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Lane management for asymmetric mixed traffic flow on bidirectional

multi-lane roadways

To manage the bidirectional asymmetric mixed traffic flow with connected and
automated vehicles (CAVs) and human-driven vehicles, the study proposes a lane
management (LM) model based on the joint LM policy of CAV dedicated lanes
(CDLs), CAV reversible lanes (CRLs), and CAV access strategies (CASs) for non-
managed lanes. Based on the formulated models of traffic capacity and throughput,
an analytical LM model is developed to determine the optimal numbers of CDLs
and CRLs and the optimal CASs that maximize overall mixed traffic throughputs,
considering the traffic demand and its directional imbalance percent (DIP), CAV
market penetration rate (MPR), and maximum platoon size under aggressive,
moderate, and conservative CAV technology scenarios. The results show that the
proposed LM policy can significantly improve overall throughputs compared with
the benchmark policy, using the optimal CASs and deploying optimal CRLs/CDLs
in one/two directions under the aforementioned three scenarios. Moreover, for the
LM policy, the overall throughput gradually rises as the four parameters increase,
except for the asymptotical increments with the MPR under the conservative
scenario and the asymptotical reductions with the DIP under the three scenarios.

Keywords: connected and automated vehicles; lane management; dedicated lane;

reversible lane; access strategy; mixed traffic flow



1. Introduction

With the advanced automated control and Vehicle-to-Vehicle/Vehicle-to-Infrastructure
communication technologies, connected and automated vehicles (CAVs) have the
potential to improve traffic efficiency, safety, and fuel consumption (Ma et al. 2017,
Zheng et al. 2019; Bai et al. 2022). Real-time wireless communication and precise
controls between CAVs allow them to travel on the roads cooperatively in a form of a
platoon to yield greater traffic throughput and less fuel consumption (Wang et al. 2014;
Bian et al. 2019; Zhou, Wang, and Ahn 2019). The widespread adoption of CAVs will
make unprecedented impacts on the characteristics and modeling of traffic flow and
warrant fundamental policy changes to travel behavior modeling, transportation
infrastructure development, lane access strategies, etc. (Li et al. 2020; Guo and Ma 2020;
Pan et al. 2021; Zheng et al. 2020). Take the lane management (LM) policies as an
example, CAV dedicated lanes (CDLs) have been proposed to manage the unidirectional
mixed traffic flow with CAVs and human-driven vehicles (HDVs) on roadways (Chen et
al. 2017; Razmi Rad et al. 2020; Zhang et al. 2022). By separating the CAVs from the
mixed traffic flow, the conflicts between CAVs and HDVs can be significantly reduced
and the platooning efficiency of CAVs can be increased, which in turn has the potential
to improve the mixed traffic throughput. Nevertheless, the asymmetry in bidirectional
traffic flow is commonly seen under traffic conditions like rush hour, emergency
evacuation, and traffic accidents in roadway scenarios such as bridges, urban
expressways, and some roadway segments, etc., which will also appear for mixed traffic
flow in the transition period toward the era of CAV (Fitzpatrick et al. 2016; Fu, Tian, and
Sun 2021). It creates new challenges for the management of mixed traffic flow on

bidirectional roadways. Obviously, the single CDL policy may not be sufficient to



improve the bidirectional overall mixed traffic throughput (Chen, Wang, and Meng 2022).
Therefore, the development of efficient LM policies considering the emerging CAV

technology is of particular significance for future traffic management.

1.1. Literature review

Motivated by the CAV development, many research efforts have been made to
analytically explore the applications of CDLs to improve the mixed traffic capacity and
throughput in a unidirectional roadway segment (Chen et al. 2017; Ghiasi et al. 2017,
Ghiasi et al. 2020; He et al. 2022). The core idea of these analytical studies is to derive
the macroscopic analytical formulation of mixed traffic capacity based on the probability
theory so that the impacts of CDLs on mixed traffic capacity and throughput are analyzed.
For example, Chen et al. (2017) developed an analytical formulation for the periodic
mixed traffic flow with each cycle including one n-CAV platoon and m-HDVs. They
considered mixed traffic demands, CAV market penetration rates (MPRs), and two CAV
access strategies (CASs) for non-managed lanes. Thus, two CDL policies were proposed
using two (CASs). One was that CAVs and HDVs were only allowed on CDLs and non-
managed lanes, respectively, and another allowed CAVs to travel on both CDLs and non-
managed lanes with HDVs. The analytical formulation could be used to figure out the
best CDL policy based on the maximum mixed traffic capacity given the mixed traffic
demand and CAV MPRs. He et al. (2022) further discussed the impacts of the two
aforementioned CDL policies on mixed traffic capacity using the two analytical models
formulated separately based on the probability theory. It considered the four CAV
technology scenarios of aggressive, neutral, conservative, and safe for numerical analysis,
which can be represented by the different time headways of CAVs following HDVs.

Numerical results indicated that the CAV MPR was critical to the implementation of CDL



under different CAV technology scenarios. To maximize the mixed traffic throughput on
unidirectional highway segments, Ghiasi et al. (2017) proposed an analytical LM model
based on a Markov chain method to determine the optimal numbers of CDLs considering
the mixed traffic demands, CAV MPRs, platooning intensities, and three CAV
technology scenarios including aggressive, moderate, and conservative scenarios. It was
found that only under certain CAV technology scenarios, the mixed traffic throughput
gradually increases with the increment of the CAV MPR given the mixed traffic demands
and platooning intensities. Ghiasi et al. (2020) further extended the LM model to
determine the optimal numbers of CDLs considering the narrow width of CAV lanes.
Numerical analysis indicated that the optimal deployment of the CDLs and mixed traffic
throughputs were marginally affected by platooning intensities. However, the two studies
only considered that CAVs were allowed to travel on both the CDLs and non-managed
lanes, and thus the difference in impacts between CASs for non-managed lanes on the
mixed traffic throughput was not discussed. In addition, simulation is another effective
method to investigate the impacts of CDLs on mixed traffic capacity and throughput
(Talebpour, Mahmassani, and Elfar 2017; Ye and Yamamoto 2018; Abdel-Aty et al.
2020). The simulation method can obtain the traffic capacity and throughput information
through microscopic CAV and HDV behavior modeling and considerable simulation
work. Interested readers can refer to the recent paper for a summary of related studies on
the CDL using the simulation method (He et al. 2022).

Compared to the fruitful outcomes of the studies for CDL, only very few studies
have explored the application of other LM policies for CAVs. The reversible lane policy
has been developed to reduce traffic congestion on roadways by allowing some lanes to
reverse their travel directions considering the bidirectional asymmetric spatial-temporal

traffic demand. It can be utilized in the era of CAVs based on the superior automation



and connectivity ability with road infrastructure (Hausknecht et al. 2011; Fu, Tian, and
Sun 2021; Chen, Wang, and Meng 2022). Hausknecht et al. (2011) put forward an
aggressive LM policy for CAVs, hereinafter referred to as CAV reversible lanes (CRLs),
to be implemented in a traffic network to improve traffic capacity. An integer linear model
was developed to determine the optimal lane reversal configuration that maximizes the
network traffic capacity. Numerical results showed that traffic network efficiency was
improved using the CRLs. Fu et al. (2021) investigated the effectiveness of dynamic
reversible lanes to manage the bidirectional traffic flow in a full CAV environment. A bi-
objective optimization model was formulated based on the cell transmission model to
decide the optimal dynamic lane direction and number of CRLs that minimize the total
travel delays and driving safety hazards. The results suggested that the application of
dynamic CRL can significantly reduce total travel delays. Chen et al. (2022) proposed a
dynamic CRL and traffic control strategy and formulated a mixed-integer linear
programming model to determine the optimal lane direction of bidirectional center lanes
by minimizing the total travel times on a bidirectional roadway. As indicated by the
results, road congestion can be effectively mitigated by the dynamic CRL compared with
traditional traffic management without the CRL. Despite the great potential to improve
traffic throughput and reduce total travel delays by other LM policies, no one has explored
the applications of CRL in a mixed traffic environment with CAVs and HDVs.

As mentioned above, most studies focused on CDL policy development to manage
the unidirectional mixed traffic flow based on the analytical models of traffic capacity
and throughput. For the model formulations of traffic capacity that involve different time
headways of CAVs and their probability calculation, previous studies have analyzed the
impacts of platoon size on the probabilities of different CAV time headways. However,

the influences of platoon size and multi-vehicle communication on the time headway of



CAVs have not been considered. Moreover, as indicated by previous studies, the models
of traffic throughput using the two aforementioned CASs for non-managed lanes were
formulated separately. As a result, a unified model to find the optimal CASs for
improving the traffic throughput is lacking. Based on the merits of the emerging CAVs
providing the flexible and combined lane management mode, we can see that the CDL,
CRLs, and CASs have different deployment purposes and advantages in mitigating traffic
congestion from the traffic supply side. In addition, to effectively manage the
bidirectional asymmetric mixed traffic flow on roadways, the LM models considering the
joint application of different types of LM policies such as CDLs and CRLs have not been
analytically studied.

To fill the above gaps, we propose an LM model based on the joint LM policy of
the CDLs, CRLs, and CASs to manage the bidirectional asymmetric mixed traffic flow
with CAVs and HDVs on multi-lane roadway segments. The models of traffic capacity
are formulated by incorporating the differentiated string-stable time headways of CAVs
in a platoon considering multi-vehicle communication and platooning operation of CAVs.
The models of traffic throughput are proposed by unifying two CASs for non-managed
lanes, in addition to the CDL and CRL policies. Based on the newly formulated models
of traffic capacity and throughput, an analytical LM model is developed to determine the
optimal numbers of CDLs and CRLs and the optimal CASs for non-managed lanes in
each direction to maximize the overall mixed traffic throughput. Numerical experiments
are further conducted to investigate the impacts of total traffic demand and its directional
imbalance percent, CAV MPR, and MPS on the optimal numbers of CDLs and CRLs and
the optimal CASs, and maximum overall throughputs of mixed traffic flow under three

CAV technology scenarios of aggressive, moderate, and conservative scenarios.



The rest of the study is organized as follows. Section 2 presents the assumptions
and problem description. Section 3 formulates the analytical LM model for mixed traffic
flow. The numerical experiments and detailed analysis are provided in Section 4. Section

5 concludes the study with a summary of the findings and future research directions.
2. Assumptions and problem description

Consider a bidirectional multi-lane roadway segment including a total of 2N lanes with N
lanes in each direction of equal width with no on-ramps and off-ramps. Let ‘1’ and ‘2’
represent two opposite directions of mixed traffic flow with CAVs and HDVs on the

roadway segment. Without loss of generality, we assume that direction 1 is the major-

flow direction for ease of description. Let d =d, +d, denote the traffic demand of mixed

traffic flow on the bidirectional roadway segment, where d, and d, denote the traffic

demand of directions 1 and 2, respectively. We define & as the directional imbalance

percent (DIP) of traffic demand, which is the ratio of traffic demand of direction 1 to
traffic demand, i.e., §=d,/d . Let p be the MPR of CAVs on the roadways.

Two types of LM policies for CAVs, i.e., CDL and CRL, can be implemented on
the roadway segment. The former allows the CAVs in the same direction to travel on the
CDLs, whereas the latter allows the CAVs in the opposite direction to travel on the CRLSs.
Both CDLs and CRLs will be deployed from the center lane in either direction. The
consecutive CAVs in the same lane can form CAV platoons under the limitation of MPS
denoted by s. When the size of a CAV platoon reaches s, the subsequent CAV will form
anew CAYV platoon. Therefore, there are two types of time headways based on the travel

patterns of CAVSs, i.e., travel-alone or platooning, in the pure CAV traffic flow on CDLs

and CRLs: (i) time headway of a CAV in the same platoon denoted by 7, and (ii) time



headway of a CAV following the maximum-size CAV platoon denoted by z,. Both CDLs

and CRLs are called managed lanes, while the other lanes are called non-managed lanes,
which can be used by both HDVs and CAVs. It is assumed that CAVs will travel on the
CDLs first, followed by CRLs and non-managed lanes in sequence, if the CDLs and CRLs
are oversaturated under the access strategy allowing CAVs on non-managed lanes. In this
study, we assume the time headway of an HDV following HDV and CAV are the same
since it depends on the following behaviors of HDVs. Given the vehicle type, i.e., CAVs
and HDVs, on the non-managed lanes for mixed traffic flow, in addition to the
aforementioned two types of headways in the pure CAV traffic flow, there exist another

two types of headways under mixed traffic flow: (i) time headway of a CAV following

an HDV denoted by 7, and (ii) time headway of an HDV following an HDV or a CAV

denoted by 7, . Four types of time headways under mixed traffic flow are illustrated in

Figure 1. Since the time headways can affect the mixed traffic capacity, the influences of
different CAV technology scenarios characterized by time headways of CAVs following
other vehicles will be explored. Kindly note that the study focuses on LM from a point of
view of macroscopic stationary traffic at an equilibrium state on a roadway segment, in
which all lane-changing and stop-and-go scenarios are assumed to be aggregated to derive
the macroscopic analytical formulation of traffic capacity.
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Figure 1. lllustration of four types of headways under mixed traffic flow.
The objective of this study is to maximize the overall mixed traffic throughput of

the bidirectional asymmetric mixed traffic flow on roadways by determining the optimal



numbers of CDLs and CRLs and the optimal CASs for non-managed lanes in each
direction, considering the traffic demand, DIP of traffic demand, CAV MPR, and MPS
under different CAV technology scenarios. Figure 2 illustrates the LM problem settings
under mixed traffic flow. It can be seen that there are 4 lanes of equal width in each
direction of the roadway segment in this example. Directions 1 and 2 represent the
direction of mixed traffic flow from left to right and from right to left, respectively. The
red and blue vehicles represent the CAVs and HDVs, respectively. A feasible solution for
the LM problem is illustrated in Figure 2. One center lane in direction 2 is deployed as
the CRL for the CAV traffic flow of direction 1, i.e., CRL>, which is represented by the
green lane. Two CDLs in direction 1 and one CDL in direction 2 are also deployed, i.e.,
CDL;and CDL>, which are represented by the gray lanes. The other remaining lanes are

non-managed lanes for the mixed traffic flow with CAVs and HDVs.
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Figure 2. lllustration of the LM problem setting under mixed traffic flow.

3. Methodology

In this section, the models of pure CAV traffic and CAV-HDV mixed traffic capacities
can be first formulated based on different types of time headways and their probabilities.

Moreover, the models of pure CAV and mixed traffic throughputs in each direction can
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be formulated considering CDL and CRL policies and two CASs for non-managed lanes
under the traffic capacity restriction. Finally, we formulate the analytical LM model for

managing bidirectional mixed traffic flow.

3.1. Traffic capacity

As mentioned above, considering the applications of CDLs and CRLs, there are
mixed traffic and pure CAV capacities on a roadway segment. In what follows, the
models of mixed traffic and pure CAV capacities on non-managed and managed lanes

(i.e., CDLs and CRLs), respectively, will be formulated.

Let p be the penetration rate of CAVs on the non-managed lanes and p, be the
probability of an HDV which should equal 1— p. Let p, , P, and p, be the probability

of a CAV following an HDV, a CAV following a maximum-size CAV platoon, and a
CAV following another CAV in the same platoon, respectively, and then the sum of the
three probabilities should be p. We assume that all the vehicles are mixed randomly on
the roadway segment. The probability of a CAV following an HDV is calculated based
on the Bernoulli distribution below

P, = PP, = P(L- P) 1)

The probability of a CAV following a maximum-size CAV platoon can be calculated by

_@-pp

e @

Ps

We can then obtain the probability of a CAV following another CAV in the same platoon

as follows

P =P-PA-P)- o : ©)
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We assume that all the vehicles are mixed randomly on the road segment. Therefore, the
average time headway of the mixed traffic flow with CAVs and HDVs on a non-managed
lane is estimated as:

T™ = pr, + PT, + P T + PT, = P+ P+ Py, + (A Pz 4)
where 7, is the time headway of an HDV following an HDV or a CAV, 7, and 7, are the
time headways of a CAV following an HDV and a full-size platoon, respectively, and ¢,

is the time headway of a CAV following other CAVs in the same platoon, which are
assumed to be same.

According to the previous study (Chen et al. 2021; Zheng et al. 2023), sufficient
conditions of string stability for CAV platoons under multiple predecessor-follower
communication topologies were derived. It can be expressed as a function with respect to
the time headway, the number of communicated predecessors, and controller parameters.

Specifically, the time headway of CAV i in a platoon with a platoon size k, denoted by

7, ¢, should satisfy:

&
> M ief01. k-1 5
S @en) ol g ©)

where Kk, and k, are the pre-specified controller parameters, and n; is the number of
predecessors that the CAV i can communicate with. For the convenience of calculation,
let 4k, /K, be the time headway of a CAV without the communicated predecessor, which
should thus equal ,.

Let -, be the time headway of the first following CAV in a platoon under predecessor-

follower communication, indicating that the number of the communicated predecessors

island 7, equals z, /2,and = bethe pre-specified time headway for safety concerns.

safe
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By linking the order of CAVs in a platoon and the number of communicated predecessors,

the time headway of the following CAV i in a platoon can be written as follows:

2 .
Tt Z(E’[f"l—safej’v'e{l""'k_l} (6)
If the number of communicated predecessors is fixed to be K, the time headway of the

following CAV i in a platoon is calculated below

’ >{(21f J(K+1), 7 ), Vi > K -

(27, J@+1), 74 ), VI<K
Different from the previous studies that used identical time headway for the CAVs in a
platoon, to further consider the effects of multi-vehicle commutation and platoon size on
time headways of CAVs while ensuring the stability of CAV platoons, we first introduce
the differentiated string-stable time headways of CAVs in a platoon to calculate the traffic
capacity. The average time headway of the mixed traffic flow on a non-managed lane can

be calculated by

T = (- P)z, + pi7y + PyT + P T

=1-P)z, + p7, + P+ P (iir + +igrj
S T T T

5 1 s—1 2
=(1-P)z, + P, + P, + Py a - mz—f (8)

- 1 & 2
=@=P)z, + Pz, + PT + P T + Py [a;m_ljrf
1)

(2

where 7, is the average time headway of CAVs in a platoon. It can be seen that the first

term in Eq. (8) is the average time headway of the mixed traffic flow under the restriction

of platoon size and the identical time headway of CAVs in a platoon. It is intuitive to see

that |:Z:;112/(1+i):|/(3_1) is smaller than 1 for the second term in Eq. (8). Therefore,
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the second term represents the reduced average time headway due to the applications of
the differentiated time headways of CAVs in a platoon.

The mixed traffic capacity on a lane, i.e., C™, with respect to §, is thus calculated by

gt _ 1 — )
T N
(L= P)z, + Pz + T, + Pi T + Py (5_1;1+i _1)7}

Under the condition of full CAVs on a lane, the average time headway of the CAV
-1
- . —CAV 2 . .
traffic flowis 77 = (TI + szf j/s Therefore, the pure CAV traffic capacity on a
k=1

managed lane under the limit of platoon size is given by

= 1 1
CCAV — 2—_CAV = -~y 2 (10)
+y — S
(v &xte )
If the number of communicated predecessors is fixed to be K, the pure CAV traffic
capacity on a managed lane under the restrictions of platoon size and communicated

predecessors is calculated by

CCAV — — (11)
T

3.2. Traffic throughput

Given the pure CAV and mixed traffic capacities, traffic demand in each direction,
CAV MPR, and the total number of road lanes, we will calculate the pure CAV traffic
throughputs on CDLs and CRLs, and mixed traffic throughputs on non-managed lanes in
each direction. The total mixed traffic throughput in each direction can be obtained by
summing up the respective traffic throughputs on the managed lanes, i.e., CDLs and

CRLs, and non-managed lanes under the traffic capacity restriction.
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For the convenience of description, the CDL in direction 1 and CRL in direction
1 for CAV traffic flow of direction 2 are denoted by CDL; and CRL;, respectively, and
the CDL in direction 2 and CRL in direction 2 for CAV traffic flow of direction 1 are

denoted by CDL: and CRL., respectively. Let x¢ and x; be the numbers of CDL; and

CRL2, respectively. Given the traffic demand of direction 1, the pure CAV traffic

throughputs on the CDL; and CRL., denoted by Q! and Q! , respectively, can be
calculated by

Q' =min(pd,, x'C™) (12)

Q[ =min(pd, -Q/', ,C*) (13)

Let 4 be a binary decision variable for direction 1: A =1 represents that CAVs are

allowed to drive on the non-managed lanes in direction 1 in addition to on CDLs and
CRLs, and A4, =0 otherwise. By excluding the CAVs traveling on the CDLs and CRLs,
the penetration rate of the remaining CAVs on the non-managed lanes for the mixed
traffic flow in direction 1 can be obtained below

max (0, pd, — x!CY —x;C*)
d1 - Qld _er

h=4 V4 €10, (14)

Let x/ be the number of the CRL1. Then the total number of the non-managed lanes for
the mixed traffic flow in direction 1, denoted by x;', depends on the decisions of x/ and
x; , which is calculated by

X =Ny = =] (15)
Given the mixed traffic capacity on a non-managed lane with respect to f,, the mixed
traffic throughput on the non-managed lanes in direction 1, denoted by Q_, is calculated

as follows:
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Q" =min(d, -Q —-Q/,x'C™) (16)

Let x{ be the number of the CDL>. Let 4, be a binary variable for direction 2:

4, =1 represents that CAVs are allowed to travel on the non-managed lanes in direction
2 in addition to on CDLs and CRLs, and A, =0 otherwise. The pure CAV traffic
throughputs on CDL, and CRL:, denoted by de and Q, , respectively, and the

penetration rate of remaining CAVs on the non-managed lanes for mixed traffic flow in

direction 2, denoted by p,, are calculated by
QY =min(pd,, x{C*) (17)
Q; =min(pd, -Q;, % C*") (18)

max(0, pd, —x;C* —x/ C)
d,-Q; -Q

P, =4, , V4, €{0,1} (19)

The total number of non-managed lanes x? in direction 2 is given by
X =N, —xJ —x; (20)
Given the mixed traffic capacity on a non-managed lane with respect to p,, the mixed

traffic throughput on the non-managed lanes in direction 2 is calculated as follows:

Q =min(d, -Q; —Q;,xC™) (21)

3.3. Lane management

The performance of mixed traffic throughput in the minor-flow direction may
significantly degrade and be even worse than that of the major-flow direction if too many
lanes of the minor-flow direction are assigned to the traveling of CAVs of the major-flow
direction. To this end, we need to introduce constraints in the proposed LM model to

maintain the performance of mixed traffic throughput for minor-flow direction.
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Moreover, the upper bound constraints of the CDLs and CRLs for one direction are
considered according to actual traffic operational capabilities of achieving a smooth
traffic flow on roadways. The total number of lanes on the studied and adjacent roadway
segments should be considered in the LM model to reduce the changes in lanes on the

studied roadway segment and this one with the adjacent roadway segments for one
direction. Let Q and Q, be the total throughput of mixed traffic flow for directions 1 and

2, respectively. The LM problem for asymmetric mixed traffic flow on bidirectional

multi-lane roadways can be formulated by the following optimization model:

max } Q:Q1+Q2:(Q1d+Q1r+Q1n)+(Q§+Q2r+Q2n) (22)

{8 X

subject to
X +x <N, (23)

xS +x5 <N, (24)

XX, =0 (25)

X' <| e min(N,, N, ,, N, ) | (26)
X <| oy min(N;, N,,, N, ) | (27)
X5 <[, min(N,, Ny, Ny) | (28)
X, <| @, Min(N,, Ny, N, ) | (29)
Q/Q=p (30)
Q,/Qzp (31)

XX XX €N (32)
A2y €{0,1) (33)
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where a1 and a2 lie between 0 and 1 and represent the level of traffic operational
capabilities for achieving the smooth traffic flow against the negative effects of traffic

dynamics oscillations caused by the change of lanes on traffic throughputs in directions
1 and 2, respectively, N, and N, are the total number of lanes on the adjacent upstream

and downstream roadway segments of the studied roadway segment, and S lies between
0 and 1 and represents the minimum ratio between the traffic throughput in one direction
and overall mixed traffic throughput.

The objective function in Eq. (22) is the overall mixed traffic throughput of the
bidirectional mixed traffic flow, which is the sum of total mixed traffic throughputs for
directions 1 and 2. Constraints (23) and (24) ensure that the total numbers of CDLs and
CRLs in directions 1 and 2 should not be more than N1 and N, respectively. Constraint
(25) guarantees that the CRLs should be deployed in one direction at most. Constraints
(26)-(29) restrict the number of CDLs and CRLs not exceeding the number of lanes
realized by the traffic operational capabilities of achieving smooth traffic flow. Constraint
(30) and (31) ensure that at least a certain proportion of mixed traffic flow in each
direction should be released, which can effectively maintain the performance of mixed
traffic throughput. Constraints (32) and (33) defines the domain of decision variables.

We can see that the proposed LM model is an integer non-linear optimization
model, which is not easily solved by commercial solvers. Nevertheless, it can be observed
that there are only six decision variables in the proposed model and the number of lanes
on the roadways is limited in realistic traffic conditions. For example, the number of
solutions is at most 1250 when the number of lanes in both two directions is 4 and the
CASs of directions 1 and 2 are the same. In light of this, the proposed LM model can be
easily solved by an intelligent enumeration method, in which some rules can be specified

in the method to abandon the unfeasible solutions and accelerate the solving speed. For
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example, some unfeasible combinations of decision variables, i.e., the number of CRLs
in each direction is simultaneously larger than 0, can be abandoned based on the constraint
(20) during the solving process. Kindly note that for different solutions with the same
overall mixed traffic throughput, we will choose a solution with a minimal number of
CRLs in each direction, a solution with a minimal number of CDLs in each direction for
the same combination of CRLs, or a solution with a larger number of CDLs in the major-

flow direction for the same combination of CDLs.

4. Numerical analysis

In this section, we conduct numerical experiments to investigate the impacts of traffic
demand and its DIP, CAV MPR, and MPS on the optimal solutions and optimal overall

mixed traffic throughputs of the proposed LM model. The total number of lanes in each

direction is set to be 4, i.e., N, =N, =4. The default parameter values in the numerical
analysis are d =20,000veh/h, §=2/3, p=05, s=10, o,=0,=05, =02,
K =3 and the CAS of directions 1 and 2 are the same, in which d, =40,000/3veh/h and

d, =20,000/3veh/h for the traffic demand of directions 1 and 2 (Fitzpatrick et al. 2016;

Xiao et al. 2018; Ghiasi et al. 2020). Three LM policies are adopted for the numerical
analysis, including LM1, LM2, and ‘no LM’. Two CASs are considered and CASs 1 and
2 are to allow and not allow CAVs to travel on the non-managed lanes, respectively. The
LM1 policy is to apply the CAS1 or CAS2 obtained by the proposed LM model, in
addition to the CDL and CRL policies. The LM2 policy is to use the CDLs and CRLs and
execute CAS1. The ‘no LM’ policy means that the CDLs and CRLs do not be deployed

and the CAS1 is used for non-managed lanes.
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The time headway between two CAVs among the four types of time headways is
assumed to be the smallest. There are more increments in the time headway when a CAV
follows an HDV. Two possibilities for the increment in time headway will be explored in

this study. One is that the increment is not too much and the time headway is still not

larger than that of an HDV, i.e., 7, <7, . Another is that the time headway is not smaller

than that of an HDV, i.e., 7, = 7. The time headway of a CAV following a full-size CAV

platoon is assumed to be the same as that of a CAV following an HDV because a new
leader appears. As a result, there are three kinds of CAV technology scenarios represented
by different time headway settings, which are called aggressive, moderate, and
conservative scenarios. According to the existing literature (Ghiasi et al. 2020; Zhou and
Zhu 2021; He et al. 2022), the time headways of the three CAV technology scenarios are

set as follows:

® Aggressive scenario: 7, =2.0s, 7, =7, =255, and 7, =1.25s;
® Moderate scenario: 7, =2.0s, 7, =7,=2.0s,and r, =2.0s;

® Conservative scenario: 7, =2.0s, 7, =7, =155, and r, =0.75s.

4.1. Impact of total traffic demand

In this subsection, we explore the traffic demand in a range of 10,000 veh/h to
30,000 veh/h with an interval of 1000 veh/h on the optimal numbers of CDLs and CRLs
and the optimal CASs as well as maximum overall mixed traffic throughputs under three
CAYV technology scenarios. The results of optimal numbers of CDLs and CRLs and the
optimal CASs under different CAV technology scenarios are displayed in Figure 3. It can

be seen from Figure 3(a) that the numbers of CDLy, i.e., x!", increase to 1 at traffic

demands d of 15,000 veh/h and 16,000 veh/h. It indicates that one CDL;1 should be
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deployed to improve overall throughputs at smaller traffic demands under the aggressive
scenario. When the traffic demands are larger than 16,000 veh/h, the numbers of CDL1

are 0 in Figure 3(a) and the numbers of CRL., i.e., xj", are 1 in Figure 3(c), suggesting

that one CRL: should be deployed to replace the CDL;: against the increased traffic

demands. When the traffic demands exceed 21,000 veh/h, the numbers of CDLo, i.e., x5

, are 1 in Figure 3(b). It indicates that the deployment of one CDL> can discharge more
traffic flows in direction 2 to maximize the overall throughputs in all directions. The

numbers of CRLy, i.e., x”, are O for all traffic demands in Figure 3(d), indicating that the

deployment of CRL: is not required. The same results can be found under moderate and
conservative scenarios in Figures 3(h) and 3(1), which suggests that the CRLs should only
be deployed in the minor-flow direction 2. Moreover, the LM policies can apply the CAS1
for all traffic demands under all scenarios, except for the adoptions of CAS2 at traffic
demands from 19000 veh/h to 22000veh/h under the conservative scenario in Figure 3(i)-
3(D. It indicates that CAS2 only allows CAVs to travel on CDLs and CRLs are more
beneficial to improving overall throughputs at moderate traffic demands under the
conservative scenario for LM1 policy.

Figure 4 illustrates the optimal overall throughputs under three LM policies and
CAV technology scenarios. To facilitate the numerical comparisons between the traffic
demands and optimal overall throughputs, a black dotted line with a slope of 1 is added.
The critical traffic demands corresponding to the traffic flow from an unsaturated to a
saturated state represented by the red, green, and blue dotted lines for three LM policies

are also illustrated in Figure 4. It shows that when the traffic demands are smaller than
14,000 veh/h, the overall throughputs, i.e., Q" increase linearly with the traffic demands

for all LM policies under the aggressive scenario in Figure 4(a). When the traffic demands
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exceed 14,000 veh/h, the overall throughputs are smaller than the traffic demands for the
‘no LM’ policy, suggesting that the traffic flow changes from an unsaturated to a saturated
state. The LM policies keep the overall throughputs increasing linearly with the traffic
demands up to 22,000 veh/h, indicating the merits of LM policies in improving overall
throughputs so that the larger traffic demands are satisfied. As traffic demands rise, the
overall throughputs are smaller than traffic demands for LM policies, and thus traffic flow
becomes saturated. Nonetheless, the LM policies can improve the overall throughputs by
1.9% to 31.2% compared with the ‘no LM’ policy under the aggressive scenario at traffic
demands larger than 14,000 veh/h. In addition, the total throughput results of directions
1 and 2 for three LM policies under the aggressive scenario are illustrated in Figures 4(b)
and 4(c). Black dotted lines represent the minimal mixed traffic throughput in each
direction in the figures. It can be seen that the total throughputs of directions 1 and 2
gradually increase with the increments in traffic demand. Particularly, the total
throughputs of direction 2 for LM policies are reduced compared with the ‘no LM’ policy
at larger traffic demands, because the lanes in minor-flow direction 2 are used for the
CAVs of direction 1 to maximize the overall throughputs in all directions.

Under the moderate scenario, the main difference is that the CDL;, CDL>, and
CRL:are initiated to be deployed at the smaller traffic demands than that of the aggressive
scenario based on the results in Figures 3(e), 3(f), and 3(g). More CDL; deployments are
required at the larger traffic demands in Figure 3(e). Similar results for the conservative
scenario are found in Figures 3(i), 3(j), and 3(k). With such deployments, the CRLs and
CDLs can be deployed earlier to mitigate the adverse impacts of conservative CAV
technology on the mixed traffic throughput. On the contrary, the overall throughputs
decrease accordingly under the moderate scenario for all LM policies compared with the

aggressive scenario in Figure 4(d). The critical traffic demands from an unsaturated to a
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saturated traffic state drop to 20,000 veh/h and 14,000 veh/h for LM and ‘no LM’ policies,
respectively. As shown in Figure 4(g), the overall throughputs for all LM policies further
decrease under the conservative scenario in contrast to the moderate scenario, and the
critical traffic demands reduce to 19,000 veh/h, 18,000 veh/h, and 10,000 veh/h for the
LM1, LM2, and ‘no LM’ policies, respectively. The results suggest that different CAV
technology scenarios have a significant impact on the overall throughput. Moreover,
compared with the ‘no LM’ policy, the overall throughputs for the proposed LM policies
can be improved by 4.27% to 33.1% at traffic demands of more than 14,000 veh/h under
the moderate scenario and 0.2% to 54.4% at traffic demands more than 13,000 veh/h
under the conservative scenario. It demonstrates the superiority of the LM policies in
improving overall mixed traffic throughputs. The overall throughputs for the LM1 policy
are larger than that of the LM2 policy at traffic demands from 19000 veh/h to 22000veh/h
in Figure 4(g), implying that the LM1 has better traffic throughput performance under the
aggressive scenario. It is due to the applications of optimal CASs only allowing CAVs on
CDLs and CRLs at moderate traffic demands. Furthermore, as shown in Figures 4(e),
4(f), 4(h), and 4(i), the total throughputs of directions 1 and 2 keep gradually increasing
with the increments of traffic demand under moderate and conservative scenarios. In
particular, under the conservative scenario, the LM policies can improve traffic
throughputs of both directions 1 and 2 compared with the ‘no LM’ policy at most ranges
of traffic demands in Figures 4(h) and 4(i), and the LM1 policy maintains better

performance in traffic throughput of direction 1 than LM2 policy in Figure 4(h).
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4.2. Impact of directional imbalance percent

This subsection is to investigate the impacts of directional imbalance percent
(DIP) of traffic demand in a range of 0.5 to 0.87 with an interval of 0.01 on the optimal
numbers of CDLs and CRLs and the optimal CASs as well as maximum overall mixed
traffic throughputs under three CAV technology scenarios, which are illustrated in

Figures 5 and 6. It can be seen from Figure 5(a) that the numbers of CDLy, i.e., x",

increase to 1 at smaller and larger DIPs, i.e., d, showing that one CDL: in each direction
should be deployed for improving overall throughputs under the aggressive scenario.
When the DIPs are ranged from 0.59 to 0.8, the numbers of CDL; are 0 in Figure 5(a),

and CRLo, i.e., x;", are 1 in Figure 5(c), suggesting that at least one CRL: should be

deployed to replace the CDL; against the increased asymmetries between the traffic
demands of directions 1 and 2 at the moderate DIPs. The numbers of CDL; increase to 1
at the DIPs from 0.5 to 0.62 and from 0.6 to 0.64 in Figure 5(b), indicating that the CDL.

should also be deployed at the smaller DIPs. The numbers of CRLy, i.e., x/*, are O for all

DIPs in Figure 5(d), suggesting that the deployment of CRL is not required. The same
results can be found under moderate and conservative scenarios in Figures 5(h) and 5(1).
In addition, as shown in Figures 5(i)-5(1), the CAS2 is the optimal access strategy for non-
managed lanes under the LM1 policy when the DIPs are from 0.54 to 0.56, from 0.64 to
0.69, and from 0.83 to 0.86 under the conservative scenario. Therefore, the overall
throughputs can be improved using the LM1 policy compared with the other LM policies
at some DIP ranges, indicating the effectiveness of applying the optimal CASs obtained
by the LM model.

Figure 6 shows the optimal overall throughputs under three LM policies and CAV

technology scenarios. The overall throughputs, i.e., Q", reach the traffic demand of
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20,000 veh/h at the DIPs less than 0.56 for LM policies under the aggressive scenario in
Figure 6(a). This is mainly attributed to the deployment of CDL,. With the increments of
DIPs from 0.56 to 0.62, the deployment of one CDL; cannot accommodate the increased
traffic demand of direction 1, and thus overall throughputs decrease. As the DIPs increase
from 0.63 to 0.74, the CRL, deployment can effectively improve the overall throughputs,
and thus traffic flow becomes unsaturated. When the DIPs are larger than 0.74, the overall
throughputs decrease gradually with the DIPs, although the CRL; are deployed. This is
because the HDV traffic flow in major-flow direction 1 has become saturated at the larger
DIPs. As the DIP increases by 0.01, only half CAVs (i.e., 100 veh/h) of the increased
traffic demand of direction 1 (i.e., 200 veh/h) can be discharged by the CRLs, and thus
the total throughput of direction 1 is only increased by 100 veh/h. The total throughput of
direction 2 is directly decreased by 200 veh/h. Therefore, the overall throughputs reduce
at the DIPs larger than 0.74. On the contrary, for the ‘no LM’ policy, the overall
throughputs are 19,421 veh/h at the DIPs of 0.5 and 0.52 in Figure 6(a). With the
increment of DIPs, the total throughputs remain the same in direction 1 but decrease in
direction 2. As a result, the overall throughputs decrease linearly as the DIPs increase
without the LM policy. Moreover, we can see that the overall throughputs under LM
policies are improved by 2.9% to 42.2% compared with the ‘no LM’ policy under the
aggressive scenario. The results suggest the effectiveness of the proposed LM policies in
managing the bidirectional asymmetric mixed traffic flow. Moreover, the results of the
total throughput of directions 1 and 2 for all LM policies under the aggressive scenario
are shown in Figures 6(b) and 6(c). It is found that there is a critical DIP value of 0.8 in
Figure 6(b). As the traffic demand of direction 1 increases caused by the increment of
DIPs, the total throughputs of direction 1 first gradually increase and then asymptotically

reduce at the DIP larger than the critical value for LM policies. There are the same total
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throughputs of direction 1 for the ‘no LM’ policy under the aggressive scenario in Figure
6(b). The total throughputs of direction 2 gradually decrease with the reduction of its
traffic demands for all LM policies in Figure 6(c).

Under the moderate scenario, one CDL, should be deployed at a larger range of
DIP than that under the aggressive scenario as shown in Figure 5(f). More deployments
of CRL; are required at the DIPs from 0.74 to 0.8 in Figure 5(g). Under the conservative
scenario, one CDL, and more CDL; should be further deployed in some ranges of DIP
based on the increased numbers of CDL, and CRL. in Figure 5(j) and 5(K) than that under
the moderate scenario. We can see from Figures 6(d) and 6(g) that the variations of overall
throughputs under moderate and conservative scenarios are similar to that under the
aggressive scenario for all LM policies. There are smaller overall throughputs for all LM
policies under the two scenarios compared with the aggressive scenario. The DIP ranges
of the overall throughputs reaching traffic demands are reduced for LM policies under
moderate and conservative scenarios. For the ‘no LM’ policy, the overall throughputs
keep at 17,520 veh/h at the DIPs from 0.5 to 0.56 under the moderate scenario in Figure
6(d) and 14,399 veh/h at the DIPs from 0.5 to 0.6 under the conservative scenario in
Figure 6(g), indicating that overall throughputs are not sensitive to the increased
asymmetries between traffic demands of directions 1 and 2 in these DIP ranges due to the
decreased mixed traffic capacity. When the DIPs exceed the critical values, the overall
throughputs linearly decrease under the two scenarios. Furthermore, it can be seen that in
contrast to the ‘no LM’ policy, the LM policies can significantly improve overall
throughputs by 14.1% and 53.6% under the moderate scenario and by 25.5% and 64.4%
under the conservative scenario. The results further demonstrate that the proposed LM
policies are effective to manage the bidirectional asymmetric mixed traffic flow.

Moreover, as illustrated in Figures 6(e), 6(f), 6(h), and 6(i), the variations in both total
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throughputs of directions 1 and 2 under moderate and conservative scenarios are similar

to that of the aggressive scenario for all the LM policies.
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4.3. Impact of CAV market penetration rate

This subsection is to assess the CAV market penetration rate (MPR) in a range of
0 to 1 with an interval of 0.02 on the optimal numbers of CDLs and CRLs and the optimal
CASs as well as maximum overall mixed traffic throughputs under three CAV technology
scenarios, which are displayed in Figures 7 and 8. With the increment of the MPR, i.e.,

p, from 0.1 to 0.58, the numbers of CRL, i.e., x}, are 1 under the aggressive scenario in

Figure 7(c), suggesting that one CRL should be deployed to improve overall throughputs.
As the MPRs increase from 0.6 to 0.72, the numbers of CRL> are 0 in Figure 7(c), and

CDLy, i.e., x*, become 1 in Figure 7(a). It shows that the CDL; should be deployed for

the CAV traffic flow of direction 1 to replace the deployment of CRL,. The numbers of

CDLa, i.e., x¢",and CRL, i.e., x', are 0 for all MPRs in Figures 7(b) and 7(d), indicating

that the deployments of CDL. and CRL: are not required. In other words, the
configuration of non-managed lanes in direction 2 is sufficient to match the mixed traffic
capacity to the traffic demand in this direction. When the MPRs range from 0.02 to 0.26
and from 0.4 to 0.52 in Figures 7(i)-7(l), the CAS2 is the optimal LM strategy for non-
managed lanes under the conservative scenario. It shows that the optimal CAS2 can yield
higher overall throughput at these MPRs under the LM1 policy by only allowing CAVs
on CDLs and CRLs, rather than the CAVs to travel on any lanes.

Figure 8 illustrates the optimal overall throughputs under three LM policies and

CAV technology scenarios. It can be seen from Figure 8(a) that all LM policies have the
same overall throughputs, i.e., Q", when the MPRs are smaller than 0.1 under the

aggressive scenario. As the MPRs increase from 0.1 to 0.46, the LM policies can improve
overall throughputs compared with the ‘no LM’ policy, and the largest overall throughput

improvement is 25%. When the MPRs exceed 0.46, the overall throughput equals the
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traffic demand, indicating that traffic flow becomes unsaturated under LM policies. For
the ‘no LM’ policy, the unsaturated traffic flow can be realized when the MPRs are larger
than 0.76. The above results demonstrate the merits of the proposed LM policies in
enhancing overall mixed traffic throughputs. Moreover, the total throughput results of
directions 1 and 2 for three LM policies under the aggressive scenario are illustrated in
Figures 8(b) and 8(c). The changes in the total throughputs of direction 1 are similar to
that of overall throughputs for all LM policies. The total throughputs of direction 2
maintain the same without the LM policy and reduce for LM policies compared with that
of the ‘no LM’ policy at the MPRs of 0.1 to 0.44. This is because CRL> is deployed for
the CAV traffic flow of direction 1 at smaller MPRs, which leads to reductions in mixed
traffic flow discharged by the decreased lanes of direction 2.

Under the moderate scenario, in addition to one CRL> deployed at the MPRs of
0.1to0 0.72 in Figure 7(g), more CDL at the MPRs of 0.74 to 0.8 in Figure 7(e) and one
CDL at the MPRs of 0.36 to 0.5 in Figure 7(f) should be deployed to improve overall
throughputs than that under the aggressive scenario. Under the conservative scenario, we
can observe that the CDL;, CDL>, and CRL; at the larger MPR ranges should be deployed
in Figures 7(i), 7(j), and 7(k) than that of the moderate scenario. It is not required to
deploy the CRL; for all MPRs under the two scenarios in Figures 7(h) and (I). On the
contrary, the LM policies have the same overall throughputs as the ‘no LM’ policy under
moderate and conservative scenarios when the MPRs are smaller than 0.1 in Figures 8(d)
and 8(g). The traffic flow changes from a saturated to an unsaturated state under the
moderate scenario when the MPRs reach 0.46 and 0.82 in Figure 8(d) for LM and ‘no
LM’ policies, respectively. Under the conservative scenario, the critical MPRs are 0.6
and 0.92 in Figure 8(g) for LM and ‘no LM’ policies, respectively. The maximum

improvements of 32% and 31.2% in overall throughputs can be achieved with the LM
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policies over the ‘no LM’ policy under moderate and conservative scenarios,
respectively. Moreover, at the smaller MPRs from 0.02 to 0.26 and from 0.4 to 0.52 in
Figure 8(g), the overall throughputs for the LM1 policy using the optimal CAS are larger
than that of the LM2 policy at these MPRs under the conservative scenario. The results
also demonstrate the effectiveness of using the best CAS in improving overall
throughputs at different MPRs under the conservative scenario. The changes in total
throughputs of directions 1 and 2 under moderate and conservative scenarios are similar
to that of aggressive scenarios for all LM policies in Figures 8(e), 8(f), 8(h), and 8(i). The
differences are that the LM1 policy can improve both total throughputs of directions 1
and 2 compared with other LM policies in some ranges of MPRs under the conservative

scenario.
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4.4. Impact of maximum platoon size

In this subsection, we analyze the impacts of maximum platoon size (MPS) in a
range of 4 to 16 with an interval of 1 on the optimal numbers of CDLs and CRLs and the
optimal CASs as well as maximum overall mixed traffic throughputs under three CAV
technology scenarios, which are illustrated in Figures 9 and 10. It can be seen from Figure

9(c) that the numbers of CRL., i.e., x*, are 1 for all MPSs, implying that one CRL:

should be deployed to improve overall throughputs under the aggressive scenario. The

numbers of CDLy, i.e., x/*, CDL, i.e., x{", and CRLy, i.e, x*, are O in Figures 9(a),

9(b), and 9(d), suggesting that the deployments of CDLs in all directions and CRLs in
direction 1 are not required. Note that overall throughputs can be improved by the LM1
policy using the CAS2 compared with the LM2 policy always using the CAS1 at the MPSs
of 4, 5, 9 to 12 under the conservative scenario. It is attributed to the application of the
optimal CASs for non-managed lanes obtained by the LM model for different MPSs.

Figure 10 illustrates the optimal overall throughputs under three LM policies and
CAV technology scenarios. As shown in Figure 10(a), the overall throughputs, i.e., Q"

gradually become larger with the increment of MPS of 4 to 6 and reach the traffic demand
when the MPSs exceed 6 for LM policies 1 and 2 under the aggressive scenario. For the
‘no LM’ policy, the overall throughputs rise as the MPSs increase, and the marginal
improvements in overall throughputs are less than 0.1% when the MPS is more than 8. It
indicates that a larger MPS can yield a higher overall throughput for all LM policies but
no significant improvements can be reaped when the MPS exceeds the specific value
without the LM policy. Moreover, we can see that the overall throughput improvements
for LM policies are in a range of 19.9% to 22.5% compared with the ‘no LM’ policy. It

can demonstrate that the proposed LM policies can effectively improve overall
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throughputs. In addition, the total throughput results of directions 1 and 2 for three LM
policies under the aggressive scenario are illustrated in Figures 10(b) and 10(c). The total
throughputs of direction 1 can gradually increase with the increment of MPS for all LM
policies in Figure 10(b). There are the same total throughputs of direction 2 for all LM
policies in Figure 10(c).

Under the moderate scenario, the difference is that both the numbers of CDL; at
the MPSs of 4 and 5 in Figure 9(e) and CDL. for all MPSs increase to 1 in Figure 9(f)
than that of the aggressive scenario. It indicates that one CDL in each direction should be
deployed, in addition to the deployment of CRL.. Under the conservative scenario, the
deployments of one CDL; are further required at smaller MPSs of 4 to 8 in Figure 9(i).
Other deployments of CRLs and CDLs are not changed based on the results in Figures
9(j), 9(k), and 9(I). On the contrary, the overall throughputs gradually increase with the
increment of the MPS for all LM policies under moderate and conservative scenarios in
Figures 10(d) and 10(g). There are smaller overall throughputs for all LM policies under
moderate and conservative scenarios than that for the aggressive scenario. The overall
throughput reaches the traffic demand at the MPSs of 9 and 12 for LM policies under
moderate and conservative scenarios, respectively. The marginal improvements are less
than 0.1% when the MPSs exceed 10 under the two scenarios without the LM policy.
Compared with the ‘no LM’ policy, the LM policies can improve overall throughputs by
24.3% to 29.7% under the moderate scenario and 23.2% to 36.3% under the conservative
scenario. Moreover, the total throughputs of direction 1 maintain increasing for all LM
policies under moderate and conservative scenarios as shown in Figures 10(e), 10(f),
10(h), and 10(i), except for the smaller MPS of 4 for the LM2 policy under the
conservative scenario in Figure 10(h). The total throughputs of direction 2 keep the same

for all LM policies under the conservative scenario, except for the smaller MPS of 4 for
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LM1 and LM2 policies under the conservative scenario in Figure 10(i). Besides, the LM1
policy can further improve the total throughputs over the LM2 policy in MPR ranges of

9 to 12 under the conservative scenario.
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5. Discussions

The proposed LM model is essentially a high-level strategic decision tool to determine
the optimal numbers of CDLs and CRLs and the optimal CASs for lane management from
a point of view of macroscopic stationary equilibrium traffic, rather than a method for
dynamic management of traffic flow. The proposed LM model can be applied to find
strategic LM solutions for improving roadway traffic management under the joint LM
policy. For the practical implementation, the actual traffic throughput results obtained
may deviate from the theoretical ones since the excessive oscillations caused by the
deployments of CDLs and CRLs can negatively affect the traffic throughputs.

To mitigate the potential adverse impacts of the proposed LM approach on traffic
operation, we provide the following three measures. First, in the aspect of model
formulation, we have introduced constraints in the proposed LM model to restrict the
changes in road lanes, which are shown in Egs. (26)-(29). The parameter a represents the
level of traffic operation abilities to achieve a smooth traffic flow for suppressing the
negative effects of traffic dynamics oscillations on traffic throughputs. With these
constraints, the proposed LM model for static LM can effectively incorporate the impacts
of traffic dynamics. Second, in the aspect of practical implementation, the CAVs can
cooperate with other CAVs and actively create the gap for HDVs to mitigate the negative
impacts caused by the changes in road lanes, as commanded by the traffic management
center through vehicle-to-infrastructure/vehicle-to-vehicle communications. Third, in the
aspect of model input, the upstream traffic demand can be first predicted. We can then
use the proposed LM model to determine the optimal number of CDLs and CRLs and the
optimal CASs for non-managed lanes based on the predicted traffic demand to avoid the

frequent changes in road lanes.
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6. Conclusions and future directions

In this study, we propose an LM model to manage the bidirectional asymmetric mixed
traffic flow with CAVs and HDVs on roadway segments based on the joint LM policy of
the CDLs, CRLs, and CASs. The models of traffic capacity are formulated based on
different time headways of CAVs and their probability calculation considering the
differentiated time headways of CAVs in a platoon. The models of traffic throughput are
formulated by unifying two CASs for non-managed lanes, in addition to the CDL and
CRL policies. Based on the formulated models of traffic capacity and throughput, an
analytical LM model is developed to determine the optimal numbers of CDLs and CRLs
and the optimal CASs for non-managed lanes that maximize the overall mixed traffic
throughput. Numerical analysis is performed to investigate the impacts of the traffic
demand and its DIP, CAV MPR, and MPS on the optimal numbers of CDLs and CRLs
and the optimal CASs in each direction and overall throughputs under the aggressive,
moderate, and conservative CAV technology scenarios. The results indicate that the
proposed LM policies can significantly improve the overall throughput compared with
the ‘no LM’ policy, using the optimal CAS and deploying either CRLs in the minor-flow
direction, CDLs in one/two directions, or both under the three scenarios. Moreover, as
expected, the overall throughput gradually rises as the four parameters increase for the
proposed LM policies, except for the asymptotical increments with the MPR under the
conservative scenario and the asymptotical reductions with the DIP under the three
scenarios. Particularly, the LM policy with the optimal CAS has higher overall
throughputs than the one with the pre-specified CAS under the conservative scenario. The
findings of the study can provide useful LM countermeasures to manage the bidirectional

asymmetric mixed traffic flow on roadways.
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Further research can be conducted in several aspects. First, it is interesting to
discuss the heterogeneity in headways for both CAVs and HDVs by using different time
headway distributions on traffic throughputs. Moreover, except for traffic efficiency,
other performance measures of safety, fuel consumption, and emissions can also be
considered to validate the future applications of the CDL and CRL. Furthermore,
decreased traffic throughputs may occur in case of the excessive oscillations caused by

the LM approach in the practical application, which will be studied in future.

Funding
The work of Yuan Zheng was supported by the Key Laboratory of Safety and

Risk Management onTransport Infrastructures, Ministry of Transport, PRC (Grant No.
2242023K30017). The work of MinXu was supported in part by the Research Grants
Council of the Hong Kong Special AdministrativeRegion, China, under Project PolyU
15210620 and the National Natural Science Foundation of Chinaunder Grant 71901189.
The work of Shining Wu was supported in part by the Hong Kong ResearchGrants
Council [Grants 15507919 and 15508021]. This work of Shuaian Wang was supported
by the National Natural Science Foundation of China [Grant Nos. 72071173,
72361137006], and the Research Grants Council of the Hong Kong Special

Administrative Region, China [Project number HKSAR RGC TRS T32-707/22-N].

References

Abdel-Aty, Mohamed, Yina Wu, Moatz Saad, and Md Sharikur Rahman. 2020. “Safety
and Operational Impact of Connected Vehicles’ Lane Configuration on Freeway
Facilities with Managed Lanes.” Accident Analysis & Prevention 144
(September): 105616. doi:10.1016/j.aap.2020.105616.

Bai, Yu, Yu Zhang, Xin Li, and Jia Hu. 2022. “Cooperative Weaving for Connected and
Automated Vehicles to Reduce Traffic Oscillation.” Transportmetrica A:
Transport Science 18 (1): 125-143. doi:10.1080/23249935.2019.1645758.

44



Bian, Yougang, Yang Zheng, Wei Ren, Shengbo Eben Li, Jiangiang Wang, and Kegiang
Li. 2019. “Reducing Time Headway for Platooning of Connected Vehicles via
V2V Communication.” Transportation Research Part C: Emerging Technologies
102 (May): 87-105. doi:10.1016/j.trc.2019.03.002.

Chen, Danjue, Soyoung Ahn, Madhav Chitturi, and David A. Noyce. 2017. “Towards
Vehicle Automation: Roadway Capacity Formulation for Traffic Mixed with
Regular and Automated Vehicles.” Transportation Research Part B:
Methodological 100 (June): 196-221. doi:10.1016/j.trb.2017.01.017.

Chen, Shukai, Hua Wang, and Qiang Meng. 2022. “An Optimal Dynamic Lane Reversal
and Traffic Control Strategy for Autonomous Vehicles.” IEEE Transactions on
Intelligent Transportation Systems 23 (4): 3804-3815.
d0i:10.1109/TITS.2021.3074011.

Chen, Tianyi, Meng Wang, Siyuan Gong, Yang Zhou, and Bin Ran. 2021. “Connected
and Automated Vehicle Distributed Control for On-Ramp Merging Scenario: A
Virtual Rotation Approach.” Transportation Research Part C: Emerging
Technologies 133 (December): 103451. doi:10.1016/j.trc.2021.103451.

Fitzpatrick, Kay, Marcus A. Brewer, Susan Chrysler, Nick Wood, Beverly Kuhn, Ginger
Goodin, David Ungemah, Benjamin Perez, Vickie Dewey, Nick Thompson, Chris
Swenson, Darren Henderson, Herb Levinson. 2016. Guidelines for Implementing
Managed Lanes. Transportation Research Board. Washington, D.C.
d0i:10.17226/23660.

Fu, Quanlu, Ye Tian, and Jian Sun. 2021. “Modeling and Simulation of Dynamic Lane
Reversal Using a Cell Transmission Model.” Journal of Intelligent
Transportation Systems, September, 1-13. doi:10.1080/15472450.2021.1973898.

Ghiasi, Amir, Omar Hussain, Zhen (Sean) Qian, and Xiaopeng Li. 2017. “A Mixed
Traffic Capacity Analysis and Lane Management Model for Connected
Automated Vehicles: A Markov Chain Method.” Transportation Research Part
B: Methodological 106 (December): 266—-292. doi:10.1016/j.trb.2017.09.022.

Ghiasi, Amir, Omar Hussain, Zhen (Sean) Qian, and Xiaopeng (Shaw) Li. 2020. “Lane
Management with Variable Lane Width and Model Calibration for Connected
Automated Vehicles.” Journal of Transportation Engineering, Part A: Systems
146 (3): 04019075. doi:10.1061/JTEPBS.0000283.

Guo, Yi, and Jiaqi Ma. 2020. “Leveraging Existing High-Occupancy Vehicle Lanes for

Mixed-Autonomy Traffic Management with Emerging Connected Automated

45



Vehicle Applications.” Transportmetrica A: Transport Science 16 (3): 1375-1399.
d0i:10.1080/23249935.2020.1720863.

Hausknecht, Matthew, Tsz-Chiu Au, Peter Stone, David Fajardo, and Travis Waller. 2011.
“Dynamic Lane Reversal in Traffic Management.” In 2011 14th International
IEEE Conference on Intelligent Transportation Systems (ITSC), 1929-1934.
Washington, DC, USA: IEEE. doi:10.1109/1TSC.2011.6082932.

He, Shanglu, Fan Ding, Chaoru Lu, and Yong Qi. 2022. “Impact of Connected and
Autonomous Vehicle Dedicated Lane on the Freeway Traffic Efficiency.”
European Transport Research Review 14 (1): 12. doi:10.1186/s12544-022-
00535-4.

Li, Ye, Zhibin Chen, Yafeng Yin, and Srinivas Peeta. 2020. “Deployment of Roadside
Units to Overcome Connectivity Gap in Transportation Networks with Mixed
Traffic.” Transportation Research Part C: Emerging Technologies 111
(February): 496-512. doi:10.1016/j.trc.2020.01.001.

Ma, Jiaqi, Xiaopeng Li, Fang Zhou, Jia Hu, and B. Brian Park. 2017. “Parsimonious
Shooting Heuristic for Trajectory Design of Connected Automated Traffic Part I1:
Computational Issues and Optimization.” Transportation Research Part B:
Methodological 95 (January): 421-441. doi:10.1016/j.trb.2016.06.010.

Pan, Tianlu, William H. K. Lam, Agachai Sumalee, and Renxin Zhong. 2021. “Multiclass
Multilane Model for Freeway Traffic Mixed with Connected Automated Vehicles
and Regular Human-Piloted Vehicles.” Transportmetrica A: Transport Science
17 (1): 5-33. d0i:10.1080/23249935.2019.1573858.

Razmi Rad, Solmaz, Haneen Farah, Henk Taale, Bart van Arem, and Serge P.
Hoogendoorn. 2020. “Design and Operation of Dedicated Lanes for Connected
and Automated Vehicles on Motorways: A Conceptual Framework and Research
Agenda.” Transportation Research Part C: Emerging Technologies 117 (August):
102664. doi:10.1016/j.trc.2020.102664.

Talebpour, Alireza, Hani S. Mahmassani, and Amr Elfar. 2017. “Investigating the Effects
of Reserved Lanes for Autonomous Vehicles on Congestion and Travel Time
Reliability.” Transportation Research Record: Journal of the Transportation
Research Board 2622 (1): 1-12. doi:10.3141/2622-01.

Wang, Meng, Winnie Daamen, Serge P. Hoogendoorn, and Bart van Arem. 2014.

“Rolling Horizon Control Framework for Driver Assistance Systems. Part II:

46



Cooperative Sensing and Cooperative Control.” Transportation Research Part C:
Emerging Technologies 40 (March): 290-311. doi:10.1016/j.trc.2013.11.024.

Xiao, Lin, Meng Wang, Wouter Schakel, and Bart van Arem. 2018. “Unravelling Effects
of Cooperative Adaptive Cruise Control Deactivation on Traffic Flow
Characteristics at Merging Bottlenecks.” Transportation Research Part C:
Emerging Technologies 96 (November): 380-397. doi:10.1016/j.trc.2018.10.008.

Ye, Lanhang, and Toshiyuki Yamamoto. 2018. “Impact of Dedicated Lanes for
Connected and Autonomous Vehicle on Traffic Flow Throughput.” Physica A:
Statistical Mechanics and Its Applications 512 (December): 588-597.
d0i:10.1016/j.physa.2018.08.083.

Zhang, Lihui, Guomin Qian, Ziqi Song, and Dianhai Wang. 2022. “Deploying Dedicated
Lanes for Connected and Autonomous Buses in Urban Transportation Networks.”
Transportmetrica A: Transport Science, March, 1-33.
d0i:10.1080/23249935.2021.2005181.

Zheng, Yuan, Bin Ran, Xu Qu, Jian Zhang, and Yi Lin. 2019. “Cooperative Lane
Changing Strategies to Improve Traffic Operation and Safety Nearby Freeway
Off-Ramps in a Connected and Automated Vehicles Environment.” |EEE
Transactions on Intelligent Transportation Systems 21 (11): 1-10.
d0i:10.1109/TITS.2019.2942050.

Zheng, Yuan, Min Xu, Shining Wu, and Shuaian Wang. 2023. “Development of
Connected and Automated Vehicle Platoons With Combined Spacing Policy.”
IEEE Transactions on Intelligent Transportation Systems 24 (1): 596-614.
d0i:10.1109/TITS.2022.3216618.

Zheng, Yuan, Guogiang Zhang, Ye Li, and Zhibin Li. 2020. “Optimal Jam-Absorption
Driving Strategy for Mitigating Rear-End Collision Risks with Oscillations on
Freeway Straight Segments.” Accident Analysis & Prevention 135 (February):
105367. doi:10.1016/j.aap.2019.105367.

Zhou, Jiazu, and Feng Zhu. 2021. “Analytical Analysis of the Effect of Maximum Platoon
Size of Connected and Automated Vehicles.” Transportation Research Part C:
Emerging Technologies 122 (January): 102882. doi:10.1016/j.trc.2020.102882.

Zhou, Yang, Meng Wang, and Soyoung Ahn. 2019. “Distributed Model Predictive
Control Approach for Cooperative Car-Following with Guaranteed Local and
String Stability.” Transportation Research Part B: Methodological 128 (October):
69-86. doi:10.1016/j.trb.2019.07.001.

47



48



Figure titles

Figure 1. lllustration of four types of headways under mixed traffic flow.
Figure 2. lllustration of LM problem setting under mixed traffic flow.

Figure 3. Results of traffic demand on optimal numbers of CDLs and CRLs and the
optimal CASs. (a), (b), (c), and (d) aggressive scenario; (e), (f), (g), and (h) moderate
scenario; (i), (j), (k), and (I) conservative scenario.

Figure 4. Results of traffic demand on optimal overall throughput. (a), (b), and (c)
aggressive scenario; (d), (e), and (f) moderate scenario; and (g), (h), and (i) conservative
scenario.

Figure 5. Results of directional imbalance percent on optimal numbers of CDLs and CRLs
and the optimal CASs. (a), (b), (c), and (d) aggressive scenario; (e), (f), (g), and (h)
moderate scenario; (i), (j), (k), and (I) conservative scenario.

Figure 6. Results of directional imbalance percent on optimal overall throughput. (a), (b),
and (c) aggressive scenario; (d), (e), and (f) moderate scenario; and (g), (h), and (i)
conservative scenario.

Figure 7. Results of CAV market penetration rate on optimal numbers of CDLs and CRLs
and the optimal CASs. (a), (b), (c), and (d) aggressive scenario; (e), (f), (g), and (h)
moderate scenario; (i), (j), (k), and (I) conservative scenario.

Figure 8. Results of CAV market penetration rate on optimal overall throughput. (a), (b),
and (c) aggressive scenario; (d), (e), and (f) moderate scenario; and (g), (h), and (i)
conservative scenario.

Figure 9. Results of maximum platoon size on optimal numbers of CDLs and CRLs and
the optimal CASs. (a), (b), (c), and (d) aggressive scenario; (e), (f), (g), and (h) moderate
scenario; (i), (j), (k), and (I) conservative scenario.

Figure 10. Results of maximum platoon size on optimal overall throughput. (a), (b), and

(c) aggressive scenario; (d), (e), and (f) moderate scenario; and (g), (h), and (i)
conservative scenario.
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