering the changes in the values of travel time and travel time reliability. We provided a one-to-
one mapping from the price, p;, to the corresponding generalized travel cost, gc,. By applying this

mapping, a benefit estimated based on the price, p, with no unit, can be easily transformed to a
benefit estimated based on the generalized cost, gc; with a monetary unit. In addition, the prohibitive

prices of each O-D pair can be transformed to monetary values. Therefore, the opportunity loss due to
disruption of O-D connection in the event of a natural disaster is easily estimated.
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Two numerical experiments were carried out to demonstrate the proposed benefit estimation method.
In the first experiment, we introduced a test network that has two O-D pairs and 4 routes in each O-D
pair with symmetrical topology. We assumed a transport project that increased the road capacity of a
link in the network. The positive benefits from the transport project were estimated as CV. We
assumed that the value of travel time reliability could change as a result of the transport project,
whereas the value of travel time remained unchanged. It was found that the value of travel time
reliability of drivers on the O-D pair that includes the link extended by the project decreases whereas
the value of travel time reliability of drivers on the other O-D pair increases. A detailed analysis of the
changes in the value of travel time reliability, i.e., comparative statics, needs to be carried out. In the
second experiment, we verified differences between the results of the proposed method and those of
existing methods. The Nguyen—-Dupuis network (1984) was adopted in this experiment. It can be
considered that the differences in the results are great enough to affect decision making.

In the proposed benefit method, we made the relatively strong assumption that the budget constraints
remain unchanged without or with the transport project. This assumption can be relaxed by
introducing goods other than transport demand and substitution elasticities between transport demand
and those other goods. These are our future tasks. We proposed the essential idea of a new benefit
estimation method. As the next step, we have to consider how this method can be applied to real-life
cases. The numerical experiments only applied the proposed methods for a small network. A more
efficient algorithm is required for the proposed method to be applied to a real-size network.
Furthermore, the current framework cannot fully evaluate the accuracy of the estimated results. As
discussed in Section 2, it can be solved by applying the maximum likelihood estimation. We will
present it in the near future.

APPENDIX A

As shown in Section 2, we can solve PP by applying the partial Lagrangian with respect to the
constraints denoted by (2) to (4). The Lagrangian function for the utility maximization problem at the
equilibrium is
U= Il +1)+ X446 -t o) v o -(m—pla)sr (0 -0r-a) (9
iel iel

The second term on the right-hand side of (29) can be expressed as

ZHJ“T% to om0 (¢| + 7, +0i)}_{ﬂ:.ti*+wi*'pi*+7/i*‘ai* '(ti*+Pi*+Gi*)'qu (30)

el ¢+ +6 t+p +oy
Since the equality constraints are assumed at the equilibrium, we obtain
Aegrolmay 62 a)vol (o) r o7 )

$+ 7+ 0 o)+ (oo )+ (o7 o)
AU +a pl+yiof (31)
- t+p +oy
=

By substituting (31) into (30), we obtain
iy Zzai 'In(qr "‘1)"‘2& {(¢| + 7T +0i)_(ti* +pi* +0i*)'qr}
iel iel
(32)

:Zai .|n(qi* +1)+Z(§i '(l//i - B ql*)

iel iel
By using (11), we obtain v, = ¢, 'Z‘/’k and p, -q; =, Z P, -q, Viel. Then, the second term
kel kel
on the right-hand side of (32) can be transformed as



16

Sélvi-poa)=2¢ ‘(ai DW= D Py -OIEJ

iel iel kel kel

=3¢ -q -[Zv/k - P 'QE)

iel kel kel

(33)

Hence, we obtain (34), which is equivalent to (29).
I—*:Zai'ln(qr +1)+Z§i'ai‘(2‘//k_z pk'qu (34)
iel iel kel kel

By regarding Zgﬁ -¢; in (34) as the optimal Lagrangian multiplier, it is obvious that L* denoted by
iel

(34) is obtained by the utility maximization problem, PP-2, at the equilibrium. Hence, it is reasonable

to consider that PP-2 is equivalent to PP.

APPENDIX B

We assume a certain form of travel time function, t(V,,C,), in which the explanatory variables are
stochastic link flow, V., and stochastic link capacity, C, . At first, we consider t,(v.,C,)-t,(v,,C,) for
the calculation of the covariance of two link travel times. As shown in Uchida (2014, Appendix A),
the following relationship can be obtained by performing the mth-order Taylor series expansion to
t.(v,,C,)-t (Vb,C JatV,=v,,V, =v,, C, =c, and C, =G,
(V C Vb'c Z Zblula “Miyja T WVa _Va)i1 ’ (Vb ) )i2 ’ (Ca _Ca)j1 ’ (Cb -G )j2 (35)
0<iy + j; <M O0<i, + j, <m

where

b — 1 'aik+jkta(va'ca)

R LY MG A (O L VR
By assuming that the stochastic link flow and the stochastic link capacities are independently
distributed, we obtain

E[t (V C ) z zbllna' iy jb " Ciiiyab El(va _Va)il '(Vb _Vb)in (37)

0<iy+ j; <M O0<i, + j, <m

(fork =1,2) (36)

where
lejzab = El(ca - Ca )h : (Cb - Cb )JZ J (38)
If m=1, (38) isthen
E[ta(va’ca)'tb(vb'cb)]
~ {(bOOa “Doop 'COOab)"' (bOOa “Dogp 'Comb)"' (b01a “Doop 'Cloab)"' (b01a “Boy * Craap )} E[(Va —V, )O ’(Vb —Vy )0]
+ {(bOOa 'bmb 'COOab) (b01a bwb ClOab E[ _V _Vb)l] (39)
{(bIOa oob COOab) (bIOa Doy - COlab E[ - V Vb)l ]

+ blOa : blob *Cooab E[(Va _Va ' Vb _Vb)l]
Any random variables, X, , hold the following two relationships, E[(X,-x,)]=0 and

a

cov[X,, X, ]=E[(X, - x,)-(X, - x, )] where x, = E[X,]. Therefore, (39) can be reduced as
Elt(v..C.) 4 (,.C, )]
~ (bOOa 'bOOb '1)+ (b01a 'b01b 'COV[Cava ])"‘ (blOa 'bmb -1 COV[Va'Vb ])
In addition, b, ; , =t,(v,,c,) if i, =0 and j, =0, thatis, by, =t,(v,,c,) Vae A. By substituting (40)
and by, =t,(v,,c,) into the definition of covariance of two link travel times shown by (41)

covft, (v, C.)t, (4, Gy )l= Eft. (Vo C. ), (. G )l - Elta (v, €. )] E[t, (v, C, )] (41)

(40)
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we obtain
COV[ta (Va C, ). t, (Vb Gy )] ~t, (Va ' Ca)'tb (Vb ) Cb)+ (bOla ) bOlb ’ COV[Ca Gy ])+ (bma ’ blOb ’ COV[Va Vo ])
- E[ta(va’ca)]' E[tb(vb’Cb)]
Next, we consider the term E[t,(V,,C, )] in (42). According to Uchida (2014, Appendix A), we have

(42)

E[ta(va'ca)] ~ Zbi}a : Cja ' E[(Va —Va )I] (43)
0<i+j<m
where
1 "t v,,C,)
o= . ___2ral7a/ 44
T oW “
Cja = E[(Ca _Ca)j] (45)
If m=1, we obtain
Eft.(v,.C.)]~t.(v,.c.) (46)

Note that, (46) supports the setting of the mean travel time function assumed in the numerical
experiment. The same discussion can be applied to stochastic travel cost. By substituting (46) into (42),
we obtain

COV[ta (Va ) Ca )’ tb (Vb ) Cb )] ~ (b01a ’ bOla ’ COV[Ca ) Cb ]) + (blOa ’ blOa ’ COV[Va 'Vb ]) (47)
Following Uchida (2015), the covariance of link flow are given as follows when we regard stochastic
demand flow as an independent random variable that follows the same statistical distribution as O-D
flow.

cov[V,,V,]=VMR.v,, VabeA (48)

VMR in (48) is the given variance to mean ratio of the random O-D flow. Since we estimate only flows
in a traffic assignment problem, cov|C,,C,] can be regarded as constant terms. Therefore, it is

reasonable to regard the covariance of two link travel times as a function of v,,v, and v, as shown by
COV[ta (Va ’ Ca )' tb (Vb ’ Cb )] = &ab (Va ! Vb 'Vab ) (49)
For simplicity, we assume that the effect of v, on cov[t,(V,,C, ),t,(V,,C,)] is much smaller than that
of v, , and therefore (49) could be
COV[ta (Va ! Ca )’ tb (Vb ! Cb )] ~ 5ab (Vab) (50)
Note that, covlt,(V,,C,)t,(V,.C,)]=var[t,(v,,C,)] if a=b. If we consider a case of m>1, then
specification of the stochastic distribution of O-D demand and link capacity are required for the
calculation of cov[t,(V,,C,),t,(V,,C,)]. In this Appendix, we show a result only when m=1. The
variance of route travel time is given by (27) because var[EijJ is the sum of the variances of travel

time of links that are the members of the set of links for the route plus the sum of the covariance of
two travel times for any combination of two different links from the set of links.
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