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ARTICLE INFO ABSTRACT

Keywords: Connected and autonomous vehicle (CAV) technology is expected to increase road capacity
Connected and autonomous vehicles and reduce fuel consumption, but it may take time for all human-driven vehicles (HVs) to be
Mixed traffic flow replaced by CAVs. During the transition period, CAVs and HVs will continue to coexist. This

CAV platoonable corridor
Bi-level program
Equity

paper aims to find an optimal deployment of a CAV platoonable corridor to facilitate CAV
platooning and better manage traffic congestion on road networks with a mixed traffic flow
of CAVs and HVs. Generally, dedicated infrastructure for CAVs, such as CAV lanes, zones, or
corridors, may have distributional welfare effects on travelers. Especially, HV users may be
worse off because road space is partially converted to dedicated infrastructure for CAVs. To
facilitate equitable infrastructure planning, we develop a bi-level program for a Stackelberg
game that incorporates the equity concern, where the planner acts as the leader to determine
the optimal deployment of an equitable CAV platoonable corridor at the upper level, while
travelers are followers who make user-optimal route choices given the CAV platoonable corridor
at the lower level. For the lower-level problem, we model the decision-making of travelers as
a platoon-embedded network equilibrium with mixed flow (PNEMF) and derive its equivalent
variational inequality (VI) problem. The existence and the uniqueness of the VI solution are
proved. To solve the bi-level program efficiently, we propose a simulated-annealing-based
corridor search (SACS) algorithm. Our numerical experiments on the Nguyen-Dupuis (ND),
Sioux Falls (SF), Anaheim, and Winnipeg networks demonstrate the expected benefits of
deploying a CAV platoonable corridor if the CAV market penetration ratio exceeds a certain
threshold. In the meantime, both CAV and HV users are better off with the deployed equitable
corridor. In addition, we find that the degree of the transportation planner’s concern about the
inequity issue has a significant impact on the corridor design when the CAV penetration ratio
is low. With less concern about the inequity issue, the CAV platoonable corridor is longer and
more HVs experience higher generalized travel costs.

1. Introduction

Connected and autonomous vehicles (CAVs) are expected to bring significant benefits to human mobility. Compared to
conventional human-driven vehicles (HVs), CAVs can communicate in real-time with other vehicles (vehicle-to-vehicle (V2V)),
infrastructure (vehicle-to-infrastructure (V2I)), and network through wireless communication technologies (Molina-Masegosa and

* Corresponding author at: Department of Civil and Environmental Engineering, National University of Singapore, Singapore.
E-mail address: ceelya@nus.edu.sg (Y. Liu).

https://doi.org/10.1016/j.trc.2023.104399
Received 21 December 2022; Received in revised form 23 October 2023; Accepted 23 October 2023

Available online 6 November 2023
0968-090X/© 2023 Elsevier Ltd. All rights reserved.


https://www.elsevier.com/locate/trc
http://www.elsevier.com/locate/trc
mailto:ceelya@nus.edu.sg
https://doi.org/10.1016/j.trc.2023.104399
https://doi.org/10.1016/j.trc.2023.104399

D. Zhu et al. Transportation Research Part C 157 (2023) 104399

Gozalvez, 2017). In addition, the introduction of automated driving systems reduces human-related driving errors and smooths
the traffic flow. As a result, CAVs will not only travel more efficiently and safely (Farah and Koutsopoulos, 2014; Khattak and
Wali, 2017), but also can move in a group with reduced headway, which is referred to as CAV platooning (Shladover et al., 2015).
Platooning has two main operational advantages over traveling individually. First, road capacity will increase due to reduced
headway between CAVs within a platoon compared to the headway between HVs of today (e.g., Shladover et al. (2012), Zhao
and Sun (2013)). Second, traveling closer reduces air drag for CAVs in a platoon, and consequently, vehicle energy consumption
and travel cost (McAuliffe et al., 2018; Bibeka et al., 2021).

Considering these benefits of platooning, existing research has looked into platoon trajectory optimization on arterial roads, in
a 100% CAV environment using simulated-based experiments (Liu et al., 2019; Feng et al., 2019). However, the survey by Litman
(2020) pointed out that it would take several decades to achieve a high penetration ratio of fully automated vehicles. In other words,
HVs and CAVs will coexist on roads for a long time. During this period of coexistence, the interaction between CAVs and HVs in
mixed traffic may hamper the formation and movement of CAV platoons. Human drivers tend to overreact when driving close to the
preceding vehicle, exhibiting elevated emotions, deviations from normal traffic speeds, and deliberate violations (Lee et al., 2021).
Such aggressive actions can trigger traffic oscillations (Laval and Leclercq, 2010; Gong et al., 2016). To circumvent the challenges
brought by mixed CAV/HV movement while reaping the benefits of CAV platooning, a potential solution is to deploy CAV-dedicated
facilities to separate CAV from HV traffic, at least in part of the road network. Motivated by this idea, this paper proposes the
concept of CAV platoonable corridor, which is equipped with advanced wireless communication and data transfer systems. Although
some existing literature pointed out that CAVs could platoon via V2V communication in a pure CAV environment (Darbha et al.,
2018; Zeng et al., 2019), a potential issue for this cooperative adaptative control system is the communication failure due to
communication interference or information congestion (Kim et al., 2017; Wang et al., 2018), particularly under heavy traffic (He
et al., 2017). By contrast, V2I can provide high-reliability and low-latency communication with the assistance of edge and central
cloud computing (Chang and Chiou, 2019; Hu et al., 2019). Therefore, the planner should upgrade infrastructure to achieve V2I
communication on the corridor, which can ensure efficient and effective message dissemination for platooned CAVs (Molina-
Masegosa and Gozalvez, 2017), especially in a dense platoon-embedded traffic environment (Lin and Rubin, 2017). Thanks to V2I
communication technology, the deployed corridor enables CAVs to travel uninterrupted as platoons for long distances on consecutive
links, even in dense traffic scenarios. To fully exploit the benefits of the deployed corridor in facilitating CAV platooning, we consider
the CAV platoonable corridor to be deployed on highways and urban expressways, which are designed to handle large, high-speed
traffic over long and uninterrupted distances.

The deployment of a CAV platoonable corridor may bring distributional welfare effects across different road users. Therefore,
transportation planners need to consider the inequity issue when planning the corridor. On the one hand, CAVs will take full
advantage of the embedded wireless equipment to efficiently and safely platoon while traveling on the corridor. On the other
hand, as HVs are not allowed to use links on the corridor, they could be adversely affected by experiencing higher travel costs
due to fewer path options. To find an optimal CAV platoonable corridor with the inequity issue incorporated, we develop a bi-level
program to model the problem as a Stackelberg “leader—follower” game. At the upper level, the transportation planner leads the road
users through deploying an equitable CAV platoonable corridor. The deployment of a CAV platoonable corridor can be influenced
by the CAV market penetration ratio, network topology, platoon size, link characteristics, demand level, and more importantly,
route choices for both CAVs and HVs. Therefore, at the lower level, we capture it by letting road users follow by making their user-
optimal route choices given the CAV platoonable corridor. This bi-level structure allows the leader to account for the followers’
routing choices. By conducting this study, we aim to answer the following questions:

» How will the CAV platoonable corridor affect travelers’ route choices and the spatial distribution of traffic congestion in the
long run?

» How to optimally determine a CAV platoonable corridor considering both system efficiency and equity?

» How will the CAV penetration ratio, the degree of planner’s concern about the equity, the platoon size, and the demand level
affect the deployment of the CAV platoonable corridor?

1.1. Literature review

The related literature can be divided into two streams. The first stream focuses on infrastructure planning for promoting the
adoption of autonomous vehicles (AVs) in a mixed-traffic environment. Chen et al. (2016) discussed how, when, and where to
deploy AV-dedicated lanes to adapt to various AV market penetration ratios. Liu and Song (2019) adopted a mixed strategy of
AV-dedicated lanes and autonomous vehicle/toll lanes to nurture the AV market. They showed that this combined strategy could
significantly improve system performance even if the AV penetration ratio is low. Last but not least, Ye and Wang (2018) compared
the performances of deploying AV lanes and implementing congestion pricing. They found that the former was superior to the latter
when the AV penetration ratio was sufficiently high.

Other studies consider introducing an exclusive AV zone/subnetwork to boost the AV market penetration ratio. Chen et al.
(2017b) first developed a mixed network equilibrium model by assuming that AVs and HVs outside of the AV zone (i.e., a cordon-
based subnetwork) follow user equilibrium (UE) principle to minimize each individual’s travel time while AVs within the AV zone
follow system optimum (SO) with a collective goal of minimizing the total travel time. A bi-level programming model was then
proposed to optimize the AV zone design with the mixed network equilibrium being the lower-level problem. Their numerical results
indicated that deploying an AV zone could substantially reduce the system travel time. Recently, Madadi et al. (2020) selected
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a connected subnetwork based on safety and quality considerations, in which fully autonomous driving of AVs with levels 3-4
can be realized, while manual driving is compulsory for the remaining roads. All the above-mentioned studies do not specifically
point out whether AVs are equipped with connected technologies to achieve V2V/V2I technologies since they do not focus on how
infrastructure planning influences vehicle platooning. To the best of our knowledge, we are the first to investigate the planning
of transportation infrastructure for facilitating vehicle platooning. To consider the impacts of the CAV platoonable corridor on
travelers’ route choices and the resultant distribution of traffic congestion, we introduce the traffic equilibrium with CAVs and
HVs that explicitly take platooning characteristics into consideration. Considering that CAVs/HVs are generally owned by different
companies or individuals, we assume that they make route choices following the UE principle.

The second stream is about vehicles’ coordination and formation of a platoon. Liang et al. (2015) studied how to adjust speed
to form platoons in a fuel-efficient manner. Zhang et al. (2017) investigated the influence of uncertain travel time on vehicle
platooning. Larsen et al. (2019) allowed vehicle platooning to be formed at the hub alongside the motorway network and proposed a
computationally effective heuristic algorithm to explore the profitability of hub-based vehicle platooning. Abdolmaleki et al. (2019)
examined the scheduled platoon planning by simultaneously optimizing departure time, routing, and spacing. Different from the
studies mentioned above, which assume that vehicles act collectively, Johansson et al. (2018) explored how each vehicle can behave
individually and decide its individual departure time. They considered that each vehicle makes a trade-off between the benefit of
the reduced travel time due to platooning and the disbenefit of platoon formation delay. All the studies above investigate vehicle
platooning from a microscopic perspective. From a macroscopic perspective, Noruzoliaee et al. (2021) studied spontaneous truck
platooning. They developed a network equilibrium model to analyze how truck platooning influences the fuel consumption of trucks
and road capacity when non-platooning vehicles coexist on roads. We study vehicle platooning on road networks with the mixed
traffic flow of HVs and CAVs using an equilibrium model. However, our work differs from Noruzoliaee et al. (2021) in two significant
ways. First, they consider truck platooning on links where other types of vehicles coexist over the whole network, while we consider
the platooning of CAVs on a designated corridor to avoid interference from uncontrolled HVs. Second, Noruzoliaee et al. (2021)
only consider a mixed equilibrium problem, while we investigate not only users’ route choices and the resultant traffic congestion
distribution on road networks with CAV platooning, but also the optimal deployment of an equitable CAV platoonable corridor.

1.2. Contributions and organization

The contributions of the paper can be summarized as follows.

» We make the first attempt to study the optimal deployment of an equitable CAV platoonable corridor on a road network with
mixed traffic of CAVs and HVs. Most existing studies on infrastructure planning for AVs consider deploying dedicated lanes or
zone to promote AV market penetration ratio. To our best knowledge, no studies consider the infrastructure planning for CAV
platooning under mixed traffic. To fill this research gap, we propose to deploy a CAV platoonable corridor to aggregate CAV
flow and better facilitate CAV platooning. Considering a CAV-dedicated infrastructure may adversely affect HVs, the equity
concern is incorporated in the decision-making of the corridor deployment to well balance the impacts of the corridor on
different travelers. Compared to a CAV-dedicated zone/subnetwork, which may require HVs to make long detours due to the
inaccessibility of the whole area for HVs, a CAV platoonable corridor is expected to be more equitable since HVs can still access
nodes on the corridor. Moreover, compared to deploying CAV-dedicated links or lanes, which requires CAVs to frequently
form and dissolve platoons when traversing different links, a corridor-based design enhances transportation system efficiency
by enabling smoother CAV platooning over longer distances without frequent platoon forming and dissolving maneuvers.
This approach is particularly attractive on highways or expressways, which usually handle large, high-speed traffic over long,
uninterrupted distances. To capture travelers’ responses to the long-term planning decisions of corridor deployment, we model
the problem as a Stackelberg game and formulate it as a bi-level program, where the lower-level model captures travelers’
route choices based on a given corridor (i.e., decisions of the upper-level problem) in the long run.

For a given CAV platoonable corridor, we propose a platoon-embedded network equilibrium with mixed flow (PNEMF) to
characterize route choices of HVs and CAVs and the resulting distribution of traffic congestion on a general road network. In
the proposed PNEMF, we consider that CAVs with the same entrance and exit (E-E) pair form and travel in platoons on the CAV
platoonable corridor. Although alternative platooning strategies, such as entrance-based platooning or link-based platooning,
could be considered, additional inconvenience cost and potential safety concerns could also arise. On the contrary, the proposed
E-E-pair-based platooning may be a safer option because of the reduced need for platoon dissolution and reformation. In
addition, the plausibly longer waiting time due to CAVs in a platoon having the same entry and exit on the corridor may not
be a significant concern under dense traffic, as the platooning benefits, including reduced inconvenience cost, fuel cost, and
travel time cost, may outweigh the increased waiting time cost. To avoid interference among different platoon formations on
the same road, platoon formation areas alongside possible entrances are introduced for CAVs to form platoons. In addition,
we derive the equivalent variational inequality (VI) problem of the PNEMF and prove the existence and uniqueness of the VI
solution.

To efficiently solve the bi-level corridor planning problem, we propose a simulated-annealing-based corridor search (SACS)
algorithm, which enables the gauging of the connectivity of CAV platoonable links for being a corridor while searching for
the optimal solution. At each iteration, to find a high-quality neighboring solution of the current solution, link addition and
deletion heuristic rules are designed and embedded in the proposed SACS to assign weight to each candidate link based on
CAV-specific link flows. We test the proposed SACS algorithm on the Nguyen-Dupuis (ND) network and show that the proposed
SACS algorithm can efficiently find an optimal CAV platoonable corridor. When solving larger networks, such as the Sioux
Falls (SF) network, the Anaheim network, and the Winnipeg network, the computation efficiency remains.
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» Our numerical results indicate that the deployed CAV platoonable corridor can benefit both CAVs and (the majority of) HVs
when the CAV market penetration ratio exceeds a threshold. Additionally, the degree of the transportation planner’s concern
about the inequity issue significantly impacts the corridor design when the CAV penetration ratio is low (e.g., 30%). With less
concern about the inequity issue, the CAV platoonable corridor becomes longer, and more HVs suffer higher generalized travel
costs. Furthermore, the degree of traffic congestion can also influence the design of the CAV platoonable corridor, with more
severe congestion leading to a longer corridor. We also compared the performance of a CAV platoonable corridor and a CAV
platoonable zone and found that the latter leads to higher generalized travel costs for some HVs, while the former benefits all
HVs. This numerical result confirms our expectation that a CAV platoonable corridor is more equitable.

The remainder of the paper is organized as follows. Section 2 presents the model for the lower-level problem, derives its
equivalent VI problem, examines its solution properties, and finally presents the model for the investigated Stackelberg game.
Section 3 presents a SACS algorithm for efficiently finding an optimal CAV platoonable corridor. A modified path-based gradient
projection algorithm is proposed and embedded in the SACS algorithm to solve the lower-level problem for a given corridor. In
Section 4, numerical experiments are conducted on the ND, SF, Anaheim, and Winnipeg networks to test the proposed model and
solution algorithm. We also make a comparison between a CAV platoonable corridor and a CAV platoonable zone on the ND network
to showcase the former’s superiority in balancing the positive and negative effects of a CAV-dedicated infrastructure on CAV and
HV users. Finally, Section 5 summarizes the main findings, insights, and future extensions.

2. Model formulation

This study aims to deploy an equitable CAV platoonable corridor on a general road network with mixed traffic of CAVs and HVs.
In Section 2.1, we describe our research problem. Section 2.2 introduces the model setting and models the lower-level problem for
a given CAV platoonable corridor as a PNEMF. In Section 2.3, we formulate the PNEMF as an equivalent VI problem and prove
the existence and uniqueness of the VI solution. Section 2.4 defines the objective function of the upper-level problem and presents
the bi-level program for determining the optimal deployment of an equitable CAV platoonable corridor, while the impact of the
corridor deployment on users’ responses (i.e., route choices) are fully considered.

2.1. Problem description

In this study, we define a corridor as a sequence of consecutive links without sub-cycles (e.g., see Fig. 3). The transportation
planner selects a subset of links on the road network to upgrade them to CAV platoonable links so as to form a CAV platoonable
corridor. The upgrading here refers to equipping the selected road links with advanced communication systems to ensure efficient
and smooth CAV platooning on a CAV platoonable corridor. Upgrading infrastructure to enable V2I communication can provide high-
reliability and low-latency communication, which is more desirable for CAV platooning in a dense traffic scenario. Furthermore, we
expect that providing a CAV platoonable corridor can encourage CAVs to use the corridor, so the advantages of CAV platooning (e.g.,
improved road capacity and reduced fuel consumption) can be exploited maximally. However, deploying dedicated infrastructure
for CAVs, such as CAV lanes, zones, or corridors, may have distributional welfare effects on travelers. Specifically, HV users may
experience higher generalized travel costs due to fewer path options and less road space. Considering both the advantages and
disadvantages of deploying a CAV platoonable corridor, the objective function of the transportation planner includes the costs of
upgrading links to form a CAV platoonable corridor, traffic congestion, and inequity. The inequity cost is measured by the increase
(if any) in HVSs’ total generalized travel costs due to the conversion of the selected links to a CAV platoonable corridor.

To find the optimal deployment of an equitable CAV platoonable corridor, we develop a bi-level program to model the problem
as a Stackelberg game as illustrated in Fig. 1. At the upper level, the transportation planner acts as the leader to determine links to
be upgraded to CAV platoonable links and form a corridor for minimizing the social cost, which is a weighted average of the sum
of first two components (the upgrade cost and travelers’ total generalized travel cost at the target year) and the inequity cost at
the target year. The transportation planner can adjust the weightage 7 according to the degree of his/her concern about inequity.
Given the deployment of the equitable CAV platoonable corridor, at the lower level, CAVs and HVs act as followers to make route
choices aiming to minimize their respective generalized travel costs. The lower-level problem is modeled as a PNEMF. The bi-level
structure enables the leader to account for the impact of his/her decision on followers’ reactions, i.e., route choices, when the leader
determines the optimal deployment of the equitable CAV platoonable corridor.

2.2. Platoon-embedded network equilibrium with mixed flow

2.2.1. Model setting

We first describe the model setting. Let G = (N°, A°) denote a network graph with a subgraph G = (N, A) representing the CAV
platoonable corridor, which is only accessible for CAVs. Note that N = N U N and A° = AU 4, where N and N denote the set of
nodes outside and inside the corridor, and A and A denote the set of non-platoonable links and CAV platoonable links, respectively.
Note that A and A are mutually exclusive (i.e., An A =), N and N may have intersections (i.e., N n N # #) because a node can
serve as both a platoonable and a non-platoonable node. Given a network topology, a CAV platoonable corridor can be represented
as a sequence of nodes (i, iy, ..., I 5_1,i|5)) such that (i;,1,), (i5,13), ..., (| 5|-1, i v|) are consecutive CAV platoonable links and i; is
distinct. On a road network with an equitable CAV platoonable corridor, CAVs decide whether to use this corridor and where to
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Fig. 1. An illustration of the proposed bi-level program.

enter and exit the corridor, whereas HVs can only use routes consisting of non-platoonable links. Each vehicle is associated with an
origin—destination (O-D) pair from (N U N)?, and the set of O-D pairs is denoted by W'.

Next, we describe the platoon formation process for CAVs that choose to enter the corridor G. Let W C N? denote the set of
admissible entrance—exit (E-E) pairs. A node on the corridor from N is an entrance if a node from N\N is connected to it or if it is
an origin. Likewise, a node on the corridor from N is an exit if it is connected to a node from N\N or if it is a destination. Then,
for each @ € W, we can find a unique path from its entrance o to its exit d;. For ease of exposition, we henceforth denote by
(:) an ordered set of links on E-E pair . Note that we do not have a similar notation w(:) for w € W, as there could be multiple
paths between an O-D pair w € W. Given the deployed CAV platoonable corridor, we consider platoons to be formed among
CAVs with the same E-E pair for two reasons. First, once formed, a platoon will be maintained while traveling on the corridor,
thus avoiding the inconvenience of potentially dissolving and reforming platoons which could occur with link-based platooning.
If we do not require platooning CAVs to have the same exits, then some CAVs in a platoon may leave the platoon earlier, which
may trigger position adjustment for the remaining CAVs in the platoon (rear CAV(s) to speed up and front CAV(s) to slow down,
to fill the gap left by the departing CAV(s)) in order to continue platooning. Such speed adjustment may trigger shockwaves or
unsafe traffic situations (Martinez-Diaz et al., 2021). Second, while E-E-pair-based platooning may not be as flexible as link-based
or entrance-based platooning and may require longer platoon formation time, the benefit of E-E-pair-based platooning, including
reduced inconvenience cost, fuel cost, and travel time cost, can outweigh the increased waiting time cost under dense traffic.

While the development of platoon formation areas may entail the land-use cost, platoon formation areas are perceived essential
in this study. This is because having platoon formation in dedicated areas can eliminate the impact of platoon formation processes
on CAVs already in platooning, creating a safer and smoother environment for platoon formation and operations than without
platoon formation areas. Fig. 2 gives an example of platoon formation in platoon formation areas when the platoon size s is three.
It is worth noting that the land-use cost associated with platoon formation areas may not be as high as initially perceived. This is
because existing public parking garages, petrol service points, and some parking spaces in cities can be retrofitted with the necessary
sensing, computing, and communication devices to become qualified platoon formation areas (Johansson et al., 2021a; Wang et al.,
2022; Hall and Chin, 2005).

Fig. 3 gives an example of a CAV platoonable corridor on the ND network. In this example, the sets of nodes inside the corridor
and CAV platoonable links are N = {4,5,6,7,8} and A = {(4,5),(5,6),(6,7),(7,8)}, respectively. The set of nodes outside the corridor
isN ={1,2,3,4,5,6,7,8,9,10, 11, 12, 13}. The set of non-platoonable links is A = {(1,5), (1, 12),(2,3),(4,9),(5,9), (6, 10), (7, 11),(8,2), (9, 10),
9,13),(10,11),(11,2),(11,3),(12,6),(12,8),(13,3)}. The set of O-D pair W = {(1,3), (4,3)}, and the E-E pairs are given by

W = {(4,5),(4,6),(4,7),4,8),(5,6),(5,7),(5,8),(6,7), (6,8)}.

Regarding CAVs platoon formation behavior, CAVs entering the corridor via node 5, for instance, can exit from node 6, node 7, or
node 8, but only CAVs with the same E-E pair, such as (5,7), can platoon together.

To facilitate subsequent discussions, we next introduce several other notations. Let M = {CAV, HV'} denote the set of vehicle
classes. The travel demand of class m € M between O-D pair w € W is denoted by ¢**". R denotes the set of all feasible paths
between O-D pair w € W for class m € M. We assume that R*" # ¢ and ¢"™ > 0. Since the corridor is dedicated to CAVs and
off limits to HVs, R®HY and R“C4Y may not be identical. """ represents the flow of vehicle class m between O-D pair w on path
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A CAV platoonable link

r € R, Let a € A represent a non-platoonable link and a € A represent a CAV platoonable link. We denote x4*" as the flow of
class m € M between O-D pair w € W on a non-platoonable link a € A and xg‘CAV the flow on E-E pair @ € W by vehicle class
CAV. Besides, let v and v¢AY represent the aggregate flow of class m € M on a link a € A and the aggregate flow of CAVs on E-E

i
pair € W, respectively. Also, we denote v, as the aggregate flow on a link a € A°. Then, the vector of path flows A.*", the vector

of link and E-E pair flows x"", x%’c’w and the vector of aggregate flow v that contains all 07, ngV, v, can be defined as follows

—_ w,m .
h= ( r )reva'",weW,meM ’
= w,m w,CAV .
X = ((xa )aeA,wEW,mGM ’ (xu'i )LZ)GW,WGW) ’
— m CAV -
v= ((Ua )aeA,meM ’ (vu‘; )II/GW’ (Ua)aeAU) .

For ease of our exposition, the notations are summarized in Table 1.

2.2.2. The generalized travel costs

This subsection defines the generalized travel costs on a non-platoonable link a € A and an E-E pair it € W. The generalized
travel cost consists of the cost of travel time, fuel cost, and platoon-related cost. The platoon-related cost, which only applies to the
platooned CAVs, considers the costs of platoon formation time and dissolution time and inconvenience. The formulation of each
cost component will be discussed in turn.

The generalized travel cost of using a non-platoonable link a € A for vehicle class m € M, denoted as g, is defined as the sum
of travel time cost and the fuel cost:

g;n(va)= 1,()Ay  + f(:n > @
N——— N——

travel time cost fuel cost

where 4, is the VoT for users of class m € M.
The generalized travel cost of using an E-E pair &> € W is denoted by g&#”, which includes the travel time cost and fuel cost
of CAV platoonable links on this E-E pair @ and the platoon-related cost containing the platoon formation time cost, deformation
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Table 1
Notations.
Notations Descriptions
Sets
N Set of nodes outside the corridor
A Set of non-platoonable links
N Set of nodes inside the corridor
A Set of CAV platoonable links
NO Set of all nodes (i.e., N°= NuUN)
A° Set of all links (i.e., A = AU A)
w Set of origin—destination (O-D) pairs
w Set of entrance—exit (E-E) pairs for the CAV platoonable corridor
M Set of classes (ie., M = {CAV,HV})
Rwm Set of feasible paths between O-D pair w € W by class m € M
Parameters
q“m Travel demand between O-D pair w € W by class m € M (vehicles/h)
s Platoon size (number of CAVs per platoon)
A Value of time (VoT) of vehicle class m ($/h)
1, Length of link a € A° (miles)
0, Unit fuel price per mile on class m ($/mile)
£ Fuel cost on link a € A° by class m ($)
T Platoon-related cost for E-E pair € W ($)
1 Reduction fuel ratio caused by platoon formation on link a € A
C, Capacity of link a € A° (vehicles/h)
c? Capacity of CAV platoonable link a € A before upgrading (vehicles/h)
0 Free-flow travel time on link a € A° (h)
y The proportion between the intra-platoon critical distance and the inter-platoon critical distance
E3 The weightage introduced to balance the sum of upgrade cost and total generalized travel cost and the inequity cost
n The conversion parameter from hour to year
K The magnitude of the platoon-related cost compared to free-flow travel time cost
€ The inconvenience cost for one-time platoon ($)
k, Investment cost for each CAV platoon link a € A per mile ($/mile)
Decision variables
Ao Flow on path r € R“™ for O-D pair w € W by class m € M (vehicles/h)
o Aggregate flow on link a € A by class m € M (vehicles/h)
oA Aggregate flow on E-E pair @ € W by class CAV (vehicles/h)
v, Aggregate flow on link a € A° (vehicles/h)
xiom Flow on link a € A between O-D pair w € W by class m € M (vehicles/h)
x;:‘CAV Flow on E-E pair & € W for O-D pair w € W by class CAV (vehicles/h)
1,(v,) Travel time of link a € A° (h)
g (v,) Generalized travel cost on a non-platoonable link a € A by vehicle class m € M ($)
g5V (v) Generalized travel cost on an E-E pair @ € W by vehicle class CAV ($)

time cost and inconvenience cost. That is,

CAV CAV
g; ()= 2 1, W) Acay + 2 A+ - , 1)
aguw(:) acii(:) N——
——— “—u —— Dplatoon-related cost
travel time cost fuel cost

The first terms of g7 and gg*”’ are the costs of travel time, which is a product of travel time and VoT for users of class m € M.

We assume that the link travel time 7, is a strictly increasing function of the aggregate link flow v,, and adopt the Bureau of Public
Roads (BPR) function (Bureau of Public Roads, 1964) to estimate the travel time ¢, on link a € A° as follows:

v \*

ta(va)ztg 1 +a<c—"> , ®
a

where 10 and C, represent the free-flow travel time and the capacity on link a € A°, respectively, and a and f are default parameters.

To be sure, vehicle travel time on a link may not follow exactly the BPR function under mixed traffic.' However, there are no well-

recognized alternative functions with strong evidence that they would predict link travel time better. Thus, we still consider the

1 Indeed, there are alternative, albeit more complex, functions intended to better account for traffic overflow situations resulting from high g values. Examples
of these functions include the conical volume-delay function proposed by Spiess (1990) and modifications of BPR function, such as BPR2 and BPR3. The functional
forms of BPR2 and BPR3 are identical to the BPR function when traffic is low. However, different function shapes will be introduced when traffic is congested (Saric
et al., 2019). In the transportation network modeling literature, however, these alternative functional forms are much less widely accepted than the BPR function.
If these alternative functions were adopted, the objective function value at the upper level would likely change, as would the platoonable corridor.
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Fig. 4. An illustration of the intra-platoon and inter-platoon critical distances.

BPR function given its simplicity, minimal requirement of input parameters, and wide use in transportation modeling (Mtoi and
Moses, 2014).

Next, we elaborate how capacity is characterized in our study. On non-platoonable links outside the corridor, we assume that
all vehicles maintain a consistent spacing from their followers regardless of vehicle type, as if they were an HV followed by another
HV.? For each CAV platoonable link a € 4, it is widely considered that CAV platooning can significantly improve road capacity.
To quantify the improvement, we employ an analytical approach developed by Chen et al. (2017a) which gives the relationship
between C? (the capacity before upgrading) and C, (the capacity after upgrading) of a link. To be specific, we denote /, as the
inter-platoon critical distance and y/, (0 < y < 1) as the intra-platoon critical distance that meets the safety requirements imposed
by the transportation planner. Fig. 4 illustrates the definitions of /, and yI, for the case of s = 3. It can be seen that, for each a € 4,
the distance required for s vehicles to travel safely and consecutively reduces from si, to /; + (s — 1)yl,. Therefore, we have

Co _l+G-1ly
=

a

P “@
C[? /C, increases with y and decreases with s. It should be noted that the capacity of a non-platoonable link a € A, C,, and the
capacity of a CAV platoonable link a € A before upgrading, C?, will be given in advance. The capacity of a CAV platoonable link
a € A after upgrading, C,, can be obtained from the above equation once we fix s and y.

The second terms of g7 and ggAV are the fuel costs. We assume that the fuel cost of traveling through a link is proportional to
the link distance. For a non-platoonable link a € A, the fuel cost /! of link a for vehicle class m € M is estimated as

Im= 0,1, (5)

for some vehicle class-specific conversion parameter 6,, (6,, > 0). Since platooned CAVs can travel together with less time headway,
they are more energy efficient because of the reduced aerodynamic drag. In light of this, we estimate the fuel cost f€4” for a CAV
traveling on a platoonable link a € 4 as

FEA =0yl (1-6), (6)

for some constant § € (0, 1).

The third term of gl%AV is the platoon-related cost, including the costs of platoon formation, dissolution time, and inconvenience
on E-E pair & € W. The platoon formation time depends on how many CAVs a CAV needs to wait to form a platoon with size s. The
more CAVs with the same E-E pair entering the corridor, the less waiting time required (Johansson et al., 2021b; Noruzoliaee et al.,
2021). For platoon dissolution time, Khoder et al. (2020) showed that with more severe traffic congestion, more time is needed
for platoon dissolution because of the queuing delay. It can be seen that the platoon formation time and dissolution time vary in
different directions with the traffic flow, with no clear relationship between platoon-related cost and aggregate flow on the E-E
pair. In light of this, we simply assume that the platoon-related cost on an E-E pair & € W, 7,5, is a small proportion of its free-flow

wr
travel time (i.e., & Yyep) 194cap) @s given below.
Ty =K Z IQACAV +¢,
agd(:)
where k (0 < k¥ < 1) measures the magnitude of the platoon-related cost compared to the free-flow travel time cost on E-E pair
. Such consideration is based on the fact that it is not economically practical for CAVs to form platoons if they have to spend
more time on platoon formation and dissolution than the free-flow travel time (the lowest travel time). In other words, CAVs will

2 Some studies consider that the capacity of a road link increases with the CAV penetration ratio on the link (i.e., Lii) (Chen et al., 2017a; Noruzoliaee
et al.,, 2021; Liu and Song, 2019; Wang et al., 2019), based on the assumption that CAVs will perfectly sense and react faster when following other vehicles.
However, this may not be true in a mixed-traffic environment, especially with the current CAV technology which is still under development (Li et al., 2020; Ye
and Yamamoto, 2018; Do et al., 2019). In fact, it is possible that a CAV needs additional time to react when following an HV, potentially causing traffic flow
instability and safety issues (Milanés and Shladover, 2014). Considering the above, it is more sensible to assume that all vehicles maintain a consistent spacing
from their followers in mixed traffic.
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choose not to form platoons if the platoon-related cost is high. Our motivation stems from Wang et al. (2022) who determined the
maximum waiting time for leading vehicles based on their tolerance levels relative to travel time in light traffic (the dissolution
time is negligible). To characterize the difference in forming platoons at different times on the corridor, we let ¢ (¢ > 0) be the
inconvenience cost of forming platoons per time.

2.2.3. The definition of PNEMF

On a road network with a given CAV platoonable corridor, we assume that HVs and CAVs make route choices to minimize their
respective generalized travel costs following the UE principle. It is reminded that HVs cannot access the CAV platoonable corridor,
only routes consisting of non-platoonable links are feasible, whereas CAVs can choose to enter the corridor for platoon formation
and, if so, where to enter and exit as well as their respective route choices. To describe the optimal choices adopted by HV and CAV
users and obtain the resulting spatial distribution of traffic congestion on a road network with a CAV platoonable corridor at UE, a
platoon-embedded network equilibrium with the mixed flow (PNEMF) is developed. The PNEMF is defined as follows.

Definition 1. PNEMF is to find a flow pattern (h,x,v) € = such that for users of each class, the generalized travel costs of all
utilized paths between the same O-D pair are equal and less than or equal to that of those unutilized paths, that is

Z gaw,CAV(Ua)W‘: + Z g;;,CAV(V)WI% — uw,CAV’ if hrw,CAV > O,r e Rw,CAV’ we W, (7)
acA weW

z gaw,CAV(Uu)W; + Z gz’CAV(v)y/;:, > uw,CAV’ if h’l:v,CAV =0,re Rw,CAV,w ew, (8)
acA wew

Z gV oyl =u Y if BV > 0,re RO wew, (C)]
a€A

Y g Y > wH Y if nHY =0,re ROV wew, (10)
acA

where u'" is the minimum generalized travel cost of O-D pair w € W for vehicle class m € M. = is the set of feasible flow patterns.
£ is defined by

M = gom N € Wom e M, a1
reRWM
RO >0, Vre R“™weW,me M, 12)
x“f"": Z h;”"”l//;, Vae AweW,meM, 13)
reRm
XV = N pe Yy Ve W, wew, (14
re Rw-.CAV
o= z XM, Ya€ Ame M, (15)
wew
U%AV = Z x;:‘CAV, Yo eWw, (16)
wew
v, = Z v, Va€A, 17
meM
v, = Z UE}AV, Va € A, (18)
weW acu(:)

where v is a link-path incidence variable. y; = 1 if a non-platoonable link a is on path r, and y = 0 otherwise. y is an E-E
pair-path incidence variable. y; = 1 if an E-E pair & is on path r, and y; = 0 otherwise. Recall that ¢""" denotes the demand of
class m for O-D pair w.

Constraint (11) ensures demand conservation, and constraint (12) corresponds to the non-negativity of path flow. Constraints
(13)—(14) specify the relationship between path flow and link and E-E pair flow. Specifically, the flow on each non-platoonable link
a € A or E-E pair &0 € W between O-D pair w € W by vehicle class m € M is the sum of flow on paths that utilize a or . Constraint
(15) defines the class-specific aggregate flow on a non-platoonable link. Similarly, constraint (16) shows that the aggregate flow for
E-E pair & € W is the sum of its flow over all O-D pairs. Constraint (17) defines the aggregate flow on a non-platoonable link as
the sum of class-specific link flow over vehicle classes. The aggregate flow on a CAV platoonable link is the sum of the flow on that
link over all E-E pairs given by constraint (18).

2.3. PNEMF’s equivalent variational inequality and solution properties

In this section, we derive an equivalent VI problem for the PNEMF, and then prove the existence and uniqueness of the VI
solution.
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Proposition 1. A flow pattern (h*,x*,v*) € = is a PNEMF if and only if it solves the following VI problem
DD () (v —ur) + Y g (v) (0§ = 0§ ) 20, V(hx,v) € 5. (PNEMF-VI)
acA meM weWw
The sufficient part can be established by examining the KKT conditions of (PNEMF-VI) and comparing them with (7)-(18), and
the necessary part starts with a solution (h*,x*,v*) € = satisfy (7)-(10), and then (PNEMF-VI) can be derived trivially. Detailed
proof can be found in Appendix A.
We now examine the solution properties of the VI problem (PNEMEF-VI). The following two propositions state the existence and
uniqueness of the solution of (PNEMF-VI), respectively.

Proposition 2 (Existence). (PNEMF-VI) has at least one solution.

To prove the existence of a flow pattern (h,x,v) € =, we need to show that the feasible set = is a non-empty and bounded
polyhedron and the generalized travel cost functions on each non-platoonable link a € A and E-E pair v € W are continuous.
Please refer to Appendix B for further details.

Proposition 3 (Uniqueness). The solution of aggregate link flows {v,,a € A®} to the (PNEMF-VI) is unique.

To establish the uniqueness of aggregate link flow in the monetary-based platoon-embedded equilibrium, we begin by converting
it to a time-based platoon-embedded equilibrium. Then, we employ a contradiction argument to demonstrate its uniqueness. For
complete proof, please refer to Appendix C.

Proposition 4. At traffic equilibrium, the minimum generalized travel cost u*"" between O-D pair w € W by vehicle class m € M is
unique, and hourly-based total generalized travel cost Y e, Xcpr EMWIV™ + X per 8527 MUSAY is unique as well.

Proof. We first show u"™ between each O-D pair w € W by each vehicle class m € M is unique. By Proposition 3, we have proved
that the aggregate link flow (v,),c40 for PNEMF is unique. Then, based on the definition of »*-", we have

u™ = min { z g, Wy, + z ggAV(v)y/,’L,} , YweW,meM.

reRWw:mM e
acA wew

u™ is unique because of the uniqueness of v. Then we prove the hourly-based total generalized travel cost is unique as well.
Multiplying both sides of (7) and (8) by equilibrium path flow hf)’CAV and multiplying both sides of (9) and (10) by equilibrium

JHV
path flow A/>"", we have

hrw,CAV <Z gaw,CAV(Ua)u/; + Z g,’g’CAV(V)W,;;> — uw,CAVh?/,CAV’ if hf)’CAV > 0”, c Rw,CAV’ we W, (19)
acA wew

hoCAV <Z g v+ gﬁ’“"(v)%) = uOCAV o CAY | pCAY = 0, € ROCAY 1w e W, (20)
a€A wew

hrw,HV (Z g:;)’HV(Ua)W;> - uw,HVhrw,HV’ if h?},HV >0,re Rw,HV’ wew, (21)
a€A

etV <2 gg"”"(ua)y/;) =y Ve Y if otV =0,re ROV we w. (22)
acA

By multiplying the inequalities (8) and (10) by those hf"CAV(= 0) and hf”H V(= 0), we can derive the equalities (20) and (22). Then
by summing up (19) and (20) over all r € R4V w € W, and summing up (21) and (22) over all r € R*#V w € W, we have

z z th,CAV ngU,CAV(Ua)WZ_'_ Z g,gYCAV(V)W%) — Z Z uw,CAVh?;,CAV’ (23)

WEW reRw.CAV <aeA weEW WEW rgRW-CAV

Z 2 hrw,HV Z gZ).HV(Ua)w;) — Z z uw,HVhrlfJ,HV' (24)

weW reRw.HV <aeA weW reRrw-HV
Using (13)—(16) on the left-hand side of (23)—(24), and using (11) on the right-hand side of (23)—(24), the above equations can be
expressed as

ZggAV(Ua)UaCAV_l_ Z ggAV(V)UgAV — Z uw,CAqu,CAV’

acA wew wew
HV HV w,HV _w,HV

DI CAT A WA

acA wew

The above two equations can be further simplified as

Z Z g:,n(Ua)UZ’ + Z ggAV(V)ngV - Z Z uw,mqw,m‘ (25)

a€EA meM wew weW meM

10
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Since (™), ew mem oD the right-hand side of (25) is unique, and ¢ is given, hourly-based total generalized travel cost
(Taen Zmen &M@V + Y ey 8547 vv$AY) is unique. This completes the proof. []

In summary, at traffic equilibrium, although class-specific non-platoonable link flow (v7),c4men the aggregate flow on E-E
pair by CAVs, (ug’“’)wew, path flow h and link flow x are generally not unique, the aggregate link flow (v,),c40, the minimum
generalized travel cost (u"""),cy mep and hourly-based total generalized travel cost are unique.

2.4. The optimal deployment of an equitable CAV platoonable corridor

After introducing PNEMF to model the route choices of CAV and HV users at the lower level, we now model the problem of
finding the optimal deployment of an equitable CAV platoonable corridor as a bi-level program (see Fig. 1). At the upper level,
the transportation planner acts as a leader to determine the links to be upgraded to CAV platoonable links and form a corridor to
minimize the social cost, which is the weighted average of the sum of the first two components (the upgrade cost and the total
generalized travel cost at the target year) and the inequity cost at the target year. For the given CAV platoonable corridor, CAV
and HV users act as followers to decide their user-optimal route choices at the lower level. The mathematical formulation for our
bi-level program is described as follows:

myin ”( Z Yakala+'1( Z 2 8, (WU + 2 ggAV(v)ngV>>

ae A meM acA wew
—— _
Upgrade cost Total generalized travel cost

at the target year

+(1 —ﬂ')l’]( Z max {0, (quHV _ ﬁw,HV)} qw’HV>

wew

Inequity cost at the target year
st. y,=1{0,1}, Vae A°,

|R“™| =1, YweW,meM, (26)

A sequence (i, ..., i | NI) of distinct vertices is a simple path, 27)

where |N| = Z min? 1, Z Yap Yo (|

ieNV jENO
v is obtained by solving
(7)-(18),
given A={ae€ Ay, =1}, A={ae€ A%y, =0} ,N={ie N°|3j e N°.(i,j) € Av (j,i) € A},
and N ={ie N°|3j e N°.(i,j)) € Av (j,i) € A},

and (u"") _, is the solution of

H HV r
reg}ar}lv { Z g, W)y, } , YweWw, (28)

acA

where y, is a binary decision variable, which decides whether a link a should be upgraded to a CAV platoonable link. y, takes value
1 if the link « is upgraded to a CAV platoonable link, and takes value O if the link « is a non-platoonable link. The first term in
the objective function is calculated by Y’ 40 k./,v,, Where k, is the upgrade cost per mile, and /, is the link distance. The second
term is the total generalized travel cost at the target year, where ¥, 1 ¥ c 4 870 0" + Ve 854 WS4, as we mentioned,
represents hourly-based total generalized travel cost, and #n denotes the total number of utilized hours at the target year. The last
term is calculated by the sum of possibly increased generalized travel cost for each HV, where u**'¥ and #*-#" represent the HVs’
generalized travel costs for the utilized paths on O-D pair w with and without corridor, respectively. Note that each HV with w € W
will be adversely affected by the corridor if the former is larger than the latter, and its inequity cost equals the difference between
them; otherwise, no inequity cost exists. ¥V is a solution of min,cgw.nv {X,eq 8" (W'}, Yw € W, in which ¥ is obtained by
solving (7)— (18) given A =@, N =@, A = A°, N = N, Again, we multiply ¥, max {0, (uHV —g-HV)} gV by 5 to compute
the inequity cost at the target year. The weight = € (0, 1) is introduced to balance the positive and negative impacts on different
road users, and the smaller z, the more concern on the inequity cost.

There are two restrictions for the deployed CAV platoonable corridor. Note that |R"™| represents the number of paths of O-D
pair w by vehicle class m. Constraint (26) demonstrates that each vehicle can find at least one feasible path with the deployed
corridor. Constraint (27) defines the deployed corridor should be a sequence of nodes such that links (i, i), (i5, i3), ..., (i |N]=151) 1\7\)
are consecutive CAV platoonable links, and i, is distinct, where |N| = ¥, o (min { LY ieno Yaj) + Yo } > To obtain the generalized
travel costs of utilized paths between O-D pair w € W by vehicle class HV with a corridor, we need to solve a lower-level problem
given the non-platoonable link set A, the CAV platoonable link set A, the set of nodes outside the corridor N, and the set of
nodes inside the corridor N, and then using (28) to obtain it. Note that the objective function value at the upper level is uniquely

11
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determined on a road network with a given platoonable corridor. To clarify, we separately discuss the uniqueness of the three
components in the objective function when a corridor is given. Firstly, the “upgrade cost” could be uniquely determined by A°
and is therefore unique. Secondly, the “total generalized travel cost” at the target year is also unique because of Proposition 4.
Finally, the minimum generalized travel cost u*fV for the PNEMF between each O-D pair w € W is also uniquely determined, as
demonstrated by Proposition 4. In fact, #>#" is also unique because it represents the minimum generalized travel cost when there
is no corridor and therefore we can again apply Proposition 4 with A =@, A= A%, N = ¢, N = N°.

Remark 1. Note that vehicle platoon may also be enabled outside the corridor using V2V technology, while the impact of vehicle
platoon outside the corridor may not significantly affect system-level congestion. Therefore, this study focuses on vehicle platooning
with dedicated infrastructure so as to facilitate safer and more stable vehicle platooning for highly concentrated platoon flows. More
importantly, providing a CAV platoonable corridor can influence and encourage CAV commuters to use the corridor, so we expect
that CAV flows will be more concentrated, resulting in more significant benefits from fuel saving and improved capacity.

3. Solution approach

To address the bi-level program developed in the previous section, we propose a simulated-annealing-based corridor search
(SACS) algorithm (see Section 3.1) to find a high-quality CAV platoonable corridor in a desirable amount of time. Specifically, the
SACS algorithm starts with an initial solution and then picks a neighborhood solution through a subtle perturbation rule until the
stopping criterion is satisfied. To evaluate the solution quality of each iteration, we develop a modified gradient projection (MGP)
algorithm (see Section 3.2), which is embedded in the SACS algorithm to quickly solve the PNEMF under the current solution of
the upper level.

3.1. Solution algorithm of optimal deployment of a CAV platoonable corridor

To determine the deployment of an equitable CAV platoonable corridor that minimizes the social cost, a subset of links is selected
from a road network to be upgraded to CAV platoonable links and form a corridor. In literature, such a problem is categorized as
discrete network design problems (DNDPs). Most DNDPs aim to find the optimal link additions from the set of candidate links (i.e., 0—
1 decision variables) to minimize the social cost or maximize the social welfare while accounting for road users’ route choices. During
the past few years, several methods have been proposed to solve DNDPs to global optimality, such as branch-and-bound (Leblanc,
1975), support function concept (Gao et al., 2005), and global optimization method (Wang et al., 2015). However, these methods are
often computationally intensive and impractical for solving problems of realistic size. Therefore, modern heuristic/meta-heuristic
algorithms, such as simulated annealing (Chen et al., 2017b), genetic algorithms (GAs) (Yin, 2000; Zhang and Yang, 2004; Liu
and Song, 2019), partial swam optimization (PSO) (Babazadeh et al., 2011) and ant systems (Poorzahedy and Abulghasemi, 2005;
Poorzahedy and Rouhani, 2007), have attracted significant interest. Although these algorithms may not guarantee optimal solutions,
they are capable of quickly and effectively finding good solutions.

To find an optimal corridor development while considering the users’ route choices, we need to solve a discrete bi-level program
with a large solution space, a heuristic solution approach would be desired. The chosen heuristic should satisfy at least three
conditions. First, it should be able to avoid being trapped in local optima. Second, it should easily identify a promising solution in
the neighborhood of the current solution. Lastly but perhaps most importantly and specifically to this problem, it is ideal not to solve
the time-consuming lower-level problem (PNEMF) very often. While there are many promising heuristics that meet these criteria,
SA is a standout candidate thanks to its proven track record in handling large solution spaces in reasonable times (Spinellis and
Papadopoulos, 2000; Cunha and Sousa, 1999). Indeed, SA is capable of escaping local optima when the temperature is high (Delahaye
et al., 2019; Cunha and Sousa, 1999). Also, SA does not depend on restrictive conditions of the model (Kumbharana and Pandey,
2013). In the context of our study, there are two such conditions: first, a qualified corridor consists of a sequence of connected
CAV platoonable links without sub-cycles; second, a qualified corridor should not prevent HVs from discovering feasible paths.
Under SA, these two considerations can be easily incorporated when generating neighboring solutions. Furthermore, each iteration
of SA requires solving the lower-level problem just once. We however, by no means, suggest that the other heuristics cannot be
used. Therefore, we develop a simulated-annealing-based corridor search (SACS) algorithm based on the simulated annealing (SA)
algorithm (Metropolis et al., 1953; Kirkpatrick et al., 1983; Cerny, 1985).

The SA algorithm is inspired by the heating and cooling phenomenon of solid materials. Annealing is a process, in which a solid at
a high temperature will be transformed into crystalline state at a low temperature by lowering the temperature gradually (Metropolis
et al.,, 1953). Accordingly, our SACS algorithm is developed based on its recent implementations conducted by Zockaie et al.
(2016), Ghamami et al. (2016) and Zockaie et al. (2018). The flowchart in Fig. 5 illustrates the procedures of the SACS algorithm.
There are two main steps for the SACS algorithm. The first step is searching from the feasible set to find an initial solution and
then moving to a neighboring solution. The second step is to compare the objective function value of the current and new solutions
to decide whether to accept a new solution with a probability based on the difference. The probability gradually decreases as the
solution procedure proceeds.

Specifically, to obtain an initial solution, we solve a lower-level problem without a corridor to obtain v and then weigh all links
based on the CAV-specific aggregate link flow. The initial solution can be found by randomly picking a link based on the weight.
To effectively obtain a decent neighboring feasible solution, we specially design a perturbation rule by upgrading a link to a CAV

12



D. Zhu et al. Transportation Research Part C 157 (2023) 104399

Initialization:
o Lett=0and A"« @,A" « A°, N* < @,N*« N°.
Solve the PNEMF for a network G(N*u N* A* u 4).
Weigh all links based on aggregate link flow by CAVs, and
randomly pick a link (i, j) based on the weight.
» Update 4", N*, A*and N*, and solve the PNEMF.
* Calculate an objection function V*.

N
* Generate a new corridor by perturbation.
* Link addition and deletion rule.

»+ Obtain 4, N, A, N based on this new corridor. <
* Solve the PNEMF for a network G(N UN, AU 4). External
Internal ¢ Calculate a new objective function V. circulation
circulation
Yes V_v'<o No 1
Randomly generate y~U[0,1].
X _((va‘)/V*)
Accept Accept if e Tc />y, then
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t>Ky ————> « Reset the inner iteration k = 0. —
s t=t+1.
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Exit

Output: 4%, N*, A*, N*, (h*, x*, v*)and V*.

Fig. 5. A flowchart of the SACS algorithm.

platoonable link or downgrading a CAV platoonable link to a non-platoonable link. The details of link addition and deletion rules
are described below.

Rule 1 (Link Addition): First, identify all candidate CAV platoonable links that can be appended to the existing corridor: a link
(i, j) or (j,i) can be a candidate CAV platoonable link if it connects a candidate non-platoonable node i with a CAV platoonable
node j (either at the beginning or at the end of the existing corridor). Then, the algorithm checks the feasibility of the candidate
CAV platoonable links: a link if added should not make the CAV platoonable corridor a cycle and stop HVs from finding feasible
paths. Finally, weigh all the feasible candidate CAV platoonable links based on the aggregate link flow by CAVs. The link with the
largest flow will be most likely to be selected in the next iteration.

Rule 2 (Link Deletion): Identify all candidate CAV platoonable links that can be removed: a link (i, j) or (j,i) is considered to
be a candidate CAV platoonable link if the node i is at the beginning or the end of the corridor. Then weigh the candidate CAV
platoonable links based on the inversion of aggregate link flow by CAVs. The link with the smallest flow will be most likely to be
selected in the next iteration.

We then let the current objective function value be V*, and the objective function value of neighboring solution be V. If V < V*,

the neighboring solution will be accepted with certainty. Otherwise, the neighboring solution will be accepted with probability
_(w=vHv* _(w=vhyvE
e ( T ), where T, represents the controlled temperature at time z. Note that the probability e ( T ) gradually decreases

with the decreased temperature T,. Eventually, at a low temperature, the algorithm can only proceed with a solution that strictly
dominates the previous one.

The pseudo-code of SACS is presented in Algorithm 1. Four implementation remarks are worth mentioning. First, regarding the
perturbation process from line 11 to line 26 at Algorithm 1, when y > 0.5, it is possible that a feasible candidate CAV platoonable
link (i, j) or (j,i) cannot be found when there is no preceding node of its starting node j and succeeding node of the end node
j at the current corridor. In this case, Rule 2 will be used to delete a link. Moreover, if the current CAV platoonable corridor is
empty, Rule 1 is no longer applicable, and we use the initialization method to randomly pick a link as the initial corridor. When
y < 0.5, if the current CAV platoonable corridor is empty, we also utilize the initialization method to add a link as the corridor. For
other cases, we follow Rule 1 and Rule 2 to decide the perturbation process. Second, the external iteration number K, and internal
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Algorithm 1 Simulated-Annealing-Based Corridor Search Algorithm

1: Inputs: The maximum number of external iterations K|, the maximum number of inner iterations K, the initial temperature
T,, the temperature reduction parameter yu, the road network topology.

: Initialization: A* « @, N* « @, A* « A%, N* « NO.

: Solve the lower-level problem for the network G(N* U N*, A* U A*) corridor using Algorithm 2.

: Weigh all links based on the aggregate link flow of CAV, v4¥, and then randomly pick a link (i, j) based on the weight.

: update A* « A* U {(i, )}, N* « N*U {i,j}, A* « A*\{(i,j)}, and N* « N*\{k € {i,j} : VI € N*,(k,]) ¢ A*n (k) ¢ A*}.

: Solve the lower-level problem for the network G(N* U N*, A* U A*) using Algorithm 2 to obtain the current solutions (h*,x*,v*),
and compute the current objective function value V*.

U A W N

7: Sett =0.
8: while 7 < K, do
9: Set the inner iteration counter k = 0.
10: while k < K, do
11: Randomly generate y ~ U[0, 1]
12: if y > 0.5 then
13: if A* = ¢ then
14: Randomly pick a link (i, j) as a corridor.
15: else if a link can be found by Rule 1 then
16: Add one link (i, j) using Rule 1.
17: else
18: Remove one link (i, j) using Rule 2.
19: end if
20: else
21: if A* = ¢ then
22: Randomly pick a link (i, j) based on the method for the corridor initialization.
23: else
24: Remove one link (i, j) using Rule 2.
25: end if
26: end if
27: update A « A* U {(i,/)}, N « N* U {i,j}, A « A*\{(i,)}, and N « N*\{k € {i,j} : VI € N*,(k,]) ¢ A* n(l,k) & A*}.
28: Solving the lower-level PNEMF for the network G(N U N, A U A) using Algorithm 2.
29: Obtain the objective function value V' associated with the perturbed solutions.
30: Randomly generate y ~ U[0, 1].
31: if V < V* then
32: Accept and update V*, and A*, N*, A*, N*, and (h*, x*, v*) based on perturbed solutions.
V-v*/v*
33: else if V > V* and ef(%) > y then
34: Accept and update V*, and A*, N*, A*, N*, and (h*, x*, v*) based on perturbed solutions.
35: else
36: Discard the perturbed solutions.
37: end if
38: Setk=k+1.

39: end while

40: SetT,,, =uT,andt=1t+1.

41: end while

42: Outputs: The objective function value V*, the equilibrium solution (h*, x*, v*), the set for CAV platoonable link A*, the set for
CAV platoonable node N*, the set for non-platoonable link A*, and the set non-platoonable node N*.

iteration number K, are chosen based on our sensitivity analysis, whose details can be found in Section 4.3. Following Zockaie
et al. (2016), Ghamami et al. (2016), Zockaie et al. (2018), we assume that the initial temperature 7, is 0.05, and adopt a linear
temperature reduction function and let 4 be 0.85. Thirdly, Algorithm 1 is designed to find an equitable CAV platoonable corridor,
which, in fact, can also be utilized to find multiple corridors sequentially. Finally, the corridor we considered in this study does not
have sub-cycles. The reasons are two-fold. From the practical perspective, the expressways in some countries (e.g., Singapore) have
no sub-cycles, and hence the corridor if deployed should not have sub-cycles as well. Moreover, a zone (i.e., may have sub-cycles)
may not be superior to the defined corridor. Later, we will show a scenario in which our corridor performs much better than a zone.

3.2. Solution algorithm for PNEMF

A basic assumption of the traditional traffic assignment problem is additivity (i.e., the route cost is simply the sum of the costs on
the utilized links on that route), but our PNEMF is nonadditive because the platoon-related cost is defined on E-E pairs. Under this
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assumption, the traditional link-based algorithms, such as the Frank-Wolfe algorithm, may not be able to solve our PNEMF. In this
study, we employ a path-based algorithm to address our PNEMF. A key benefit of path-based algorithms is to monitor path flows. By
doing this, we can analyze how the deployed corridor impacts vehicle routing choices and the subsequent geographic distribution
of traffic congestion. Also, these path flow patterns can be directly utilized as a reference required in sensitivity analysis (Tobin and
Friesz, 1988).

The gradient projection (GP) algorithm, as a well-known path-based method, has been demonstrated to successfully solve
traditional traffic assignment problems. Earlier studies by Jayakrishnan et al. (1994) as well as Chen et al. (2002) on the GP algorithm
scale the search direction with the diagonal inverse Hessian matrix and assume a unity step size for each iteration. Their empirical
studies indicate that a near-optimal solution can be swiftly attained (i.e., 0.001). However, the GP algorithm may face challenges
in achieving highly precise solutions (i.e., 1e—10), which may be partly attributable to the unity step size (Perederieieva et al.,
2015; Chen et al., 2012). Thus, the careful selection of the step size becomes crucial to reach highly accurate UE solutions. In this
study, we develop a modified gradient projection (MGP) algorithm with adaptive step size, to solve our PNEMF. MGP can find the
UE by tracking the paths that users of vehicle class m € M on O-D pair w € W actually use. We denote the utilized path set as
Rw™ = {r|h™ > 0,r € R®™}. Then a rough description of MGP can be described as four steps.

Step 1 Initialization

Rwm — ¢ for all O-D pairs and all vehicle classes. Assume x* and v* as 0, where k represents the iteration number, and k = 0
for initialization.

Step 2 Finding a shortest path

Find the path r* with the lowest generalized travel cost between O-D pair w for vehicle class m, and add it to R if it is not
already used. For CAVs, the feasible path set R“C4V for each O-D pair w € W can be found on the network G(NUN, AUW),
and r* can be found based on the following

7* € argmin (Z g Wl + Z g,%AV(Vk)W;v)'

re Rw.CAV a€A DeW

For simplification, we denote Y, , g “*" () + e &

generalized travel cost between O-D pair w for CAVs.

w,CAV

o (v")y/;) as U7, and then UV represents the minimal

r

Regarding HVs, since the platoonable corridor is inaccessible by HVs, the feasible path set R“-HV for each O-D pair w € W
can be found on the network G(N, A). r* can be found based on the following

#* € argmin <Z ng(u’;)q/;> .

reRHY \ Jch

For simplification, we denote Y, g V(v’;)y/; as UYHY and then Ur’f‘H Y represents the minimal generalized travel cost

between O-D pair w for HVs.

Step 3 Flow shifting
For each O-D pair w and each vehicle class m, shift the flows among paths to get closer to the equilibrium and then update
x* and v*.

Step 4 Convergence checking

Drop paths from R if they are no longer used (i.e., /""" = 0), and let k < k + 1 and return to Step 2 unless the relative
gap (RG) is sufficiently small. RG is defined as:

RG = ZwEW ZmEM ZreR"—'v'" h’w’mu'e}’m - 1.

ZwGW ZmGM U;f’mqw'm

Remark 2. Finding the shortest path for each O-D pair w € W and each vehicle class m € M in a network with the deployed
corridor proceeds in three steps. In the first step, identify the set of E-E pairs W based on the E-E pair definition in Section 2.2.1,
and the set of non-platoonable links A. In the second step, construct a graph G(N U N, AUW) for CAVs or a graph G(N, A) for HVs,
and assign generalized travel costs to each link a € A and/or each E-E pair & € W. In the third step, find the shortest path and the
associated cost for each O-D pair w € W and each vehicle class m € M using the di jkstra_pathanddijkstra_path_length
functions provided by the Python package NetworkX.

For the sake of completeness, the pseudo-code of the MGP is given in Algorithm 2.
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Algorithm 2 A Modified Gradient Projection Algorithm

1: Inputs: Network topology G = (N U N, AU A), demand (¢""")ew men > the E-E pair set W, the maximum number of iterations
K,, an acceptable threshold T} of RG, and the step size a.
2: Initialize: R*" — fYw e W,me M.

3: Set k = 0, and let x* and v* as 0.
4 Compute g"(vk),Va € A, m e M and g4 (vF),Vio € W.
s: while k < K, or RG > T, do
6 for w e W do
7 for me M do
8: Find a path r* with the lowest path cost U™
o: Add r* to RW™ if p* ¢ Rwm,
10: if k =0 then:
11: Let AlY™ = "™
12: else
13: Shift Flows:
14: for i € R"\r* do
15: Compute the generalized travel cost U;"" for path i.
16: The flow on path i is updated by ;" < h;*" — qi"—k (o -ur,
17: where sf.‘ = (Zae 0 d’;(vj"> ) Ams and A? represents a link set utilized by either path i
18: or r*, but not on both. ¢, is a scalar step-size for O-D pair w € W by vehicle class
19: m € M at k' iteration.
20: end for
21: h;ﬂ*’m «— gm — ZieR"’-"’\r* h[wm
22: end if
23: Update (x¥, vb).
24: Update g"(v5),Ya € A,m € M, and gS (vF),vio e W.
25: Drop Path: Drop path r from R*™ if h!*" =0, ¥r € R™,
26: end for
27: end for
28: Compute RG.
29: if RG > T, then
30: Setk=k+1.
31: else
32: Set h* = h, x* = x¥, and v* = vk.
33: Break.

34: end if
35: end while
36: Outputs: the solution of PNEMF under the given corridor (h*, x*, v¥).

To find an adaptive step size for our PNEMF, we first follow the steps in Section 3.2 of Sheffi (1985) and interpret the equilibrium
conditions as the optimality conditions of the following minimization:

Uﬂ
min V' (v) = Z/O t(@d@)+ Y Y %f;"v'a"+ 2 1M, icl,w + ) /11 750547

a€AUA acAmeM M acA wew TCAV

s.t. (11)—(18). (29)

The corresponding KKT conditions are illustrated in Appendix D, which are necessary and sufficient as long as all 7,’s are increasing.

Then, a line search method can be used to determine a step size ¢;”" along the given descent direction. The descent direction
is defined in terms of link flows and E-E pair flows 4v = ((4v,),c 40> (A0™) e aui- (A0S ) eiir). To determine the step size ", we
can solve the following optimization problem

vk=1 +¢Z"'"Au
. _ ) a ¢ 1 -
min V4 avg™ = Y / (@d@) + Y, 15 (vgm ‘+(1m=CAV¢,f"’"AUg))
/0 CAV

a€AUA weWw
1 1 ) 1 1 y
+ 2 </1 faCAV (UaCAV,k + ]m=CAV¢,'fmAUZ') + - faHV (Uglv,k + “m:HVWZlmAU;"))
aea \cav HV
1 - )
+ ,1_faCAV (057" + Lu—cav ¢ A0
ach "CAV

st 0< " <",
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where dv, = A" = Y, _penm AR"w! Va € AU A, in which AR = —sik(Ui'”"" - U™ Vi € Rwm\r* and AR

r
- (Zie Ry Ahj.‘”’"). Similarly, A0 = 1,_capy (Xicgum AR"w’) Vb € W, and 1,,_c,y is an indicator function, and it equals
1if m = CAV, and O if m = HV. The reason why we make such a projection from shifted path flow to the flow on
links and E-E pairs is that our MGP is a path-based algorithm. d_;,'f'" represents the upper bound of the step size, and we set

@™ = min

i fwm —A};T,nlAh;””" < 0) to guarantee that those non-shortest paths whose flows after shifting are nonnegative (i.e.,

REM 4 g AR > 0 Vi e RW™\r*). Note that v<~! represents aggregate flow on links and E-E pairs on the (k — 1)” iteration.

To solve the above optimization problem, we follow (Perederieieva et al., 2015) to determine the largest step size qbf’"’ =z
for any non-negative integer r, such that the directional derivative of the above objective function is negative. The underlying
motivation is to find a step size that reduces the value of the objective function, while it may not necessarily minimize the objective

function.

V(! + v ™) 1 1
k—1 s —_—
g = L (@ o)) ey | X b Y S A
k a€AUA wew "CAV acAuid €AV
L HV 4 om
+l—ny —f, A ).

The decrement z is set to 0.5 as suggested in Gentile (2014).

4. Numerical analysis

In this section, numerical analysis is conducted to examine the proposed bi-level program and SACS algorithm. In Section 4.1,
we investigate the effect of the CAV market penetration ratio and the degree of planner’s concern about equity on the deployment
of a CAV platoonable corridor on the Nguyen-Dupuis network. Section 4.2 applies the SACS algorithm on the Sioux Falls network to
investigate the impact of platoon size on the deployment of a CAV platoonable corridor. Section 4.3 investigates the computational
efficiency of the SACS algorithm. This includes a comparison between the SACS algorithm and the Brute-force algorithm, an
exploration into how the precision level of UE solutions influences corridor deployment decisions, and an evaluation of scalability of
the SACS algorithm through application to both Anaheim and Winnipeg networks. Section 4.4 compares the performance of a CAV
platoonable zone and corridor. The algorithms are implemented using Python 3.9 and tested on a Windows PC using a 3.60 GHz
computer with 16 GB RAM.

4.1. The Nguyen—Dupuis network

The Nguyen-Dupuis (ND) network, as shown in Fig. 6, consists of 13 nodes, 20 links, and two O-D pairs. The length and
free-flow travel time of each link are given in Table 14 in Appendix E. The total travel demand between O-D pair (1,3) is 6000
(vehicles/h) and 5000 (vehicles/h) for O-D pair (4,3). C, is assumed to be 2000 (vehicles/h) for each link a € A (CS is also 2000
(vehicles/h) before upgrading to a CAV platoonable link). Let y = 0.3 and platoon size s = 3, then the capacities on CAV platoonable
links can be calculated by Eq. (4). Given the complexities associated with calibrating the default parameters a« and # for the BPR
function, especially in the absence of real-world data, we follow Zhang and Yang (2004), Wang et al. (2013), and Liu and Song
(2019), assuming default parameter values for « and f to be 0.15 and 4, respectively. Following Liu et al. (2021), we set VoTs as
Acay =3.75 ($/h) and Ay =7.5 ($/h). Note that A, < Ay since CAV users can devote their in-vehicle time to other activities
rather than driving, such as work or entertainment (Van den Berg and Verhoef, 2016). According to the data from U.S. Energy
Information Administration, the unit fuel price for HVs is 2.242 ($/gallon),® and the fuel economy is 25.3 (miles/gallon).* Then
Oy = 2.242/25.3 = 0.09 ($/mile). Compared to HVs, autonomous driving technology enables CAVs to traverse in a fuel-efficient
way. Therefore, when CAVs traverse on links outside the CAV platoonable corridor, we follow Berry (2010) and Wadud et al. (2016)
to assume 0.4y = 0.081 ($/mile). If a CAV enters the CAV platoonable corridor, the fuel cost can be further reduced because of CAV
platooning. Hussein and Rakha (2021) explored how platoon formation influences fuel savings. We set 5 based on their findings,
and the details can be found in Table 15 in Appendix E. In terms of the platoon-related cost, let x = 0.02 and ¢ = le—4. The link
upgrading cost k,, is set as 200000 ($/mile) for each link a € A (Madadi et al., 2021). To convert the hourly-based generalized travel
cost and inequity cost to the annual counterparts, we consider there are eight peak hours per day (i.e., four hours of morning peak
and four hours of evening peak), then we have 1 = 8 x 30 x 12 = 1920 hours. In terms of the preference parameter for the planner,
we simply assume 7 = 0.8. To ensure that the precision level of the UE does not influence the corridor deployment, we set RG to
be le—10.

3 https://www.eia.gov/totalenergy/data/browser/?tbI=T09.04# /?f=A&start=1949&end=2020&charted=10-11
4 https://www.eia.gov/totalenergy/data/browser/?tbl=T01.08
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Fig. 6. The Nguyen-Dupuis network.
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Fig. 7. The social costs for different CAV market penetration ratios.

4.1.1. The effect of CAV market penetration ratio

We consider a range of CAV market penetration ratios for each OD pair, from 10% to 70% with an increment of 10%. In doing
so, we examine the impact of the CAV market penetration ratio on the deployment of the equitable CAV platoonable corridor. The
demand for CAVs of the O-D pair w € W can be calculated by multiplying the CAV market penetration ratio with the total travel
demand for that specific O-D pair. Then the demand for HVs of the same O-D pair can be derived by subtracting the CAV demand
from the total travel demand. Fig. 7 shows the upgrade cost, total generalized travel cost at the target year and the inequity cost
at the target year with and without the corridor for different CAV market penetration ratios. It can be seen that the social cost
with the deployed corridor is always lower than that without the corridor when the CAV market penetration ratio is not less than
30%, which indicates that the deployment of the CAV platoonable corridor socially benefits the system. That being said, deploying
a CAV platoonable corridor is recommended when the CAV market penetration ratio exceeds a threshold (i.e., 30%). Moreover,
the deployment of a CAV platoonable corridor is equitable for HVs since there is no associated inequity cost. In other words, the
generalized travel costs for HVs do not increase as a result of the deployed corridor. Fig. 8 displays the optimal deployment of the
CAV platoonable corridor for different CAV market penetration ratios. The length of the optimal CAV platoonable corridor increases
with CAV market penetration ratios as we expect since the infrastructure should be updated gradually to accommodate more CAVs
in practice.

We can easily deduce that the reduced social cost is attributed to the decreased total generalized travel cost at the target year
when the corridor is deployed. To further explore why deploying a CAV platoonable corridor reduces the total generalized travel
cost, Table 2 examines the generalized travel costs of utilized paths for CAVs and HVs respectively when the CAV market penetration
ratio is 60%. The generalized travel costs of CAVs for O-D pairs (1,3) and (4, 3) are significantly reduced by 26.698% and 17.763%,
respectively. This quantifies the benefit that CAVs gain from the corridor. Even more intriguing, the generalized travel costs of
HVs for O-D pairs (1,3) and (4, 3) are also significantly reduced by 21.350% and 20.937%, respectively, which implies that traffic
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------ The CAV penetration ratio is 30%
The CAV penetration ratio is 40%
The CAV penetration ratio is 50%, 60% or 70%

Fig. 8. Optimal CAV corridor deployments at different CAV market penetration ratios.

Table 2
The generalized travel costs of utilized paths with and without the corridor.
O-D pair Scenario Generalized travel Generalized travel
cost for CAVs ($) cost for HVs ($)
(1,3) With the corridor 5.678 9.714
Without the corridor 7.746 12.351
4,3) With the corridor 5.949 9.701
Without the corridor 7.234 12.270

congestion outside the corridor is mitigated due to the deployment of the corridor. Table 3 elaborates on the utilized paths under
UE between each O-D pair by each vehicle class. To distinguish CAVs’ platoon formation and dissolution behaviors, we demonstrate
the utilized paths with a style that every two consecutive nodes are either a non-platoonable link or an E-E pair (the E-E pair is
marked in bold). As expected, there is no two or more consecutive E-E pairs appear in CAVs’ utilized paths, which is consistent with
the setting of the additional cost. Another finding is that the majority of CAVs are attracted by the CAV platoonable corridor and
prefer to choose paths with CAV platoonable links. HVs, as a consequence, may not need to compete with CAVs on the remaining
paths. For instance, the path (1,12,8,2,3) previously shared with CAVs when the corridor is not deployed is fully utilized by HVs
when the corridor is deployed. In conclusion, the deployment of a CAV platoonable corridor successfully alleviates traffic congestion
by reasonably distributing the traffic flow of CAVs and HVs.

4.1.2. The effect of the planner’s concern degree on inequity

To well balance the positive and negative impacts of the deployment of a CAV platoonable corridor on CAVs and HVs, we
introduce a weightage = to capture the tradeoff between the sum of upgrade cost and total generalized travel cost and the inequity
cost in the objective function of the bi-level program. The smaller the r, the more concern of the planner on the inequity cost. This
section analyzes the effect of various = on the deployment of the CAV platoonable corridor. The CAV market penetration ratio is set
as 30%. Fig. 9 shows that the optimal corridor is (5,9) when = = {0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8} (see yellow area), and the optimal
corridor becomes (5,9,13,3) when = = {0.9,1.0} (see green area). It can be interpreted as the planner prefers to deploy a longer
CAV platoonable corridor if he/she pays little or even no attention to inequity. In order to compare the performance of the two
platoonable corridors, Table 4 displays the social cost and its components for different values of z. Although deploying a corridor
(5,9,13,3) can achieve a lower total generalized travel cost, the upgrade and inequity costs are higher than that of deploying the
corridor (5,9), and hence the aggregate performance of the former is not better than that of the latter when z = 0.8. When 7 = 0.9,
the inequity cost becomes less significant compared to the case when = = 0.8, and the sum of the upgrade and total generalized
travel costs becomes more meaningful. Hence, a different corridor (5,9, 13, 3) is preferred. Considering the CAV market penetration
ratio is 30%, the planner should pay more attention to equity and choose the corridor (5,9).

The left-hand side and right-hand side of Fig. 9 also display the utilized paths of HVs for O-D pairs (1, 3) and (4, 3), respectively,
when the corridor is (5,9, 13,3). HVs cannot utilize the path (4,9, 13,3) with this corridor deployment, which is the main reason for
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Table 3
Path flow patterns under UE when the CAV market penetration ratio is 60%.
Scenario O-D pair Vehicle class Path Path flow
CAV 1,3) 3600.000
@3 v (1,12,8,2,3) 1965.527
(1,12,6,7,11,3) 434.473
With the corridor AV 4,5,3) 2187.751
(4,9,10,11,3) 744.174
4,3) (4,9.3) 68.075
HY 4,5,6,7,11,3) 1730.459
4,9,10,11,3) 269.541
(1,5,9,13,3) 2598.111
1.3 CAV (1,5,6,7,11,3) 526.317
’ (1,12,8,2,3) 475.572
. . HV (1,12,8,2,3) 2400.000
Without the corridor
(4,9,10,11,3) 1830.236
AV (4,9,13,3) 1169.764
@3 (4,5.6,7,11,3) 1748.312
HV (4,9,10,11,3) 198.705
(4,5,6,7,11,2,3) 45.928
4,9,10,11,2,3) 7.055
Table 4
Social costs on the ND network with various cost weightage x.
Scenario Upgrade cost ($) Total generalized travel cost ($) Inequity cost ($) Social cost ($)
=08 1.100e+6 2.281e+8 0.00 1.833e+8
=09 4.440e+6 2.236e+8 7.983e+6 2.060e+8

origin

destination

Optimal corridor when m = {0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8} Optimal corridor when 7 = {0.9,1.0}

Fig. 9. HV utilized paths for different O-D pairs with the deployed corridor (5,9, 13,3).

the incurred inequity cost, while this path is still accessible for HVs if the deployed corridor is (5,9). We subsequently investigate
the path costs utilized by both CAVs and HVs when the corridor is (5,9, 13,3). The result demonstrates that the generalized travel
costs of utilized paths for CAVs are significantly decreased by more than 31% for both O-D pairs. On the contrary, HVs’ generalized
travel costs are increased by 4% for both O-D pairs. To conclude, the degree of the planner’s concern on equity will influence the
deployment of the CAV platoonable corridor, and the inequity issue should be given significant consideration, particularly when
the CAV market penetration ratio is low.

4.2. The Sioux Falls network

We further apply the proposed model in a larger-sized network, the Sioux Falls (SF) network (see Fig. 11), to explore the impact of
platoon size on the corridor deployment. This network consists of 24 nodes and 76 links. The link characteristics and demand can be
found at https://github.com/bstabler/TransportationNetworks/tree/master/SiouxFalls, and we assume the CAV market penetration
ratio is 80%. The settings of the remaining parameters are the same as the ND network.
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Fig. 10. The social costs for the SF network with different platoon sizes.
Table 5
Reduced proportion of total generalized travel cost with different platoon sizes.
Vehicle class s=3 s=5 s=17 s=9 s=11 s=13 s=15
CAV 11.996% 13.848% 14.530% 14.955% 15.223% 15.399% 15.518%
HV —4.464% —2.593% -1.899% -1.727% -1.601% -1.527% -1.478%

4.2.1. The effect of platoon size

This section investigates how the platoon size influences the deployment of CAV platoonable corridor. We consider a range of
platoon sizes from three to fifteen. While longer platoons can increase road capacity, they can negatively affect traffic stability (Zhou
and Zhu, 2021). This is because longer platoons may reduce lateral maneuverability, making it challenging to merge or split from
the platoon (Zhao and Sun, 2013; Liu et al., 2018). In contrast, smaller platoons can facilitate flexible movements such as merging,
splitting, or lane changing (Yao et al., 2022). As prior studies have suggested a maximum platoon size range of 10-20 (Liu et al.,
2018; Xiao et al., 2018; Robinson et al., 2010), we take the average value and set the maximum allowable platoon size to 15. Using
this limit, we investigate corridor design under different platoon sizes for the SF network. The improved link capacity and reduced
fuel cost on each CAV platoonable link can be calculated by Eq. (4) and Table 15, respectively.

Fig. 10 illustrates how platoon size affects the social cost and its components. As the platoon size grows, there is a noticeable
decline in the social cost. Regarding its components, the upgrade cost remains unchanged, which suggests that the configuration of
the deployed corridor remains consistent as the platoon size expands from 3 to 15. Besides, the total generalized travel and inequity
costs decrease with the increased platoon size. We also individually compute the reduced proportion of social cost with the deployed
corridor compared to that without the corridor for different road users, shown in Table 5. Not surprisingly, CAVs benefit from the
deployed corridor as it is dedicated for their use. Besides, the growth rates of the reduced proportion of total generalized travel cost
diminish for CAVs as platoon size increases. This is due to the fact that the link capacity and fuel cost on CAV platoon links improve
as platoon size increases, but the rate of improvement slows down. Additionally, HVs are adversely impacted by the deployed CAV
platoonable corridor since the reduced proportion of total generalized travel cost with the deployed corridor for HVs compared
to that without the deployed corridor is negative. However, this negative impact decreases with the increased platoon size, which
explains why the inequity cost decreases with the platoon size.

Next, we take a further look at how the link flow changes with and without the CAV platoonable corridor, and we let s = 3. As
can be seen from Fig. 11, almost all CAV platoonable links witness an increase in traffic flow after deploying the corridor, which
could be attributed to the increased capacity and reduced fuel consumption. Moreover, the deployed corridor is (6, 8, 16, 10, 11, 12)
(marked in green). To investigate why the corridor deployment is in this manner, we evaluate the demand density among different
O-D pairs (see Fig. 12) and discover that O-D pairs (10, 16), (16, 10), and (11, 10) have a high demand density. This suggests that
the corridor is strategically positioned in the most congested area to effectively alleviate traffic congestion. Considering HVs bear
the increased generalized travel cost, we pick up one O-D pair (16, 3) for further elaboration. The generalized travel costs of utilized
paths for these HVs increase from $5.001 to $5.374. This occurs because the utilized paths are (16,38,9,5,4,3), (16,8,6,5,4,3), and
(16,10,9,5,4,3) when there is no CAV platoonable corridor. However, these three routes become inaccessible when the corridor is
deployed, and as a result, the utilized route becomes longer, specifically as (16,18,7,8,9,5,4,3).
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Fig. 11. The aggregate link flow with and without corridor on the SF network.

Furthermore, we compute the fuel cost and travel time cost for each vehicle class across all O-D pairs, as illustrated in Fig. 13, to
delve further into how the decreased total generalized travel cost is distributed into travel time cost and fuel cost. In terms of CAVs,
the presence of the corridor leads to varying effects on fuel costs, with some O-D pairs experiencing a decrease and others showing
an increase. However, the majority of O-D pairs observe a significant reduction in travel time costs. On the other hand, for HVs,
the fuel costs across all O-D pairs either remain the same or become even larger compared to the scenario without the corridor.
Nevertheless, some HVs benefit from the reduced travel time costs. For example, the travel time cost for HVs with O-D pair (20, 10)
notably decreases from $1074.193 to $926.918. The increased fuel cost for CAVs can be attributed to their detoured routing to access
the corridor, while the increased fuel cost for HVs arises from their inability to utilize links within the corridor. Conversely, the
travel time cost for CAVs decreases due to the increased road capacity facilitated by the corridor. Additionally, as CAVs concentrate
within the corridor, congestion outside the corridor can be alleviated, which benefits several HVs, resulting in a decrease in their
generalized travel cost along the utilized paths.

Last but not least, considering several HVs still suffer a higher generalized travel cost, we propose some potential methods
here. One method is to choose a smaller z until the inequity cost disappears. A potential issue is that the deployed CAV platoonable
corridor under a smaller = may not significantly improve CAVs’ generalized travel costs. An alternative method could entail offering
subsidies or compensation to HVs adversely impacted by the existence of the CAV platoonable corridor. This can alleviate the
financial burden of increased generalized travel costs for HVs and promote a more equitable distribution of benefits within the
transportation system.
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Table 6

The comparison between SACS and Brute-force algorithms.
Scenario Methods Optimal design Computation time (s)
AV penetration ratio is 70% SACS algorithm 1,5,9,13, 3) 39.544
platoon size s =2 Brute-force algorithm 1,5,9,13,3) 325.815
AV penetration ratio is 70% SACS algorithm (1,5,9,13,3) 10.705
platoon size s = 15 Brute-force algorithm 1,5,9,13,3) 296.300
AV penetration ratio is 30% SACS algorithm 5,9 2.202
platoon size s =2 Brute-force algorithm 5, 9) 230.896
AV penetration ratio is 30% SACS algorithm 5,9 2.297
platoon size s = 15 Brute-force algorithm 5, 9) 228.056

1. K, =20, K, =20.

Table 7

The impact of different RG on the deployment of a CAV platoonable corridor.
RG Social cost ($) Computation time (s) Corridor
le—4 914,581,349.004 448.616 (6, 8, 16, 10, 11, 12)
le—6 914,971,158.994 1596.570 (6, 8,16, 10, 11, 12)
le-8 914,974,796.326 24970.726 (6, 8, 16, 10, 11, 12)
le—-10 914,974,789.601 26035.624 (6, 8 ,16, 10, 11, 12)

1. The maximum number of iterations is 5000 for the lower-level PNEMF.

4.3. Performance of the SACS algorithm

To evaluate the performance of the SACS algorithm, we first compare it with the Brute-force algorithm. Subsequently, considering
that varying levels of precision in the lower-level PNEMF could affect corridor deployment decisions at the upper level, we conduct
an experiment on the SF network to shed light on this. We finally explore the scalability of the SACS algorithm by applying it to
large-scale networks, including the Anaheim and Winnipeg networks.

4.3.1. The comparison between SACS and Brute-force algorithm

We begin by investigating the required number of internal and external iterations for the SACS algorithm. We conduct a
comprehensive sensitivity analysis on the SF network to determine the impact of different combinations of internal and external
iterations on the optimal objective function value. Through the analysis, we find that the objective function value at the upper
level stabilizes after approximately 20 iterations for both internal and external iterations, and no observation suggests employing a
larger number of K, or K| since the CAV platoonable corridor does not change. Considering that increasing the number of iterations
significantly escalates the computational cost, we choose K, = 20 and K; = 20 for our numerical experiments to strike a balance
between computational efficiency and solution quality.

We then proceed to compare the performance of the SACS algorithm with the Brute-force algorithm on the ND network. Table 6
presents the optimal designs and CPU times obtained using both algorithms across different CAV market penetration ratios and
platoon sizes. Our objective is to assess the quality of solutions generated by the SACS algorithm. In each case, the SACS algorithm
consistently yields optimal corridor designs while maintaining significantly reduced computation time compared to the Brute-force
algorithm. This demonstrates the effectiveness of the SACS algorithm in finding equitable CAV platoonable corridor deployments
for the ND network.

4.3.2. The impact of the precision level of UE solutions

To investigate how different precision levels of UE solutions affect the deployment of a CAV platoonable corridor, we consider
RG can take values of {le—4,le—6, 1e—8,1e—10} and evaluate the deployed corridor on the SF network using data from https:
//github.com/bstabler/Transportationetworks/tree/master/SiouxFalls. We assume an 80% CAV market penetration ratio and a
platoon size of three. Table 7 presents the social cost, computation time, and deployed corridor for different RG. Our results show
that the value of RG does not affect the deployment of the corridor, suggesting that pursuing high-precision UE solutions is not
necessarily advantageous. Please note, in order to highlight the subtle variations in social cost across different precision levels, we
do not use the scientific notation method commonly used in other tables to represent social cost.

Finally, to explain why there is a sudden increase in computation time when the relative gap RG is changed from le—6 to le-S8,
Fig. 14 demonstrates the detailed iteration results of the MGP algorithm with an adaptative step size on the SF network given the
corridor design (6,8, 16,10, 11,12). It can be seen that the algorithm tends to “stall” when the relative gap RG is around le-7, and
then suddenly experiences a significant performance boost.

Based on the aforementioned arguments, we can see that pursuing high-precision level of UE solutions may not be necessarily
significant in our study. We also examine the precision level adopted by the existing literature on network design problems and find
that Liu et al. (2021) and Wang et al. (2021) use RG € [le—4, 1e—6]. Therefore, to solve our corridor deployment problem, the focus
should be on how to use the SACS algorithm to find a high-quality corridor at a reasonable time rather than purely pursuing the
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high-precision of UE solutions without considering its increased computation time on finding the corridor deployment. With this in
mind, for large-scale networks, we suggest choosing an acceptable precision level, such as 1le—6, to well balance between accuracy
and computational efficiency.

4.3.3. The scalability of SACS algorithm

We first implement the SACS on the Anaheim network. Fig. 15 illustrates the network structure of the Anaheim network. Note
that the input parameters for links, including free-flow travel time, link distance, and base link capacity, as well as the O-D pairs
and their corresponding demands, can be found at https://github.com/bstabler/TransportationNetworks/tree/master/Anaheim. We
assume a CAV market penetration ratio of 60% and a platoon size of three. The other parameter settings are consistent with those
of the ND network; see Section 4.1.

Interestingly, when the CAV market penetration ratio is 60%, the deployed corridor on the Anaheim network is (393, 394), which
is much shorter than that on the ND network. To understand why, we compare the congestion levels of these two networks by
individually calculating the ratio of the number of links whose aggregate link flow v, exceeds its capacity ¢, to the total number of
links under equilibrium. Our results show that 75% and 5.8% of links whose aggregate link flow exceeds the corresponding capacity
on the ND and Anaheim networks, respectively. This indicates that the Anaheim network is much less congested, which may be one
reason why the deployed corridor on the Anaheim network is much shorter than on the ND network. Considering that the network
is not congested under this demand, we further experiment with alternative demand levels, at 1.5, 2, 2.5, and 3 times of the base
demand level (demand level one), denoted as demand level two, three, four, five, respectively.

Table 8 presents social costs on the Anaheim network for various demand levels. The demand level impacts not only the optimal
location of the corridor but also its length. Higher demand levels lead to longer corridors. Another finding from Table 8 is that the
proportion of social cost reduction increases with the demand level, indicating the effectiveness of the corridor in mitigating traffic
congestion and improving the system efficiency. Thus, it is beneficial to deploy a longer corridor for more congested networks to
accommodate more CAVs to form platoons. This strategy will reduce fuel consumption, increase capacity within the corridor, and
ultimately alleviate traffic congestion outside the corridor. In addition, Table 9 exhibits the total travel time cost and fuel cost for
various vehicle classes with and without the deployed corridor on demand level five. There is a decrease in the travel time cost for
both CAVs and HVs, indicating that the corridor helps to mitigate traffic congestion within and outside the corridor. Additionally,
the fuel cost for CAVs decreases, while HVs experience a slight increase in fuel cost, which may be attributed to longer distances
traveled by HV users to attain the lower travel time cost. Finally, Table 10 reports the computation time taken for various demand
levels. It is not surprising that the computation time increases with the demand level, which is consistent with the results reported
in Chen et al. (2012).

Next, we implement the SACS algorithm on the Winnipeg network, as depicted in Fig. 16. Please note that network inputs
such as free-flow link travel time, link distance, base link capacity, and O-D pair demand are obtained from https://github.com/
bstabler/TransportationNetworks/tree/master/Winnipeg-Asymmetric. Also, following this online data, the values for « and f in the
BPR function for link travel time are set to be 0.1 and 1.5. We assume a CAV market penetration ratio of 60% and a platoon size of
three. Considering the increased network size and O-D pairs of the Winnipeg network, we opt to use an acceptable precision level,
with RG = le—6. The values for other parameters remain the same as those for the ND network.
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Table 8
Social costs on the Anaheim network with various demand levels.
Scenario 1*demand 1.5*demand 2*demand 2.5*demand 3*demand
With CAV platoonable corridor $2.9228e+8
(0.005%)
Without CAV platoonable corridor $2.9230e+8 $5.265¢+8 $9.893e+8 $1.975¢+9 $3.956e+9
1. The value displayed on the bracket represents the reduced proportion of the social cost.
2. The corridor for demand level one is (393,394).
3. The corridor for demand level two is (181,307).
4. The corridor for demand level three is (293, 89).
5. The corridor for demand level four is (146, 145, 144,143, 142, 76).
6. The corridor for demand level five is (369,353,341,327,315,299,277,266).
Table 9
Travel time cost and fuel costs for different vehicle classes with and without the deployed corridor.
Vehicle class Travel time cost Fuel cost
With Without Reduced proportion With Without Reduced proportion
corridor corridor of travel time cost corridor corridor of fuel cost
CAVs $1.545¢+9 $1.551e+9 0.369% $1.958e+8 $1.960e+8 0.076%
HVs $2.056e+9 $2.059e+9 0.167% $1.5090e+8 $1.5089e+8 —0.010%

Because of the substantially larger network size and the increased number of O-D pairs, it takes the SACS algorithm 689,560.759 s
to find the platoonable corridor, which is (633,746,745,744,743,742,741,740,712). Table 11 compares the social costs for the
Winnipeg network with and without the deployed corridor. We can see that the social cost gets reduced with the deployed corridor.
However, the presence of inequity cost implies that some HVs experience an increased generalized travel cost compared to that

without the corridor.
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Table 10
Computation time on the Anaheim network with various demand levels.
1*demand 1.5*demand 2*demand 2.5*demand 3*demand
Computation time 328,863.139 468,050.192 s 638,668.962 s 856,474.432 s 994,831.217 s
-
] -
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Fig. 16. The Winnipeg network (Stabler, 2018).

Table 11
Social costs with and without corridor for the Winnipeg network.

Scenario Upgrade Total generalized Inequity Social The reduced cost

cost ($) travel cost ($) cost ($) cost ($) proportion of social cost

With CAV 3.732e+6 1.563e+11 3.360e+8 1.251e+11 2.202%

platoonable corridor

Without CAV 0 1.599¢e+11 0 1.279e+11 -

platoonable corridor

4.4. A comparison of a CAV platoonable corridor and zone

Intuitively, we expect that a CAV platoonable corridor would provide a more equitable solution compared to a CAV platoonable
zone (i.e., a subnetwork with cycles). This is because a zone may require HVs to take longer detours, resulting in higher generalized
travel costs due to the inaccessibility of the entire zone for HVs. In this section, we conduct a numerical comparison of the two
designs on the ND network under a CAV market penetration ratio of 50% and a platoon size of three. To ensure a fair comparison,
we let the number of CAV platoonable links be the same for both the corridor and the zone. Since the optimal corridor under this
setting is (1,5,9,13,3) (see the yellow area on Fig. 17), a comparable CAV platoonable zone should consist of four links. To find
an optimal CAV platoonable zone with minimal social cost, we first enumerate all possible zone designs and then use the MGP
algorithm to solve the corresponding equilibrium problem.

Fig. 17 depicts the optimal CAV platoonable zone and corridor on the ND network. The system cost of the zone is found to be
larger than that of the corridor. To discern the cause, Table 12 compares the system performance of the two designs. The deployment
of the optimal zone incurs an inequity cost, indicating that some HVs experience higher generalized travel costs. We therefore analyze
which HVs are adversely affected by the CAV platoonable zone. Table 13 compares the generalized travel costs of utilized paths
between each O-D pair by each vehicle class. In comparison to the scenario without the corridor, the deployed corridor leads to
notable reductions in generalized travel costs for both CAVs and HVs. On the other hand, while most CAVs and HVs do benefit

27



D. Zhu et al. Transportation Research Part C 157 (2023) 104399

; Optimal
/ Zone

origin

destination

i Optimal Corridor

Fig. 17. The optimal CAV platoonable zone and corridor on the ND network.

Table 12
Social costs for the optimal CAV platoonable zone and corridor.
Scenario Upgrade Total generalized Inequity Social
cost ($) travel cost ($) cost ($) cost ($)
With the zone 6.120e+6 2.066e+8 8.160e+6 1.704e+8
With the corridor 5.600e+6 1.663e+8 0 1.375¢+8
Table 13
The generalized travel costs of utilized paths for the optimal CAV platoonable zone and corridor.
Scenario Generalized travel Generalized travel
cost for CAVs ($) cost for HVs ($)
With the zone (1,3) 7.168 12.387
4,3) 7.157 12.422
With the corridor (1,3) 5.385 10.480
4,3) 5.688 9.911
Without the corridor/zone (1,3) 7.448 12.486
4,3) 7.224 12.251

from decreased generalized travel costs when the optimal zone is introduced, the magnitude of reduction is not as prominent as
that achieved with the corridor. Furthermore, the generalized travel cost for HVs with O-D pair (4, 3) slightly increases with the
deployment of the zone. This may be attributed to the zone providing only one viable path (4,9, 13, 3), whereas these HVs still have
multiple route options available with the corridor deployed. In conclusion, the deployment of a CAV platoonable corridor yields
more favorable system performance and improved equity compared to a CAV platoonable zone.

5. Conclusions

In this study, we propose the idea of an equitable CAV platoonable corridor and investigate its optimal deployment in a road
network with a mixed traffic flow of CAVs and HVs. We model the problem as a Stackelberg game and formulate it as a bi-level
program. At the upper level, the transportation planner leads the road users through determining the deployment of the CAV
Platoonable corridor, while the road users follow by making their user-optimal route choices with the given corridor at the lower
level. Considering that HV users may be worse off because road space is partially converted to dedicated infrastructure for CAVs,
equity concern is incorporated in the decision-making of the CAV platoonable corridor’s deployment. A platoon-embedded network
equilibrium with mixed traffic (PNEMF) is developed to model travelers’ route choices responding to the platoonable corridor. We
further formulate the PNEMF as an equivalent VI problem and prove the existence and uniqueness of the VI solution. Finally, we
propose a SACS algorithm embedded with an MGP algorithm to efficiently solve the proposed bi-level program. Our numerical
results indicate that a CAV platoonable corridor can benefit all CAVs and most HVs when the CAV penetration ratio exceeds a
threshold (i.e., 30%).

Potential directions for future work include considering elastic additional cost and characterizing the impact of the percentage
of CAVs on the road capacity under mixed traffic. From the fairness perspective, designing a subsidy policy to compensate HVs that
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experience increased generalized travel costs due to the deployed corridor would be an interesting question. For a road network with
a high market penetration ratio of CAVs (e.g., 90%), one corridor may not be enough, so it is possible to consider deploying multiple
corridors. While the SACS algorithm can be adapted to determining optimal corridors in sequence, it would be more enlightening
and valuable to devise an algorithm that can concurrently determine the number and designs of necessary corridors. Additionally,
future research may delve into the design of other road infrastructures, such as exclusive CAV platoonable lanes or zones, and engage
in comparative studies among various designs.
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Appendix A. Proof of Proposition 1

Proof. We first prove the sufficiency part (the “if” part). This (PNEMF-VI) is clearly equivalent to

DA LD A T

a€A meM wew
> Z 2 g;n (U* o 4 2 gCAV CAV*’ V(h,x,v) € 5.
acA meM wew

Thus, (h*, x*, v*) are the solutions for the (PNEMF-VI) if and only if (h*,x*, v¥) are the solutions of the following linear optimization
problem in the variables (h, x, v) (with (h*, x*, v*) considered fixed).

z Z gZ' U + Z gCAV CAV

acA meM wew

s.t. (hx,v)e Z=.

We next write the KKT conditions of this optimization problem as followings,

g (Vi) =" +w, =0, YacAmeM, (30)
gSA (v) - (CAY 4 2 w,=0, VioeW, (€2D)]
acw(:)
—cHY =0, vweWw, (32)
—yom wamll/r+ Z §wm r_ m=0, VreER*" meM,weWw, (33)
a€A wew
MM =0, Vr e R weW.me M, (34)
" >0, VreR"™MweW,meM, (3%
&M+ =0, YacAweW,meM, (36)
—EMM L =0, VoeW,weW.,meM, (37)
—w,=0, Vae A, (38)
(h,x,v) € &,

where u0m, " g4, fl'g"", ¢, and ¢ o are the Lagrange multipliers for constraints (11), (12), (13), (14), (15) and (16), respectively.
w, is the Lagrange multiplier for constraints (17) and (18), From (30), (36), (38), we have

gr(vi)=¢"" Vac AweW,meM. (39)
From (31), (37), and (38), we have
gSA (v) =&Y, voeW . weWw. (40)

From (32) and (37), we have

etV =0, voeWw.wew. (41)
From (33), (34), (39) and (40), we have
<Z gCAV W + Z gCAV r uw,CAV) hg},CAV =0, Vre Rw,CAV’ wew. (42)
acA wew

29



D. Zhu et al. Transportation Research Part C 157 (2023) 104399

From (33), (35), (39) and (40), we have

Z gCAV W + Z gCAV r uw,CAV >0, Vre Rw,CAV, wew. (43)
a€A weWw

From (33), (34), (39) and (41), we have

<Zg’” wy —ut >hﬁ”’”‘/=0, vre ROV wew. (44)
acA
From (33), (35), (39) and (41), we have
ngv(v’a‘)w;—uw”” >0, Vre R%"Y wew. 45)
a€EA

By noting that (42)—(45) are complementary slackness conditions correspond to (7)—(10), the first half of the proof is completed.
We next prove the necessary part (the “only if” part). Suppose that the solution (h*,x*,v*) € £ satisfies conditions (7)—(10),
then we have

<Z gw CAV(U )W + Z gw CAV(V*)I//,;J _ uw,CAV) hiv’CAV* =0, Vre Rw,CAV’ wew, (46)

a€A wew

<Z g Y (v, wywh — u'”’HV> eV =0, vre RYHY wew, (47)
a€A

Z gu CAV(U )V/ + Z gWCAV(V*)W:p _ uw,CAV >0, Vre Rw’CAV,w ew, (48)

a€A wew

Y g Y Wil —uHY > 0,vr e RHY wew. (49)

acA

For any feasible solution (h,x,v) € =, we can derive the followings based on (48)—(49),

<Z g CAV(U W+ Z gw CAV(V*)W,;-) _ uw,CAV) hrw,CAV >0, Vre R wew, (50)
acA wew
<Z gZ”’HV(Ua )y, — uw'HV) h’r”'HV >0, Vre RV wew. (51)
acA
Using (46)-(47) and (50)—(51), we have
<Z ngV(UZ)‘I/; + Z ggAV(V*)W;Z; _ uw,CAV) (hrw"CAV _ h,w,CAV*) >0, Vre Rw,CAV’ wew, (52)
ac€A wew
<2 O uw’HV> (heHY — VY >0, vre ROV wew. (53)
acA

For all (h,x,v) € =, summing up the inequalities (52) and (53) over all feasible paths, O-D pairs

2 Z <Z ngV(U:)W£+ Z gS AV(V )V/ wCAV> (hrw,CAV _ hrw,CAV*)

wWEW re Rw.CAV \a€A wew
+ Z Z <Z g:IV(UZ)Wt: _ uw,HV> (th,HV _ h::r,HV*) >0. (54)
WEW reRw.HV \a€A
For each vehicle class m € M, the following equation holds for each O-D pair w € W,
Y (e = pm) = 0. (55)
rERW,IIl

This is because for any O-D pair w € W by any vehicle class m € M, the values of Y, pwm by for all h that satisfies (11) are
identical and equal to ¢**". Based on (55), the inequality (54) can be simplified as

2 X (ng”(vz>w;+ ) ggAV<v*>w;> (e —peear)

WEW reRW.CAV \a€A wew
+ ) <2 gl V(u;)y/;> (R Y — pioHYV*) > 0, (56)
wWEW reRw-HV \a€A
Using (13)—(16), the above inequality can be expressed in terms of the aggregate flows, ie.,

2 Z " (UZ) (v Z gCAV CAV _ UEAV*) > 0.

acA meM wew

This is exactly (PNEMF-VI), which completes the proof. []
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Appendix B. Proof of Proposition 2

Proof. By construction, the feasible set = is a bounded polyhedron (i.e., a polytope) because the demands ¢ for all w € w,m € M
are finite. Moreover, £ is non-empty because it is assumed that all vehicles can reach their respective destinations. Since the link
travel time function is continuous, the generalized travel costs on link a € A and E-E pair i € W are also continuous. Therefore,
(PNEMF-VI) admits at least one solution by invoking Theorem 1.4 in Nagurney (1998). [

Appendix C. Proof of Proposition 3

Proof. We first divide (1) by 4,,, and divide (2) by A.-,, to obtain the followings:

g (0y) = 1,(v,) + %fﬂ’", Vm e M,a € A, (@ )
sCAV _ 1 CAV 1 = i
Y W) = Tocars) (za (V) + 7= ) t o, YEeW. )

where we denote g”(v,) and gg/”’(v) as the generalized travel time on the non-platoonable link a € A for class m € M and the E-E
pair @ € W, respectively. Then, the time-based UE conditions for any feasible solution (h,x,v) € = are:

2 &Y (vl + 2 gyl = a A if B > 0,re RYY wew, (58)
acA wew

Z ngV(Ua)W; + Z gquV(V)W; > ﬁw,CAV’ if h?}'CAV =0,re Rw,CAV’ wew, (59)
a€A wew

2 g oyl = a1 if TV > 0,re RO wew, (60)
acA

3 g o > @, i R =0,r e RO wew, 61)
a€A

where @™ is the minimum generalized travel time for the time-based UE. Analogous to the proof of Proposition 1, the equivalent
time-based VI problem is

2 Z g (v - o™) + Z g (vHSY =S >0, V(hx.v) € =, (62)
acA meM wew

Suppose that (h**,x**, v**) is also a solution of (62), and (h*,x*,v*) # (h**,x**, v**), then we have

DA (v o)+ Y g vt = oG ) 20, Vhx,v) € E. (63)
acA meM wew

Let (h,x,v) in (62) be (h**,x**, v**) and (h,x,v) in (63) be (h*,x*, v*), then we have
z Z g‘rln(vz) (U;n** _ UZ'*) + 2 ggAV(V*)(UE)AV** _ UE)AV*) >0, (64)
acA meM wew
Z Z g[rln(uz*) (UZI* _ UZ’I**) + Z ggAV(V**)(Ug)AV* _ UgAV**) > 0. (65)
acA meM wew

Using (57)(a)-(57)(b), we reformulate (64) and (65), and have

_ Z ((,g(yz)_,_ %faHV> (0V+ — pVe) 4 <’a(UZ)+ : 1 faCAV> (0CAV* _UHCAV*)>

pr=y HV cAv

o D O g

/ _ A
weW \ acA:aci(:) cav cav

(UC_'AV** _ UEAV*) <0,

z <(’a(UZ*)+ /1:”, f:lv> (Ve — V) 4 <ta(U:;*)+ ; 1 ffAV> (0CAV* _UaCAV*)>

a€A CAV

t 2D (e e ) e

7 1 A
weW \ a€A:aci(:) cAV CAV

(UgAV** _ UgAV*) <0.

Because of (17)—(18), the above two inequalities can be expressed based on aggregate link flow v, on link e € AU A:
(1)~ 1,w)) Wi - v <0,
ac A0

which contradicts our assumption that the travel time function is strictly increasing. Hence, we have (vz*)ae o0 = (vZ)a cq0> and
we can claim that the aggregate link flow is unique for the time-based VI problem. That being said, (v,),c40 is unique for the
time-based platoon-embedded equilibrium (i.e., (11)-(18), (58)—(61)). By invoking Theorem 2.3 in Yang and Huang (2005), the
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solutions satisfying time-based constraints ((11)—(18) and (58)—(61)) and monetary-based equilibrium constraints ((7)—(18)) are
identical in any general network if and only if users of each class have a constant VoT (VoTs for different user classes can be
different). Therefore, the aggregate link flow is unique for the monetary-based equilibrium. This completes the proof. []

Appendix D. KKT conditions for the optimization problem

t,(0) =, =0, Va€A, (66)
1 ~
t,(vg) = &+ ffAVT =0, Va€A, (67)
CAV
b -neg, =0, YaeAmeM, 68)
m
! =S+ Y =0, Voew, (69)
Aeav aeu(:)
— ML M =0, VaeAweW ,meM, (70)
— g L (CA =0, VoeW,weW, 71)
P >0, VreR" weW,meM, (72)
PR =0, Vre RMweW,meM, (73)
— e HY g HV N g Yy =0, vre RYHY wew, 74
acA
— QOCAY g CAV N e CAVyr g N gyl =0, Vre RV we w, (75)
acA wew
(11)-(18),

where awm, ", g0 é,';j’CAV, ¢m, and ¢S4 are the Lagrange multipliers for constraints (11), (12), (13), (14), (15) and (16),
respectively. ¢, is the Lagrange multiplier for constraints (17) and (18). From (66), (68), (70), we have

.f;”*”'=ta(va)+fa’”%, Vac A, weW,me M. (76)
m
From (67), (69), (71), we have
f:;‘CAV = Z <ta(va) + faCAVL> + 1 Typ» Yw e W, wew. (77)
i acim:) Acav Acav

Then from (72), (74), and (76), we have

Yt + fa”VL v —avH® >0, vre RHY wew. (78)
Agv /) ¢
acA
From (73), (74), and (76), we have
(Z <ta(va) + v > W - ﬁw’”"> heHY =0, vre ROHY wew. 79
acA AHV

From (72), (75) and (76)-(77), we have

1 1 1 a0
Z (ta(va) + faCAVE> v, + Z < 2 <ta(va) + ffAV—> + Eﬂ@) wh — a4 >0,
) a )

acA }‘CAV

Vre RYCY wew. (80)

From (73), (75) and (76)-(77), we have

1 1 1 roa
<Z <ta(ua)+ff”—ﬂ )w,:+ Y < > <ta(Ua)+f,,CAV_> +5 m) ww—uw’”V)hi“CAV
CAV CAV

acA wew \aci(:) Acay

=0, Yre R4 wew. (81)
Then we multiply (78)-(79) with Ay, and multiply (80)-(81) with Acy4y . Since g”(v,) = 1,(v,)A,, + fi.\Va € A,m € M, and

a
g5 v = (Zaew(:) (ta@DAcay + FEA7) + Tw) ,Vib € W, we have

Y g =Y Ay >0, Vre ROV wew, (82)
a€EA
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Table 14
Link characteristics of the ND network.
Link 1,(miles) 19(min) Link 1,(miles) 19 (min) Link 1,(miles) 19(min)
(1,5) 5.8 7 6,7) 8 6 (10,11) 6 6
(1,12) 7.5 9 (6,10) 10.8 13 (11,2) 5.8 7
2,3) 10 12 (7,8) 8.3 10 (11,3) 6.7 8
4.,5) 7.5 9 (7,11) 7.5 9 (12,6) 5.8 7
4,9) 10 12 8,2) 7.5 9 (12,8) 11.7 14
(5,6) 6 8 9,10) 8.3 10 (13,3) 9.2 11
(5,9 5.5 9 9,13) 7.5 9
Table 15
Fuel saving of platooning vehicles.
Platoon size(s) Vehicle position in a platoon* The proportion of fuel saving &*
1 0%
2 2 6%
Average 3%
1 0%
2 5%
345 5 3,45 8%
T Average(3-AV platoon) 4.4%
Average(4-AV platoon) 5.3%
Average(5-AV platoon) 5.8%

1. 1 refers to the leading CAV, 2 refers to the CAV right behind the leading CAV, etc.

2. 6 values for four, five CAV platooning cases are derived by assuming that the trailing CAVs in positions 3, 4, 5 have the same
fuel savings (Hussein and Rakha, 2021).

3. For larger platoon sizes (ie., 6, 7, 8, 9, 10, 11, 12, 13, 14, 15), we roughly assume the trailing CAVs in positions 6, 7, 8, 9,
10, 11, 12, 13, 14, 15 have the same fuel savings.

Y g =Y Ay | RHY =0, vre RYHY wew, (83)
acA
Z gZJ,CAV(Ua)W; + z g£,CAV(v)W;~) —uCAY 4 20, Vre RO wew, (84)
acA wew
z gaw,CAV(Ua)wg + Z g;,CAV(V)w;_) _ uw,CAV/%CAV hf)’CAV =0, Vre Rw,CAV, wew, (85)
a€A wew

where "™ is derived by scaling #**" by 4,,. From (82) and (84), we can see that ' is less than or equal to the generalized travel
cost between O-D pair w € W by vehicle class m € M. From (83) and (85), it represents the generalized travel cost for utilized
paths based on the assumption that R # (§ and ¢**™ > 0. Thus, it is the minimum generalized travel cost for the utilized paths.
Note that (82)-(85) are identically (7)-(10). This completes the proof.

Appendix E. Numerical parameter settings

See Tables 14 and 15.
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