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Emissions produced by urban transportation activities are harmful to people’s health and they also affect people’s trip-making
decisions. In this paper, we explore the multiple equilibrium behaviors considering human exposure to vehicular emissions. We
assume that a portion of transportation users are environmental advocates and their route decisions are based on some composite
cost functions comprise of a travel time component and an emission exposure component.We then study the multiple equilibrium
behaviorswithmultiple types of users on a traffic network.Themultiple equilibriumproblems are further converted into variational
inequality (VI) problems and they are solved using a method of successive average- (MSA-) based diagonalization method. Per the
specific network setting, we find that as travelers become more concerned about their exposure to vehicular emissions, the system
emission exposure, travel time, and the total cost get reduced; i.e., Pareto improving solutions are achieved. By analyzing themultiple
equilibrium behaviors, we find that the system gets better if more users become environmental advocates. And the change of a small
percentage of users should already lead to a good system improvement.

1. Introduction

Transportation activities account for about 27% carbon
dioxide, 59% nitrogen oxide, and 54% carbon monoxide
of the atmospheric emissions [1]. Recently, transportation
emissions and their negative impacts have been increasingly
noticed. Long time exposure to air pollution can cause short-
term and long-term health problems [2]. According to the
US Environmental Protection Agency [3], living close to
congested urban location has lifetime cancer risks greater
than 100 in million, which is about 10 times higher than
the national average. This evidence motivated researchers
to develop mechanisms to quantify and decrease traffic
emissions [4–7]. In the network modeling field, efforts are
spent to model and control the network emissions, usually
in an aggregated manner, without paying much attention
to the impacts of vehicular emissions on people. Travelers

are directly exposed to vehicular emissions. And vehicular
emissions, in turn, affect traveler’s trip-making decisions.
Such interrelationship between trip-making decisions and
human exposure to vehicular emissions has not been fully
studied.

Modeling travelers’ trip making behavior is challenging.
Taking route choice behavior as an example. The most well-
known theories are theWardropian principles, including user
equilibrium (UE) and system optimum (SO). UE assumes
that users always choose the shortest path to minimize their
individual cost so that no one can unilaterally change routes
to reduce his/her own cost. SO assumes that all users are
altruistic to minimize the total system cost. Researchers have
recognized there are other users which are neither fully
competitive (UE) nor fully cooperative (SO), e.g., the groups
of users that follow the Cournot-Nash (CN) behaviors [8–
12]. CN users are like drivers in a same transport company,
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who try to minimize their group total costs. And different
CN users are fully competitive. The problems that UE, CN,
and sometimes SO players coexist in the network are referred
to as themixed equilibriumormultiple equilibriumproblems
[12]. The work on this topic mostly considered single model
objective such as travel time cost [8, 9, 11]. Zhang et al.
[10] established a unified framework that simultaneously
considered travel time cost and users’ time-irrelevant costs.
He et al. [13] formulated tradable credit schemes based on
the mixed equilibrium network with consideration of users’
transaction cost. Yang et al. [12] investigated the mixed
equilibrium behaviors with general common constraints and
took traffic emissions as a general common constraint. Little
work has been done in the network-modeling field to explic-
itly consider human’s emission exposure in the modeling
framework.

To capture human exposure to vehicular emissions, it is
necessary to describe emission modeling and exposure in an
integrated framework (see [14]). Such a framework should
encapsulate three components, including (i) a traffic flow
model; (ii) an emission model that interprets the source of
emission as a function of traffic flow; and (iii) a model that
describes how the produced tailpipe emissions spread away
from the source and affect the neighborhood. With respect
to (i) and (ii), microscopic tools such as Comprehensive
Modal EmissionsModel (CMEM; [15, 16]), VT-Micro [17, 18],
and Motor Vehicle Emission Simulator (MOVES; [19]) can
estimate emissions with fine resolution by breaking down
the physical behavior of vehicles into different operating
modes (e.g., acceleration, deceleration, idle, and cruising).
These models, however, require extensive input data such
as vehicle type and trajectory information (see [6]) from
component (i) and usually do not have analytical forms.
These models may not be suitable for real time network-
scale applications (route choice modeling). Alternatively,
mesoscopic and macroscopic approaches [4, 20–24] can
estimate the source of emissions as a function of a set of traffic
variables, which are more appropriate for network traffic
analysis. In the field of atmospheric environment, component
(iii) is known as emission dispersion modeling. Emission
dispersion models include Gaussian Plume model [25], Box
model [26], Lagrangian model [27], and others [28], among
which Gaussian dispersion model is most widely used due
to its simplistic nature. Gaussian model-based software pack-
ages such as HIWAY2 and California Line Source Dispersion
Model version 4 (CALINE4) have been widely adopted to
estimate emission concentration and exposure near freeways
and major arterials [29–33].

In this study, an integrated modeling framework is
applied to analytically estimate vehicular emissions and con-
centrations within the traffic network. The proposed method
adopts the BPR function and a macroscopic emission model
to describe the source of emissions. Gaussian dispersion
model is then used to capture the dispersion of emissions
from the source. The framework can be used to calculate
travelers’ exposure to emissions, which is considered as a
part of the generalized travel cost. We further assume that a
portion of transportation users are environmental advocates
and their route choice decisions are based on some composite

cost functions comprise of a travel time component and an
emission exposure component. We then study the multiple
equilibrium behaviors withmultiple types of users on a traffic
network. The multiple equilibrium problems are further
converted into variational inequality (VI) problems and they
are solved using a method of successive average- (MSA-)
based diagonalization method. The model framework pro-
posed in the paper forms the basis for analyzing the more
practically meaningful multiple equilibrium behaviors with
considerations of people’s perception and reaction to emis-
sion exposures.

2. Methodology

It assumes that multiple types of players may exist on a
multiple-origin and multiple-destination network. The first
type of users follows Wardropian user equilibrium, and it is
referred to as a common UE player who seeks to minimize
the individual travel time cost. The second type of users also
follows the UE principle, but it considers both travel time
and the emission exposure cost, and this type of users is
referred to as an environmental advocacy UE player. The
third type of users is assumed to be controlled by CN
player(s) whose objective is to minimize the group cost.
The equilibrium behaviors under such user composition are
referred to as multiple equilibrium hereafter in this paper.
Similar definitions can be found in Harker [8], Yang et al.
[9], Yang et al. [34], Zhang et al. [10], and Yang et al. [12].
The multiple equilibrium behaviors are studied in the paper
to analyze the effects of some environmental-cost–based
routing models (e.g., smartphone apps) that provide routing
services considering the emission exposure of the transporta-
tion users. The notations used in the paper are similar to the
ones used in Yang et al. [12].

Assume that all users have been transformed into equiv-
alent passenger car units. We useΩ𝑈 to represent the feasible
set for the commonUE player,Ω𝐸 to represent the feasible set
of the environmental advocacy UE player, and Ω𝑘, ∀𝑘 ∈ 𝐾
to represent the feasible set of each environmental advocacy
CN player.

For the common UE playerΩ𝑈 = {V𝑈 | V𝑈 statisfies the following constraints (1)–
(3)}:

∑
𝑝∈𝑃𝑤

𝑓𝑈𝑝 = 𝐷𝑈𝑤 ∀𝑤 ∈ 𝑊𝑈 (1)

V𝑈𝑎 = ∑
𝑝∈𝑃𝑈

𝛿𝑎𝑝𝑓𝑈𝑝 ∀𝑎 ∈ 𝐴 (2)

𝑓𝑈𝑝 ≥ 0 ∀𝑝 ∈ 𝑃𝑈 (3)

For the environmental advocacy UE playerΩ𝐸 = {V𝐸 | V𝐸 statisfies the following constraints (4)–
(6)}:

∑
𝑝∈𝑃𝑤

𝑓𝐸𝑝 = 𝐷𝐸𝑤 ∀𝑤 ∈ 𝑊𝐸 (4)
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V𝐸𝑎 = ∑
𝑝∈𝑃𝐸

𝛿𝑎𝑝𝑓𝐸𝑝 ∀𝑎 ∈ 𝐴 (5)

𝑓𝐸𝑝 ≥ 0 ∀𝑝 ∈ 𝑃𝐸 (6)

For the environmental advocacy CN playersΩ𝑘 = {V𝑘 | V𝑘 statisfies the following constraints (7)–
(9)}, ∀𝑘 ∈ 𝐾:

∑
𝑝∈𝑃𝑤

𝑓𝑘𝑝 = 𝐷𝑘𝑤 ∀𝑤 ∈ 𝑊𝑘 (7)

V𝑘𝑎 = ∑
𝑝∈𝑃𝑘

𝛿𝑎𝑝𝑓𝑘𝑝 ∀𝑎 ∈ 𝐴 (8)

𝑓𝑘𝑝 ≥ 0 ∀𝑝 ∈ 𝑃𝑘 (9)

2.1. Emission Exposure Model. A macroscopic model is
applied to estimate CO emission as a function of travel time,
as in (10), where 𝑒𝑎(V𝑎) is the CO emission in grams per
vehicle per hour, 𝑙𝑎 is the length of link 𝑎 in kilometers, and𝑡𝑎(V𝑎) is the link travel time in minutes, which takes the form
of BPR function (Bureau of Public Roads 1964), as in (11).
Similar emission models have been discussed in Wallace et
al. [20] and Yin & Lawphongpanich [4].

𝑒𝑎 (V𝑎) = 0.2038𝑡𝑎 (V𝑎) 𝑒0.7962𝑙𝑎/𝑡𝑎(V𝑎) (10)

𝑡𝑎 (V𝑎) = 𝑡0𝑎 (1 + 𝛼(V𝑎𝑐𝑎 )
𝛽) (11)

For the ease of emission dispersion modeling, we further
convert the CO emission from grams per vehicle per hour to
milligram (mg) permeter per second; see (12).Therefore, link𝑎 can be treated as a homogeneous line with a linear source
strength of 𝑞𝑎, in mg/s.

𝑞𝑎 (V𝑎) = 0.2038( V𝑎3600𝑙𝑎) 𝑡𝑎 (V𝑎) 𝑒0.7962𝑙𝑎/𝑡𝑎(V𝑎) (12)

Turner [35] proposed the Gaussian equation for a contin-
uous point source, as (13), which is applied to compute the
emission concentration resulted from a point source.

c (𝑥, 𝑦, 𝑧) = 𝑞2𝜋𝜎𝑦𝜎𝑧𝑢 exp(− 𝑦22𝜎2𝑦)
⋅ [[exp(−(𝑧 − 𝐻𝑝)22𝜎2𝑧 )+ exp(−(𝑧 + 𝐻𝑝)22𝜎2𝑧 )]]

(13)

Here c(𝑥, 𝑦, 𝑧) is themean concentration at point (𝑥, 𝑦, 𝑧),
in mg/m3; 𝑥 is an along-wind coordinate measured in wind
direction from the source; 𝑦 is a cross-wind coordinate mea-
sured perpendicular to the wind direction; 𝑧 is an elevation
coordinate measured from the ground; 𝑢 is the mean wind
velocity, in m/s; 𝑞 is the strength of the point source, in mg/s;𝐻𝑝 is the elevation of plume where emissions are released;𝜎𝑦 and 𝜎𝑧 are the standard deviations of the horizontal and

vertical dispersion and are dependent upon the atmospheric
stability, among other factors. The parameterization of the
Gaussian dispersion parameters is out of the scope of the
study. Details can be found in Liu et al. [36]. In this paper, we
assume that CO disperses in the near ground, i.e., z = 0,𝐻𝑝 =0.Therefore, the previousmodel can be simplified as equation
(14a) for any downwind location. And c(𝑥, 𝑦, 𝑧 = 0) = 0 for
any upwind as in (14b).

c (𝑥, 𝑦, 𝑧 = 0) = 𝑞𝜋𝜎𝑦𝜎𝑧𝑢 exp(− 𝑦22𝜎2𝑦) , 𝑥 ≥ 0 (14a)

c (𝑥, 𝑦, 𝑧 = 0) = 0, 𝑥 < 0 (14b)

Based on the point emission concentration, the next step
is to extend the point source to a line source. Bensen [29]
presented a method to decompose each line source (e.g.,
link a) into a number of short elements and every element
is an equivalent finite line source (FLS) whose center is
the element midpoint. Since the points along the equivalent
FLS have the same x-coordinate, the emission concentration𝐶𝑒(𝑥, 𝑦) caused by short element (or equivalently, FLS) 𝑒
can be computed by integrating the continuous point source
along the length of the FLS, as equation (15). Note that 𝑦1𝑒
and 𝑦2𝑒 represent the y-coordinate distances between the two
endpoints of equivalent FLS 𝑒 and the receptor, which can
be easily determined given the length of the short element
(𝑙𝑒) and the angle (𝜑𝑒) between the element and the wind
direction, i.e., 𝑦1𝑒 = 𝑦 − 𝑙𝑒 sin 𝜑𝑒/2 and 𝑦2𝑒 = 𝑦 + 𝑙𝑒 sin 𝜑𝑒/2,0∘ ≤ 𝜑𝑒 ≤ 90∘. The Gaussian dispersion from a line source or
its equivalent finite line source (FLS) is illustrated in Figure 1.
Further details can be found in Turner [35].

𝐶𝑒 (𝑥, 𝑦) = ∫𝑦2𝑒
𝑦1𝑒

𝑐 (𝑥, 𝑦, 𝑧 = 0) 𝑑𝑦
= 𝑞𝑒𝜋𝜎𝑦𝜎𝑧𝑢 sin 𝜑𝑒 ∫

𝑦2𝑒

𝑦1𝑒

exp(− 𝑦22𝜎2𝑦)𝑑𝑦
(15)

The emission concentration at any location 𝑠 with coor-
dinate (𝑥𝑠, 𝑦𝑠) caused by a FLS 𝑒 ∈ 𝐹 can be described using
(16), where 𝐹 is the set that contains all the finite line sources
of the network; 𝑞𝑒 is the emission concentration of FLS e; and
obviously 𝑞𝑒 = 𝑞𝑎 if 𝑒 ∈ 𝐹𝑎, where𝐹𝑎 is the set that contains all
FLS of link 𝑎. Supposing that 𝑝 = 𝑦/𝜎𝑦, (16) can be derived,
where Φ(∙) is the cumulative probability density function of
a standard normal distribution.

𝐶𝑒 (𝑥𝑠, 𝑦𝑠) = 𝑞𝑒𝜋𝜎𝑧𝑢 sin 𝜑𝑒 ∫
𝑦2𝑒 /𝜎𝑦𝑠

𝑦1𝑒 /𝜎𝑦𝑠

exp(−𝑝22 )𝑑𝑝
= √2𝑞𝑒√𝜋𝜎𝑧𝑢 sin 𝜑𝑒 [Φ( 𝑦2𝑒𝜎𝑦𝑠 ) − Φ( 𝑦1𝑒𝜎𝑦𝑠 )]

(16)

In this paper, we are particularly interested in modeling
the emission exposure of transportation users. The emission
exposure of a transportation user on link 𝑎 can be expressed
as (17), which can be considered as the emission concentra-
tion multiplies the duration of exposure, where 𝑡𝑠 denotes



4 Journal of Advanced Transportation

Short element

(0,0)

Equivalent FLS
Wind
direction
u

Receptor(x,y)

Ｓ？
1=y-Ｆ？sin？/2

Ｆ？

？

Ｓ？
2=y+Ｆ？sin？/2

dy

q

y

Ｓ =f(x)

x

Figure 1: Dispersion from a short element/equivalent FLS.

the segment travel time of a finite line source 𝑠 ∈ 𝐹𝑎, and∑𝑠∈𝐹𝑎 𝑡𝑠 = 𝑡𝑎.
𝜏𝑎 = ∑
𝑠∈𝐹𝑎

∑
𝑒∈𝐹

𝐶𝑒 (𝑥𝑠, 𝑦𝑠) 𝑡𝑠 (17)

Assuming link 𝑎 is decomposed evenly and the link travel
time is uniformly distributed along the link, then 𝑡𝑠 = 𝑡𝑎/|𝐹𝑎|,
where |𝐹𝑎| represents the cardinality of set 𝐹𝑎. To make the
cost function separable, we further assume that the emission
concentration on link 𝑎 is only dependent upon the flow
on this link. Therefore the emission exposure cost can be
simplified as (18).

�̃�𝑎 = �̃�𝑎 (V𝑎) ≡ 𝑡𝑎𝐹𝑎 ∑𝑠∈𝐹𝑎𝐶𝑠 (𝑥𝑠, 𝑦𝑠) (18)

2.2. Multiple Equilibrium considering Human Exposure. In
this section, we consider a generalized cost function for
the transportation users, as in (19). The composite function
comprises a travel time component 𝑡𝑎 and an emission
exposure component �̃�𝑎; coefficient 𝜆 is used to leverage the
tradeoff between travel time and emission exposure.

𝑔𝑎 = 𝑡𝑎 + 𝜆�̃�𝑎 (19)

Therefore, the model for exposure of different players on
the traffic emission can be formulated as below.

For the common UE player

min
V𝑈∈Ω𝑈

∑
𝑎∈𝐴

∫V𝑈𝑎

0
𝑡𝑎 (V𝐸𝑎 + V𝐾𝑎 + 𝑥) 𝑑𝑥 (20)

The function 𝑡𝑎(V𝑎) is increasing, or 𝜕𝑡𝑎(V𝑎)/𝜕V𝑎 >0, ∀𝑎 ∈ 𝐴 and the function is convex 𝜕2𝑡𝑎(V𝑎)/𝜕𝑡2𝑎 ≥ 0, ∀𝑎 ∈𝐴, so the minimization problem has a unique solution.
For the environmental advocacy UE player

min
V𝐸∈Ω𝐸

∑
𝑎∈𝐴

∫V𝐸𝑎

0
[𝑡𝑎 (V𝑈𝑎 + V𝐾𝑎 + 𝑥) + 𝜆�̃�𝑎 (V𝑈𝑎 + V𝐾𝑎 + 𝑥)] 𝑑𝑥 (21)

Note that the emission exposure cost �̃�𝑎(V𝑎) is condition-
ally increasing and convex. In fact, it is easy to prove that
the minimization problem has a unique solution under the
condition of travel speed which is less than 150 km/h, which
is true in most urban areas. The proof is provided in the
appendix.

For the environmental advocacy CN players, ∀𝑘 ∈ 𝐾
min
V𝑘∈Ω𝑘

∑
𝑎∈𝐴

[𝑡𝑎 (V𝑈𝑎 + V𝐸𝑎 + V𝑘𝑎 + V𝑘−𝑎 )
+ 𝜆�̃�𝑎 (V𝑈𝑎 + V𝐸𝑎 + V𝑘𝑎 + V𝑘−𝑎 )] V𝑘𝑎

(22)

Where the first derivative 𝑡𝑎(V𝑎) + 𝜆�̃�𝑎(V𝑎) + V𝑘𝑎(𝑡𝑎(V𝑎) +𝜆�̃�𝑎(V𝑎)) > 0 and the second derivative 2(𝑡𝑎(V𝑎) + 𝜆�̃�𝑎(V𝑎)) +
V𝑘𝑎(𝑡𝑎 (V𝑎) + 𝜆�̃�𝑎 (V𝑎)) > 0, ∀𝑎 ∈ 𝐴, so the minimization
problem also has a unique solution.

Therefore, the minimization problems in (20), (21), and
(22) can be characterized by a set of variational inequalities
(VI):

∑
𝑎∈𝐴

𝑓𝜑𝑎 (V𝜑∗𝑎 , V−𝜑𝑎 ) (V𝜑𝑎 − V𝜑
∗

𝑎 ) ≥ 0,
∀V𝜑 ∈ Ω𝜑, ∀𝜑 ∈ Φ (23)
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Table 1: Network specifications.

Link (1, 3) (2, 4) (1, 5) (5, 6) (2, 5) (6, 3) (6, 4)𝑡0𝑎(min) 3 3 1.5 1.5 1.5 1.5 1.5𝑐𝑎(veh/hr) 4000 4000 4000 8000 4000 4000 4000𝑙𝑎(km) 4 4 2 2 2 2 2

Here Φ ≡ 𝑈 ∪ 𝐸 ∪ 𝐾, V−𝜑𝑎 is the total flow on link 𝑎 ∈𝐴 assigned by all players in Φ except 𝜑, 𝜑 ∈ Φ. Note that𝑓𝜑𝑎 (V𝜑𝑎 , V−𝜑𝑎 ) is the perceived link cost of player 𝜑 ∈ Φ, which
is given as below:

𝑓𝜑𝑎 (V𝜑𝑎 , V−𝜑𝑎 )
= {{{{{{{{{

𝑡𝑎 (V−𝜑𝑎 + V𝜑𝑎) , 𝑖𝑓 𝜑 ∈ 𝑈
𝑔𝑎 (V−𝜑𝑎 + V𝜑𝑎) , 𝑖𝑓 𝜑 ∈ 𝐸
𝑔𝑎 (V−𝜑𝑎 + V𝜑𝑎) + V𝜑𝑎𝑔𝑎 (V−𝜑𝑎 + V𝜑𝑎) 𝑖𝑓 𝜑 = 𝑘, ∀𝑘 ∈ 𝐾

(24)

Since the objective functions (20)-(22) are increasing and
convex inmost urban traffic settings, the VI problem (23) has
a unique solution, and similar proof can be found in Yang et
al. [9].

2.3. Solution Algorithm. In this paper, we applied a diagonal-
ization method with nested method of successive averages
(MSA) to solve the aforementioned VI problems. The solu-
tion approach is provided below.

Step 0. For iteration number 𝑛 = 0; use 𝑡0𝑎 as the initial
perceived link cost for all players and perform all-or-nothing
assignment to get the initial total link flow V(0)𝑎 ;

Step 1. Calculate the perceived cost of the commonUE player,𝑓(𝑛+1,1)𝑎 = 𝑓𝑎(V(𝑛)𝑎 ). Perform all-or-nothing assignment for the
common UE player based on the perceived cost, and obtain
a set of updated link flow 𝑦(𝑛+1,1)𝑎 . Use step size (𝛾); i.e., 𝛾 =1/𝑛 to update the traffic flow on the network, V(𝑛+1,1)𝑎 = V(𝑛)𝑎 +𝛾(𝑦(𝑛+1,1)𝑎 − V(𝑛)𝑎 );
Step 2. Calculate the perceived link cost of the environmental
advocacy UE player, 𝑓(𝑛+1,2)𝑎 = 𝑓𝑎(V(𝑛+1,1)𝑎 ). Perform all-or-
nothing assignment for the environmental UE player based
on the perceived cost, and obtain a set of updated link flow𝑦(𝑛+1,2)𝑎 . Update the traffic flow on the network, V(𝑛+1,2)𝑎 =
V(𝑛+1,1)𝑎 + 𝛾(𝑦(𝑛+1,2)𝑎 − V(𝑛+1,1)𝑎 );
Step 3. Calculate the perceived link cost for each environ-
mental advocacy CN player, 𝑓(𝑛+1,𝑘+2)𝑎 = 𝑓𝑎(V(𝑛+1,𝑘+1)𝑎 ), ∀𝑘 =1, 2, 3 ⋅ ⋅ ⋅ ‖𝐾‖. Perform all-or-nothing assignment for each
environmental advocacy CN player, and obtain a set of
updated link flow 𝑦(𝑛+1,𝑘+2)𝑎 . Update the total traffic flow on
the network, V(𝑛+1,𝑘+2)𝑎 = V(𝑛+1,𝑘+1)𝑎 + 𝛾(𝑦(𝑛+1,𝑘+2)𝑎 − V(𝑛+1,𝑘+1)𝑎 );
Step 4 (convergence criteria). The convergence index is 𝜀𝑛𝜑 =
√∑𝑎∈𝐴 (V𝜑(𝑛+1)𝑎 − V𝜑

(𝑛)

𝑎 )2/∑𝑎∈𝐴 V𝜑(𝑛)𝑎 , 𝜑 ∈ Φ. If 𝜀𝑛𝜑 satisfies

1

5

3

2

6

4

Figure 2: Study network.

the convergence condition, stop; otherwise, make V(𝑛+1)𝑎 =
V(𝑛+1,‖𝐾‖+2)𝑎 , 𝑛 = 𝑛 + 1, and proceed to step 1.

3. Numerical Experiment

An idealistic six-node, seven-link transportation network, as
shown in Figure 2, has been used to test the proposed model-
ing framework.There are two Origin-Destination (OD) pairs
(1, 3) and (2, 4), both with the demand of 6000 vehicles per
hour. The free speed of traffic flow is 80 km/h for all links
on the idealistic traffic network. The mean wind velocity is
0.5m/s, and we use 𝛼 = 0.15, 𝛽 = 4 to parameterize the
BPR function. The network specifications and some model
parameters are summarized in Table 1.

3.1. Environmental Advocacy UE (Case 1). In the first case,
we assume that all transportation users follow the first
Wardropian principle and all the users take the same com-
posite cost function. There are two paths (e.g., path 1-3 and
path 1-5-6-3) for OD pair (1, 3).

Figure 3 depicts the change of traffic flow, travel time,
and emission exposure on the two paths with respect to the
change of parameter 𝜆. It is found that when 𝜆 = 0, the travel
time costs of the two paths are identical, which satisfy the UE
principle. It is found that when 𝜆 increases, people become
more concerned about their emission exposure, as a result,
some flow has switched from path 1-3 to path 1-5-6-3 and the
emission exposure cost as well as the travel time on path 1-3
decreased. Noteworthy the travel time on path 1-5-6-3 only
slightly increases as the capacity on this path is much larger
than the flow, therefore the marginal effects of flow is quite
small.The results for path 2-4 and 2-5-6-4 are not shown here
since the network andODvolumes are symmetric.The results
show that the route choice patterns have been changed by
considering the emission exposure cost in the cost function.

Figure 4 shows the system total cost (represented by∑𝑎[𝑡𝑎(V𝑎) + �̃�𝑎(V𝑎)]), travel time, and emission exposure with
respect to the change of 𝜆. Per the specific network setting, we
find the total cost decreased as𝜆 increasing.This suggests that
as travelers become more concerned about their exposure
to vehicular emissions, the system emission exposure, travel



6 Journal of Advanced Transportation

0 50 100 150 200
0

1000

2000

3000

4000

5000

6000



Tr
affi

c fl
ow

 (v
eh

/h
)

Path 1-3
Path 1-5-6-3

(a)

0 50 100 150 200
3

3.5

4

4.5

5



Tr
av

el
 ti

m
e (

h)

Path 1-3
Path 1-5-6-3

(b)

0 50 100 150 200
0

0.02

0.04

0.06

0.08

0.1



Em
iss

io
n 

ex
po

su
re

 (h
ou

r-
m

g3 )

Path 1-3
Path 1-5-6-3

(c)

Figure 3: Path-based results of the environmental advocacy UE: (a) traffic flow; (b) travel time; (c) emission exposure.
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(b) ∑𝑎 𝑡𝑎(V𝑎)
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Figure 4: System costs of case 1: (a) total cost; (b) travel time; (c) emission exposure.

time, and the total cost all get reduced, i.e., Pareto improving
solutions are achieved.

3.2. Multiple Equilibrium with a Common UE and an Envi-
ronmental Advocacy UE (Case 2). In the second case, we
assume there are a common UE player and an environmental
advocacy UE player. We have only two types of players in
the case; therefore the proposed approach simplified can
be to tackle this case. By setting different user proportions,
we observe the change of system total cost, travel time,
and emission exposure with respect to 𝜆; the results are
provided in Figure 5. Here 𝜃 represents the percentage of the
environmental advocacy UE users, and (1 − 𝜃) represents the
percentage of the common UE users.

When 𝜃 = 0, since only the common UE users exist,
the system total cost, travel time, and emission exposure
remain unchanged with the change of 𝜆. In Figure 5(a), the
total cost first reduces when a small percentage of users
become environmental advocacy UE users. The cost remains
stable when the percentage of environmental advocacy UE
users becomes larger than 20%. Similar trends are discovered
for the system travel time and emission exposure. This
suggests that the system gets better if more users become

environmental advocators. In an operation perspective, the
change of a small percentage of users should already lead to
good system improvement.

3.3. Multiple Equilibrium with a Common UE and an Envi-
ronmental Advocacy CN (Case 3). We further look at the
scenario with a common UE player and an environmental
advocacy CN player on the network. This scenario is prac-
tically meaningful since there may be some environmental-
cost based routing models (e.g., smartphone apps) that
provide routing services to minimize individual/group-wide
emission exposure.

The results of this case are in general similar to case 2.
As shown in Figure 6(a), as 𝜃 increasing, the total cost first
decreases and becomes stable when 𝜃 becomes larger than
60%. Figures 6(b) and 6(c) reveal similar trends for the travel
time and emission exposure cost.

The results from case 3 are compared to the ones in case
2, as indicated in Figure 7. Figure 7(a) shows that when 50%
users are environmental advocacy users, the total cost of case
2 is larger than case 3; when 𝜆 < 50, the result is consistent
with common sense that cooperative behavior leads to
reduced system cost. But as the users seriously concern their
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Figure 5: System costs with a common UE and an environmental advocacy UE: (a) total cost; (b) travel time; (c) emission exposure.
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Figure 6: System costs with a common UE and an environmental advocacy CN; (a) total cost; (b) travel time; (c) emission exposure.

emission exposure (e.g., 𝜆 ≥ 50), the cooperative behavior
(CN) results in worse system performance. Figure 7(b) shows
that when 70% or more users are environmental advocacy
users, the cooperative behavior (CN) is always better than the
competitive behavior, and such effect is more significant at
lower 𝜆 value.

4. Concluding Remarks

In this study, an integrated modeling framework was applied
to analytically estimate vehicular emission and concentration
within the traffic network. The framework was used to calcu-
late travelers’ exposure to emissions, which was considered
as a part of the generalized travel cost. The experimental
results showed that the route choice behaviors have been
changed by considering the emission exposure cost in the
cost function. Per the specific network setting, we found that
as travelers become more concerned about their exposure
to vehicular emissions, the system emission exposure, travel
time, and the total cost all get reduced; i.e., Pareto improving

solutions are achieved. By analyzing the multiple equilibrium
behaviors, we found the system gets better if more users
become environmental advocates. For example, in the case
that all users follow common UE principle, when 20% of
users become environmental advocates, the total system cost
reduces about 11%. And the change of a small percentage
of users should already lead to good system improvement.
By comparing the case with a common UE and an environ-
mental advocacy UE to the case with a common UE and
an environmental advocacy CN, we found that cooperative
behaviors (CN) lead to better system performance when
people’s concerns of emission exposure remain at a rational
level.The findings of the paper clearly show the necessity and
importance of providing exposure-based routing applications
to reduce human exposures and to improve the overall
performance of transportation networks. As travelers are
becoming more concerned of their emission exposure, such
eco-routing models are more behavioral sound compared to
the conventional emission-based routing models.
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Figure 7: Comparison of case 2 and case 3 in total cost ((∑𝑎[𝑡𝑎(V𝑎) + �̃�𝑎(V𝑎)])): (a) total cost when 𝜃 = 0.5 and (b) total cost when 𝜃 = 0.7.
It is worthy to mention that human exposure to vehicular

emissions is a very complex problem. This article only
provided an integrated approach to capture human exposure
in route choice. Many modeling details need to be further
studied. In the future, the authors will test the proposed
framework using more realistic traffic flow and dispersion
models and using real traffic networks. Another possible
extension is to consider dynamic and elastic demand in the
proposedmultiple equilibrium.More results and findingswill
be provided in our subsequent work.

Appendix

�̃�𝑎 (V𝑎) = 𝑡𝑎𝐹𝑎 ∑𝑠∈𝐹𝑎𝐶𝑠 (𝑥𝑠, 𝑦𝑠) =
𝑡𝑎𝐹𝑎

⋅ ∑
𝑠∈𝐹𝑎

√2√𝜋𝜎𝑧𝑢 sin 𝜑𝑠 (Φ(𝑦2𝑠𝜎𝑦) − Φ(𝑦1𝑠𝜎𝑦))𝑞𝑠
= 0.2038 𝑡𝑎𝐹𝑎
⋅ ∑
𝑠∈𝐹𝑎

√2√𝜋𝜎𝑧𝑢 sin 𝜑𝑠 (Φ(𝑦2𝑠𝜎𝑦) − Φ(𝑦1𝑠𝜎𝑦))
⋅ V𝑎𝑡𝑎3600𝑙𝑎 𝑒0.7962𝑙𝑎/𝑡𝑎 = 0.20383600𝑙𝑎 𝐹𝑎
⋅ ∑
𝑠∈𝐹𝑎

√2√𝜋𝜎𝑧𝑢 sin 𝜑𝑠 (Φ(𝑦2𝑠𝜎𝑦) − Φ(𝑦1𝑠𝜎𝑦))
⋅ V𝑎𝑡𝑎2𝑒0.7962𝑙𝑎/𝑡𝑎 = 𝑐𝑜𝑛𝑠𝑡 ∗ V𝑎𝑡𝑎2𝑒0.7962𝑙𝑎/𝑡𝑎

(A.1)

Therefore the first derivative of �̃�𝑎 with respect to V𝑎 can
be described as in

�̃�𝑎 (V𝑎) = 𝑑�̃�𝑎𝑑V𝑎
= 𝑐𝑜𝑛𝑠𝑡

∗ 𝑒0.7962𝑙𝑎/𝑡𝑎 (𝑡𝑎2 + 𝑑𝑡𝑎𝑑V𝑎 (2V𝑎𝑡𝑎 − 0.7962𝑙𝑎V𝑎))
(A.2)

Since 𝑡𝑎2 ≥ 0 and 𝑑𝑡𝑎/𝑑V𝑎 ≥ 0, we have �̃�𝑎(V𝑎) ≥ 0 if𝑙𝑎/𝑡𝑎 ≤ (2 ∗ 60)/0.7962 = 150.7km/h. That is, �̃�𝑎(V𝑎) is an
increasing function if link speed is less than 150.7km/h.

The second derivative of �̃�𝑎 with respect to V𝑎 can be
calculated as in

�̃�𝑎 (V𝑎) = 𝑑�̃�2𝑎𝑑V𝑎2 = 𝑐𝑜𝑛𝑠𝑡 ∗ 𝑒0.7962𝑙𝑎/𝑡𝑎 (𝑡𝑎2
+ 𝑑𝑡𝑎𝑑V𝑎 (2V𝑎𝑡𝑎 − 0.7962𝑙𝑎V𝑎)) = 𝑐𝑜𝑛𝑠𝑡
∗ 𝑒0.7962𝑙𝑎/𝑡𝑎 (2𝑡𝑎 𝑑𝑡𝑎𝑑V𝑎 + 𝑑𝑡𝑎𝑑V𝑎 (2𝑡𝑎 − 0.7962𝑙𝑎)
+ 2V𝑎 ( 𝑑𝑡𝑎𝑑V𝑎)

2 + 𝑑𝑡2𝑎𝑑V𝑎2 (2V𝑎𝑡𝑎 − 0.7962𝑙𝑎V𝑎))
− 𝑐𝑜𝑛𝑠𝑡 ∗ 𝑒0.7962𝑙𝑎/𝑡𝑎 0.7962𝑙𝑎𝑡𝑎2 𝑑𝑡𝑎𝑑V𝑎 (𝑡𝑎2
+ 𝑑𝑡𝑎𝑑V𝑎 (2V𝑎𝑡𝑎 − 0.7962𝑙𝑎V𝑎)) = 𝑐𝑜𝑛𝑠𝑡
∗ 2𝑒0.7962𝑙𝑎/𝑡𝑎 𝑑𝑡𝑎𝑑V𝑎 (2𝑡𝑎 − 0.7962𝑙𝑎) + 𝑐𝑜𝑛𝑠𝑡
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∗ 𝑒0.7962𝑙𝑎/𝑡𝑎 𝑑𝑡2𝑎𝑑V𝑎2 (2V𝑎𝑡𝑎 − 0.7962𝑙𝑎V𝑎) + 𝑐𝑜𝑛𝑠𝑡
∗ 𝑒0.7962𝑙𝑎/𝑡𝑎V𝑎 ( 𝑑𝑡𝑎𝑑V𝑎)

2 (1 + (1 − 0.7962𝑙𝑎𝑡𝑎 )2)
(A.3)

Similarly, we have �̃�𝑎(V𝑎) > 0 if 𝑙𝑎/𝑡𝑎 ≤ (2∗60)/0.7962 =150.7km/h.Therefore �̃�𝑎(V𝑎) is strictly convex if link speed is
less than 150.7km/h,. This completes the proof.

Notations

𝑁: The set of nodes of the network𝐴: The set of links of the network𝑈: The common UE player on the network𝐸: The environmental advocacy UE player on the
network𝐾: The set of environmental advocacy CN players on
the network, 𝑘 ∈ 𝐾𝑊𝑈: The set of OD pairs of pertaining to the common
UE player𝑊𝐸: The set of OD pairs pertaining to the
environmental advocacy UE player𝑊𝑘: The set of OD pairs pertaining to the
environmental advocacy CN player(s)𝑊: W ≡ 𝑊𝑈∪𝑊𝐸∪𝑘∈𝐾𝑊𝑘𝐷𝑈𝑤: The demand between OD pair 𝑤 ∈ 𝑊𝑈𝐷𝐸𝑤: The demand between OD pair 𝑤 ∈ 𝑊𝐸𝐷𝑘𝑤: The demand between OD pair 𝑤 ∈ 𝑊𝑘, 𝑘 ∈ 𝐾𝑃𝑤: The set of paths between OD pair 𝑤 ∈ 𝑊𝑃𝑈: 𝑃𝑈 ≡ ∪𝑤∈𝑊𝑈𝑃𝑤𝑃𝐸: 𝑃𝐸 ≡ ∪𝑤∈𝑊𝐸𝑃𝑤𝑃𝐾: 𝑃𝐾 ≡ ∪𝑤∈𝑊𝑘 ,𝑘∈𝐾𝑃𝑤𝑃: 𝑃 ≡ 𝑃𝑈 ∪ 𝑃𝐸 ∪ 𝑃𝐾𝑓𝑈𝑝 : The flow on path 𝑝 pertaining to the common UE
player𝑓𝐸𝑝 : The flow on path 𝑝 pertaining to the
environmental advocacy UE player𝑓𝑘𝑝 : The flow on path 𝑝 pertaining to the
environmental advocacy CN player 𝑘𝛿𝑎𝑝: 1 if link 𝑎 ∈ 𝐴 is on route 𝑝 ∈ 𝑃 and 0 otherwise

V𝑈𝑎 : The flow of link 𝑎 that follows the common UE
principle

V𝐸𝑎 : The flow of link 𝑎 controlled by the environmental
advocacy UE player

V𝑘𝑎: The flow of link 𝑎 controlled by environmental
advocacy CN player 𝑘

V𝐾𝑎 : V𝐾𝑎 ≡ ∑𝑘∈𝐾 V𝑘𝑎
V𝑎: Total flow on link 𝑎, V𝑎 ≡ V𝑈𝑎 + V𝐸𝑎 + V𝐾𝑎
V𝑈: V𝑈 ≡ (⋅ ⋅ ⋅ , V𝑈𝑎−1, V𝑈𝑎 , V𝑈𝑎+1, ⋅ ⋅ ⋅ )
V𝐸: V𝐸 ≡ (⋅ ⋅ ⋅ , V𝐸𝑎−1, V𝐸𝑎 , V𝐸𝑎+1, ⋅ ⋅ ⋅ )
V𝑘: V𝑘 ≡ (⋅ ⋅ ⋅ , V𝑘𝑎−1, V𝑘𝑎, V𝑘𝑎+1, ⋅ ⋅ ⋅ )
V𝐾: V𝐾 ≡ (⋅ ⋅ ⋅ , V𝑘−1, V𝑘, V𝑘+1, ⋅ ⋅ ⋅ )𝜏𝑎: Emission exposure on link 𝑎�̃�𝑎: Simplified emission exposure on link 𝑎

𝑡𝑎(V𝑎): Travel time on link 𝑎𝑒𝑎(V𝑎): CO emission rate on link 𝑎𝑞𝑎(V𝑎): CO emission source strength on link 𝑎𝐹: The set that contains all finite line sources of the
network𝐹𝑎: The set that contains all finite line sources of link 𝑎𝑔𝑎: A generalized cost function of link 𝑎.
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