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Abstract

This chapter is concerned with first-best marginal cost pricing (MCP) in a
stochastic network with both supply and travel demand uncertainty and perception
errors within the travelers’ route choice decision processes. To account for the
travelers’ perception error, moment analysis is adopted in this chapter to derive the
mean and variance of total perceived travel time of the network. We then devel-
oped a Perceived Risk-Based Stochastic Network Marginal Cost Pricing (PRSN-
MCP) model. Furthermore, in order to illustrate the effect of incorporating both
stochastic supply and demand into the PRSN-MCP model, the calculation of the
PRSN-MCP model is divided up into four scenarios under different simplifications
of network uncertainties. Numerical examples are also provided to demonstrate the
importance and properties of the proposed model. The main finding is that ignoring
the effect of stochastic travel demand, capacity degradation, and travelers’ percep-
tion error may significantly reduce the performance of the first-best MCP tolls,
especially under high traveler’s confidence and network congestion levels.

Keywords: marginal cost pricing, moment analysis, demand uncertainty, supply
uncertainty, perception error

1. Introduction

It is well known, due to stochastic variations in both supply and demand, that
travel time almost always involves a measure of uncertainty. Recently, several
empirical studies on the value of time and reliability revealed that travel time
reliability plays an important role in the traveler’s route choice decision-making
process [1-3]. With these studies as a basis, the study of travel time variability
(reliability) has gradually emerged as an important topic. In this context, travel
time reliability pertains to the probability that a trip can be successfully completed
within a specified time interval, reflecting the uncertainty in trip journey times
[4, 5]. To model the characteristics of travel time reliability, the concept of TTB is
commonly used. TTB is defined as the average travel time plus extra time (for a
measure of the buffer time) such that the probability of completing the trip within
the TTB is no less than a predefined reliability threshold a [6]. Earlier research
applied the concept of effective travel time to capture the travel time reliability [7].
Recently, [6] further proposed a stochastic mean-excess traffic equilibrium model
to represent both the reliability and unreliability aspects of travel time variability
and travelers’ route choice perception errors.

Generally speaking, uncertainties from both the demand and supply sides of a
system directly lead to recurring variability and unreliability of travel times and
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have an obvious impact on the traveler’s route choice behavior. Supply-side sources
refer to the capacity variations that can occur, due to several exogenous sources of
uncertainty on the road sections or at-grade intersections concerned. These exoge-
nous sources of uncertainty may take different forms, such as environmental condi-
tions, traffic incidents, traffic management and control, work zones, and so on. Such
stochastic link capacity degradations usually lead to non-recurrent congestion [8-10].
Demand-side sources are regarded as the travel demand fluctuations, which result
from various endogenous sources. These endogenous sources can include temporal
factors, special events, population characteristics, and traffic information among
others. Travel demand variations usually lead to recurrent congestion [4, 11, 12].

Several stochastic traffic network (SN) modeling approaches have been pro-
posed to represent such uncertainties. On the capacity side, [13] proposed a proba-
bilistic approach using the concept of capacity reliability to model the uncertain
characteristics of link capacities. Lo et al. [14] proposed the Probabilistic User
Equilibrium (PUE) model, which takes the fact that the link capacities are subject to
stochastic degradations into account. In subsequent research using the concept of
Travel Time Budget (TTB), [10] further extended the PUE model to capture the
route choice behaviors of travelers with heterogeneous risk aversions. On the
demand side, [11] proposed a framework of the stochastic network model to repre-
sent the stochastic demand. Ref. [12] extended the TTB model and proposed a travel
time reliability-based traffic assignment model to consider the effect of daily
demand fluctuations. On both the demand and supply sides, [15] proposed a traffic
assignment model, which considers the uncertainties of a traffic network due to
adverse weather conditions. Sumalee et al. [16] proposed a stochastic network
model with log-normal distributed origin-destination (OD) travel demands and
link capacities. It should be noted that all of the above studies focused on the
question of how to represent the travel time reliability in a traffic assignment
model, but did not answer the question of how to improve the travel time reliability
in a stochastic traffic network.

All the aforementioned studies discovered that travelers do indeed consider
travel time variability as a risk in their route choice decisions. Nevertheless, the
first-best marginal cost pricing (MCP) is commonly modeled via a deterministic
approach, which assumes that both traffic supply and travel demand are known,
and that the route travel times are deterministic [17]. Furthermore, travelers are
assumed to know exactly the time on each available route and can always choose the
least-cost routes for their trips. As indicated earlier, due to various sources of
uncertainty coming from both supply-side and demand-side of road network, it is
unreasonable to assume that travel times are deterministic and known perfectly by
all the travelers. Though several traffic equilibrium models have been developed for
environments characterized by uncertainty in the past decades, such models have
not been adopted in the analysis of first-best MCP. Intuitively, the variability and
unreliability of travel times caused by network uncertainties directly influence the
traveler’s route choice behavior, thereby negatively affecting the performance of
MCP. However, there is little theoretical basis for this intuition. At least, it is not yet
clear to what extent the stochastic demand and supply and the travelers’ perception
error affect the performance of MCP. In this context, the study of first-best MCP
under an uncertain environment is a necessary and urgent theoretical task. In
addition, this investigation is also practically relevant. As indicated by [18], the
recent change in the Electronic Road Pricing (ERP) toll adjustment scheme in
Singapore involves the consideration of the 85th-percetile traffic condition (speed)
to reflect the variability of traffic conditions. This involves determining optimal
tolls in a stochastic environment, where both demand and capacity are subject to
uncertainty.
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Although considerable research exists on congestion pricing and travel time
reliability, relatively little research combines the two, especially regarding travelers’
risk attitudes and/or the valuation of reliable travel [19]. Some examples of research
that do combine congestion pricing and travel time reliability are included here. Li
et al. [20] proposed a reliability-based optimal toll design bi-level model. On the
upper level, network performance is optimized from a road authority point of view
including travel time reliability, while a dynamic user-equilibrium is achieved from
the viewpoint of travelers on the lower level. Boyles et al. [19] proposed a first-best
congestion pricing model considering network capacity uncertainty and user valu-
ation of travel time reliability, while [18] investigated marginal cost pricing in a
stochastic traffic network in which demand uncertainty is explicitly considered. By
assuming that all travelers have complete information about the road traffic condi-
tion, [18] derived an analytical function of Stochastic Network-Marginal Cost Pric-
ing (SN-MCP) for a risk-neutral case and risk-based SN-MCP (RSN-MCP) for a
risk-based case under the assumptions of lognormal demand and constant VMR
across all OD pairs. Gardner et al. [21] consider the uncertainty in long-term travel
demand and in day-to-day network capacity, and discuss the benefit of responsive
pricing and travel information.

In the above-mentioned studies, MCP is analysis in a stochastic network, which
considers either link supply uncertainty (e.g., see [19]) or stochastic travel demand
(e.g., see [18]). In addition, to account for the travelers’ perception error,
researchers usually assume the commonly adopted Gumbel variate as the random
error term and use the conventional logit-based Stochastic User Equilibrium (SUE)
model. However, this approach may not reflect the travelers’ perception of the
random travel time exactly. Due to the variation of travel time, it is more rational to
assume that the travelers’ perception error is also dependent on the random per-
ceived travel time [22]. Therefore, in order to explicitly consider both supply and
demand aspects of a stochastic network and to reflect the travelers’ perception error
of the random travel time, this investigation extends [18] by (1) considering both
the stochastic travel demand and link capacity degradation, and (2) incorporating
travelers’ perception error into the first-best MCP analysis.

The remainder of the chapter is organized as follows. The next section intro-
duces the assumptions used in the analysis and presents the variational inequality
(VI) formulation for different stochastic models. It also discusses the stochastic
travel times under different sources of uncertainty. Then, Section 3 and Section 4
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derive the analytical function of SN-MCP for a risk-neutral case and RSN-MCP for a
risk-based case in a stochastic network with both supply and demand uncertainty,
respectively. In Section 5, the analysis for the PRSN-MCP is then described under
different simplifications of network uncertainties. In Section 6, numerical examples
with respect to a small-scale network and a medium-scale network (Sioux Falls
network) are undertaken to demonstrate the effects of the proposed models. The
final section contains some concluding remarks and recommends further research.
The flow chart of the process applied in this chapter is presented in Figure 1.

2. Framework of stochastic network model
2.1 Notations and assumptions

Consider a strongly connected network G = (N, A), where N is the set of nodes
and A is the set of links in the network. Let W represent the set of OD pairs in the
network and the set of routes between OD pair w € W be denoted by R,,. Random
variables are expressed in capital letters and lower-case letters are used for mean
values of random variables or deterministic variables.

Q" travel demand between OD pairw e W
q° mean travel demand between OD pairw e W
& variance of travel demand between OD pairw € W

VMR, variance-to-mean ratio (VMR) of the random travel demand

FY route flow on path r €R,,

v mean traffic flow on path r €R,,

sl'f” variance of traffic flow on pathr€R,,

f column vector of mean route flow, where f = { fr }
V. traffic flow on link a € A

v, mean traffic flow on link a € A

variance of traffic flow on linka € A

v column vector of mean link flow, where v = {v,}

Oy link-path incidence parameter; 1 if link 4 on path r, zero otherwise

TT total travel time of the system, where TT =3, _, V. T,

VoR relative weight assigned to the travel time budget, that is, value of reliability
TY travel time on pathr €R,,

i mean travel time on pathr€R,,

e’ variance of travel time on path r€R,,

T, travel time on link a

ta mean travel time on link a

variance of travel time on linka € A

T perceived travel time on path r €R,,

r mean perceived travel time on pathr€R,,

g variance of perceived travel time on path r €R,,
T, perceived travel time on link a
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L, mean perceived travel time on link a

g variance of perceived travel time on linka € A

TT total perceived travel time of the system, where TT = 3", _,V, T,
t0 free-flow travel time on link a € A

C, capacity of linka € A

design capacity (upper bound) of linka € A

degree of worst-degraded capacity for linka € A

Ya parameter, wherey, = /14 VMR/v,

alr, travelers’ perception error on linka € A

N(y,w?) perception error distribution of traveler, in this chapter N(y, @w?*) follows a normal

distribution with predefined and deterministic mean y and variance w>

Before proceeding with the analysis, some assumptions are made to allow for the
closed-form formulation/calculation of the PRSN-MCP model.

Al. The travel demand Q" between each OD pair is assumed to be an indepen-
dent random variable with a mean of 4*and variance of e(;’ , while VMR, is the

variance-to-mean ratio (VMR) of the random travel demand in which VMR, =
&/ /q" . Stochastic demand is further assumed to follow a lognormal distribution,

which is a nonnegative, asymmetrical distribution. This has been adopted in the
literature as a more realistic approximation of the stochastic travel demand, as
opposed to the more commonly used normal distribution [18, 23].

A2. The route flow F’, and link flow V, are also assumed to be independent
random variables that follow the same statistical distribution as OD demand. The
VMRs of route flows are equal to those of the corresponding OD demand.

A3. The VMRs of travel demand are assumed to be the same for all OD pairs in
order to derive the closed-form formulation of the PRSN-MCP model.

A4. The capacity degradation random variable C, is independent of the traffic
flow v, on it and follows a uniform distribution with the design capacity ¢, of the
link as its upper bound and the worst-degraded capacity as its lower bound (the
lower bound would be a fraction 6, of the design capacity).

2.2 VI formulation for different stochastic network models
2.2.1 Stochastic network-system optimal (SN-SO) formulation

According to the Assumption Al and A2, the OD travel demand, route flow F’,
and link flow V, are random variables, which consequently induce the random
route/link travel times. As such, we have the following flow conservation relation-
ships among them

Qv = ZreRwF;”,weW 1)
O S SR 2
F’>0,weW,reR, 3)

where Eq. (1) is the travel demand conservation constraint, Eq. (2) is a
definitional constraint that sums up all route flows that pass through a given link 4,
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and Eq. (3) is a non-negativity constraint on the route flows. Let A = [5¥,] denote
the route-link incidence matrix, 5;‘; = 1 if route r traverses link a, and 6;} =0
otherwise. Let f}”,v, denote the mean route flow and link flow, respectively.
From Egs. (1) ~ (3), these route and link flows satisfy the following conservation

conditions:

qw - Zrewa;”ﬂ’we w (4)
Va = ZweWZreRw(S;:”f’fU’Va €A )
frl>0,weW,reR, (6)

Let £, & be the variance of route flow and link flow, respectively. Then from

the Assumption Al and A2, we have

Zreng?J - Zrewa;ﬂVMRw =q°VMR, = e;”,w eEw )

gz = ZweWZreRw (5::”)28?# - ZweWZreRwé‘Z’g?’r
= Zw € WZVGRW 5:’)fo VMR,

From Egs. (7) and (8), we know that the variances of both route flow and link
flow can be determined by the means of route flows. Furthermore, the route and
link flow distribution can be derived through known travel demand distributions.
Next, we discuss the VI formulation for the SN-SO model. In this section, we
consider all the travelers to be risk-neutral. That is, travelers are not sensitive to the
travel time variations and they do not need to budget the safety margin for their
trips. The system optimal assignment under the stochastic network (SN-SO) aims to
minimize the expected total travel time. The VI formulation for the SN-SO model
can be obtained by finding v* € Qy such that for any v e Qy,

(8)

(v — v )V E[TT*]>0 9)

where V\E[TT*| = {0E[Y,c o Vi Ti ] /ov; }, @ = {vlv = 2£,£20,g* = %2
f,weW}. vand f are the column vector of mean link and route flow, respec-

tively. T, represents the travel time on link a. TT is the total travel time of the
system, where TT = )" _,V,T,.

r€Ry,

acA

2.2.2 Risk-based SN-SO (RSN-SO) formulation

Up to this point, we have presented the risk-neutral case. However, several
empirical studies reveal that travel time reliability plays an important role in the
traveler’s route choice decision process [1-3]. In this section, we consider the risk-
based (averse or prone) case in which travelers are assumed to consider both the
mean travel time and travel time variability in their route decision-making
process. Researchers have used the Travel Time Budget (TTB) to represent trav-
elers’ risk-based travel behavior. Mathematically, the TTB associated with route
r,b}, is expressed as

by =E[TY] + VoR - &' ,weW,r€R, (10)
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where &”" is the variance of route travel time, which represents the travel time
reliability (TTR) of that route, is the route travel time, and VoR is the relative
weight assigned to the TTR, that is, value of reliability. Similarly, let & be the
variance of the link travel time, the TTB associated with link a, b,, which can be

described by
bo = E[T,] + VoR - £*,a € A (11)

Based on the assumption of independent travel time on each link, we can infer
the following relationship between route travel time variance and link travel time
variance as shown below:

P Z 5P e* weW,reR, (12)

t acA ar-t?

From Egs. (10) ~ (12), the TTB of route and link satisfy the following conser-
vation conditions:

br) == E[T;U} + VOR N 8?))7 - ZﬂeAéger[Tﬂ] + VOR ’ Z{l EAéﬂu,}Vef

(13)
= ZueA(S;}bmw eW,reR,

Let U[TT] = E[TT] + VoR - Var[TT]. With Eq. (13), the VI formulation for the
link-based RSN-SO model can be expressed as

(v —v*)'V,U[TT*]>0 (14)

where V U[TT*] = {0E[>,c A Vi Tr]/ov; + VoR-oVar[Y,c AViTr|/ov} }.

2.2.3 Perceived RSN-SO formulation

In the previous subsections, we consider that travelers can always choose the
route with the minimum TTB; the resulting model is called a deterministic traffic
assignment model. The main assumption underlying this kind of model is that
travelers have full information about travel conditions, that is, they have perfect
information about travel time and its variability. In this subsection, we relax this
unreasonable assumption and include travelers’ perception errors in their route

. . . . cw .
choice process. The perceived TTB associated with route 7, b, is described as

b, =E|T;'| + VoR- &, weW,reR, (15)
where &% is the variance of the perceived route travel time, and T, is the

perceived route travel time. Similarly, let & be the variance of perceived link travel
time, and T, be the perceived link travel time. The perceived TTB associated with
link @, b, can be described by

by =E[T,] + VoR -&,acA (16)

Based on the assumption of independent travel time on each link, we can infer
the following relationship between variances of perceived route travel time and
perceived link travel time as follows:
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B = _OrE weW,reR, (17)
From Egs. (15) ~ (17), the perceived TTB of the route and link satisfy the
following conservation conditions

b —E|T)'| +VoR &7 =" _ 6wE[T,]+VoR->" _ 827

- (18)
:Z 8¥ by,weW,reR,

aeA &

Let TT represent the total perceived travel time of the system, where
TT =3,caVaTa, and let U[TT| = E[TT] + VoR - Var[TT]. With Eq. (18), the VI
formulation for the link-based perceived RSN-SO model can be expressed as

(v—v*)TvVU[TT*} >0 (19)
where VU |TT° | = {0B[ S, ea Vi T, | /ov; + VoR - aVar |32, e, Vi T, | fov; }.

2.3 Stochastic travel times under different sources of uncertainty

Next, we will review the commonly adopted stochastic network models and
their associated corresponding derivations of stochastic travel time in the literature
in order to clarify the derivation of our proposed modeling approach.

The link travel time function is assumed to be the Bureau of Public Roads (BPR)
function, T, = t2(1 + B(V,/C,)"),Va € A, where T,,°, C,, V, are the travel time,
free-flow travel time, capacity, and traffic flow on link a. # and 7 are the determin-
istic parameters.

2.3.1 Capacity degradation

As has been discussed in Section 1, link capacities are subject to stochastic
degradations to different degrees in the forms of traffic incidents, traffic manage-
ment and control, work zones, and others. These constitute one of the main sources
of travel time variability. To model the characteristics of stochastic link capacity
degradation, [14] proposed the Probabilistic User Equilibrium (PUE) model. By
assuming the capacity degradation random variable is independent of the traffic
flow on it and follows a uniform distribution with the design capacity of the link as
its upper bound and the worst-degraded capacity as its lower bound (the lower
bound to be a fraction of the design capacity), they derived the mean and variance
of T, as follows:

_ elfn
E[Tﬂ] = tz(l) + ﬂtgvz En(l(l_ ga)a(l )_ n) (20)
o] (1627 (1-g 17
e T [?2(1 ST I

They further indicated that the uniform distribution assumption can be relaxed
with respect to other probability distributions via the Mellin transform technique [14].
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2.3.2 Demand fluctuation

Another main source of travel time variability, to be discussed in this section, is
the stochastic travel demand. Several types of probability distributions of OD
travel demand have been adopted by researchers to simulate the travel demand
fluctuation, such as normal distribution [12], lognormal distribution [23], and
Poisson distribution [11]. As indicated in Assumption A1, we use the lognormal
distribution in this study, which is more realistic than the commonly adopted
normal distribution. The probability density function of the lognormal distribution
is given below

2
Fxlu, 0) = —(Inx = p) ),Vx>0 22)

1
ex
xo\/2m P ( 207
where x is the random variable, 4 and ¢ are the distribution parameters, and the
mean and variance of x are E[x] = ¢#7’/2 and Var[x] = %'/ (e"2 - 1>. Based on

the Assumption Al and A2, with lognormal OD demand, the link flows also follow a
lognormal distribution

Va~LN(uj,05),Va€A (23)

where 4 = In(v,) —% In (1 + %) ,(62’)2 = In (1 + (lff)z). Vg, €/ are the mean

and variance of link flow on link 2 € A. All of the moments of a lognormal random
variable exist and are given as follows:

E[X’] = exp (su+56%/2) (24)
where E[X’] is the sth moment of X. With Eq. (8) and A3, we have
a w\2 _w,r w fw
&, = ZWEWZVGRW (5a,r) Sf = VMR - ZwewzreRw(Sﬂr"‘f’ = VMR - Va, cA
(25)

Lety, = /14 VMR/v,. Then, by using Egs. (23) ~ (25) and performing some
derivations according to [18], we can obtain

2

BV] = exp (m +7(e2)’/2) = ot (VI+VMRD,)" " = ol @6)
Var [VZ] =E [Vﬁn] - (E [VZ] )2 - Usn)’;mz_z" — vinyﬁnz_zn 27)

Using the BPR function of link travel time, we can derive the mean and variance
of the link travel time as follows:

_ 0 :H_tg n, n’—n
E[Ta] =)+t (o) (28)
20, e
O e (Y 29)
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2.3.3 Both link capacity and demand variation

From the above analysis and under the Assumption A4, we can easily derive the
mean and variance of the link travel time in the case of both link capacity and
demand variation as follows:

_pl-n )
B =8 () (30)
_ 2 (1 B 0;727!) n, 4n*—2n (1 B 0}17”) n, n’—n ’

(31)

3. Marginal cost pricing in a stochastic network (SN-MCP) with both
supply and demand uncertainty

3.1 Analysis of SN-MCP

In this section, we discuss the SN-MCP in the risk-neutral case. The MCP in the
stochastic network aims to minimize the expected total travel time. Sumalee and Xu
[18] investigated the relationship between the Stochastic Network-User Equilib-
rium (SN-UE) and Stochastic Network-System Optimal (SN-SO) models and
established the first-marginal cost toll scheme for the SN model. They classified the
marginal cost toll in the stochastic network into three forms. The first one is
referred to as original marginal cost pricing, which takes the form of E[V,] -
dt(E[V,])/dE[V,]; the second one is referred to as average marginal cost pricing,
which takes the form of E[V,] - dE[T,(V,)]/dE[V,]; and the third one is referred to
as Stochastic Network-Marginal Cost Pricing (SN-MCP), which takes the form of
OE [Z scaVa Ta] /ov, — E[T,]. They further indicate that only the SN-MCP can make
the traffic network achieve the optimal pattern.

Let, then, the real gap between the marginal social and marginal private costs in
a stochastic network be represented by

SN — MCP = oE [Zﬂe AVﬂTa} Jov, — E[T,] = OE[TT)/dv, — E[Ta]  (32)

3.2 Calculation of SN-MCP

In this study, we attempt to compute the value of SN-MCP in the case of both
link capacity and demand variation. To achieve this goal, we need to calculate
OE[>,c4VaTa]/0v, and E[T,], respectively. In considering the stochasticity of both
link capacity and demand, E[T,] should be determined by Eq. (30). The expected
total travel time is expressed as

EITT] =E[Y, Vel =3, {thW“] +PRE[VITE [Cl'”} }

_ (33)
_ (1 - 9; n) n+1, n’4n
=2 ves {tg”“ ATy T G

Differentiating Eq. (33) with respect to the mean link flow v, yields

10
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OE[TT]
0,

_l-n n—=1(1 _ .2
:tt(z)+ﬁt0 (1 ea ) nv, (1 ya) +1:| |:(n+1)vayz +n:| (34)

“e(1—-0,)(1—n) ;

By substituting Eqgs. (30) and (34) into Eq. (32), the value of SN-MCP in case of
Stochastic Supply and Stochastic demand (SS-SD) can be determined as follows:

SN — MCP = OE[TT] — E[T,]
oV,
= ﬂtggz(l(l__gf)au )_ n) DZJ’Z n{ [(" + 1))’?‘ (o’ ;r )yl,zln 2( —)’ﬁ)] - 1}

(35)

Note that if we neglect the degradation of link capacity, Eq. (35) degenerates
into the classical SN-MCP model proposed by [18], which considers only the
stochastic travel demand. Furthermore, they pointed out that the SN-MCP toll is
guaranteed to be positive when y, <1.4. This conclusion is also applicable in the
SN-MCP proposed in this section.

4, Risk-based MCP (RSN-MCP) in a stochastic network
4.1 Analysis of risk-based SN-MCP

In the previous section, we know that the Stochastic Network-User Equilibrium
(SN-UE) flow pattern can be driven toward a SN-SO flow pattern by charging a toll
equal to the SN-MCP. Meanwhile, the expected total travel time can be minimized.
In this section, we consider the risk-based (averse or prone) case. The objective
function of the RSN-MCP model is to minimize the weighted sum of the mean and
the variance of the total travel time, not simply to minimize the expected total
travel time. Therefore, the RSN-MCP toll can be determined as

RSN — MCP = {3E[TT]/dv, — E[T,]} + VoR - {0Var|TT| /v, — Var[T,]} (36)

4.2 Calculation of RSN-MCP

In this section, we discuss the most complete and realistic situation in which
travelers consider both stochastic fluctuations in supply (or link capacity) and
demand in their route choice decision-making process. From Egs. (32) and (36),
we can see that the difference between SN-MCP and RSN-MCP is the term in the
second parentheses of Eq. (36). This second term reflects the congestion toll on
travel time reliability due to travelers’ risk-based behavior. Let us now turn our
attention to 0Var[TT]/dv,. The variance of the total travel time is described by

Var[TT] = E[TT?] — (E[TT])?

Zm{u vty + (o) LV e LV ﬂm}}

ar(C;] E[C]
(

Vi
2
1-07) : (1-607) .

. VMR - tO 2n, Anc+6n+2 a n+1, n°+n
()" bat (e {—2"1 0.)( 1—2n)U“y“ F(1—0)(1—n)" Ja

a

= ZaeA

(1 — 01 ‘/l n+2 7n +n 2n+2 1)

2
A g

(37)

11
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Differentiating Eq. (37) with respect to the mean link flow yields

(1-6™) {0292+ [(2n + 20 — (2% +n— 1) - VMR] }

oVar|TT e (1—6,)(1—2n)
% — (19)*- VMR + (p2)’ R
- (ﬁ) {vﬁ"yﬁ"zﬂ"’z[(Zn 20, — (n2—n—2)- VMR]}
o {vaZHsn {(n ¥ 2, — (n? +; -2) . VMR} }
+2[;’(t2)2—( 0. )
&(1—04)(1—n) . (2 —n—4)
f{v;‘y;’ +n-2 {(n + 2oy VMR} }

(38)

By substituting Egs. (31), (35), and (38) into Eq. (36), the value of RSN-MCP in
case of SS-SD can be determined. In the same way, by neglecting the degradation of
link capacity, the RSN-MCP in case of SS-SD degenerates into the classical RSN-
MCP model proposed by [18], which considers only the stochastic travel demand.

5. Formulation of perceived RSN-MCP (PRSN-MCP)
5.1 Model incorporating the travelers’ perception error

Up to this point, we have studied the SN-MCP model and RSN-MCP model
based on the assumption that all the travelers have perfect knowledge about the
network condition. However, in real life, due to the limitations of their own condi-
tion, travelers’ perception errors have to be incorporated into their route choice
decision process. In view of this, it is necessary to investigate the RSN-MCP model
with travelers’ perception errors. In order to develop such a model, we need to
make some additional assumptions on the perception error as follows:

AS5. The perception error distribution of an individual traveler for a segment of
road with unit travel time equals N(y, w?), where N(y, @?) represents a normal
distribution with predefined and deterministic mean y and variance w°.

A6. Traveler’s perception errors are independent for nonoverlapping route seg-
ments.

A7. Traveler’s perception errors are mutually independent over the population of
travelers.

In order to compute the value of PSN-MCP of each link in the stochastic net-
work, we need to derive the perceived link travel time, based on moment analysis.
According to Assumption A5, the perception error for unit travel time, denoted by
€l,_,, is a sample from. Besides, travel time on link  is the sum of independent unit
travel times (see Assumption A6). Therefore, the conditional perception error for
link with deterministic travel time 0 is normally distributed as

fulr, - ~ (a2, 10) (39)

with conditional moment generating function (MGF)

2:,0.2 2
Me,|r, () = exp (ﬂﬁs + T ) = exp [st? ()( + ?)] (40)

where s is a real number. Following [22], the MGF of the perceived travel time
T, of link for an individual traveler can be derived as follows:
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Mg, (s) = E[ exp (sT,)]
=E[exps(T, + €4)]
— E{ exp (T, B, [exp (selr.)] A

=Er, { exp (sTa)Me,|,, (5)}

where E,[| denotes the expectation with respect to random variable x. Substituting
Eq. (40) in Eq. (41), we can get

Mz, (s) = En{ exp [ST“ (1 T +WTZS>} }
= Mr, [5<1 +x+w725>]

From the first derivative of the equation above and evaluating ats = 0, we can
obtain the first moment of the perceived travel time distribution

(42)

E[T.] = (1+ 2)E[T4] (43)

where E[T,] denotes the mean of the random travel time. Likewise, the second-
order moment is derived from the second derivative evaluated at

E[(Ta)"] = 1+ 2E[(T2)?] + wBIT. (44)
The variance of the perceived travel time can be expressed as follows:
Var[T,] = E|(T.)"| = E[T.])" = (1 + 2 Var[T.] + w*E[T.] (45)

Using these equations, we can analyze the RSN-MCP model with travelers’
perception errors. When taking travelers’ perception error into consideration, the
objective function of the PRSN-MCP model is to minimize the weighted sum of the
mean and the variance of the total perceived travel time. Thus, the PRSN-MCP toll
can be given by

PRSN — MCP = {0E[TT] /v, — E[T4]} + VoR - {0Var|[TT]/dv, — Var|T,] }
(46)

where TT = ZaeAVﬂTa'

According to Eq. (46), it is clear that the value of PRSN-MCP can be determined
as long as oF [TT] /0v., E [Ta] , dVaV[TT] /0v,, and VaV[Ta] are known. From the
conditional moment analysis above, we have already obtained E [Ta] and Var[Tﬂ].
Moreover, based on the moment analysis, we can derive the mean and variance of

TT (see Appendix for the derivations). Substituting Egs. (43), (45), (A2), and (A4)
into Eq. (46) and performing some derivation, we have

PRSN — MCP = (1 + ){0E[TT|/ov, — E[T,]}
+ VoR - {(1 +x)*{0Var|TT]/dv, — Var[T,|} + w*{0E[V2T,] /ov, — E[Ta]}}
(47)

13
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5.2 Calculation of PRSN-MCP

In order to illustrate the importance of incorporating both stochastic supply and
demand into the proposed PRSN-MCP model, the calculation of PRSN-MCP can be
separated into four scenarios based on (1) network uncertainty caused by the
stochasticity of travel demand; and (2) network uncertainty induced by the sto-
chastic supply (link capacity). Case A is the most complete situation in which both
stochastic link capacity and travel demand are considered. In contrast to Case A,
which describes the “true” behaviors of travelers, Case D is the simplest case,
neglecting the stochasticity of traffic network. Case B and C ignore, respectively,
the effect of stochastic demand and link capacity.

5.2.1 Case a: stochastic supply, stochastic demand (SS-SD)

To begin, we discuss the most complete and realistic case in which the travelers
consider both stochastic fluctuations in supply (or link capacity) and demand in
their route choice decision-making process. As of now, we have already obtained
the values of 0E[TT]/ov,, E[T,), Var|T,] and oVar[TT]/ov,. The only value left
unknown is 0E [Vﬁ Ta] /ov,. With Eq. (26) we can obtain

E[(Va)zn} = t0E[V,]* + BE[VI T |E %}

_ 40,22 0 (1_ 9»1177[) n-+2, n?+3n4+2
_t“v“y“+ﬂt“62(1—9a)(1—n) (va " ) (48)

Differentiating Eq. (48) with respect to the mean link flow v, and performing
some simple algebraic operations we have

OF (V)T
sl

(1-0:")

=2-t%,? —t°- VMR P . B/
N A ey

(49)

2
3 2
[(n )y n+ 2” T2 VMR- py

Substituting Eqgs. (30), (31), (34), (38), and (49) into Eq. (47), we can obtain
the value of PRSN-MCP in case of SS-SD.

5.2.2 Case B: stochastic supply, deterministic demand (SS-DD)

In Case B, the effect of stochastic demand is neglected; only the effect of sto-
chastic link capacity is considered in modeling the travelers’ route choice decision-
making process. Thus, the mean and variance of T, are given by Egs. (20) and (21),
respectively. To calculate the value of PRSN-MCP in case of stochastic supply and
deterministic demand, we need to recalculate 0E[V,T,|/ov,, 0Var[TT]/ov,,
andoE[V2T,] /dv,, respectively.

The expected total travel time can be simplified to

E[TT) = B[S, VaTu| = ZaeA{th[Vﬂ} PE [VZH]E[% }

(50)
_ 0 0 (1_9;77!) n+1
o ZueA{t“v“ + A ?;(1 — 6,1)(1 — n)v“+ }
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Differentiating Eq. (50) with respect to the mean link flow v, yields

OE[TT] 0
w,

0 (1_0317”) n
+ﬁtacﬂ;(1_9a)(1_n) [(n+1)0]] (51)

The variance of the total travel time is described by

Var[TT] = E[TT?] — (E[TT))?
_ 72 oy2 Var[Vi ] }
Zu eA{ Var [CZ] (52)
_ 2 mt2 (1 — 9572”) (1 _ 9‘1’7”) 2
- ZaeA { (ﬂtg) Ya {Eﬁn(l —0,)(1—2n) - |?Zm —0a)(1 - 7,l)‘|

Differentiating Eq. (52) with respect to the mean link flow yields

oVar[TT] 2 opi1 (1 - 93;72") (1 — 9»1;") ’
o, = @t 2)(hr) v {cgm 001 —2m) lz;u —0,)(1- n)] }

(53)

With Eq. (26) we have

(1_91711) n+
1= ) =) 2

(54)

E[(Va)zTa} =tOE[V,]* + pE[VI2]E [é] =192 + pt° i

Differentiating Eq. (54) with respect to the mean link flow v, we have, upon
simplifying

OE[(Va)'T. |

- 91 n
=2 e+ (1 + 2Pt 10 (55)

a(1=0:)(1—m) "

By substituting Egs. (20), (21), (51), (53), and (55) into Eq. (47), the value of
PRSN-MCP in case of SS-DD can be determined.

5.2.3 Case C: deterministic supply, stochastic demand (DS-SD)

In Case C, only the effect of stochastic travel demand is captured in modeling
travelers’ route choice decision process. The effect of stochastic link capacity is

ignored in this case. Therefore, E[1/C"] and E[1/C2"] are simplified to 1/ and
1/c, respectively. Consequently, the mean and variance of T, are given by
Egs. (28) and (29), respectively. Similar to Case B, we need to recalculate
OE[V,T,]/0v,s, 0Var[TT]/0v,, and OE[V2T,] /v, respectively.

The expected total travel time is given by

E[TT) =E[Y, ,VaTa] = ZaeA{th[V“] B[V %] }
=y eA{t Vs + ﬂ_n ( n M)}

(56)
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Differentiating Eq. (56) with respect to the mean link flow v, yields

OE[TT 0 Mppn—1
% 10 ﬁcfz[’“’ (- )+1] [(n+1)v,ly;’ ﬂ (57)

The variance of the total travel time is expressed as

Var[TT] = E[TT?] — (E[TT])?

-] v () vt 2

. 2 (el - (v lawv) |

2\’ 2y 2p(9)?
_ ZaeA{ - VMR - v, + <ﬂ;nﬂ) {viny;tn2+6n+2 _ (UZ+1yZZ+n> } +%UZ+2J;ZZ+” 2n+2 B 1)
a
(58)

Differentiating Eq. (58) with respect to the mean link flow yields

oVar[TT)

40 {o2ydorl(2n + 20, — (2% +n — 1) VMR]}
" )

= (9)*- VMR+(

a

{v yzn 22 42, — (2 —n—2) - VMR]}

2ﬁ(t°)2 { vy 2130 [(n 42, — (n? +2n -2) VMR]}
L P

n

g {u;y" -2 {(n +2)0, — ("2_#4). VMR] }

(59)

With Eq. (26) we have

2 0 2 0 2 1 0.2.2 , Pt 2, n2+3n+2
E[(Va) Ta] = °E[V,] +ﬁtaE[VZ+]E{Cn] :tavuya+67“<vz+y2+”+) (60)

a

Differentiating Eq. (60) with respect to the mean link flow v, and performing
some simple algebraic operations, we have

OE [(Vﬂ)zTa}
=2 tov,y> —t2 - VMR
a

(61)
ﬁ 0 n?+3n+2
|:(Vl 2) n+1y;l +3n+2 5 . VMR - Zy;l 243n

a

Thus the value of PRSN-MCP in case of DS-SD can be determined by substitut-
ing Egs. (28), (29), (57), (59), and (61) into Eq. (47).

5.2.4 Case D: Deterministic supply, deterministic demand (DS-DD)

Case D degenerates into the MCP model in a deterministic traffic network, in
which neither the stochastic link capacity nor stochastic travel demand is consid-
ered in travelers’ route choice decision making. In this case, the variance of both
Var|TT) and Var[T) is equal to zero, and E[T,| = 0 + p0v" /C". We only need to
recalculate 0E[V,T,]/dv,, and oE [VﬁTﬂ] /ov,, respectively.
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The expected total travel time can be simplified to

1
_ _ 0 0 +1
E[TT] = E[ZaeAvaTa} - ZaeA{taE[vu} + BOE[V" ]E[ﬁ} }
(62)
_ o | Bavit
- Zu €A LaVa + T
Then we have
OE[TT] pra o | _nbri
a0, —E[T,] = {tg + (n+ 1)gva — |0 +gva = 7 v (63)
From Eq. (26) we can obtain
1 tO n+2
E[(Va)'Ta] = SEWV.] + ﬁth[VZ“]E[F] = 192 +% (64)
Consequently, we have, upon simplifying
OE|(Va)'T.] . Py
T—E[Ta]:(ba—l)~tﬂ—[(n—i—Z)va—l} Cfn“ (65)

By substituting Eqgs. (63) and (65) into Eq. (47), the value of PRSN-MCP in case
of DS-DD can be expressed as follows:

nptd 2 0 pelvr

PRSN — MCP = (1+ ) “52 0} ) + VoR - ™S (20, — 1) 20 — [(n +2)o, — 1] =57%
a a

(66)

6. Numerical examples

The purpose of the numerical examples is to illustrate: (1) the effect of the VMR
on the performance of the SN-MCP model; (2) the effect of both the demand and
supply uncertainties on the performance of the PRSN-MCP model; (3) the impor-
tance of incorporating the travelers’ perception error in the RSN-MCP model; and
(4) the application of the proposed PRSN-MCP model in a medium-scale traffic
network. The proposed models in this chapter can be solved by the method of
successive averages (MSA).

6.1 Effect of the VMR on the performance of SN-MCP toll scheme

Figure 2 shows a network consisting of 14 nodes and 21 directed links. There
are two OD pairs, one is from node 1 to 12, and the other one is from node 1 to14.
The link travel time function is assumed to be the Bureau of Public Roads (BPR)
function with the following parameters:f = 0.15,% = 4, which is, T, = t2(1+ 0.15

(V4/Ca)*),Va € A. The free-flow travel time, design capacity, and degradation
parameter for each link are given in Table 1. In order to test the effects of different
demand levels, the potential mean total demand for OD pair 1 and 2 is set as

7' = 3800z and §* = 4200z, respectively. In 0 <z <1, z is the OD demand multiplier.
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Figure 2.
Traffic network.

Link Free-flow Design Degradation Link Free-flow Design Degradation

travel time capacity  parameter 6, travel time capacity  parameter 6,
1 3 2000 0.95 12 3 1000 0.95
2 3 2000 0.95 13 3 2600 0.95
3 3 2000 0.95 14 3 2000 0.95
4 4.5 1800 0.95 15 3 1400 0.95
5 7.5 1200 0.95 16 3 2000 0.95
6 3 1000 0.95 17 3 800 0.95
7 3 2000 0.95 18 3 2000 0.95
8 3 1800 0.95 19 3 2000 0.95
9 3 1800 0.95 20 3 4000 0.95
10 4.5 1800 0.95 21 3 4000 0.95
1 3 2000 0.95
Table 1.

Link pavameters.

For the first example, we examine the effect of VMR on the performance of the
SN-MCP model proposed in Section 3. All travelers are assumed to be risk-neutral
(i.e., VoR = 0). In addition, travelers’ perception errors are not considered in the
first example. The relationship between the expected total perceived travel time,
OD demand level, and VMR level under the toll free case and the SN-MCP toll
scheme are shown in Figure 3. It can be observed that the difference of the expected
total perceived travel time (i.e.,U[TT o1 free] — U[TTsn—mcp]) between these two
scenarios decreases with the OD demand and VMR levels. For example, if the
demand multiplier z is 0.8 and VMR level is 10, U[TT ol free] — U[TT'sn—mcp| is more
than 2900. However, when the demand multiplier z increases to 1 and VMR level
increases to 50, U[TT o1 free] — U[TT'sn—mcp) is less than 1633. Remember that VMR,
is the variance-to-mean ratio (VMR) of random travel demand. This indicates that
along with the increase of travel demand variance and congestion level, the perfor-
mance of the SN-MCP toll scheme decreases.
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Figure 3.
Difference of the expected total perceived travel time between toll free case and SN-MCP under different OD
demand multiplier z and VMR levels.

6.2 Importance of incorporating supply and demand uncertainty
6.2.1 Effect of congestion on the performance of different PRSN-MCP toll schemes.

We also use the traffic network shown in Figure 2 in the following test, in which
both supply and travel demand uncertainty and travelers’ perception errors will be
simulated. To demonstrate the effects of neglecting certain aspects of the
stochasticity of the network, we compare the expected total perceived travel time
under the four PRSN-MCP scenarios discussed in Section 5.2. These four scenarios
are analyzed under different congestion levels (the OD demand multiplier z increases
from 0.8 to 1 by interval 0.05). As a reminder, all the four scenarios consider the
travelers’ perception error, with the following differences: Case A is the most com-
plete and realistic representation of the actual traffic flow as both stochastic fluctua-
tions in supply (or link capacity) and demand are incorporated. In comparison, Case
B and C are “incomplete cases,” because they neglect certain aspects of the stochastic
network. Case D is the classical MCP model in a deterministic traffic network.

In this example, we study the effect of congestion levels on the performance of
different toll schemes with fixed VoR (i.e., VoR = 0.0165) and VMR, (i.e.,

VMR,, = 1.5). Furthermore, we assume the perception error distribution of unit
travel time follows N(0.1, 0.2). Table 2 displays the expected total perceived travel
time at different congestion levels under the toll free, SS-SD, SS-DD, DS-DD, and
DS-SD of the PRSN-MCP toll schemes. The results show that the expected total
perceived travel time of the toll free and = other toll schemes increases as the
demand multiplier z increases.

Figure 4 demonstrates the percentage improvements in the expected total per-
ceived travel time related to Table 2. The “Improvement” in Figure 4 is, in this
case, the percentage of improvement in the expected total perceived travel time
from the toll free case compared to the SS-SD tolls case, that is,

Improvement = (U [?Ttoll—free] — U[TTcase])/(U[TTtoll—free] — U[TTSS—SD]) x 100%
(67)
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Demand multiplier (z) U [Tﬂ

Toll free SS-SD SS-DD DS-DD DS-SD
0.8 132,261 129,158 129,171 129,184 129,300
0.85 142,651 139,878 139,908 139,928 140,084
0.9 153,870 151,438 151,474 151,502 151,695
0.95 166,113 163,979 164,033 164,072 164,283
1 179,550 177,688 177,757 177,801 177,996

Table 2.

Comparison of system performance under different modeling scenarios and OD demand multipliers.

100.00%
95.00%
90.00% uSS.SD
85.00% Rt
= DS-DD
80.00% DS-SD
75.00%

0.8 0.85 0.9 0.95 1

Demand multiplier ()

Im provement

Figure 4.
Improvement in system performance under different modeling scenarios and OD demand multipliers.

From the figure above, the improvement in the expected total perceived travel
time obtained by the SS-DD, DS-DD, and DS-SD tolls is lower than that obtained by
the SS-SD tolls. Besides, the gap between the expected total perceived travel time
under the SS-SD tolls and other toll schemes increases as z increases. When traffic is
light, all toll schemes achieve similar system performances, revealing that other toll
schemes do not lose too much accuracy by ignoring the stochasticity of the traffic
network. However, when traffic is heavy, the differences between them become
pronounced. Furthermore, for the DS-SD tolls, neglecting the stochastic link
capacity makes the system performance decrease rapidly. This indicates that the toll
scheme is more sensitive to the stochasticity of link capacity.

6.2.2 Effect of the VoR on the performance of different PRSN-MCRP toll schemes

By assuming the levels of congestion and VMR, are fixed (i.e.,z =1, VMR, =
1.5), the effect of the VoR on the expected total perceived travel time under
different toll schemes is examined in this section. In Table 3, the expected total
perceived travel time at different VoR levels under the toll free, SS-SD, SS-DD,
DS-DD, and DS-SD of the PRSN-MCP toll schemes are compared. The expected
total perceived travel time increases with an increase in the level of the VoR. This is
logical: when VoR increases, travelers need to budget a large buffer time to improve
their travel time reliability.

Based on Eq. (67) and Table 3, we can obtain the percentage improvements in
the expected total perceived travel time, as shown in Figure 5. It can be seen that
the discrepancies between the performance of the SS-SD toll and that of other toll
schemes become conspicuously larger as the VoR increases. This implies that the
higher the travel time reliability that travelers are concerned with, the worse the
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VoR U [T'j’]

Toll free SS-SD SS-DD DS-DD DS-SD
0.0068 179,233 177,335 177,384 177,413 177,510
0.0085 179,291 177,394 177,445 177,491 177,620
0.0104 179,344 177,468 177,525 177,568 177,716
0.0129 179,432 177,560 177,623 177,668 177,844
0.0165 179,550 177,688 177,757 177,801 177,996

Table 3.

Comparison of system performance under different modeling scenarios and VoR levels.

100.00%
95.00%

90.00% uSS-SD

85.00% S0

= DS-DD

80.00% DS-SD
75.00%

08 085 09 095 1

.85

Improvement

FoR level

Figure 5.
Improvement in system performance under different modeling scenarios and VoR levels.

actual effect of other toll schemes, which ignore the effect of stochastic travel
demand and link capacity.

From the above analysis, it can be concluded that the discrepancies of these
simplifications depend on both the congestion and VoR levels. Capturing the
effect of stochastic capacity degradation and stochastic travel demand is critically
important.

6.3 Analysis of the essentiality of incorporating the travelers’ perception error

The traffic network shown in Figure 2 is again adopted in examining the PRSN-
MCP model. By comparing the difference of the expected total perceived travel
time achieved by the RSN-MCP tolls (expressed by U[TT'ss_sp|) and the PRSN-
MCP tolls (denoted by U [TTSS_SD] ), we examine the effect of incorporating the
traveler’s perception error into the RSN-MCP tolls. In this example, both stochastic
fluctuations in supply (or link capacity) and demand are considered for both toll
schemes. Figure 6 illustrates the influence of various combinations of travel
demand level and VoR level on the difference of the expected total perceived
travel time achieved by the RSN-MCP tolls and the PRSN-MCP tolls. Based on the
survey results of [24], it is reasonable to assume that all the travelers are risk-averse
under an uncertain environment. Therefore, we test the VoR level from 0.0068 to
0.0165, and the OD demand multiplier z from 0.8 to 1 with an interval of 0.05.
From Figure 6, it is clear that U[TTss_sp| — U [TTssst] increases as the demand
level z increases. This implies that the consideration of travelers’ perception error
in the RSN-MCP tolls may have a more significant impact on system performance
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Figure 6.
Difference of the expected total perceived travel time between PRSN-MCP and RSN-MCP under different OD
demand multiplier z and VoR levels.

under heavier congestion levels. On the other hand, we can see that U[TTss_sp| —
U [TTSS_SD] is increasing while the VoR level increases. This is to be expected, since
a higher travel time reliability requires a larger time buffer. Therefore, ignoring the
travelers’ perception error may significantly reduce the performance of the RSN-

MCP tolls, especially when the network congestion level is heavy and travelers
require a higher travel time reliability level.

6.4 Application to the Sioux Falls network in the PRSN-MCP (SS-SD) case

The final example illustrates the calculation of the PRSN-MCP (SS-SD) toll in a
larger network. This example network is the well-known medium-scale Sioux Falls
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Figure 7.
Sioux Falls network.

22



Reliability-Based Marginal Cost Pricing Problem
DOI: hitp://dx.doi.ovg/10.5772 /intechopen.92844

network (see Figure 7), which consists of 24 nodes and 76 links. The link design
capacity and link free-flow travel time can be found in [25]. Degradation parameter
0, for each link is 0.95. In this example, we also assume VMR,, = 1.5, and the
perception error distribution of a unit travel time follows N (0.1, 0.2). Forty-two OD
pairs are considered in the Sioux Falls network and the mean of the lognormal
demand for all OD pairs is given in Table 4. The stopping tolerance criterion is set
at 0.001. Convergence is achieved in 48 iterations as depicted in Figure 8.

In this example, we compare two scenarios. One is the toll free case, and the
other one is the PRSN-MCP toll scheme. Table 5 presents the link toll under the
PRSN-MCP scenario. By levying these tolls on each link, the network becomes
smooth and efficient. At the equilibrium state, the expected total perceived travel
time achieved by the toll free case and PRSN-MCP toll scheme is 345,749 and
324,636, respectively. Therefore, the proposed PRSN-MCP model is an efficient
method in reducing traffic congestion.

O/D 4 5 6 10 14 19 22
4 800 800 800 800 800 800
5 800 800 800 800 800 800
6 800 800 800 800 800 800
10 800 800 800 800 800 800
14 800 800 800 800 800 800
19 800 800 800 800 800 800
22 800 800 800 800 800 800
Table 4.

Means of the stochastic demand for all OD pairs in the Sioux Falls network.

.16 T T T T T T

0.06 - -

0.02 -
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Figure 8.
Convergence of the MSA for the Sioux Falls network.
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Link Link toll Link Link toll Link Link toll Link Link toll
1 19.37 20 23.16 39 33.54 58 45.96
2 12.81 21 17.97 40 68.29 59 20.13
3 19.37 22 37.02 41 38.43 60 35.53
4 16.08 23 95.53 42 22.83 61 20.13
5 12.81 24 17.97 43 59.94 62 23.86
6 34.19 25 37.12 44 38.43 63 32.55
7 78.43 26 37.12 45 22.83 64 23.86
8 34.19 27 33.15 46 29.97 65 7.68
9 39.22 28 59.94 47 37.02 66 15.86
10 125.82 29 17.53 48 17.53 67 29.97
1 39.22 30 30.77 49 14.00 68 32.55
12 46.12 31 125.82 50 3.07 69 7.68
13 95.53 32 33.15 51 30.77 70 18.04
14 16.08 33 18.94 52 14.00 71 22.83
15 46.12 34 68.29 53 45.96 72 18.04
16 73.25 35 78.43 54 15.33 73 5.24
17 23.16 36 18.94 55 3.07 74 33.54
18 15.33 37 24.96 56 35.53 75 15.86
19 73.25 38 24.96 57 22.83 76 5.24
Table 5.

PRSN-MCP tolls for each link at equilibrium state.

7. Conclusions

To make pricing more efficient and effective, this chapter developed a
reliability-based marginal cost pricing model. The new model explicitly accounts for
both stochastic link degradation and stochastic demand of road network and per-
ception errors within the travelers’ route choice decision process. We consider that
the stochastic demand follows a lognormal distribution and the capacity degrada-
tion follows a uniform distribution, and VMR across all OD pairs. Based on moment
analysis, we derive the mean and variance of the expected total perceived travel
time. After performing some derivations, we derived four analytical functions of
PRSN-MCP under different simplifications of network uncertainty.

This chapter investigated possible defects associated with ignoring certain
aspects of the stochastic behaviors of the network. Through numerical examples,
we find that both link capacity degradation and stochastic demand play essential
roles in the PRSN-MCP model, especially under high travelers’ confidence level and
network congestion. We further examined the effect of incorporating the travelers’
perception error into the RSN-MCP tolls. The numerical example illustrates that
travelers’ perception errors have a significant impact on the performance of the
PRSN-MCP tolls and, therefore, should not be neglected.

A. Appendix: computation of the MGF of TT

The MGF of TTcan be represented as follows:
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Mz (s) = Zﬂ E[exp (SVaTa)}
= Z AE{exp[sVa(Ta + )]}
=" Er{exp(VaTy) exp (sVae,))

(68)
_ ZaGA {exp (sVaT,)E,,, [exp (sV,,e,,|Tu)]}
e bvinm, v}
- Za eAETﬂ{ exp (sVaTy) exp [SV,,,T,,, ()( + wzsva/z)] }
The first-order moment is, from the first derivative evaluated ats = 0,
E[TT] =Y _ (1+1)E[V,T,] (69)

Similarly, the second-order moment of TT can be derived from the second
derivative evaluated ats = 0,

o{077] - 5., (s 5[] csnl) oo
Then we can obtain the variance of TT as follows:
Var[TT] = E|(TT)’| - E[TT]’
=3 e { @[ (VTP — EVLTP ) 4 o E[VIT ) (1)
=3 @+ varTT] + EVIT,

Acknowledgements

This research has been supported by the National Natural Science Foundation of
China (Project No. 71701030 and 71971038), the Humanities and Social Sciences
Youth Foundation of the Ministry of Education of China (Project No. 17YJCZH265),

and the Fundamental Research Funds for the Central Universities of China (Project
No. DUT20GJ210).

Author details

Shaopeng Zhong
Dalian University of Technology, Dalian, China

*Address all correspondence to: szhong@dlut.edu.cn

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, dlstrlbutlon, and reproduction in any medium,

provided the original work is properly cited. I

25



Linear and Non-Linear Financial Econometrics - Theory and Practice

References

[1] Abdel-Aty MA, Kitamura R,

Jovanis PP. Using stated preference data
for studying the effect of advanced
traffic information on drivers’ route
choice. Transportation Research Part C:
Emerging Technologies. 1997;5:39-50

[2] Brownstone D, Small KA. Valuing
time and reliability: Assessing the
evidence from road pricing
demonstrations. Transportation
Research Part A: Policy and Practice.
2005;39:279-293

[3] Liu HX, Recker W, Chen A.
Uncovering the contribution of travel
time reliability to dynamic route choice
using real-time loop data.
Transportation Research Part A: Policy
and Practice. 2004;38:435-453

[4] Asakura Y, Kashiwadani M. Road
network reliability caused by daily
fluctuation of traffic flow. In:
Proceedings of Proceedings of the 19th
PTRC Summer Annual Meeting.
Brighton, England: PTRC Education and
Research Services; 1991. pp. 73-84

[5] Nicholson A, Schmocker JD,

Bell MGH. Assessing transport
reliability: Malvolence and user
knowledge. In: Proceedings of the
Network Reliability of Transport:
Proceedings of the 1st International
Symposium on Transportation Network
Reliability. Kyoto: Elsevier Science Ltd,;
2003

[6] Chen A, Zhou Z. A Stochastic
a-reliable mean-excess traffic
equilibrium model with probabilistic
travel times and perception errors. In:
Lam WHK, Wong SC, Lo HK, Golden
Jabilee editors. Transportation and
Traffic Theory 2009. Hong Kong:
Springer; 2009. pp. 117-145

[7]1 Uchida T, lida Y. Risk Assignment.

A New Traffic Assignment Model
Considering the Risk of Travel Time

26

Variation. Amsterdam, Berkeley, CA,
USA: University of California; 1993.
pp. 89-105

[8] Chen A, Yang H, Lo HK, Tang WH.
Capacity reliability of a road network:
An assessment methodology and
numerical results. Transportation
Research Part B: Methodological. 2002;
36:225-252

[9] Chen A, Zhou Z. The a-reliable
mean-excess traffic equilibrium model
with stochastic travel times.

Transportation Research Part B:
Methodological. 2010;44:493-513

[10] Lo HK, Luo XW, Siu BWY.
Degradable transport network: Travel
time budget of travelers with
heterogeneous risk aversion.
Transportation Research Part B:
Methodological. 2006;40:792-806

[11] Clark S, Watling D. Modelling
network travel time reliability under
stochastic demand. Transportation
Research Part B: Methodological. 2005;
39:119-140

[12] Shao H, Lam W, Tam M. A
reliability-based stochastic traffic
assignment model for network with
multiple user classes under uncertainty
in demand. Networks and Spatial
Economics. 2006;6:173-204

[13] Chen A, Yang H, Lo HK, Tang WH.
A capacity related reliability for
transportation networks. Journal of
Advanced Transportation. 1999;33:
183-200

[14] Lo HK, Tung Y-K. Network with
degradable links: Capacity analysis and
design. Transportation Research Part B:
Methodological. 2003;37:345-363

[15] Lam WHK, Shao H, Sumalee A.
Modeling impacts of adverse weather



Reliability-Based Marginal Cost Pricing Problem

DOI: hitp://dx.doi.ovg/10.5772 /intechopen.92844

conditions on a road network with
uncertainties in demand and supply.
Transportation Research Part B:
Methodological. 2008;42:890-910

[16] Sumalee A, Connors RD, Luathep P.
Network equilibrium under cumulative
prospect theory and endogenous
stochastic demand and supply. In: Lam
WHK, Wong SC, Lo HK, Golden Jabilee
editors. Transportation and Traffic
Theory 2009. Hong Kong: Springer;
2009. pp. 19-38

[17] Yao T, Friesz TL, Wei MM, Yin Y.
Congestion derivatives for a traffic
bottleneck. Transportation Research
Part B: Methodological. 2010;44:
1149-1165

[18] Sumalee A, Xu W. First-best
marginal cost toll for a traffic network
with stochastic demand. Transportation
Research Part B: Methodological. 2011;
45:41-59

[19] Boyles SD, Kockelman KM, Travis
Waller S. Congestion pricing under
operational, supply-side uncertainty.
Transportation Research Part C:
Emerging Technologies. 2010;18:
519-535

[20] Li H, Bliemer MC]J, Bovy PHL.
Network reliability-based optimal toll
design (Technical report). Journal of
Advanced Transportation. 2008;42:
311-322

[21] Gardner LM, Boyles SD, Waller ST.
Quantifying the benefit of responsive
pricing and travel information in the
stochastic congestion pricing problem.
Transportation Research Part A: Policy
and Practice. 2011;45:204-218

[22] Mirchandani P, Soroush H.
Generalized traffic equilibrium with
probabilistic travel times and
perceptions. Transportation Science.
1987;21:133-152

27

[23] Zhou Z, Chen A. Comparative
analysis of three user equilibrium
models under stochastic demand.
Journal of Advanced Transportation.
2008;42:239-263

[24] de Palma A, Picard N. Route choice
decision under travel time uncertainty.
Transportation Research Part A: Policy
and Practice. 2005;39:295-324

[25] Tam M, Lam WHK. Analysis of
demand for road-based transport
facilities: A bi-level programming
approach. Transportation Research
Record. 1999;1685:73-80



