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Abstract— Cooperative on-ramp merging control for con-

nected automated vehicles (CAVs) has been extensively investi-

gated. However, they did neglect the connected vehicle identi-

fication process, which is a must for CAV cooperations. In this

paper, we introduced a connected vehicle identification system

(VIS) into the on-ramp merging control process for the first time

and proposed an evaluation framework to assess the impacts of

VIS on on-ramp merging performance. First, the mixed-traffic

cooperative merging problem was formulated. Then, a real-

world merging trajectory dataset was processed to generate

dangerous merging scenarios. Aiming at resolving the potential

collision risks in mixed traffic where CAVs and traditional

human-driven vehicles (THVs) coexist, we proposed on-ramp

merging strategies for CAVs in different mixed traffic situations

considering the connected vehicle identification process. The

performances were evaluated via simulations. Results indicated

that while safety was assured for all cases with CAVs, the cases

with VIS had delayed initiation of cooperation, limiting the

range of cooperative merging and leading to increased fuel

consumption and acceleration variations.

Index Terms— Connected automated vehicle (CAV), vehicle

cooperation, freeway merging, connected vehicle identification.

I. INTRODUCTION
The connected automated vehicle (CAV) is a revolutionary

technology for shaping our future transportation. With the
cooperation of multiple CAVs, it is possible to improve traffic
mobility and the environment in a wide range [1].

A typical CAV cooperation scenario is the freeway merg-
ing, where vehicles on the freeway mainline and on-ramp
compete for passing priority, often resulting in unsafe con-
ditions [2]. Given the on-ramps deviate from the adjacent
mainline and trees or advertisement signs often block the line
of sight, the freeway merging has potential risks of collision.
But with V2X communications, CAVs can share basic safety
messages (BSM) including motion data with each other to
mitigate traffic conflicts at on-ramp merging areas.

Existing studies on CAV ramp merging cooperation cover
full-CAV scenarios and mixed traffic scenarios where CAVs
and traditional human-driven vehicles (THVs) coexist. The
research topic mainly includes sequence and trajectory plan-
ning. Sequence planning determines the order in which vehi-
cles from main roads and on-ramps pass through the merg-
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ing area [3]. By specifying a sequence, merging conflicts
could be resolved, and travel efficiency could be improved.
Typical sequence planning methods include rule-based [4],
optimization-based [5], game theory-based [6], and graph-
based methods [7]. Based on a merging sequence, merging
trajectories for CAVs can be planned based on optimal
control [8], model predictive control [9], control barrier
functions [10], or reinforcement learning [11], to realize safe,
energy efficient, and comfortable driving.

Although existing research revealed the positive impact of
cooperative CAV on-ramp merging control on travel safety,
efficiency, and environment improvement, a significant pre-
requisite was neglected – how to properly identify which CAV
to cooperate with. That is, an ego vehicle needs to know re-
ceived connected vehicle information is coming from which
CAV. This seemingly trivial issue is, in fact, of paramount
importance. An example is illustrated in Fig. 1. In physical
space, all mainline CAVs simultaneously broadcast messages
to the ego on-ramp CAV through V2V communications.
However, without vehicle identification capability, the ego
CAV cannot accurately identify which vehicle is a CAV, and
which CAV broadcasts which message in cyberspace. Conse-
quently, the on-ramp CAV cannot cooperatively merge. The
other consequence is the on-ramp merging CAV incorrectly
identifies the mainline vehicles and results in a potential
collision with mainline vehicles. Therefore, precise CAV
identification is of utmost importance for merging control.

A straightforward method to achieve CAV identification
is comparing the data perceived by onboard sensors of the
ego vehicle and BSM received by the ego CAV through
V2V communications. When there is no measurement error,
surrounding CAVs can be accurately identified through di-
rectly matching radar and V2V-BSM information. However,
the reality is that although the radar detection error is
small (around 0.1m), the regular GPS positioning error is
approximately 1 → 5 m [12]. So, it is almost impossible
to identify vehicles by simply matching these two kinds of
data. In addition, in mixed traffic scenarios, THVs will cause
interference in the identification of CAVs. Therefore, how to
identify CAVs quickly and accurately is a challenge.

In our previous research [13], a preceding vehicle identi-
fication system (VIS) was proposed to address the challenge
of preceding CAV identification for platooning in highway
mixed-traffic environments. Its principle is that, based on the
surrounding vehicles’ data obtained via radar perception and
V2V communication, an ego vehicle identifies the V2V data
source of the preceding vehicle and remembers its unique ID.
After the completion of vehicle identification, the ego vehicle
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Fig. 1: An example of a vehicle identification failure in the on-
ramp merging area and its negative impact. The ego on-ramp CAV
fails to identify which vehicle is a CAV and which CAV broadcasts
which message, therefore possible bad consequences may happen.

can utilize the preceding vehicle’s motion information to
achieve cooperative adaptive cruise control (CACC).

However, compared to the CACC application, considering
the VIS on-ramp merging task is more challenging. For the
cooperative merging task, radar perception can only work
after on-ramp vehicles obtain an adequate line of sight due
to possible obstacles between the main road and the on-ramp.
This means the VIS may only identify on-ramp vehicles in
a short range, resulting in a short time for CAV cooperation
after identification. This constraint raises the potential risks
associated with the cooperative merging process. Hence,
it’s crucial to conduct a comprehensive assessment of the
VIS’s impact, particularly in hazardous scenarios, and to
develop appropriate control strategies to safeguard the safety
of cooperative merging in mixed traffic. Furthermore, while
there are evaluation frameworks for hardware deployment
[14], software co-simulation [15], and performance measure-
ment [16] in cooperative merging scenarios, there is still a
need for an evaluation framework specifically focusing on
connected vehicle identification-aware cooperative merging
in dangerous scenarios within mixed traffic environments.

To address the identified research gaps, this paper in-
troduces an evaluation framework that encompasses dan-
gerous merging scenario generation, classification of mixed
traffic merging cases, integration of operational strategies,
and evaluation metrics. Based on this framework, we ana-
lyzed the impact of the VIS on the CAV merging process.
Specifically, we discussed the possible control strategies for
CAVs considering VIS implementation in different mixed-
traffic environments. A real-world Exits and Entries Drone
(exiD) dataset [17], which includes plenty of naturalistic

CAV

THV

Communication Range 

Detection Range On-ramp

Mainline

Auxiliary lane

Start Line (SL)

Fig. 2: The on-ramp merging scenario. From the Start Line, on-
ramp CAVs can detect nearby mainline vehicles with good line of
sight.

on-ramp merging trajectory data, was used to evaluate the
proposed merging strategies. This research would help bridge
the gap between the theoretical investigation and real-world
application of cooperative on-ramp merging control of CAVs.

The contributions of this paper include 1) integrating the
vehicle identification system (VIS) into the cooperative on-
ramp merging process for the first time, and 2) proposing
an evaluation framework and assessing the impact of imple-
menting VIS on the mixed traffic cooperative merging task.

The remainder of this paper is organized as follows. In
Section II, the on-ramp merging problem in mixed traffic is
formulated and a framework of merging performance eval-
uation is proposed. In Section III, the naturalistic trajectory
data is processed to generate dangerous merging scenarios.
The operation strategies for CAVs in various mixed-traffic
environments are designed, and the VIS algorithm for on-
ramp merging is described. Simulations are conducted and
analyzed in Section IV. Finally, conclusions are made in
Section V.

II. PROBLEM DESCRIPTION
A. Scenario description

We consider an on-ramp merging scenario with one main-
line and one on-ramp connecting with an auxiliary lane
[18], as shown in Fig. 2. In the mixed traffic of CAVs
and THVs, CAVs can share BSM with other CAVs through
V2V communication. On the contrary, THVs do not have
communication capability. CAVs can perceive surrounding
THVs via radar detection only when the line of sight is
adequate. In this context, we focus on the issue of an on-
ramp CAV attempting to merge into the mainline.

To implement VIS by utilizing V2V communication and
radar detection, physical constraints are noted. The commu-
nication range of a CAV could be several hundred meters,
which means on-ramp CAVs can receive V2V message of
mainline CAVs at the beginning of the on-ramp. However,
the radar detection range is relatively short and is only
effective when the line of sight is adequate. Therefore, a
Start Line (SL) is marked in Fig. 2, from which the line
of sight is good enough so that on-ramp CAVs can detect
nearby mainline vehicles and start identifying them via VIS.

B. Vehicle dynamics and merging constraints of CAVs
(1) Vehicle dynamics
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Since we need to design a controller for CAVs, vehicle
dynamics and merging constraints for CAVs are needed. A
2nd-order linear longitudinal vehicle model is used for CAV
controller design [3], which is represented as:

Ẋ =

[
ṗ(t)
v̇(t)

]
=

[
v(t)
u(t)

]
(1)

where p(t) and v(t) are the position and speed of the CAV,
respectively. u(t) is the acceleration of the CAV, which is
also regarded as the control input of the CAV system.
(2) Safety constraints

At the time of the merge, a safe inter-vehicle distance
between the adjacent mainline vehicle and the on-ramp
vehicle is needed. Since we want to facilitate a seamless
transition of the on-ramp CAVs into the car-following mode
after completing the merging control maneuver, we set the
terminal merging speed of the on-ramp vehicle vr(tmer) as
the same as that of its nearby mainline vehicle vm(tmer) and
apply the time headway policy [19], which is widely used
in merging control and car-following control studies. In this
way, the terminal speed constraint is

vr(tmer) = vm(tmer) (2)

where tmer is the time when the merging CAV merges
into the mainline (also called merging time). Based on time
headway policy, if an on-ramp vehicle is behind a mainline
vehicle at the merging time, the distance between these two
vehicles satisfies:

pm (tmer)↑ pr (tmer)↑ l

vr (tmer)
↓ h (3)

where pm(tmer) and pr(tmer) are the position of the main-
line preceding vehicle and the on-ramp following vehicle,
respectively, l is the vehicle length, set at 2.5 meters. h is
the safe merging time gap, set at 1.8 seconds [18].

If an on-ramp vehicle is ahead of a mainline vehicle at the
merging time, the inter-vehicle distance should satisfy:

pr (tmer)↑ pm (tmer)↑ l

vm (tmer)
↓ h (4)

C. Control modes for CAVs
Different control modes are designed to match various

mixed-automated traffic conditions. Focused on providing a
safe and efficient merging trajectory to the on-ramp CAV,
two types of control modes are proposed: recursive control
and cooperative control.
(1) Control Mode I: Recursive Control.

The recursive control mode is applied to scenarios where
the on-ramp CAV needs to merge near a mainline THV. Since
the movement of the THV is uncertain, the on-ramp CAV
has to repeatedly sample the states of the THV, based on
which its control inputs are updated recursively.

Denote the recursive time step as !t. Each control interval
is denoted as (ts,ts + !t], where the ts = t0 + k!t(k =
0, 1, 2, . . . ) is the start time of this interval, and t0 is the
initial time for merging control. Assume that within each
control interval, the mainline THV maintains the speed at ts,

the optimal control law is applied to calculate the optimal
control input of the on-ramp CAV. To deal with uncertain
movements of THVs, only the first control input is adopted
for this control step. After that, the controller jumps into the
next control interval, and the new control input is calculated
based on the updated states of mainline THVs. Such a
recursive process is repeated until the on-ramp vehicle and its
surrounding mainline THV have proper position and speed
differences. For this, the mathematical optimization problem
is given [8].

Control Problem I. Recursive merging control

argmin
ur

tmer∑

ts=t0+k!t

(
1

2
u2
r

)
, k = 0, 1, 2, . . . (5)

s.t.
Vehicle dynamics: Eq.(1)
Initial states of a control step: pr(ts),vr(ts)
Terminal speed constraint: Eq.(2)
Terminal position constraint:
- If the on-ramp CAV merges after a mainline vehicle: Eq.(3)
- If a mainline vehicle merges after the on-ramp CAV: Eq.(4)

(2) Control Mode II: Cooperative Control.
If the on-ramp CAV needs to merge near a mainline CAV,

the cooperative control mode may be applied, contingent
upon whether these two CAVs are equipped with VIS. (a)
If neither of the two CAVs has VIS, it implies uncertainty
regarding the origin of V2V messages. Considering the local-
ization errors in GPS, blindly trusting the vehicle positioning
information provided by V2V-BSM for cooperative control
is highly risky. Therefore, the control mode for the on-ramp
CAV should be Control Mode I: recursive control. (b) If all
CAVs are equipped with VIS, these two CAVs can cooperate
after completing vehicle identifications.

In Control Mode II, when the on-ramp CAV identifies its
surrounding mainline vehicle as a CAV and builds connection
with it, cooperative control can be applied to realize energy-
efficient merging. The merging time tmer and position
pr(tmer) can be preset based on traffic conditions.

Control Problem II. Cooperative merging control

argmin
ur

∫ tmer

t0

(
1

2
u2
r

)
dt (6)

s.t.
Vehicle dynamics: Eq.(1)
Initial states of a control step: pr(t0),vr(t0)
Terminal speed constraint: Eq.(2)
Terminal position constraint:
- If the on-ramp CAV merges after a mainline vehicle: Eq.(3)
- If a mainline vehicle merges after the on-ramp CAV: Eq.(4)

Note that compared to Control Problem I which is a
recursive optimal control problem solved at each start time
ts = t0 + !t, Control Problem II only involves one-time
calculation at the initial time for merging control t0. Both
two problems can be analytically solved by using Pontrya-
gin’s maximum principle (PMP), which is computationally
efficient. The readers can refer to [8] for more details. !t
is set 1/25 second in this paper, which is the same as the
sampling rate of the exiD trajectories.
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Fig. 3: Evaluation framework.

D. Evaluation Framework
As we focus on the impact of connected vehicle iden-

tification (VIS) on merging performance in mixed traffic
scenarios, our evaluation framework accounts for various
mixed traffic scenarios and the presence or absence of the
VIS. Thus, our methodology follows the evaluation frame-
work depicted in Fig.3. This process encompasses merging
trajectory data filtering and processing, design of evaluation
cases, formulation of operational strategies, and ultimately,
the final evaluation.

III. DATA AND METHOD
In this section, baseline merging trajectories are generated

based on real-world merging data. Operation strategies for
on-ramp CAVs in different mixed-traffic environments are
proposed, and the vehicle identification system (VIS) is
described.

A. Real-World Merging Data
(1) Data and scenario setting

We explored the exiD dataset, which is a real-world
trajectory dataset of highly interactive highway scenarios in
Germany [17]. It contains trajectories of 1,113 vehicles and
spans over 65,000 seconds of driving time. The trajectories in
the dataset are highly interactive, with frequent lane changes,
merging, and other complex maneuvers.

According to our observations of the exiD dataset, there
are three primary merging areas for the on-ramp vehicles,
which can be seen as different driving preferences of drivers
[20]. That is, some may aggressively merge around the start
point of the auxiliary lane; some may moderately observe
the condition of the mainline and then choose to merge into
the mainline at the middle of the merging zone; and others

p

+

-

-

1/3 

parts

2/3 

parts
0

Start Line (Origin)
230 

~300m

300 

~370m

Auxiliary lane

Fig. 4: Two merging parts in the auxiliary lane.

may conservatively yield to the mainline vehicles and wait
for a safe enough chance for merging, which may lead to
late merging at the end of the auxiliary lane. Based on these
observations, we roughly divided the auxiliary lane into three
sections. Set the Start Line as origin, i.e., p = 0. Because
the one-third part (p = 230 → 300 meters) and two-third
part (p = 300 → 370 meters) correspond to the aggressive
and moderate merging preferences, which has a higher risk
of collision, we mainly simulate the on-ramp vehicle has the
merging position within these two parts (as shown in Fig. 4)
and evaluate how these merging preferences affect the safety
and other merging performance of the two vehicles.
(2) Baseline trajectory generation

To evaluate the effectiveness of merging control strategies
in mitigating safety hazards during merging, a task of utmost
importance in merging control, we established a baseline by
generating collision-risk merging trajectories based on the
exiD dataset. To focus on instances where both the mainline
vehicle and the on-ramp vehicle exhibit collision risks at the
merging area, we compiled a data set that includes 100 pairs
of vehicles in one-third of the auxiliary lane and another
100 pairs of vehicles in two-thirds of the auxiliary lane.
Among these pairs, 18% involve the on-ramp CAV merging
after its potentially conflicting mainline vehicle, while 82%
depict scenarios where the on-ramp CAV merges ahead of
its potentially conflicting mainline vehicle.

B. Operation Strategies for on-ramp CAVs
As the on-ramp CAV encounters potential collision risks

with mainline vehicles, appropriate operational strategies
need to be devised based on the automation level of the
mainline vehicle and the CAV’s capability in vehicle identi-
fication. Generally, there are 3 cases to be considered.
(1) Case 1: CAV-THV

The on-ramp CAV might have collision risks with a
mainline THV. Since the on-ramp CAV may receive V2V-
BSM from other mainline vehicles, it still needs to operate
VIS to check whether this nearest mainline vehicle is a THV
or a CAV. After identifying this mainline vehicle is a THV,
the on-ramp CAV would adopt Control Mode I to recursively
generate a merging trajectory.
(2) Case 2: CAV-CAV with VIS

The on-ramp CAV is exposed to potential collision risks
with a mainline CAV. The on-ramp CAV should first identify
which V2V-BSM is sent by this mainline CAV. After that,
they can build a V2V connection and plan their future motion
cooperatively via Control Mode II.

Remark: There are two situations classifying a CAV-CAV
pair as Case 1. The first situation occurs when at least one
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TABLE I: Operation Strategies for the on-ramp CAV in different
cases

of the paired CAVs experiences V2V communication failure
and degrades to an AV. Consequently, the on-ramp CAV is
required to recursively detect the states of the mainline CAV
and plan its merging trajectory. The second situation arises
when two CAVs can communicate effectively, but the VIS of
both vehicles is not functioning. As a result, the two CAVs
are unable to cooperate. To avoid reader’s confusion, we
categorize both two situations as Case 1.
(3) Case 3: CAV-CAV without VIS

This is widely adopted in cooperative merging papers
[3]-[11]; that is, both on-ramp and mainline vehicles are
CAVs, but the vehicle identification process is assumed to
magically happen instantaneously when cooperative merging
control strategies are designed. In this case, both CAVs start
cooperation (Control Mode II) from the beginning of the
merging area.
(4) Evaluation Settings

The 3 cases are compared with the baseline case. To
achieve fair comparisons, specific settings are applied to
these three cases. First, the initial states of vehicles are
sampled from the same set-up of the baseline case. The
merging positions and times of the baseline pairs are directly
used. We also keep the same merging sequence in the
three simulation cases as the baseline. Further, during the
period when the on-ramp CAV is employing VIS, we set
its trajectory aligned with the baseline case. The practical
rationale for adopting this approach can be understood as
follows: the on-ramp CAV adheres to its initial driving plan
because it is unable to determine which vehicles on the
mainline are CAVs. Overall, these setups can fairly evaluate
the performance of different cases. The operation strategies
for these cases are summarized in Table I.

C. Connected vehicle identification system (VIS)

Accurately identifying surrounding connected vehicles is
a prerequisite to realizing CAV cooperative merging in real-
world applications. Specifically, as noted, there are two
problems to be solved: 1) which surrounding vehicles are
connected vehicles? and 2) which connected vehicles send
which V2V messages? Simply relying on GPS positions
contained in V2V messages cannot achieve these two tasks
because GPS positions have errors varying from 1 → 5
meters. Therefore, a connected vehicle identification system

Mainline

On-ramp

Mainline

On-ramp

Start Line 

(SL)

xg

yg

xreal

yrealyr
xr

exg

eyg

exr

eyr GPS-error

positionRadar-error

position

y

x

Fig. 5: GPS-measured and radar-measured distance errors.

taking advantage of both radar-measured distances and GPS-
measured distances was proposed.

Consider a coordinate system of an on-ramp CAV with
the x-axis aligned with its longitudinal direction and the y-
axis perpendicular to the direction of motion as shown in
Fig.5. Denote the real distance between the on-ramp CAV
and a target mainline CAV is (xreal, yreal), while the GPS-
measured distance and radar-measured distance are (xg, yg)
and (xr, yr), respectively. Assuming that both longitudinal
and lateral errors of the GPS (exg , eyg ) and radar (exr , eyr )
follow normal distributions N → (0,ωg = 1) and N →
(0,ωr = 1) [13]. Then, both the longitudinal and lateral
difference between GPS and radar (xg ↑xr, yg ↑ yr) follow
normal distribution N → (0,ω =

√
(ω2

r + ω2
g) ↔ 1). What’s

more, the sum of square of these two differences(xg ↑
xr)2/ω2+(yg↑yr)2/ω2 follows ε2 distribution. To balance
the time and accuracy of identification, for each matching, a
threshold F(→1)(ε2(2), 1 ↑ ϑ) is needed, which defines the
probability ϑ that a specific connected vehicle is within this
threshold or not. Based on this, we have

(xg ↑ xr)
2

ω2
+

(yg ↑ yr)
2

ω2
< F→1

(
ε2(2), 1↑ ϑ

) (7)

Therefore, identifying a target surrounding the connected
vehicle means testing if the GPS and radar differences follow
chi-square distribution at a certain time.

Due to the limited focus on the VIS process and con-
straints on space in this paper, we provide a specific identifi-
cation time applied in the on-ramp area, which is 3.5 seconds.
Interested readers can find more details in our previous work
[13].

IV. SIMULATION RESULTS AND DISCUSSIONS
A. Evaluation measures for merging control performance

Three measures are used to evaluate safety, energy, and
comfort performance: vehicle time gap at merging time
(merging time gap), mean fuel consumption, and root mean
square of accelerations (A-RMS). The merging time gap is
deemed a surrogate safety measure. A time gap value of zero
indicates a collision at the merging position. A-RMS is used
to evaluate the fluctuation of accelerations. The higher the A-
RMS value, the more variable the acceleration, resulting in
lower comfort for passengers inside the vehicle. Mean Fuel
is used to evaluate energy consumption performance during
the merging process. The equation of fuel consumption is
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TABLE II: Average results for 100 vehicle pairs when the
merging position is in the 1/3 parts of the auxiliary lane

Note: all results are collected from the starting time to the moment
when the on-ramp vehicle reaches the merging point.

given in [21], which is ruled by vehicle acceleration ui and
speed vi, i = r or m represents an on-ramp vehicle or a
mainline vehicle.

Note that in each case, each measure for each pair of
vehicles was first calculated, and then measured values for
all pairs were aggregated to obtain an average value. Fur-
thermore, each measure’s value corresponds to time intervals
from on-ramp vehicles entering the SL to reaching their
merging positions.

B. Merging control results

Based on the merging control strategies illustrated in
Section III, this part reveals how on-ramp CAVs and their
corresponding potentially conflicting mainline vehicles per-
form when on-ramp CAVs utilizing VIS in their merging
process. The simulation results corresponding to different
merging positions are given in Table II and Table III.
(1) Comparison of different cases

We first compare the merging safety performance in Table
II, which is represented by the merging time gap. Obviously,
the baseline case has the smallest average merging time gap
since the trajectories we used have high collision risks. In
contrast, the vehicles in the other 3 cases are recursively
or cooperatively controlled while complying with the safe
merging constraints as given in Eqs. 2-4, thus keeping safer
time gaps from the mainline vehicles. The expected merging
time gap, which is set as 1.8 seconds, is realized in Case
2 and Case 3 because CAVs achieve long-term planning via
cooperative control. However, in Case 1, the recursive control
employed by the on-ramp CAV relies on prediction of the
future states of the mainline vehicle in each control step,
which cannot be accurate due to the uncertain movements
of the mainline vehicle. Therefore, it’s difficult to reach a
strictly 1.8-second merging time gap. But still, the average
merging time gap of Case 1 is much safer than that of the
baseline. Overall, the proposed merging control strategies can
effectively mitigate collision risks.

The average acceleration root mean square (A-RMS) in-
dicates the comfort performance of different cases, and it
also has an impact on fuel consumption. In Case 1, the A-
RMS of on-ramp CAV reaches almost twice the A-RMS of
the baseline. The reason is that the on-ramp CAV needs

to actively create a safe time headway from the main-
line THV, whose behavior cannot be accurately predicted.
Consequently, the CAV undergoes significant acceleration
variations. In comparison to Case 1, the A-RMS of the
on-ramp CAV in Case 2 is reduced by nearly half. This
improvement is attributed to CAV cooperation, allowing
CAVs to plan a longer continuous trajectory without constant
adjustments. However, the use of VIS in Case 2 shortens
the cooperation time and space, requiring both mainline and
on-ramp CAVs to make aggressive acceleration changes to
achieve a safe merging headway. As such, the A-RMS in
Case 2 remains higher than the baseline’s A-RMS. Among
all the cases, Case 3 yields the lowest A-RMS of the on-ramp
CAV. The A-RMS of the mainline CAV is also lower than
that in Case 2. This is because Case 3, without VIS, provides
more extended time and space for CAV cooperation. As a
result, CAVs have more space to generate a safe merging
distance and plan smoother trajectories.

In terms of fuel consumption, generally, Case 2 and Case
3, which involve CAV cooperation, outperform the other 2
cases. Case 3 has the best fuel consumption performance
due to its long-term trajectory planning. Case 1 has the
highest fuel consumption among all cases. This is because
the on-ramp CAV in Case 1 needs to adjust its trajectory
recursively according to the uncertain movements of the
mainline vehicle, causing more acceleration changes and
leading to more fuel consumption. Besides, vehicles achieve
a larger merging time gap compared to the baseline case,
which means that the on-ramp CAV improves merging safety
at the cost of increased energy loss and decreased comfort.
It is noted that the A-RMS and fuel consumption differences
between Case 2 and Case 3 are statistically significant at the
95th percentile confidence level.

It’s noteworthy that, the higher fuel consumption values
for on-ramp vehicles compared to mainline vehicles can be
attributed to our calculation method. That is, we calculate
fuel consumption from the starting time to the moment when
the on-ramp vehicle reaches the merging point. Since 82% of
the generated trajectories involve the on-ramp vehicle leading
the mainline vehicle at the merging position, it is reasonable
that on-ramp vehicles travel longer distances and have more
fuel consumption.

The percentage of performance improvement of each mea-
sure is presented in Fig.6. This figure intuitively illustrates
the performance of merging safety, energy efficiency, and
comfort through the region occupied by each case. In general,
CAV control enhances merging safety, and CAV cooper-
ation goes a step further by improving energy efficiency
and comfort while ensuring safety. VIS may introduce a
delay in CAV cooperation time, causing an uncomfortable
driving experience given a limited cooperation space and
time. However, it is essential as it makes CAV cooperation
possible.
(2) Impact of merging positions

The merging performance under the impact of the merging
position can be evaluated by comparing Table II and Table
III. Basically, the differences in measures across different
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Fig. 6: Comparison of merging performance when the merging
position is in the 1/3 parts of the auxiliary lane. Each number
represents the improvement rate (%) of each measure in each case.
MV means the mainline vehicle, OV means the on-ramp CAV.

TABLE III: Average results for 100 vehicle pairs when the
merging position is in the 2/3 parts of the auxiliary lane

Note: all results are collected from the starting time to the moment
when the on-ramp vehicle reaches the merging point.

cases in Table III adhere to similar patterns as those observed
in Table II. However, there are still some differences worth
analyzing. The most significant change is the increase in
fuel consumption shown in Table III, which is caused by
the longer travel distance before merging. Besides, since a
longer travel distance provides vehicles with a longer space
and time to adjust their states, the average merging time gap
of Case 1 increases from 1.77 sec to 1.78 sec, indicating
a safer merging process. What’s more, in terms of average
fuel consumption of on-ramp vehicles, values in Table III-
Cases 2 (97.37 mL) and 3 (91.81 mL) are lower than the
value in Table II-Baseline (104.41 mL), despite the on-ramp
vehicles in Table III travel longer distances. This once again
highlights the advantages of cooperative merging.

Overall, with the increase in travel distance, on-ramp
CAVs have more ample space and time for adjusting their
motion, allowing for an enhancement in merging safety,
coupled with a simultaneous consideration enhancement in
energy efficiency and comfort.

C. Discussion
(1) Impact of vehicle identification process

Simulation results provide insights into how the vehicle
identification process impacts CAV merging performance.
An average identification time of 3.5 seconds is observed
in on-ramp merging areas. Given the high-speed nature of
vehicles in highway scenarios and the constrained space on
the on-ramp, this 3.5-second period is critical for CAVs
to make necessary adjustments and enhance driving per-
formance. Based on the identification time, the challenge
posed by VIS to merging control, when the line of sight
is limited, and the auxiliary lane is short, is highlighted
in the comparison of A-RMS. That is, VIS time shortens
merging cooperation time and space, which may lead CAVs
to take aggressive actions in a limited space and time to
generate safe time headway between the mainline vehicle,
thus reducing the benefits of CAV cooperation.

However, the advantage of VIS is evident when comparing
Case 1 and Case 2. In Case 1, there is a situation where both
mainline and on-ramp vehicles are CAVs but the VIS of both
vehicles is not functioning. Consequently, the on-ramp CAV
can only adopt recursive merging control, resulting in inferior
merging performance compared to Case 2, which involves
CAV cooperation, and even worse than the baseline case.
(2) Benefits of CAV traffic and CAV cooperation

The presence of CAVs effectively improves merging
safety, as seen in the comparison of merging time gaps in the
baseline case and those in the three cases where CAVs exist.
The benefits of CAV cooperation are demonstrated through
comparisons between different cases, particularly in Case 3,
which has a longer CAV cooperation range and yields the
best merging performance of all measures.
(3) Insights into infrastructure-side improvements

The simulation results shed light on potential infrastructure
improvements for improving merging safety and ecology.
Comparing results in Tables. II and III reveals that more
significant enhancements in merging performance can be
achieved when vehicles travel a greater distance, affording
them ample space and time for adjustments. Additionally, the
superiority of Case 3 over Case 2 underscores the advantages
of expanding the cooperation range. These findings may lead
people to think that a longer auxiliary lane design contributes
to realizing superior merging performance. However, refining
existing road structures requires high cost; plus, even with
an additional hundred meters of auxiliary lane length, as
evaluated in this paper, the improvement rate of each measure
is limited. Therefore, extending the length of the on-ramp or
the auxiliary lane is not a cost-effective option.

Considering the impracticality of unlimited extension of
auxiliary lanes in real-world scenarios, there are two alter-
native strategies to enhance safety in merging areas. One
approach involves the removal of visual obstacles near the
merging area, allowing CAVs to extend their detection range
with an unobstructed line of sight. The second strategy
entails the installation of Roadside Units (RSUs) in on-ramp
merging areas, equipped with detection and communication
devices. This enables CAVs to access more information
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through Vehicle-to-Infrastructure (V2I) communication, sig-
nificantly expanding the detection and communication range
compared to relying solely on V2V communication. More-
over, RSUs can detect THVs and encode their information
into virtual Basic Safety Messages (BSMs) for broadcast.
As a result, CAVs gain advanced knowledge of the precise
position of each CAV and THV, along with the unique ID
of each CAV for establishing cooperation connections. This
renders the detrimental impact of VIS time negligible, with
the advantages of CAV cooperation prevailing.

V. CONCLUSIONS

Aiming at bridging the gap between the theoretical in-
vestigation and real-world application of cooperative on-
ramp merging control of CAVs, this paper for the first
time introduced the connected vehicle identification system
(VIS) into the CAV merging control task. The importance
of VIS was illustrated, and the methodology of vehicle
identification was elaborated. Then, real-world naturalistic
merging trajectory dataset was processed to generate haz-
ardous merging scenarios. To improve merging safety in
mixed traffic, different merging operation strategies for CAVs
in different mixed-traffic cases were proposed considering
VIS process. Simulation results reveal that CAV control con-
tributes to enhanced merging safety, with CAV cooperation
further improving energy efficiency and comfort over the
baseline (that does not consider CAVs). The introduction
of VIS delays the implementation time of cooperation and
reduces the space of cooperative merging. This results in
on-ramp CAVs sacrificing comfort and fuel consumption to
achieve a safe merging distance. Additionally, an increase
in travel distance affords CAVs more space and time to
adjust their motion, thereby enhancing merging safety and
considering improvements in energy efficiency and comfort.
As noted in the discussion section, a Roadside Unit (RSU) at
the freeway merge area where line of sight is limited and the
auxiliary lane is short, would enable CAVs to gain additional
information through V2I communication, expanding ranges
for detecting THVs and identifying CAVs significantly. Con-
sequently, it would contribute to further enhancing merging
safety and addressing ecological considerations.

In terms of future research, our proposed control strategies
involve merging time gap enlargement to ensure merging
safety, which might be not possible in dense traffic where
surrounding vehicles have tight distances between the con-
trolled vehicle pairs. This trickier scenario will be studied
in our future research. Additionally, our research will be
extended to multi-lane scenarios with multi-vehicle interac-
tions, enhancing merging flexibility and safety.
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