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a b s t r a c t 

Connected and Autonomous Vehicles (CAVs) hold great potential to improve traffic efficiency, emissions and 

safety in freeway on-ramp bottlenecks through coordination between mainstream and on-ramp vehicles. This 

study proposes a bi-level coordination strategy for freeway on-ramp merging of mixed traffic consisting of CAVs 

and human-driven vehicles (HDVs) to optimize the overall traffic efficiency and safety in congested traffic sce- 

narios at the traffic flow level instead of platoon levels. The macro level employs an optimization model based 

on fundamental diagrams and shock wave theories to make optimal coordination decisions, including optimal 

minimum merging platoon size to trigger merging coordination and optimal coordination speed, based on macro- 

scopic traffic state in mainline and ramp (i.e., traffic volume and penetration rates of CAVs). Furthermore, the 

micro level determines the real platoon size in each merging cycle as per random arrival patterns and designs 

the coordinated trajectories of the mainline facilitating vehicle and ramp platoon. A receding horizon scheme 

is implemented to accommodate human drivers’ stochastics as well. The developed bi-level strategy is tested in 

terms of improving efficiency and safety in a simulation-based case study under various traffic volumes and CAV 

penetration rates. The results show the proposed coordination addresses the uncertainties in mixed traffic as ex- 

pected and substantially improves ramp merging operation in terms of merging efficiency and traffic robustness, 

and reducing collision risk and emissions, especially under high traffic volume conditions. 
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. Introduction 

Freeway on-ramps are typical bottlenecks in the freeway network, as

erging maneuvers of on-ramp vehicles impose frequent disturbances

n the mainline traffic flow and lead to reduced traffic efficiency and

ncreased collision risk. Traditional traffic management measures, such

s ramp metering [ 1,2 ] and variable speed limits [ 3,4 ], are shown to

mprove the merging operation at freeway on-ramps, but the improve-

ents are limited as those measures can only manage traffic at an aggre-

ated level without manipulating the microscopic interactions between

ndividual vehicles. 

The emerging Connected and Autonomous Vehicles (CAVs) bring

ubstantial improvements in traffic operation in ramp merging. With ad-

anced communication and autonomous driving technologies, the mo-

ions of individual vehicles can be planned in advance and executed

n a precise and timely manner, enabling opportunities for cooperative

riving in the on-ramp merging areas [ 5,6 ]. Most notably, Wang et al.

7] made a critical contribution to the long-unsettled problem of auto-

ated driving assistance. This seminal work substantially improved the

daptability of driving assistance to different drivers, thus increasing
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he acceptance of the longitudinal Advanced Driving Assistance System

ADAS) by drivers. Other cooperative strategies have also been proposed

o facilitate the ramp merging operation of CAVs. We refer to our previ-

us work for a thorough review of this topic [8] . In summary, a major fo-

us in this research field is to coordinate the motion plans or trajectories

f multiple vehicles by means of optimization, game theory, learning-

ased approaches, etc. The early research efforts mainly focused on the

nteraction between a ramp merging vehicle and its direct neighbors in

he merging process [7,9–12] , while later the coordination scope was ex-

ended to a collection of vehicles in a pre-assumed communication range

 13–17 ]. In some recent studies, the research focus has been shifted to

he upper-level considerations, and some previously untouched topics

uch as the optimal merging gap and merging sequence, are more fre-

uently discussed [ 18–21 ]. However, all the studies have assumed a

ull CAV context where all vehicles are readily controllable and cannot

e directly applied to situations where Human-Driven Vehicles (HDVs)

xist. 

It is widely agreed that the full launch of CAVs will not happen imme-

iately, and there will be a long period when the CAVs and HDVs inter-

ct with each other on public roads. Merging coordination in such mixed
Ai Communications Co. Ltd. This is an open access article under the CC 
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raffic conditions is more challenging because the presence of uncontrol-

able HDVs will introduce more uncertainties into real-time traffic oper-

tions. Recent research has been targeting such mixed traffic challenges.

 major effort is to predict the driving intentions of human drivers and

se the predictions of HDVs as inputs for CAV motion planning [ 22–

5 ]. The prediction errors are continuously measured and tackled using

he model predictive control mechanism [ 26 ]. In a pioneering study, Qu

t al. [ 27 ] has made a breakthrough in modeling four distinct scenarios

HDV only, AV only, mixed traffic with CAV and HDV, and cooperative

AVs) in a context of transportation infrastructure with multiple control

nits, in terms of the safety, efficiency and sustainability. According to

heir results, AVs alone could increase energy consumption and travel

ime, while cooperative CAVs will have collective benefits. Though tak-

ng human decisions into account, the approaches only regard HDVs as

n uncontrolled external factor that restricts CAV behaviors while not

ully exploiting the possibilities of influencing HDV behaviors through

urrounding CAVs for enhanced coordination benefits. 

Furthermore, these studies mainly focus on the lower-level trajectory

ecisions of individual vehicles (namely, merely optimizing the trajec-

ories of several vehicles) rather than the overall optimum at the traffic

ow level. This may lead to sub-optimal solutions at the continuous traf-

c flow level, as the deceleration of mainline vehicles (i.e., creating gaps

f ramp vehicles) would cause shock waves and affect the speeds of the

ollowing vehicles. Particularly, the dilemma is very considerable when

raffic volumes in the mainline and ramp are very high, and merging

akes place frequently. When the traffic flow volumes in the mainline

nd ramps are very large, and the merging frequency of ramp platoons

s high, local coordination merely considering a vehicle platoon on the

amp and several vehicles in the mainline may result in undispersed

hockwaves in the mainline and impair the overall traffic efficiency in

ainline. In this regard, the merging coordination should not only fo-

us on the coordination of serval vehicles but also take the overall traffic

fficiency at the continuous traffic flow level. Hence, further efforts on

oordination for mixed traffic with HDVs and CAVs to optimize the over-

ll efficiency and safety at the continuous traffic flow level are needed

o facilitate the development of CAVs for the forthcoming mixed traffic

nvironment. 

Standing in the wake of existing research, this study develops a novel

oordination strategy to optimize ramp merging operation in mixed traf-

c with a focus on overall efficiency and safety at the traffic flow level

nstead of the platoon level. Specific emphasis is put on the scenario

here traffic volumes in the mainline and ramp are very large, and

he frequent merging of ramp platoons will impose significant distur-
Fig. 1. M-CoMC st

2

ance in the mainline traffic. This strategy leverages CAVs as actuators

o regulate the motions of surrounding HDVs. The proposed coordina-

ion strategy consists of two levels. The macro level is formulated as an

ptimization problem utilizing traffic fundamental diagrams and shock

ave theories to determine the optimal coordination plan according to

he macroscopic traffic state in the merging area, including penetra-

ion rates of CAVs, traffic volumes in the mainline and ramp. The micro

evel designs the trajectories of mainline facilitating vehicles and ramp

latoon to accommodate uncertainties and stochastic patterns in real-

ime traffic operation based on a receding horizon scheme. The bene-

ts of the proposed bi-level coordination strategy are validated through

UMO-based simulation case studies considering heterogeneity in hu-

an drivers and under different traffic volumes and CAV penetration

ates. 

The following parts of the paper are structured as follows.

ection 2 presents an overview of the proposed coordination strategy,

ollowed by detailed formulations of the bi-level model in Section 3 .

ection 4 introduces the setup of the SUMO-based simulation and case

tudies. Results and discussions are provided in Section 5 , with conclu-

ions drawn in Section 6 . 

. Coordinative merging control strategy for mixed traffic 

M-CoMC) 

The Coordinative Merging Control for Mixed-traffic strategy, called

-CoMC, is developed based on the Coordinative Merging Control

CoMC) strategy for full CAV contexts in Zhu et al. [ 28 ]. As illustrated in

ig. 1 , the strategy is composed of three components: (1) mainline vehi-

les proactively decelerate to create large merging gaps on the mainline

reeway; (2) ramp vehicles stop on the ramp and form proper platoons

efore entering the main road; (3) the created mainline gaps and the

ormed ramp platoons are coordinated by a control center in terms of

ize, speed, and arrival time. To ensure the efficiency and smoothness

f merging, three requirements should be satisfied through the central-

zed coordination: (1) the created mainline gap is large enough to ac-

ommodate the merging platoon (size requirement); (2) the facilitating

ehicle and the merging platoon reach the same speed at the merging

oint (speed requirement); and (3) when the merging platoon arrives,

he gap is just available at the merging point (arrival time requirement).

t should be noted that the key difference between our proposed coor-

ination compared to existing studies is that we aim to optimize the

verall traffic efficiency at the continuous traffic flow level rather than
rategy [28] . 



J. Zhu, K. Gao, H. Li et al. Fundamental Research xxx (xxxx) xxx

ARTICLE IN PRESS
JID: FMRE [m5GeSdc;April 9, 2024;13:46]

Fig. 2. Decision mechanisms. (a) Formation of merging platoon. (b) Appoint- 

ment of facilitating vehicle. 
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he local traffic efficiency of a ramp platoon and several vehicles in the

ainline. 

Under such a system, the coordination instructions from the control

enter are only sent to the facilitating vehicle on the main road and

he platoon leader on the ramp, while the other vehicles follow their

receding vehicles in accordance with the regular car-following rules.

hat means that only some CAVs are controlled and other vehicles (e.g.,

DVs) are not controlled by the proposed strategy. Essentially, such a

oordination system uses CAVs as actuators to regulate the behaviors

f surrounding HDVs. For example, if we do not consider the option

f free lane-changing, when a preceding CAV decelerates or stops, the

DVs following this CAV are forced to decelerate or stop. In this way, the

DVs are indirectly controlled and incorporated into the coordination

ystem. Therefore, it is only necessary to ensure that the facilitating
Fig. 3. Bi-level coordin

3

ehicle and the platoon leader in each merging cycle are CAVs, while

ther vehicles (e.g., platoon followers, mainline vehicles following the

acilitating vehicle) can be HDVs driving in their regular manner. 

In order to ensure that the merging platoon leader and the mainline

acilitating vehicle in each merging cycle are CAVs, two mechanisms are

eveloped to determine the formation of the merging platoon and the

ppointment of facilitating vehicle. 

Decision mechanism 1: formation of merging platoon 

As shown in Fig. 2 a, the formation of a merging platoon should sat-

sfy two conditions: (1) enough vehicles are accumulated on the ramp,

nd (2) the next vehicle directly after the platoon is a CAV. The de-

ision mechanism is triggered every time a new ramp vehicle arrives.

he control center first counts the number of vehicles waiting on the

amp (excluding the new vehicle). If the minimum number is reached,

he control center further checks if the new vehicle is a CAV. If yes, the

aiting vehicles are grouped as a platoon, and the new CAV is appointed

s the leader of the next platoon. This ensures that the first vehicle in a

latoon (i.e., the platoon leader) is always a CAV. 

Decision mechanism 2: appointment of mainline facilitating vehicle

According to the decision mechanism in Fig. 2 b, the mainline vehicle

ppointed as the facilitating vehicle should satisfy two conditions: (1) it

s able to perform the required cooperation, that is, the vehicle has not

eached the required speed-change position when being appointed; and

2) the vehicle is a CAV. When the coordination is initiated, the control

enter checks the mainline vehicles one by one (from front to back) and

ppoints the first vehicle that meets the above two conditions as the

acilitating vehicle. 

The M-CoMC strategy is formulated under a bi-level coordination

ramework consisting of macro-level and micro-level coordination deci-

ions, as illustrated in Fig. 3 . The macro-level takes traffic state param-

ters as inputs and uses optimization methods, combined with macro-

copic traffic flow models, to determine the minimal platoon size ( 𝑛𝑚𝑖𝑛 )

nd the cooperative merging speed ( 𝑣𝐶 ). According to the mechanism

or platoon formation, the actual size of a merging platoon depends on

he type of arrived vehicles (i.e., HDV or CAV) and is different for differ-

nt merging cycles, so the speed-change position of the facilitating ve-

icles also varies across different cycles. Specifically, the facilitating ve-

icle decelerates at an earlier position to create a larger gap for a larger

latoon and a later position for a smaller platoon. The variations are

ccommodated at the micro-level, where the outputs from the macro-

evel and the real-time information about traffic operation are used as

nputs to determine the speed-change position ( 𝑑) and the platoon ac-

eleration trajectory ( 𝑎 ) in each merging cycle. Note that, as long as the
ation framework . 
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acroscopic traffic state is stable, the macro-level decisions (i.e., 𝑛𝑚𝑖𝑛 
nd 𝑣𝐶 ) remain unchanged across merging cycles, whereas the micro-

evel decisions (i.e., 𝑑 and 𝑎 ) are updated in each cycle to conform to

eal-time traffic operation. 

Note that, although employing the same concepts of gap creation

nd platoon merging, this work is significantly different from our pre-

ious studies [ 28,29 ] in two senses: (1) The previous studies assume a

ull CAV context, whereas this work tackles at the more challenging

onditions of mixed traffic flow with CAVs and HDVs. The presence

f HDVs introduces large uncertainties that must be addressed in the

oordination at both macro and micro levels. (2) The previous work

nly employs a macroscopic optimization model for coordination de-

ign, whereas the current work enhances coordination by integrating

exible decision mechanisms and micro-level adaptations. Particularly,

 receding horizon scheme is embedded at the micro level to accom-

odate uncertainties of HDVs in terms of arrival patterns and driving

ehavior. These add-ons will improve the real-time adaptivity of the

oordination. 

. Bi-level coordination model 

Before formulating the bi-level structure, we define in Fig. 4 the im-

ortant positions: the Merging Point (MP), the End-of-Merge (EM), the

ainline Speed-Change (SC) position, and the ramp Waiting Position

WP). Further, we define that all vehicles on the main road that are

ffected by the cooperative deceleration (including the facilitating ve-

icle itself) are referred to as cooperative vehicles. The process of one

ap creation and one platoon merging is defined as a merging cycle,

nd M-CoMC functions by running merging cycles recurrently. In one

erging cycle, after the controlled on-ramp CAVs merge into the main-

ine (i.e., the lane-changing maneuver is finished), the control on CAVs

ill be removed, and all vehicles will drive as per their own driving

ehavior maneuvered by human drivers and programmed controllers in

ehicles. For facilitating vehicles in the mainline in one merging cycle,

he coordination controls will be removed after the last vehicle of the

amp platoon merges into the mainline. 

.1. Macro-level coordination 

At the macro-level, we integrate macroscopic traffic models into an

ptimization framework to determine the optimal macro-level decisions

n accordance with real-time traffic states. Note that the benefits of M-

oMC essentially come from the reallocation of spaces on the mainline

reeway, and a theoretical explanation on this point is available in Zhu

t al. [ 28 ]. By reducing traffic flow speed on the main road, the mainline

raffic changes from the original state (state O) to the cooperative state

state C). In comparison with state O, the traffic density and flow rate at

tate C are higher, thus leaving room for the merging of on-ramp traffic.

n essential part of such kind of coordination is that the cooperative
Fig. 4. Illustration

4

eceleration on the main road may cause negative effects on the follow-

ng mainline traffic, and these effects need to be carefully controlled to

nsure that the effect does not persist and accumulate over time. 

.1.1. Merging platoon formation and mainline cooperation 

According to decision mechanism 1, when the minimal platoon size

s reached, the HDVs that arrive subsequently will still be included in

he platoon until a new CAV arrives. Therefore, the size of a merging

latoon is determined by the number of HDVs that consecutively arrive

fter the minimal platoon size is reached: 

 = 𝑛𝑚𝑖𝑛 + 𝑛𝐻 (1)

here 𝑛 is the merging platoon size (in number of vehicles), 𝑛𝑚𝑖𝑛 is the

inimal platoon size, and 𝑛𝐻 is the number of consecutive HDVs arriv-

ng after 𝑛𝑚𝑖𝑛 is reached. We consider each ramp vehicle arrives inde-

endently, with a probability 𝑝 of being a CAV ( 𝑝 equals the penetration

ate of CAV in the traffic flow), then the arrival of ramp vehicles is de-

cribed as an infinite Bernoulli process with constant success probability

 , where a success represents the arrival of a CAV, and a failure an HDV.

n this Bernoulli process, 𝑛𝐻 is the number of failures needed to get the

rst success, which follows a geometric distribution with the probability

ensity function: 

 ( 𝑛𝐻 ) = (1 − 𝑝 ) ( 𝑛𝐻 ) ⋅ 𝑝, 𝑛𝐻 ∈ { 1 , 2 , 3 …} (2)

Thus, the merging platoon size follows a shifted geometric design: 

 ( 𝑛 ) = (1 − 𝑝 ) ( 𝑛 − 𝑛𝑚 𝑖𝑛 ) ⋅ 𝑝, 𝑛 ∈
{
𝑛𝑚𝑖𝑛 , 𝑛𝑚𝑖𝑛 + 1 , 𝑛𝑚𝑖𝑛 + 2 , …

}
(3)

ith the expectation 

 =
∞∑

𝑛 = 𝑛min 

𝑛 ⋅ 𝑃 ( 𝑛) = 𝑛min +
1 
𝑝 
− 1 (4) 

The gap size created by the cooperative deceleration and the gap size

equired for accommodating a merging platoon are given below: 

𝑐𝑟𝑒𝑎𝑡𝑒𝑑 = ℎ𝑂 +
𝑑 

𝑣𝐶 
− 𝑑 

𝑣𝑂 
(5) 

𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = ( 𝑛 + 1 ) ℎ𝐶 (6) 

here 𝑣𝑂 and 𝑣𝐶 are the mainline traffic speed at state O and state C,

espectively; 𝑑 is the distance from SC to MP as in Fig. 4; ℎ𝑂 is the inter-

ehicle headway in state O derived from the flow rate 𝑞𝑂 ; and ℎ𝐶 is

he car-following headway in state C. Combining (5) and Eq. 6 , the SC

osition (defined by 𝑑 in Fig. 4 ) to create the required gap is 

 =
𝑣𝑂 𝑣𝐶 

𝑣𝑂 − 𝑣𝐶 

[
( 𝑛 + 1 ) ℎ𝐶 − ℎ𝑂 

]
(7) 

The value of 𝑑 is varying and has the expectation 

 ̄=
∞∑

𝑛 = 𝑛𝑚𝑖𝑛 

𝑑 ⋅ 𝑃 ( 𝑛) =
𝑣𝑂 𝑣𝐶 

𝑣𝑂 − 𝑣𝐶 

[
( ̄𝑛 + 1 ) ℎ𝐶 − ℎ𝑂 

]
(8) 
 of M-CoMC . 
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.1.2. Cost function 

The cost function is explained in detail in Eq. 9 . For the sake of text

onciseness, in this paper, we do not repeat the detailed derivations in

his paper but focus on the architecture and new contents. 

To facilitate overall traffic efficiency, the cost is formulated as the

otal delay to all mainline and ramp vehicles at different weights of

ainline and ramp delays. 

in 𝐷 = 𝑤𝑚 ⋅𝐷𝑚𝑎𝑖𝑛 + 𝑤𝑟 ⋅𝐷𝑟𝑎𝑚𝑝 (9)

here 𝐷𝑚𝑎𝑖𝑛 and 𝐷𝑟𝑎𝑚𝑝 are the total hourly delay to the mainline and

amp vehicles, respectively. 𝑤𝑚 and 𝑤𝑟 are corresponding weights. We

se 𝑤𝑚 = 𝑤𝑟 = 1 in this paper, while the impacts of weight choice are

nalyzed in detail in Zhu et al. [ 29 ]. 

.1.2.1. Mainline delay. Considering the distribution of 𝑛 , the total

ainline delay is estimated as 

𝑚𝑎𝑖𝑛 = 𝑟 ⋅
𝑁𝑚𝑎𝑥 ∑
𝑛 = 𝑛𝑚𝑖𝑛 

𝑃 ( 𝑛) ⋅𝐷𝑛 
𝑚𝑎𝑖𝑛 

(10)

𝑛 
𝑚𝑎𝑖𝑛 

=
𝑚 ∑
𝑖 =1 

(
𝑡𝑖 
𝑀 

− 𝑡𝑀0 
)

(11) 

𝑀0 =
𝑑 + 𝑑′

𝑣𝑂 
(12) 

𝑖 
𝑀 

=
( 

1 −
𝑣𝑂 

𝑣𝐶 

) 

⋅
( 𝑖 − 1 ) 𝜔ℎ𝑂 
𝑣𝑂 − 𝜔 

+ 𝑑 + 𝑑′

𝑣𝐶 
(13) 

 =
𝑞𝑟 

𝑛 
(14)

ith 

 =
𝑞𝐶 − 𝑞𝑂 

𝑘𝐶 − 𝑘𝑂 
(15)

 =
⌈ 
𝑑 + 𝑑′

ℎ𝑂 
×
( 

1 
ω 
− 1 
𝑣𝑂 

) ⌉ 
(16)

Here, 𝐷𝑛 
𝑚𝑎𝑖𝑛 

is the mainline delay resulting from the merging of a

latoon consisting of 𝑛 vehicles; 𝑁𝑚𝑎𝑥 is the maximal platoon size in

eality, which may be very large (even with a low probability) if the

enetration rate of CAVs is low; 𝑟 is the coordination rate defined as

he expected number of merging cycles in an hour; 𝑚 is the number of

ooperative vehicles in a merging cycle with a size- 𝑛 platoon; 𝑡𝑖 
𝑀 

is the

ravel time of the 𝑖 th cooperative vehicle; 𝑡𝑀0 is the ideal travel time of

 mainline vehicle; 𝑑′ is the distance between MP and EM as in Fig. 4;

nd 𝜔 is the shockwave speed caused by the transition of traffic state,

ith 𝑞𝑂 and 𝑞𝐶 as the flow rates in state O and state C and 𝑘𝑂 and 𝑘𝐶 
s the densities; and 𝑞𝑟 is the on-ramp flow rate. ⌈⋅⌉ in Eq. 16 represents

he nearest upper integer. 

.1.2.2. Ramp delay. The total ramp delay is estimated as 

𝑟𝑎𝑚𝑝 = 𝑟 ⋅
∞∑

𝑛 = 𝑛𝑚𝑖𝑛 

𝑃 ( 𝑛) ⋅𝐷𝑛 
𝑟𝑎𝑚𝑝 

(17)

𝑛 
𝑟𝑎𝑚𝑝 

=
𝑛 ∑
𝑗=1 

(
𝑡
𝑗 

𝑅 
− 𝑡𝑅 0 

)
(18) 

𝑗 

𝑅 
= 𝑡
𝑗 

𝐵𝑅 
+ 𝑡
𝑗 

𝑊 𝑇 
+ 𝑡
𝑗 

𝑅𝑇 
+ 𝑡
𝑗 

𝑀𝑇 
(19)

𝑗 

𝐵𝑅 
=
𝑣𝑟 

𝑏 
(20) 

𝑗 

𝑊 𝑇 
= 𝑛 − 𝑗 

𝜆
(21) 

𝑗 

𝑀𝑇 
= 𝑑

′

𝑣
(22) 
𝐶 

5

here 𝐷𝑛 
𝑟𝑎𝑚𝑝 

is the ramp delay to a merging platoon of 𝑛 vehicles; 𝑡
𝑗 

𝑅 

s the travel time of the 𝑗th vehicle in the platoon; and 𝑡𝑅 0 is the ideal

ravel time of a ramp vehicle. As in Eq. 19 , 𝑡
𝑗 

𝑅 
consists of four parts:

he barking time before arriving at WP ( 𝑡
𝑗 

𝐵𝑅 
), the waiting time at WP

 𝑡
𝑗 

𝑊 𝑇 
), the ramp travel time from WP to MP ( 𝑡

𝑗 

𝑅𝑇 
), the mainline travel

ime from MP to EM ( 𝑡
𝑗 

𝑀𝑇 
). 𝑡
𝑗 

𝐵𝑅 
, 𝑡
𝑗 

𝑊 𝑇 
, and 𝑡

𝑗 

𝑀𝑇 
are given in Eqs. 20 - 22 ,

here 𝑣𝑟 is the initial arrival speed of ramp vehicles; 𝑏 is the braking

ate; 𝜆 is the ramp vehicle arriving rate assuming a Poisson distribution

ith 𝜆 = 𝑞𝑟 ∕3600 . Derivations of the above equations are detailed in Zhu

t al. [ 28 ] and thus not repeated here. 

For smooth coordination, we expect that the 𝑗th vehicle in the pla-

oon arrives at the MP (𝑛 + 1 − 𝑗 ) ℎ𝐶 seconds earlier than the facilitating

ehicle (for example, the platoon leader with 𝑗 = 1 arrives 𝑛ℎ𝐶 seconds

arlier than the facilitating vehicle), namely 

𝑗 

𝑅𝑇 
= 𝑡𝑓 − ( 𝑛 + 1 − 𝑗 ) ℎ𝐶 (23) 

here 𝑡𝑓 is the time it takes for the facilitating vehicle to arrive at the

P. According to decision mechanism 2, the facilitating vehicle is the

rst CAV behind the SC. As shown in Fig. 5 , we consider the presence of

AVs in mainline traffic as an infinite Bernoulli process, where each trial

as a probability 𝑝 of being a success (indicating a vehicle is a CAV). The

umber of trials (vehicles) to get the first success (CAV) follows a shifted

eometric distribution with the expectation 1∕ 𝑝 . That is, it is expected

hat the facilitating vehicle is the 1∕ 𝑝 th vehicle behind SC. Therefore,

he expected position ( 𝑃𝑓 ) and arrival time of the facilitating vehicle

 𝑡𝑓 ) are 

𝑓 = 𝑑 +
( 

1 
𝑝 
− 0 . 5 

) 

ℎ𝑂 𝑣𝑂 

𝑡𝑓 =
𝑃𝑓 − 𝑑 

𝑣𝑂 
+ 𝑑 

𝑣𝐶 
(24) 

To ensure that the platoon is able to accelerate to the cooperative

peed 𝑣𝐶 within the time 𝑡
𝑗 

𝑅𝑇 
, we determine the location of WP (defined

y 𝑆 in Fig. 4 ) and the estimated acceleration rate ( 𝑎 ) as 

 =
𝑣𝐶 𝑡

1 
𝑅𝑇 

(
𝑛𝑚𝑖𝑛 

)
2 

(25) 

 =
𝑣𝐶 

𝑡1 
𝑅𝑇 

(
𝑛𝑚𝑖𝑛 

) (26) 

here 𝑡1 
𝑅𝑇 

(𝑛𝑚𝑖𝑛 ) is the ramp travel time of the leader of a size- 𝑛𝑚𝑖𝑛 platoon

iven by (23). Note that the leader of a minimal platoon of size 𝑛𝑚𝑖𝑛 
s used because this is the most critical case in terms of the required

cceleration time. For the other vehicles (e.g., followers in a platoon or

ehicles in a larger platoon), 𝑡
𝑗 

𝑅𝑇 
is longer, so the vehicles can adopt a

ower acceleration or depart later. 

The original travel time of a ramp vehicle ( 𝑡𝑅 0 ) is given by 

𝑅 0 =
𝑆𝐵𝑅 + 𝑆 

𝑣𝑟 
+ 𝑑

′

𝑣𝑂 
(27) 

ith the ramp braking distance 𝑆𝐵𝑅 =
𝑣2 𝑟 
2 𝑏 . 

.1.3. Constraints 

In the macro-level optimization model, the following constraints are

pplied: 

𝑛 

𝜆
≥
𝑑 + 𝑑′

𝜔 
(28) 

𝑐𝑟𝑖𝑡 ≤ 𝑣𝐶 < 𝑣𝑂 (29)

 ≤ 𝑎𝑟𝑎𝑚𝑝 (30)

 < �̄� ≤ 𝑛𝑚𝑎𝑥 , 𝑛𝑚𝑖𝑛 ∈ ℕ+ (31)

 < 𝑑 ≤ 𝑑𝑚𝑎𝑥 (32)
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Fig. 5. Position of facilitating vehicle . 
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Fig. 6. Traversal approach to appoint the facilitating vehicle . 
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here 𝑎𝑟𝑎𝑚𝑝 is the maximum ramp acceleration; 𝑛𝑚𝑎𝑥 and 𝑑𝑚𝑎𝑥 are the up-

er limits of platoon size and SC position, respectively. Here, constraints

28)-(29) ensure that the cooperation does not break the mainline traf-

c flow. Constraint (30) specifies the upper limit of ramp acceleration.

onstraints Eqs. 31 - 32 ensure the coordination plan is reasonable for

eal-world implementation. 

In the macro-level optimization problem, we use macroscopic traf-

c state parameters (e.g., traffic flow rate, speed, CAV penetration rate)

s inputs and estimate the expectations of traffic operation patterns in

he ramp merging coordination. The model minimizes total delay to all

ainline and ramp vehicles by searching for the optimal combination

f two coordination variables: minimal merging platoon size ( 𝑛𝑚𝑖𝑛 ) and

ooperative speed ( 𝑣𝐶 ). To ensure feasibility and robustness of the coor-

ination, the optimization is subject to constraints on traffic operation,

ehicle dynamics, and real-world implementation needs. 

.2. Micro-level coordination 

The macro-level employs an optimization model to determine the

inimal platoon size ( 𝑛𝑚𝑖𝑛 ) and the cooperative speed ( 𝑣𝐶 ). Based on

he macro-level decisions, the micro-level updates the SC position ( 𝑑)

nd the platoon trajectory in each merging cycle to accommodate uncer-

ainties and stochastics in real-time traffic operation. Specifically, two

spects are determined by the ongoing traffic: 

• The actual size ( 𝑛∗ ) and composition ( 𝑛∗ 
𝐶𝐴𝑉 

and 𝑛∗ 
𝐻𝐷𝑉 

, with 𝑛∗ 
𝐶𝐴𝑉 

+
𝑛∗ 
𝐻𝐷𝑉 

= 𝑛∗ ) of a merging platoon. 

• The actual positions of the appointed facilitating vehicle and its orig-

inal leader of the facilitating vehicle in the mainline ( 𝑃 ∗ 
𝑓 

, 𝑃 ∗ 
𝑙 

). 

The size and composition of a merging platoon ( 𝑛∗ 
𝐶𝐴𝑉 

, 𝑛∗ 
𝐻𝐷𝑉 

) deter-

ine the size of the required merging gap and the position where the

acilitating vehicle decelerates ( 𝑑∗ ). When the platoon consists of more

ehicles, especially more HDVs, the facilitating vehicle decelerates at an

arlier position to create a larger gap. The actual positions of the facil-

tating and leading vehicles determine the original gap between them

nd thereby have an influence on the SC position ( 𝑑∗ ) and the platoon

rajectory ( 𝑎∗ ). For example, when the original gap is larger, the facil-

tating vehicle decelerates at a later position and still expands the gap

o the required size; in addition, when the leading vehicle is originally

loser to the MP, the platoon adopts higher acceleration to catch up with

he gap behind it. 

.2.1. Appointment of facilitating vehicle 

According to decision mechanism 2, the facilitating vehicle is the

rst CAV behind the SC. However, the actual SC position is related to

he original position of facilitating vehicle, as explained above. To solve

his endogenous problem, we adopt a traversal approach at the micro-

evel to appoint the facilitating vehicle, as shown in Fig. 6 . 

We consider a mainline CAV, 𝑘 , and its leader, 𝑘 − 1 , and assume

hat their position and speed information are available through on-board
6

ensors and communication systems. Then, the CAV 𝑘 must meet two

onditions to be the facilitating vehicle: 

• Condition 1: it should be able to create enough gap from the vehicle

𝑘 − 1 , i.e., 

𝑃𝑘 

𝑣𝐶 
−
𝑃𝑘 −1 
𝑣𝑘 −1 

≥
(
𝑛∗ 
𝐶𝐴𝑉 

+ 1 
)

⋅ ℎ𝐶𝐴𝑉 
𝐶 

+ 𝑛∗ 
𝐻𝐷𝑉 

⋅ ℎ𝐻𝐷𝑉 
𝐶 

(33) 

here 𝑃𝑘 and 𝑃𝑘 −1 are the positions of the vehicles 𝑘 and 𝑘 − 1 , respec-

ively, defined by their distances to the MP; 𝑣𝑘 −1 is the speed of 𝑘 − 1 ;
∗ 
𝐶𝐴𝑉 

and 𝑛∗ 
𝐻𝐷𝑉 

are the actual number of CAVs and HDVs in the merg-

ng platoon; ℎ𝐶𝐴𝑉 
𝐶 

and ℎ𝐻𝐷𝑉 
𝐶 

are the car-following headways of CAVs

nd HDVs at the speed 𝑣𝐶 . The distance between the last vehicle in the

latoon and vehicle 𝑘 is ℎ𝐶𝐴𝑉 
𝐶 

because 𝑘 is a CAV. 

• Condition 2 : it should be able to create enough gap from the platoon

leader, i.e., 

𝑃𝑘 

𝑣𝐶 
− 𝑡𝑅𝑇 ,𝑚𝑖𝑛 ≥ 𝑛∗ 

𝐶𝐴𝑉 
⋅ ℎ𝐶𝐴𝑉 
𝐶 

+ 𝑛∗ 
𝐻𝐷𝑉 

⋅ ℎ𝐻𝐷𝑉 
𝐶 

(34)

here 𝑡𝑅𝑇 ,𝑚𝑖𝑛 is the minimal time needed for the platoon leader to arrive

t the MP, given its waiting position and acceleration capability: 

𝑅𝑇 ,𝑚𝑖𝑛 =
𝑣𝐶 

𝑎𝑚𝑎𝑥 
+
𝑆 −

𝑣2 
𝐶 

2 𝑎𝑚𝑎𝑥 
𝑣𝐶 

= 𝑆 

𝑣𝐶 
+
𝑣𝐶 

2 𝑎𝑚𝑎𝑥 
(35) 

here 𝑎𝑚𝑎𝑥 is the maximum comfortable acceleration that the ramp ve-

icles adopt and set to be 2 m/s2 . The two conditions are considered

eparately, because when the vehicle 𝑘 − 1 is originally close to the MP,

here is a possibility that the platoon cannot catch up with 𝑘 − 1 at a

eadway of ℎ𝐶𝐴𝑉 
𝐶 

, even though it travels at the maximum acceleration.

n this case, a larger gap is needed to accommodate the extra distance

etween the platoon and the leading vehicle. Combining Eqs. (33) - (34) ,

e obtain the foremost position for the vehicle 𝑘 to be the facilitating

ehicle ( 𝑃𝑘,𝑚𝑖𝑛 ): 

𝑘,𝑚𝑖𝑛 = max 

{ 

𝑃𝑘 −1 𝑣𝐶 
𝑣𝑘 −1 

+
[(
𝑛∗ 
𝐶𝐴𝑉 

+ 1 
)
ℎ𝐶𝐴𝑉 
𝐶 

+ 𝑛∗ 
𝐻𝐷𝑉 

ℎ𝐻𝐷𝑉 
𝐶 

]
𝑣𝐶 

𝑡𝑅𝑇 ,𝑚𝑖𝑛 𝑣𝐶 +
[
𝑛∗ ℎ𝐶𝐴𝑉 + 𝑛∗ ℎ𝐻𝐷𝑉 

]
𝑣𝐶 

} 

(36) 
𝐶𝐴𝑉 𝐶 𝐻𝐷𝑉 𝐶 



J. Zhu, K. Gao, H. Li et al. Fundamental Research xxx (xxxx) xxx

ARTICLE IN PRESS
JID: FMRE [m5GeSdc;April 9, 2024;13:46]

Fig. 7. Trajectory of platoon leader . 
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b  
If the actual position of 𝑘 is farther than 𝑃𝑘,𝑚𝑖𝑛 , vehicle 𝑘 is quali-

ed to be the facilitating vehicle. To appoint the facilitating vehicle, the

ainline CAVs are checked one by one from front to back until the first

AV that satisfies 𝑃𝑘 ≥ 𝑃𝑘,𝑚𝑖𝑛 is found. 

.2.2. Speed-change position 

In the coordination, the facilitating vehicle is expected to arrive at

he MP 𝑛∗ 
𝐶𝐴𝑉 
ℎ𝐶𝐴𝑉 
𝐶 

+ 𝑛∗ 
𝐻𝐷𝑉 

ℎ𝐻𝐷𝑉 
𝐶 

later than the platoon leader, namely 

∗ 
𝑓 
= 𝑡∗ 
𝑅𝑇 

+ 𝑛∗ 
𝐶𝐴𝑉 
ℎ𝐶𝐴𝑉 
𝐶 

+ 𝑛∗ 
𝐻𝐷𝑉 

ℎ𝐻𝐷𝑉 
𝐶 

(37)

here 𝑡∗ 
𝑓 

is the arrival time of the facilitating vehicle, and 𝑡∗ 
𝑅𝑇 

is the

ctual ramp travel time of the platoon leader determined by 

∗ 
𝑅𝑇 

= max 
{ 

𝑃 ∗ 
𝑙 

𝑣∗ 
𝑙 

+ ℎ𝐶𝐴𝑉 
𝐶 
, 𝑡𝑅𝑇 ,𝑚𝑖𝑛 

} 

(38) 

here 𝑃 ∗ 
𝑙 

and 𝑣∗ 
𝑙 

are the position and speed of the leading vehicle. Con-

ider that the facilitating vehicle keeps its original speed 𝑣∗ 
𝑓 

before ar-

iving at the SC and decelerates to 𝑣𝐶 afterwards, the vehicle arrives the

P at 

∗ 
𝑓 
=
𝑃 ∗ 
𝑓 
− 𝑑∗ 

𝑣∗ 
𝑓 

+ 𝑑
∗ 

𝑣𝐶 
(39) 

here 𝑃 ∗ 
𝑓 

is the position of the facilitating vehicle, and 𝑑∗ is the dis-

ance between SC and MP. Combining (37) and (39) gives the actual SC

osition (defined by the distance to the MP, 𝑑∗ ): 

∗ =
𝑣∗ 
𝑓 
𝑣𝐶 

𝑣∗ 
𝑓 
− 𝑣𝐶 

( 

𝑡∗ 
𝑅𝑇 

+ 𝑛∗ 
𝐶𝐴𝑉 
ℎ𝐶𝐴𝑉 
𝐶 

+ 𝑛∗ 
𝐻𝐷𝑉 

ℎ𝐻𝐷𝑉 
𝐶 

−
𝑃 ∗ 
𝑓 

𝑣∗ 
𝑓 

) 

(40) 

.2.3. Platoon acceleration trajectory 

As discussed above, the required ramp travel time of the merging pla-

oon ( 𝑡∗ 
𝑅𝑇 

) depends on ongoing traffic operation in each merging cycle.

herefore, the acceleration trajectory of the platoon leader is adapted

or each merging cycle. This paper focuses on the bi-level M-CoMC strat-

gy instead of the lower-level CAV trajectory design. Indeed, the de-

ign of CAV merging trajectories is formulated as a separate research

roblem and has been extensively visited by recent research [ 10,13,16 ].

herefore, we do not dig deep into complicated trajectory methods in

his paper but use a quick solution to complete the proposed M-CoMC

oordination. In practice, it is possible to embed a more sophisticated

ower-level trajectory planner into M-CoMC, such as Ward et al. [ 30 ]

nd Malikopoulos [ 16 ]. 

Our example trajectory planner uses a constant ramp acceleration

ate. As shown in Fig. 7 , the time needed for a vehicle to constantly

ccelerate from stopping to 𝑣𝐶 within the distance 𝑆 is 2 𝑆 
𝑣𝐶 

(black solid

ine in Fig. 7 ). Depending on the relationship between 2 𝑆 
𝑣𝐶 

and the re-

uired ramp travel time 𝑡∗ 
𝑅𝑇 

, two cases are distinguished: 𝑡∗ 
𝑅𝑇 

≤
2 𝑆 
𝑣𝐶 

and

∗ 
𝑅𝑇 
>

2 𝑆 
𝑣𝐶 

. When 𝑡∗ 
𝑅𝑇 

≤
2 𝑆 
𝑣𝐶 

(red case in Fig. 7 ), we require the vehi-

le to first accelerate at a higher rate 𝑎∗ 1 until reaching 𝑣𝐶 and then
7

eep 𝑣𝐶 until arriving at the MP. The acceleration time ( 𝑡∗ 
𝑎 1 ) and rate

 𝑎∗ 1 ) are 

∗ 
𝑎 1 =

2
(
𝑣𝐶 𝑡

∗ 
𝑅𝑇 

− 𝑆 
)

𝑣𝐶 
(41) 

∗ 
1 =

𝑣2 
𝐶 

2
(
𝑣𝐶 𝑡

∗ 
𝑅𝑇 

− 𝑆 
) (42) 

When 𝑡∗ 
𝑅𝑇 
>

2 𝑆 
𝑣𝐶 

(blue case in Fig. 7 ), the vehicle departs later to ex-

end the travel time on the ramp. The departure time ( 𝑡∗ 
𝑎 2 ) and acceler-

tion rate ( 𝑎∗ 2 ) in this case are: 

∗ 
𝑎 2 = 𝑡∗ 

𝑅𝑇 
− 2 𝑆 
𝑣𝐶 

(43) 

∗ 
2 =

𝑣2 
𝐶 

2 𝑆 
(44) 

.2.4. Receding horizon scheme 

Once the facilitating vehicle, speed-change position and platoon ac-

eleration trajectory are determined and planned, the local coordination

ill be executed by controlling the speed of facilitating vehicle in the

ainline and the leader of the ramp platoon in time series. When im-

lementing the proposed micro-level coordination, there are some un-

ertain dynamics that cannot be fully controlled due to the existence of

uman drivers. For instance, the HDVs in ramp platoons do not reach

teady car-following headways in Eqs. (36) - (43) before merging due to

uman reaction time and variances in real driving behavior; the lead-

ng vehicle in mainline ( Fig. 4 c) slows down due to some unexpected

vents (e.g., calling on mobile phones). These uncertainties and un-

xpected events during executing micro-layer coordination may result

n the failure of platoon merging as they will change the arrival time

f mainline facilitating vehicles and the leading and last vehicles of

he ramp platoon at the merging point. To accommodate such uncer-

ainties, we embed a Receding Horizon Control scheme in micro-layer

oordination after the merging process is initiated in a certain merg-

ng cycle. More specifically, the control variables in Sections 3.2.2 and

.2.3 are recalculated and updated in a specific control step, namely

he equations in Sections 3.2.2 and 3.2.3 . The control is subject to

he constraints demonstrated in Eqs. (40) - (46) . In a specific coordi-

ation cycle, the facilitating vehicle in the mainline will not change.

herefore, the Receding Horizon Control is realized by updating con-

rol variables, including acceleration of the facilitating vehicle in the

ainline and the leader of the ramp platoon at every control time

tep. The overall control horizons for facilitating vehicle in the main-

ine and the leading vehicle ramp platoon is the time from SC to MP

nd the distance from WP to MP as shown in Fig. 4 . The control vari-

bles are updated every 1 second, which is the length of each step.

he details of the receding horizon control scheme are described in

able 1 . 

. Simulation-based performance analysis 

.1. Simulation establishment 

We utilize a combination of the SUMO simulator and Python pro-

ram to evaluate the performance of the proposed control strategy. The

roposed two-level control strategy is programmed in Python and in-

eracts with the SUMO via Traffic Control Interface (TraCI) [ 31 ], where

eal-time traffic information (e.g., position, speed, and acceleration of

ehicles) is passed from SUMO to Python as inputs of the micro-level

odels in Section 3.2 , and the micro-level coordination decisions are

etermined in Python and then fed back to SUMO for real-time coordi-

ation in the simulation environment. 

A merging segment in the freeways of Shanghai, China (see Fig. 10 )

ased on real road configurations was simulated in SUMO. The merging
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Table 1 

Driving behavior model parameters . 

Receding Horizon Scheme 

Control objective: 𝐽 = Min 
∑𝑁 

𝑖 
( |𝑡𝑖 
𝑓 
− ( 𝑡∗ ,𝑖 

𝑅𝑇 
+ 𝑛∗ 

𝐶𝐴𝑉 
ℎ𝐶𝐴𝑉 
𝐶 

+ 𝑛∗ 
𝐻𝐷𝑉 

ℎ𝐻𝐷𝑉 
𝐶 

) | + |𝑡𝑖 
𝑟𝑙 
− 𝑡∗ ,𝑖 
𝑅𝑇 

|) 
𝑡
∗ ,𝑖 
𝑅𝑇 

= max { 𝑠
𝑖 
𝑙 

𝑣𝑖 
𝑙 

+ ℎ𝐶𝐴𝑉 
𝐶 
, 𝑡𝑖 
𝑟𝑙 
} 

Control variables: 𝑎𝑖 
𝑓 
, 𝑎𝑖 
𝑟𝑙 

Constraints: 𝑏𝑚𝑎𝑥 < 𝑎
𝑖 
𝑓 
, 𝑎𝑖 
𝑟𝑙 
< 𝑎𝑚𝑎𝑥 , Eqs. (40) - (46) 

where: 

𝑏𝑚𝑎𝑥 , 𝑎𝑚𝑎𝑥 : The maximum deceleration (− 3 m/s2 ) and acceleration (2 m/s2 ) of vehicles. 

𝑡𝑖 
𝑓 
, 𝑡𝑖 
𝑟𝑙 
∶ The predicted arrival timing at the MP of mainline facilitating vehicle and ramp platoon leading vehicle at the ith step. 

𝑎𝑖 
𝑓 
, 𝑎𝑖 
𝑟𝑙 

: The acceleration of mainline facilitating vehicle and ramp platoon leading vehicle at the ith step. 

𝑠𝑖 
𝑓 
, 𝑠𝑖 
𝑟𝑙 
∶ The distance of mainline facilitating vehicle and ramp platoon leading vehicle to MP at the ith step. If the facilitating vehicle or ramp platoon leading vehicle passes the 

MP, 𝑠𝑓 or 𝑠𝑟𝑙 will be set to zero, respectively. 

𝑣𝑖 
𝑓 
, 𝑣𝑖 
𝑟𝑙 
∶ The real-time speed of mainline facilitating vehicle and ramp platoon leading vehicle to MP at the ith step. 

𝑣𝑖 
𝑙 
, 𝑠𝑖 
𝑙 
: The speed and distance to MP of the preceding vehicle before the mainline facilitating vehicle at the ith step. 

𝑣𝑖 
𝑟𝑒 
, 𝑠𝑖 
𝑟𝑒 
, 𝑎𝑖 
𝑟𝑒 

: The speed, distance to MP and acceleration of the last vehicle of the ramp platoon. 

Δ𝑡 : Update step, 1 s. 

While 𝑠𝑖 
𝑟𝑙 
> 0 or 𝑠𝑖 

𝑓 
> 0 do 

Collect or update 𝑎𝑖 
𝑓 
, 𝑎𝑖 
𝑟𝑙 

, 𝑠𝑖 
𝑓 
, 𝑠𝑖 
𝑟𝑙 
, 𝑣𝑖 
𝑓 
, 𝑣𝑖 
𝑟𝑙 
, 𝑣𝑖 
𝑙 
, 𝑠𝑖 
𝑙 

If 𝑠𝑖 
𝑟𝑙 
> 0 do 

If 𝑎𝑖 
𝑟𝑙 
> 0 . 1 do 

𝑡𝑖 
𝑟𝑙 
= 𝑣𝑐 − 𝑣

𝑖 
𝑟𝑙 

𝑎𝑖 
𝑟𝑙 

+ 
𝑠𝑖 
𝑟𝑙 
−(
𝑣𝑐 − 𝑣𝑖 𝑟𝑙 
𝑎𝑖 
𝑟𝑙 

×
𝑣𝑐 + 𝑣𝑖 𝑟𝑙 

2 ) 

𝑣𝑐 

Else 𝑡𝑖 
𝑟𝑙 
= 𝑠𝑖 

𝑟𝑙 

𝑣𝑖 
𝑟𝑙 

If 𝑡∗ ,𝑖 
𝑅𝑇 
> 𝑡𝑖 
𝑟𝑙 

do 

Use Eqs. (41) - (42) with an initial speed of 𝑣𝑖 
𝑟𝑙 

to update 𝑎𝑖 
𝑟𝑙 

and final speed of the ramp platoon leading vehicle at MP 𝑣𝑀𝑃 
𝑟𝑙 

Update 𝑡𝑖 
𝑓 
=
𝑠𝑖 
𝑓 

𝑣𝑖 
𝑓 

If 𝑡𝑖 
𝑓 
< ( 𝑡∗ ,𝑖 

𝑅𝑇 
+ 𝑛∗ 

𝐶𝐴𝑉 
ℎ𝐶𝐴𝑉 
𝐶 

+ 𝑛∗ 
𝐻𝐷𝑉 

ℎ𝐻𝐷𝑉 
𝐶 

) do 

Calculate 𝑎𝑖 
𝑓 
=
𝑣𝑖 
𝑓 
−

𝑠𝑖 
𝑓 

( 𝑡∗ ,𝑖 
𝑅𝑇 

+ 𝑛∗ 
𝐶𝐴𝑉 

ℎ𝐶𝐴𝑉 
𝐶 

+ 𝑛∗ 
𝐻𝐷𝑉 

ℎ𝐻𝐷𝑉 
𝐶 

) 

Δ𝑡 
If 𝑠𝑖 

𝑟𝑙 
> 0 and 𝑠𝑖 

𝑟𝑙 
= 0 do 

Collect 𝑣𝑖 
𝑟𝑒 
, 𝑠𝑖 
𝑟𝑒 
, 𝑎𝑖 
𝑟𝑒 

If 𝑎𝑖 
𝑟𝑒 
> 0 . 1 do 

Calculate 𝑡𝑖 
𝑟𝑒 
= 𝑣

𝑀𝑃 
𝑟𝑙 

− 𝑣𝑖 
𝑟𝑒 

𝑎𝑖 
𝑟𝑒 

+ 
𝑠𝑖 
𝑟𝑒 
−(
𝑣𝑀𝑃 
𝑟𝑙 

− 𝑣𝑖 𝑟𝑒 
𝑎𝑖 𝑟𝑒 

×
𝑣𝑀𝑃 
𝑟𝑙 

+ 𝑣𝑖 𝑟𝑒 
2 ) 

𝑣𝑀𝑃 
𝑟𝑙 

Else 𝑡𝑖 
𝑟𝑒 
= 𝑠𝑖 

𝑟𝑒 

𝑣𝑖 
𝑟𝑒 

Update 𝑡𝑖 
𝑓 
=
𝑠𝑖 
𝑓 

𝑣𝑖 
𝑓 

If 𝑡𝑖 
𝑓 
< 𝑡𝑖 
𝑟𝑒 
+ ℎ𝐻𝐷𝑉 

𝐶 
do 

Calculate 𝑎𝑖 
𝑓 
=
𝑣𝑖 
𝑓 
−

𝑠𝑖 
𝑓 

𝑡𝑖 𝑟𝑒 + ℎ
𝐻𝐷𝑉 
𝐶 

Δ𝑡 
Update 𝑖 → 𝑖 + 1 

Fig. 8. Configuration of the simulation road segment . 
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t  
rea consists of a single-lane on-ramp and a mainline freeway with three

anes. We consider that lane-changing behaviors to the outermost lane

re prohibited in and near the merging area on the main road (the area

arked in yellow in Fig. 8 ). This is consistent with traffic regulations in

hanghai and literature [ 25,32 ]. The length of the acceleration lane is

30 m. The lane width is 3.5 m. The road segments of 3000 m before

nd 800 m after the acceleration lane are considered to guarantee sta-

le traffic flow entering control areas and to reflect the impacts of ramp
8

ering on mainline traffic fully. Speed limits for the mainline (includ-

ng the acceleration lane) and the ramp are 120 km/h and 60 km/h,

espectively. 

.2. Driving behavior modeling and fundamental diagram 

The car-following and lane-changing models are defined in SUMO

o reflect realistic driving behavior and traffic flow characteristics in
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Table 2 

Driving behavior model parameters . 

(a) IDM parameters 

Parameter HDV CAV Unit 

𝑎𝑚𝑎𝑥 2 2 m/s2 

𝑏𝑐𝑜𝑚𝑓 3 3 m/s2 

𝛿 4 4 –

𝑣0 120 120 km/h 

𝑠0 1.5 1.5 m 

𝑇 1 0.6 s 

𝜏 1 0.1 s 

(b) Lane-changing parameters 

Parameter Definition HDV CAV Unit 

Desired headway default 1 0.6 s 

lcAssertive Willingness to accept lower front and rear headway on the target lane. The required 

minimum headway for lane changing is divided by this value, i.e., 

Minimal accepted lane-changing gap = Desired headway/lcAssertive 

0.8 (5%) 1 (60%) –

1 (20%) 2 (20%) 

1.5 (15%) 3 (20%) 

2 (10%) 

2.5 (10%) 

3 (10%) 

3.5 (10%) 

4 (10%) 

4.5 (5%) 

5 (5%) 

lcCooperative Willingness for performing cooperative lane changing. 

Lower values result in reduced cooperation. 

1 (25%) 

0.8 (50%) 

0.5 (25%) 

1 (25%) 

0.8 (50%) 

0.5 (25%) 

–

lcTimeToImpatience Time to reach maximum impatience. Impatience grows whenever a lane-change 

maneuver is blocked. 

180 Infinity (default, no 

impatience growth) 

s 

lcImpatience The dynamic factor for modifying lcAssertive. If the lane-changing maneuver is 

blocked, the impatience increase with time until successful lane changes 
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e  
he ramp merging area. In this case study, we use the Intelligent Driver

odel (IDM) [ 33–36 ] to describe the simulated car-following behaviors:

̇  ( 𝑡 + 𝜏) = 𝑎𝑚𝑎𝑥 

⎡ ⎢ ⎢ ⎢ ⎣ 1 −
( 

𝑣( 𝑡) 
𝑣0 

) 𝛿

−
⎛ ⎜ ⎜ ⎝ 
𝑠0 + 𝑣( 𝑡) 𝑇 + 𝑣( 𝑡) ⋅Δ𝑣( 𝑡) 

2
√
𝑎𝑚𝑎𝑥 𝑏𝑐𝑜𝑚𝑓 

𝑠( 𝑡) 

⎞ ⎟ ⎟ ⎠ 
2 ⎤ ⎥ ⎥ ⎥ ⎦ (45)

Here, 𝑎𝑚𝑎𝑥 is the maximum acceleration, 𝑣0 is the desired speed, Δ𝑣 is
he relative speed between a vehicle and its leader, 𝛿 is the acceleration

xponent, t is time index, 𝜏 is reaction time, 𝑠 is the net (bumper-to-

umper) spacing, 𝑠0 is the standstill (net) spacing, 𝑇 is the safe time

eadway, and 𝑏𝑐𝑜𝑚𝑓 is the comfortable deceleration. The fundamen-

al diagram of IDM-compliant traffic flow is derived from the steady-

ollowing state between vehicles, namely when all vehicles are follow-

ng at the same constant speed, i.e., �̇� = 0 and Δ𝑣 = 0 . Then we have

rom (45) the condition for the steady following: 

 −
( 

𝑣 

𝑣0 

) 𝛿

−
( 

𝑠0 + 𝑣𝑇 

𝑠 

) 2 
= 0 (46)

here 𝑠 = ℎ𝑣 − 𝐿 , where ℎ is the following headway, and 𝐿 is the vehicle

ength. This leads to the headway-speed relationship: 

 =
𝑠0 + 𝑣𝑇 

𝑣

√ 

1 −
(
𝑣 

𝑣0 

)𝛿 + 𝐿 
𝑣 

(47)

In a mixed traffic flow, different IDM parameters are adopted for

DVs and CAVs to reflect their divergent car-following driving behav-

ors, as in Table 2 . Driving behavior model parameters . Thus, the

eadway-speed relationship of a mixed flow is 

 = 𝑝ℎ𝐶𝐴𝑉 + ( 1 − 𝑝 ) ℎ𝐻𝐷𝑉 (48)

here ℎ𝐶𝐴𝑉 and ℎ𝐻𝐷𝑉 are the steady following headways of CAVs and

DVs, respectively. The fundamental relationships for a mixed flow are

hen determined with 𝑞 = 1∕ ℎ and 𝑘 = 𝑞∕𝑣 . The IDM parameters for this
9

ase study are presented in Table 2 . The HDV parameters refer to cali-

rations on empirical trajectory data [ 37,38 ]. We adopt 0.6 s safety time

eadway and 0.2 s reaction time for CAVs, which are in line with Zhou

t al. [ 39 ] and Durrani et al. [ 40 ]. 

The lane-changing behaviors are modeled by the latest SL2015

odel in SUMO [ 41 ], and the parameters are summarized in Table 2 . In

he simulation, we divide each lane into five sub-lanes, each of which

as a width of 0.7 m. More importantly, we consider heterogeneity in

ane-changing behavior (especially for HDV) to mimic more realistic

erging behavior, which has been heavily overlooked in the relevant

iterature. A key parameter for lane changing is the minimum accepted

afety headway (MASH) between a lane-changing vehicle and its puta-

ive follower and leader in the target lane. Significant differences among

ifferent drivers exist [ 42–44 and affect the reality of simulated on-

amp merging behavior under no control noticeably. This is realized

y setting a distribution of “lcAssertive ” parameters for HDV to resem-

le the empirically calibrated distributions of accepted rear and front

eadways during lane changing in recognized literature. Furthermore,

e also set different “lcAssertive ” parameters for CAV to consider po-

ential divergent lane-changing behavior of different CAVs on account

hat the pre-programmed lane-changing control algorithms of different

ehicle manufacturers may be distinct. Moreover, we consider hetero-

eneous willingness for performing cooperative lane changing among

ifferent human drivers [ 45 ] by setting “lcCooperative ” parameter to

e a distribution instead of a constant. Meanwhile, we also consider

he impatience of human drivers when the lane-changing maneuver is

locked by setting two parameters “lcImpatience ” and “lcTimeToImpa-

ience ”. Other lane-changing behavior parameters are default values of

L2015 in SUMO [ 46 ]. 

.3. Study scenarios 

In this study, we test the performance of the proposed M-CoMC strat-

gy under various combinations of mainline volumes, on-ramp volumes,
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Table 3 

M-CoMC input parameters . 

Parameter Value Unit 

𝑤𝑚 1 –

𝑤𝑟 1 –

𝑣𝑂 120 km/h 

𝑣𝑟 60 km/h 

𝑣𝑐𝑟𝑖𝑡 75 km/h 

𝑑′ 230 m 

𝑎𝑟𝑎𝑚𝑝 2.75 m/s2 

𝑏 2.75 m/s2 

𝐿 4.37 m 

𝑛𝑚𝑎𝑥 20 veh 

𝑑𝑚𝑎𝑥 1500 m 

a  

l  

o  

l  

6  

0  

c  

p  

s  

s  

a  

t  

m  

b  

m  

v  

d  

v  

t  

c  

m  

o  

c  

u  

t

 

“  

s  

w  

l  

f  

1  

5  

i

5

5

 

n  

h  

n  

I  

c  

o  

l  

o  

W  

h  

g  

t  

t  

c  

m  

b  

m  

b  

t  

w  

t  
nd penetration rates of CAV. As the main benefit of M-CoMC is to stabi-

ize traffic and improve merging operation under dense traffic, we focus

n the high traffic volume scenarios and consider two levels of main-

ine flow (1,800 and 2,000 veh/h/lane), three levels of ramp flow (500,

00, and 700 veh/h/lane), and four CAV penetration rates (0.3, 0.5,

.7, and 0.9). In total, 18 pairs of scenarios (under no controls and with

ontrols) are investigated for comprehensive analysis using the input

arameters in Table 3 . For each scenario, an M-CoMC control case is

imulated and compared to a base case without any traffic controls. The

tudy scenarios and the corresponding M-CoMC macro-level decisions

re summarized in Table 4 . Note that when CAV penetration is low,

he macro-level coordination model has no feasible solution under the

ost critical traffic volumes, and thus the M-CoMC strategy should not

e applied in such scenarios. Meanwhile, when traffic volumes in the

ainline and ramp are not large (e.g., the merging frequency of ramp

ehicles is not high), it is not necessary to implement the proposed coor-

ination as well. The theoretical reason is that the merging of on-ramp

ehicles will not result in significant impacts on the mainline when the

raffic volumes in the mainline and ramp are not large. In this case, local

oordination among a small platoon on ramp and several vehicles in the

ainline is efficient enough, as shockwaves in the mainline caused by

n-ramp vehicles merging will not accumulate. Therefore, our proposed

oordination is targeted at the critical scenario with large traffic vol-
Table 4 

Study scenarios and M-CoMC macro-level decisions . 

(a) CAV penetrati

Traffic 𝑞𝑚 1800 1800 1800 

volume 𝑞𝑟 500 600 700 

M-CoMC 𝑛 6 
N/A N/A 

decision 𝑣𝐶 𝑣𝐶 75.5 

(b) CAV penetrat

Traffic 𝑞𝑚 1800 1800 1800 

volume 𝑞𝑟 500 600 700 

M-CoMC 𝑛 6 10 
N/A 

decision 𝑣𝐶 𝑣𝐶 84.0 76.5 

(c) CAV penetrati

Traffic 𝑞𝑚 1800 1800 1800 

volume 𝑞𝑟 500 600 700 

M-CoMC 𝑛 6 8 12 

decision 𝑣𝐶 𝑣𝐶 88.2 83.3 75.7 

(d) CAV penetrati

Traffic 𝑞𝑚 1800 1800 1800 

volume 𝑞𝑟 500 600 700 

M-CoMC 𝑛 6 7 9 

decision 𝑣𝐶 𝑣𝐶 92.0 89.0 82.2 

∗ N/A: not applicable due to low CAV penetration rate. 

10
mes in the mainline and ramps and will be implemented after certain

hresholds. 

Traffic flows with stochastic arrival patterns are generated using the

duarouter ” randomization tool in SUMO. The simulation time step is

et to 0.2 s. For each scenario, we repeated the simulation five times

ith different random seeds. The outputs of the simulation include the

ocation, speed, and acceleration profile of each vehicle. We record in-

ormation about vehicle positions and speeds in the road segments from

500 m (mainline) or 1000 m (ramp) upstream of the merging area to

00 m downstream of the merging area. This range covers the merge

nfluence area defined by TRB [ 47 ]. 

. Results and discussion 

.1. Performance in reducing traffic oscillation 

We first compare the vehicle trajectories under control and base (i.e.

o-control) scenarios. We select one typical scenario for demonstration

erein. Fig. 9 shows 10-minute vehicle trajectories in the congested sce-

ario 2,000–700–0.7 (mainline volume-ramp volume-penetration rate).

n the base case without control ( Fig. 9 a), the merging of ramp vehi-

les interferes with mainline traffic and induces stop-and-go behaviors

f vehicles on the main road, which result in traffic oscillations of main-

ine vehicles and intermittent cut-in behaviors of ramp vehicles. These

bviously hamper the traffic efficiency and safety in the merging areas.

hen M-CoMC is in place ( Fig. 9 b), vehicle trajectories of mainline ve-

icles are significantly smoothened thanks to the coordination between

ap creations in mainline and ramp platoon merging. The proposed con-

rol strategy eliminates traffic oscillations in the mainline and enables

he smooth merging of the ramp platoon. Taking a specific merging cy-

le for example (green rectangle in Fig. 9 b), a facilitating vehicle in the

ainline decelerates to a certain speed at around 1,150 m upstream

efore the merging point to create gaps that well accommodate the

erging platoon (trajectory in yellow and red colors). The cooperative

ehavior induces a temporary disturbance on the following mainline

raffic, which tapers off and eventually dissipates within two minutes

ithout accumulating to the next merging cycle. It is worth noting that

he speed-change points of mainline facilitating vehicles and the tra-
on 𝒑 = 0 . 3 

2000 2000 2000 veh/h/lane 

500 600 700 veh/h/lane 

15 
N/A N/A 

km/h 

75.0 veh 

ion 𝑝 = 0 . 5 

2000 2000 2000 veh/h/lane 

500 600 700 veh/h/lane 

7 19 
N/A 

km/h 

75.2 75.1 veh 

on p = 0.7 

2000 2000 2000 veh/h/lane 

500 600 700 veh/h/lane 

7 9 19 km/h 

87.1 75.9 75.0 veh 

on p = 0.9 

2000 2000 2000 veh/h/lane 

500 600 700 veh/h/lane 

6 8 10 km/h 

91.8 86.2 75.7 veh 
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Fig. 9. Vehicle trajectories (mainline volume 2000 veh/h/lane, ramp volume 700 veh/h/lane, CAV penetration 0.7) . (a)baseline case. (b) M-CoMC case. 

Fig. 10. Delay reduction resulted from M-CoMC. (a) 1800 veh/h/lane mainline volume. (b) 2000 veh/h/lane mainline volume. 
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r  
ectories of merging platoon in different merging cycles are different,

.g., the SC 1 and SC 2 in Fig. 9 b. This is attributed to the fact that

he sizes of merging platoons in different cycles (notably influencing

peed-change point and trajectory of merging platoon) are divergent in

he macro-layer control as we consider mixed traffic and stochastic ar-

ival patterns. The results in Fig. 9 b indicate that the proposed control

trategy can nicely accommodate the arrival stochastics of mixed traffic
11
o guarantee the successful and smooth merging of ramp platoons with

ifferent sizes. 

.2. Performance in traffic efficiency 

Table 5 a and Fig. 10 a summarize the travel delays of mainline and

amp vehicles to demonstrate the efficiency gains of M-CoMC when the
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Table 5 

Travel delay results . 

(a) 1800 veh/h/lane mainline volume 

Scenarios(Mainline volume - ramp volume - penetration) Average delay (s) Delay reduction (%) 

Overall Main Ramp Overall Main Ramp 

1800–500–0.3 Base 215.2 265.2 67.4 − 89.8% − 95.8% − 9.2% 

M-CoMC 22.0 11.0 61.2 

1800–500–0.5 Base 179.9 215.7 63.6 − 91.0% − 96.7% − 22.6% 

M-CoMC 16.2 7.1 49.3 

1800–500–0.7 Base 81.3 75.5 102.4 − 86.3% − 94.0% − 65.9% 

M-CoMC 11.2 4.6 35.0 

1800–500–0.9 
Base 38.4 28.8 74.0 − 78.2% − 90.4% − 61.4% 

M-CoMC 8.4 2.8 28.5 

1800–600–0.5 Base 194.7 249.1 56.7 − 89.4% − 96.4% − 1.8% 

M-CoMC 20.6 9.0 55.7 

1800–600–0.7 Base 183.8 235.4 55.6 − 92.2% − 97.6% − 28.0% 

M-CoMC 14.4 5.8 40.0 

1800–600–0.9 
Base 167.1 208.6 63.8 − 94.0% − 98.4% − 53.4% 

M-CoMC 10.0 3.4 29.7 

1800–700–0.7 Base 179.8 238.2 52.8 − 89.3% − 96.7% − 8.9% 

M-CoMC 19.2 7.9 48.1 

1800–700–0.9 
Base 207.0 264.3 86.5 − 93.8% − 98.2% − 61.6% 

M-CoMC 12.8 4.8 33.2 

Average all scenarios − 89.3% − 96.0% − 34.7% 

(b) 2000 veh/h/lane mainline volume 

Scenarios (Mainline volume - ramp volume - penetration) Average delay (seconds) Delay reduction (%) 

Overall Main Ramp Overall Main Ramp 

2000–500–0.3 
Base 235.2 291.0 68.4 − 85.6 − 94.6 54.3 

M-CoMC 33.8 15.8 105.6 

2000–500–0.5 
Base 198.0 239.8 60.4 − 90.3 − 95.7 − 11.9 

M-CoMC 19.2 10.4 53.2 

2000–500–0.7 
Base 163.1 145.7 297.0 − 91.5 − 95.7 − 85.6 

M-CoMC 13.8 6.3 42.8 

2000–500–0.9 
Base 98.0 70.2 204.8 − 90.8 − 94.9 − 85.4 

M-CoMC 9.0 3.6 29.8 

2000–600–0.5 
Base 233.1 305.3 53.7 − 86.5 − 95.3 68.9 

M-CoMC 31.4 14.3 90.7 

2000–600–0.7 
Base 210.9 267.1 53.8 − 92.2 − 96.8 − 19.2 

M-CoMC 16.4 8.4 43.5 

2000–600–0.9 
Base 188.5 236.8 57.6 − 93.9 − 97.9 − 40.5 

M-CoMC 11.6 4.9 34.3 

2000–700–0.7 
Base 223.1 302.8 50.3 − 87.6 − 96.1 48.6 

M-CoMC 27.6 11.7 74.7 

2000–700–0.9 
Base 251.0 356.8 41.9 − 94.2 − 98.1 − 10.4 

M-CoMC 14.6 6.8 37.5 

Average all scenarios − 90.3% − 96.1% − 9.0% 
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ainline volume is 1,800 veh/h/lane. On average, the overall delay of

ll vehicles is reduced by 89.3% under M-CoMC in comparison to the

aseline cases. The travel delays of mainline and ramp vehicles decrease

y 96% and 34.7% on average after M-CoMC. These results verify the

bility of M-CoMC to significantly improve traffic efficiency in merging

reas by eradicating merging conflicts. 

When the ramp volume is 500 veh/h/lane, the travel delays of all

ehicles under M-CoMC as compared to no-control base cases, reduce

y 78.2% - 91%, depending on the penetration rates of CAVs. M-CoMC

an simultaneously improve the travel delays of both mainline and ramp

ehicles in comparison to base cases. The improvement percentages in

ravel delays of ramp vehicles increase with penetration rates of CAVs

see Table 5 a). The reason is that the travel delays of ramp vehicles un-

er base cases do not change notably with penetration rates, but travel

elays of ramp vehicles under M-CoMC reduce signally with penetration

ates, as shown in Table 5 . The average platoon size in Eq. (4) reduces

ith increasing penetration rates of CAVs, which means less waiting

ime to formulate a platoon to discharge. Similar relationships can be

bserved when ramp volumes are 600 and 700 veh/h/lane. In contrast,
12
mprovement percentages in travel delays of mainline vehicles reduce

o some extent with larger penetration rates, especially when the pen-

tration rate reaches 0.9. The travel delays of mainline vehicles under

-CoMC merely reduce slightly with increases in penetration rates (see

able 5 a). This can also be clearly observed and corroborated in the

peed contours of vehicles in Fig. 11 . However, the travel delays of

ainline vehicles under no controls reduce significantly with penetra-

ion rates (see Table 5 a and Fig. 11 ). This reason should be that CAVs

ave smaller acceptable headways and no reaction time, as described in

ection 4.4. These lead to a higher probability of a ramp vehicle merg-

ng into a gap between two vehicles without forcing sharp braking of

ehicles in the mainline (e.g., fewer traffic oscillations) when the ramp

olume is not high (e.g., 500 veh/h/lane). However, Table 5 a shows that

he improvement percentages in travel delays of mainline vehicles when

amp volumes increase to be 600 and 700 veh/h/lane, are around 92%

nd do not decrease as notably as they do when the ramp volume is 500

eh/h/lane. The potential explanation is that large ramp volumes result

n higher merging frequency and larger probabilities of large merging

latoon size (e.g., three vehicles merging successively in a short period).
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Fig. 11. Speed contours of mainline traffic. (a) CAV penetration 𝒑 = 0 . 3 . (b) CAV penetration 𝒑 = 0 . 5 . (c) CAV penetration 𝒑 = 0 . 7 . (d) CAV penetration 𝒑 = 0 . 9 . 
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herefore, the merging behaviors of ramp vehicles when ramp volumes

re 600 or 700 veh/h/lane, will frequently interrupt the mainline traf-

c flow and cause oscillations, as demonstrated in Fig. 11 , even though

igh penetration rates of CAVs are beneficial for capacity and merging

f one vehicle. Improvements in travel delays of all vehicles when ramp

olumes are 600 or 700 veh/h/lane, are in the range of 86.3% - 93.8%.

specially, M-CoMC can substantially reduce travel delays of mainline

ehicles by around 96%. 

Table 5 b and Fig. 10 b summarize the travel delays when the main-

ine volume is 2000 veh/h/lane. The overall travel delays of all vehicles
13
nder M-CoMC are improved by 90.3% on average, compared to those

n base cases (no-control). The travel delays of mainline and ramp ve-

icles decrease by 96% and 9% on average. Again, the results validate

he capacities of M-CoMC to facilitate traffic efficiency in merging areas.

hen ramp volume is 500 veh/h/lane and the penetration rate is 0.3,

he travel delays of ramp vehicles under M-CoMC actually increase from

8.4 s to 105.6 s by 54.3% in comparison to base cases. The reason is

hat the average platoon size increases with larger mainline volume and

ower penetration rates, as implied by Eq. (4) . The larger ramp platoon

ize means a longer waiting time to formulate a platoon to discharge. So
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Table 6 

Thresholds of safety surrogate measures . 

Safety surrogate Range Risk level Symbol Source 

TET 
2s < TTC ≤ 5s low 𝑇 𝐸𝑇𝑙𝑜𝑤 Gao et al. [ 52 ] 

TTC ≤ 2s high 𝑇 𝐸𝑇ℎ𝑖𝑔ℎ 

MDRAC 

1 . 7 m ∕s2 < MDRAC ≤ 3 . 4 m ∕s2 low 𝑀𝐷𝑅𝐴𝐶𝑙𝑜𝑤 Kuang et al. [ 50 ] Arun et al. [ 53 ] 

MDRAC > 3 . 4 m ∕s2 high 𝑀𝐷𝑅𝐴𝐶ℎ𝑖𝑔ℎ 

Negative MDRAC value ∗ critical 𝑀𝐷𝑅𝐴𝐶𝑐 𝑟𝑖𝑡𝑖𝑐 𝑎𝑙 

∗ MDRAC is negative when time to collision is less than reaction time (1 second). 

Table 7 

Rear-end collision risk (mainline volume 2000 veh/h/lane) . 

Scenarios (Mainline volume-ramp 

volume-penetration) 

𝑇 𝐸𝑇ℎ𝑖𝑔ℎ (s) 𝑇 𝐸𝑇𝑙𝑜𝑤 (s) 𝑀𝐷𝑅𝐴𝐶𝑙𝑜𝑤 𝑀𝐷𝑅𝐴𝐶ℎ𝑖𝑔ℎ 𝑀𝐷𝑅𝐴𝐶𝑐 𝑟𝑖𝑡𝑖𝑐 𝑎𝑙 

2000–500–0.3 
Base 38,231.0 5784.0 1398.3 810.5 1014.3 

M-CoMC 0.0 0.0 0.0 0 0.0 

2000–500–0.5 
Base 28,333.6 4119.2 1321.8 546.6 587.0 

M-CoMC 5.0 0.0 1.0 0 0.0 

2000–500–0.7 
Base 13,155.0 3894.4 1464.4 876.8 428.0 

M-CoMC 0.5 0.0 0.0 0 0.0 

2000–500–0.9 
Base 2000.2 942.6 543.4 274.8 117.4 

M-CoMC 0.0 0.0 0.0 0 0.0 

2000–600–0.5 
Base 30,804.0 4599.0 1342.0 581.5 703.5 

M-CoMC 1.5 0.0 0.5 0 0.0 

2000–600–0.7 
Base 19,118.5 4411.3 1569.8 626.5 389.0 

M-CoMC 2.5 0.0 1.0 0 0.0 

2000–600–0.9 
Base 5334.6 2473.8 1194.8 540.8 95.4 

M-CoMC 0.0 0.0 0.0 0 0.0 

2000–700–0.7 
Base 21,719.4 4896.8 1601.8 653.6 478.0 

M-CoMC 0.0 0.0 0.0 0 0.0 

2000–700–0.9 
Base 7023.6 3325.0 1537.6 690.6 129.6 

M-CoMC 1.5 0.0 0.0 0 0.0 

Note: A very small number of 𝑇 𝐸𝑇𝑙𝑜𝑤 and 𝑇 𝐸𝑇ℎ𝑖𝑔ℎ under M-CoMC is attributed to the deceleration of mainline facilitating vehicles in the MPC process. When an 

HDV follows a mainline facilitating vehicle closely, a small deceleration of the facilitating vehicle may result in a TTC of less than 5 s for a very short period. 
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he waiting time of ramp vehicles in a merging cycle may even be longer

han the average time for a ramp vehicle to merge under no controls.

owever, the travel delays of mainline vehicles reduce significantly by

round 95%, and travel delays of all vehicles decrease by 90% on av-

rage. These can be further visualized and corroborated by the speed

ontours in Fig. 11 . The results imply that M-CoMC sacrifices the travel

ime of ramp vehicles to some extent but creates much more benefits

or overall systems, especially for mainline vehicles. It should be noted

hat the objective of M-CoMC is to minimize the delays of all vehicles in

he system, as the majority of traffic control strategies do. More impor-

antly, the situation ameliorates with higher penetration rates of CAVs.

hen ramp volume is 500 veh/h/lane and the penetration rate equals

r over 0.5, M-CoMC can improve the travel delays of both mainline and

amp vehicles, as shown in Table 5 b. When the penetration rate is 0.9,

he travel delay of ramp vehicles can reduce by over 80% after M-CoMC.

or the scenarios with ramp volumes of 600 and 700 veh/h/lane, the

esults show similar patterns as described in the scenario with a ramp

olume of 500 veh/h/lane. The improvement percentages in travel de-

ays of all vehicles after M-CoMC when ramp volumes are 600 or 700

eh/h/lane, range from 85.6% to 94.2%, which is remarked improve-

ent in traffic efficiency. 

.3. Performance in merging safety 

In this subsection, we demonstrate the benefits of M-CoMC in reduc-

ng collision risk in merging areas. In evaluating the safety benefit, we

dopt an innovative concept of driving safety field that was proposed

y Wang et al. [ 48 ]. Two safety surrogates are used to measure the

ear-end collision risk at ramp merging: Time Exposed Time-to-collision
14
TET) and Modified Deceleration Rate to Avoid a Crash (MDRAC). These

urrogates are derived from vehicle trajectory data in accordance with

inderhoud, Bovy [ 49 ] and Kuang et al. [ 50 ]. The thresholds for dif-

erent risk levels are summarized in Table 6 . It should be noted that

e merely analyze the rear-end collision risk of HDVs, because CAVs

re assumed to have advanced sensors and no reaction time, and thus

eemed to avoid collisions by themselves as long as no perception and

ontrol system failure happens. Moreover, the traffic safety surrogates

nd thresholds are determined for measuring collision risks for human

rivers with reaction times. The results averaged into one hour when

he mainline volume is 2000 veh/h/lane are summarized in Table 7 .

able 7 shows that there is considerable rear-end collision risk in the

ainline under no controls. The 𝑇 𝐸𝑇𝑙𝑜𝑤 and 𝑇 𝐸𝑇ℎ𝑖𝑔ℎ when ramp vol-

me is 500 veh/h/lane and penetration rate is 0.5, are 38,231 and 5784

 ⋅ 𝑣𝑒ℎ ∕ℎ , respectively. The 𝑇 𝐸𝑇ℎ𝑖𝑔ℎ of 5,784 𝑠 ⋅ 𝑣𝑒ℎ ∕ℎ means that the ac-

umulated time of vehicles under high collision risk (TTC) in one hour is

,784 s, which hints nonnegligible risk. 𝑀𝐷𝑅𝐴𝐶ℎ𝑖𝑔ℎ and 𝑀𝐷𝑅𝐴𝐶𝑐 𝑟𝑖𝑡𝑖𝑐 𝑎𝑙 
ean the period of MDRAC larger than 3.4 m/s2 and TTC less than

rivers’ reaction time, respectively. The two surrogates are typical sig-

als of severe collision risks. The results indicate that the accumulative

ime of all vehicles when the drivers have to decelerate immediately

ith a deceleration of larger than 3.4 m/s2 to avoid potential crashes

s 810.5 s. The accumulative time when TTC is less than the defined

uman drivers’ reaction time (1 s) is 1,398.3 s. The potential reason is

hat the cut-in behavior of merging vehicles under no control will force

he mainline vehicles to brake sharply and suddenly stop. These ma-

euvers will propagate upstream due to human drivers’ reaction times.

hese can be further evidenced by the speed profiles in Fig. 11 . Merg-

ng conflicts in mixed traffic with both CAVs and HDVs may be more
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emarkable as compared to the scenarios with full HDVs, due to driving

ehavior differences between CAVs and HDVs [ 51 ]. In comparison, the

raffic flow after implementing M-CoMC is free from rear-end collision

isks. The reason is straightforward. The coordination between mainline

acilitating vehicles and ramp platoon eliminates the merging conflicts

nd derivative traffic oscillation. The same results can be found when

he ramp volume and penetration rate increase. These results validate

he exceptional performance of the proposed control strategy in reduc-

ng rear-end collisions in the merging areas. 

. Conclusion 

This study proposes a bi-level merging coordination strategy to facili-

ate ramp merging operation of mixed CAV-HDV traffic. The macro-level

ptimization, utilizing traffic fundamental diagrams and shock wave

heories, aims to determine the optimal size of the ramp merging platoon

nd the cooperative merging speed. The micro-level coordination, tak-

ng the macro-level decisions and real-time traffic information as inputs,

esigns and updates the trajectory of controlled CAVs in each merging

ycle to tackle traffic stochastics using a receding horizon scheme. The

erformances of the proposed control strategy are evaluated in different

cenarios in terms of penetration rates (0.3, 0.5, 0.7 or 0.9), mainline

olume (1,800 or 2,000 veh/h/lane), and ramp traffic volume (500,

00 or 700 veh/h/lane), based on tailored SUMO simulations for mixed

raffic with heterogeneous drivers. The main findings are summarized

s follows. 

• M-CoMC coordinates the creation of mainline gaps and the forma-

tion of ramp platoons in mixed traffic with HDVs and CAVs. The

coordination is achieved as expected under high traffic volumes and

various CAV penetration rates. 

• M-CoMC smoothens vehicle merging trajectories and eliminates traf-

fic oscillations on the mainline freeway. 

• M-CoMC can notably reduce the travel delays of all vehicles in the

merging areas under different scenarios in terms of mainline volume,

ramp volume and penetration rates of CAVs. M-CoMC can reduce

the travel delays of all vehicles by around 90% on average when

mainline volumes are 1800 and 2000 veh/h/lane. 

• In most cases, M-CoMC benefits both the mainline and ramp traf-

fic. However, in a few cases (large mainline/ramp volume and low

penetration rate of CAVs), the travel delays of ramp vehicles under

M-CoMC are larger than those without control. The efficiency ben-

efits of M-CoMC are more notable under high to congested traffic

volumes. This indicates a need to introduce an activation threshold

of M-CoMC in terms of traffic volume and CAV penetration rate in

practice. 

• M-CoMC can eliminate the collision risk in merging areas via effi-

cient coordination. 

This study has some limitations that need to be improved through fu-

ure research. First, this study uses assumptions and hypothetical param-

ters for the CAV following/lane-changing model due to limited access

o field test data of fully automated CAVs. This needs to be improved

n the future when more CAV empirical studies become available. How-

ver, it is worth noting that the current models considering stochastic

raffic patterns and heterogenous driving behaviors are more realistic

han most simulation practices in the existing literature. Further, we as-

ume and implement a prohibition of lane changing to the outside lane

efore the merging area if there are multiple lanes in the mainline. How-

ver, the HDVs may not follow the rule and cut into the gap in front of

he mainline facilitating vehicle [ 54 ]. The receding horizon control at

he micro level can address this issue to some extent but not comprehen-

ively. It is worth exploring more robust and rigorous control methods

t both macro and micro levels considering the potential illegal cut-in

ehavior before the merging area in future work. Meanwhile, this study

gnores free lane changing between mainline lanes. One possible way

s to use the theory of “moving bottlenecks ” to depict the influences
15
f lane-changing behavior before the merging area [ 55,56 ] and extend

he optimization at the macro level to consider the influences of lane

hanging behavior. When multiple lanes exist on the mainline freeway,

here is a potential to include courtesy lane changing (i.e., proactive lane

hanging from outer lane to inner lanes) in the coordination to facili-

ate ramp merging further. Meanwhile, the trajectory planning method

n Section 3.2.3 can be further improved to consider other objectives

such as energy consumption) by more advanced trajectory planning

pproaches. The focus of ongoing research is to address the limitations

bove and extend the application context of the proposed coordination

trategy. Last but not least, the proposed coordination strategy focuses

n dense traffic (but not congested) situations. If the traffic in the main-

ine and ramp are already congested or broken down, other tailored

ontrol for congested situations should be implemented instead, which

s one of the interesting directions to explore in future work. 
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ppendix 

We also compare the proposed coordination with the typical local

eedback ramp control strategy ALINEA in the scenarios with mainline

raffic volume 2000 veh/h/lane and ramp traffic volume (500 and 600

eh/h/lane). Referring to the literature [ 1,2 ], the implemented ALINEA

trategy at each period k = 1,2,… (every minute) is formulated as 

 ( 𝑘 ) = 𝑟 ( 𝑘 − 1) + 𝐾𝑅 (�̂� − 𝑂𝑜𝑢𝑡 ( 𝑘 )) (A.1)

 =
( 

𝑟 ( 𝑘 ) 
𝑟𝑠𝑎𝑡 

) 

𝐶 (A.2) 

here 𝑟 ( 𝑘 ) is on-ramp traffic volume that may be controlled using traffic

ights at the kth . 𝑟 (𝑘 − 1 ) is set equal to the measured actual ramp volume

n the last period. 𝑂𝑜𝑢𝑡 ( 𝑘 ) is the occupancy at the downstream of the

erging point and is measured by an inductive loop detector shown in

ig. A.1 . 𝐾𝑅 is the regulator parameter and set to be 70 vph referring to

apageorgiou et al. (1997). �̂� is set to be 28 (%) based on the occupancy

t capacity derived from Eqs. (45) - (47) in the revised manuscript. g is

he green time and is constrained in the range [0.1 C, C ]. C is the fixed

raffic cycle duration and set to be 90 s referring to Papageorgiou et al.

1997). 𝑟𝑠𝑎𝑡 is ramp capacity flow and set to be 1,800 vph. 

We compare the results between the proposed strategy and ALINEA

sing SUMO based on the same traffic flow and road network. The re-

ults are summarized in Table A.1 and show that the proposed coordina-

ion has better performance for reducing delays as compared to ALINEA.
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Fig. A.1. ALINEA demonstration . 

Table A.1 

The comparison between the proposed coordination and ALINEA . 

Scenarios (Mainline volume - ramp volume - 

penetration) Average delay (seconds) Delay reduction 

Overall Main Ramp Overall Main Ramp 

2000–500–0.5 ALINEA 111.56 106.4 131.33 − 82.8% − 90.2% − 59.5% 

M-CoMC 19.2 10.4 53.2 

2000–500–0.7 ALINEA 91.41 62.25 210.51 − 83.5% − 87.9% − 79.7% 

M-CoMC 13.8 6.3 42.8 

2000–600–0.5 ALINEA 127.36 108.43 221.79 − 69.0% − 79.1% − 59.1% 

M-CoMC 31.4 14.3 90.7 

2000–600–0.7 ALINEA 69.45 43.89 162.92 − 76.4% − 80.9% − 73.3% 

M-CoMC 16.4 8.4 43.5 

2000–600–0.9 ALINEA 58.16 43.46 120.50 − 75.9% − 79.1% − 71.5% 

M-CoMC 11.6 4.9 34.3 

Average all scenarios − 77.5% − 83.4% − 68.6% 

R
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