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Abstract—Cooperative Adaptive Cruise Control (CACC) systems can increase roadway capacity, but the
benefits are marginal at low market penetration rates (MPRs). Thus, a CACC dedicated lane is considered
to group CACC vehicles for efficient traffic stream. Concepts of converting existing High Occupancy Ve-
hicle (HOV) lanes into CACC lanes emerge, which leverages the infrastructural facilities and experience
with HOV lanes. However, it is unclear to which extent changing HOV lanes to CACC lanes can influence
freeway operations. This study examines the traffic flow impacts of converting HOV lanes into CACC lanes
regarding CACC MPRs on a complex freeway corridor with multiple interacting bottlenecks in California. A
simulation model capable of reproducing flow characteristics with HOV lane and CACC systems is employed
for the assessment. Special attention is paid to macroscopic congestion patterns, CACC lane utilization,
travel time reliability and CACC operation characteristics. The results show that converting to CACC lanes
at low MPRs (<30%) can exacerbate congestion in general purpose lanes, whereas at mediate CACC MPRs
(40%-50%) the congestion is drastically alleviated due to a large share of traffic carried by CACC lanes.
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I. Introduction
UTOMATED vehicles (AV) may bring fundamental
changes to the traffic flow characteristics and con-
gestion problems we are facing today [1]. In recent
years, Cooperative Adaptive Cruise Control (CACC)
systems that enable an equipped vehicle to maintain a
small time gap to its predecessor automatically with Vehi-
cle-Vehicle (V2V) communication, have developed fast and
attracted considerable attention [2].

In the presence of CACC vehicles, traffic flow features
will change since the vehicle behavior under CACC is
different from that under human driver control. The im-
pact of CACC vehicles needs to be carefully investigated
before they are deployed widely in real traffic. There has
been a variety of studies taking efforts to investigate the
impacts of CACC vehicles on roadway capacity. Several
studies [3]-[6] used analytical approaches to conclude
that the capacity increase can be considerable by the re-
duced time gaps between two vehicles. A group of studies
based on macroscopic simulations, where the traffic dy-
namics are taken into account, show that CACC vehicles
not only increase the dynamic equilibrium capacity but
also the flow stability [7]-[9]. Another group of studies as-
sess the impacts of CACC vehicles via microscopic traffic
simulations, in which the individual dynamic behavior
of CACC vehicles can be explicitly modelled. The effects
in increasing capacity/throughput of CACC vehicles were
confirmed [10]-[17] and a quadratic relationship is found
between roadway capacity and CACC market penetration
rates (MPRs) [10], [11]. The capacity increase at high CACC
MPRs is significant; however, the increase in capacity at
low CACC MPRs is marginal [15], [16] due to the low prob-
ability of forming CACC strings in an ad-hoc way [18] or
even negative if a conservative time gap is in use [14]. In
this regard, a dedicated lane for CACC vehicles has been
proposed as one of the solutions to facilitate the clustering
of CACC vehicles and enhance the CACC string operation.

Existing studies regarding a special lane for CACC vehi-
cles can be categorized into two groups. The studies in the
first group assume an exclusive CACC lane allowing only
CACC vehicles to travel in that lane. A simulation study [16]
showed that a CACC lane contributes to higher throughput
and speed at a lane-drop bottleneck when the MPR of CACC
vehicles is more than 40%. Focusing on a merging bottle-
neck, the simulation in [19] showed that a dedicated lane
for autonomous vehicles (using CACC algorithms) miti-
gated congestion and reduced scatters in the fundamental
diagram when MPR is above 30%. Another recent simula-
tion study [20] demonstrated that both the pipeline capaci-
ty and merging capacity increase by deploying a CACC lane
at 40% and 60% CACC MPRs. These three studies pointed
out that the effectiveness of CACC lanes is highly related to
the CACC market penetration rate, heing consistent with
the findings of an analytical study regarding the deploy-
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ment of an AV lane [21]. However, study [16] focused on a
single lane-drop bottleneck without on/off ramps, where
the impacts of CACC vehicles’ lane changes in prepara-
tion for entering CACC lanes and exiting highway are ne-
glected; and the simulations of the hypothetical merging
segments and the real multi-ramp network in [19] and [20]
do not provide a realistic and reliable estimation of CACC
vehicle impacts in a traffic corridor level. The simulated
real network in [19] is too short (less than 6 km) to fairly
show the CACC benefits for a multi-ramp corridor because
the actual travelling distance by CACC in dedicated lanes
might not be sufficient to reveal substantial benefits. The
simulation of the SR99 corridor in [20] only investigated
the impacts of CACC vehicles with a combined strategy of a
CACC lane and connected vehicles at the 20% CACC level.
The impacts of only deploying CACC lanes at other CACC
MPRs are not specified.

Instead of assuming exclusive CACC lanes, the second
group of studies assume CACC vehicles can access existing
dedicated lanes, e.g. high occupancy vehicle (HOV) lanes.
In [22], 20% of overall traffic with CACC vehicles were as-
signed in the HOV lane in addition to 10% of overall traffic
with HOVs. This results in a higher throughput but a lower
average speed at high traffic demands, compared to the
cases 0of 0% CACC and 20% CACC vehicles travelling across
all the lanes without a dedicated lane. In [23] a tolling dis-
count for CACC vehicles travelling in a tolling HOV lane is
assumed in the lane choice model during dynamic traffic
assignment. It is concluded that opening the HOV lane for
CACC vehicles is not beneficial for increasing the use of
HOV lanes and bottleneck speeds at 20% CACC MPRs, but
it is beneficial at 60%-100% CACC MPRs. In both studies,
no lane change activity was taken into account for CACC
vehicles so the concluded impacts are more related to the
steady-state operations of barrier-separated HOV lanes.

Beyond the categorization, a study [24] discussed the
optimal lane deployments in terms of roadway capacity
in equilibrium states, from the aspects of mixed-used or
separated-used lanes for regular vehicles and AVs. At low
MPRs, the optimum capacity is achieved when all lanes are
mixed-used lanes and all AVs are allocated only in one of
them; at high MPRs, the optimum lane deployment will be
a combination of a separated-used lane for AVs and mixed-
used lanes for regular vehicles. However, from the aspect
of CACC vehicle strings operation, the presence of regu-
lar vehicles can easily cause string separations and CACC
degradations to ACC. Thus a mixed-used lane is not ideal
to cluster CACC vehicles for string operation. In this study,
we focus on the exclusive lane for CACC vehicles, termed
CACC lanes.

Overall, the literature pointed out that the traffic im-
pacts of a CACC lane are complex, and correlate with traf-
fic demand and CACC MPRs. Although the literature has
shown that a CACC lane can increase throughput/capacity
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and alleviate congestion at either a lane-drop or a merg-
ing bottleneck, those benefits are generally overestimated
when it is discussed at a realistic corridor due to the nega-
tive influence by the additional lane changes of CACC ve-
hicles from on/off ramps. The combined effects of a CACC
lane and CACC MPRs at a corridor with multiple interact-
ing bottlenecks have not been addressed, and the question
of how to deploy CACC dedicated lanes is still challenging
to road operators, especially whether it is beneficial to le-
verage existing HOV lanes to encourage early deployment
of CACC. In this regard, this research investigates the traf-
ficimpacts of converting an HOV lane into a CACC lane and
reveals the effects of a CACC lane at different CACC MPRs
on congestion pattern, travel time reliability and CACC sys-
tem operation at a highway corridor. We select a realistic
traffic corridor with an HOV lane as the reference case and
identify at which CACC MPRs it is beneficial to convert an
HOV lane to a CACC lane.

The main contribution of this study is to offer new in-
sights into the corridor-level impacts of converting an
exclusive HOV lane to an exclusive CACC lane at various
MPRs as distinguished from a single bottleneck [16], [18]-
[20]. The simulated network is sufficiently large to show
the benefits of CACC operation on long-distance trips. The
network involving various merging, diverging, and weav-
ing sections is able to generate realistic traffic disturbanc-
es and nonlinear traffic flow phenomena on a corridor with
interacting bottlenecks. The ratio between the dedicated
lane and the general purpose lanes varies along the cor-
ridor and the dedicated lane is activated and de-activated
during the simulation, which captures the additional lane
changes of CACC vehicles due to the presence of the dedi-
cated lane. In addition, the simulation model captures the
CACC operational characteristics and driver-automation
interaction. Thus, the trade-off between the positive ef-
fects of the CACC lane in clustering CACC vehicles and the
negative effects of inducing more lane changes and more
CACC deactivations can bhe evaluated in this unique simu-
lation framework.

The paper is structured as follows. Section 2 introduces
the car-following model for CACC vehicles and convention-
al vehicles in our simulation and the lane change model
particularly applied to the continuous-access dedicated
lane scenario. Section 3 elahorates the simulation exper-
iment design and set-up to explore the impacts of CACC
MPRs in a scenario with a CACC dedicated lane. After
that, simulation results are presented and discussed in the
fourth section, followed by the conclusion and future work
in Section 5.

Il. Car-following and Lane Change Models for Microscopic
Simulations

This section summarizes the vehicle behavioral models
proposed in our previous studies [25], [26] for CACC vehicles
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and manually driven vehicles in microscopic simulations.
A framework for integrated lane change and car-following
model is presented, followed by brief descriptions of CACC
and manually driving car-following model, as well as the
lane change model for dedicated lane scenarios.

A. Framework for Integrated Lane Change

and Car-following Model

Fig 1 shows the framework of how the lane change model
and car-following model are integrated with the hierarchi-
cal structure of driving tasks. The lane change model is
placed at the tactical level, where drivers make the deci-
sions forlane change and gap acceptance;the car-following
model is located at the operational level, where accelera-
tion models are executed. The outputs of the lane change
model are used as the inputs of car-following models.

The possible outputs from the lane change model are
three lane change intentions: stay in the lane, lane change
preparation and change lane to left or right. The stay in the
lane is the result of either no lane change desire shows up
or the gap for a free lane change is rejected. The decision
of change lane to left or right is made when lane change de-
sire is larger than a minimum value and the gap is accept-
able. The lane change preparation occurs only when a lane
change decision has been made with large desires hut the
current gap is unacceptable. The vehicle has to adjust its
car-following behavior or request cooperation from other
vehicles to conduct the lane change.

The three different lane change intentions determine
different paths to choose between the CACC and the manu-
ally driving car-following models at the operational level.
Following the intention of stay in the lane, CACC vehicles
can be activated or deactivated by the driver. In the lane
change preparation, CACC will be deactivated and the
manually driving model will be the only option because
the preparation behavior is only assumed to be conduct-
ed by human drivers. During the lane change execution,
no switch between CACC and manual driving is allowed.
Therefore, the dominating car-following model remains as
it is. After the execution of car-following models, the time
moves to the next time step. This set of the hierarchically
integrated lane change and car-following models repre-
sent the driving behavior of a CACC vehicle in both lateral
and longitudinal response.

B. Car-following models under CACC

1. Car-following models in three operation modes

The ACC and CACC controllers consist of three modes for
three different control objectives [27]-[29]. The cruising
mode is designed to maintain a user-set desired speed if
a preceding vehicle is out of detection range or faster than
the subject vehicle’s desired speed; the gap-regulating
mode works for the car-following situation and aims to
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FIG 1 Framework for the integrated lane change and car-following model.

maintain a constant time gap with its predecessor. The
gap-closing mode performs a transition from the cruising
controller to the gap-regulating controller when an ACC/
CACC approaches its leader from a long range.

Each mode has its own car-following model as formulat-
ed in Table 1. The ACC and CACC systems share the same
model for the cruising mode since the V2V communication
does not play a role when the vehicle is only targeting the
desired speed. The gap-regulating mode and gap-closing
mode also have the same model structure, whereas the
control gains in different modes vary. For a detailed speci-
fication of the models, we refer to [26].

The desired speed and desired following time gap are
the model inputs. We assume the same desired speed un-
der ACC/CACC as it is under the manually driving, and the
desired time gap follows a realistic distribution of time gap
setting collected from a field test [30]. The maximum CACC
string length is 10 vehicles and the minimum desired time
gap between two strings (inter-string gap) is assumed to be
1.5 seconds [31].
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Table 1. MODEL SPECIFICATIONS FOR THREE OPERATION

MODES UNDER ACC AND CACC

Driving modes
ACC Cruising
ACC Gap-regulating

Model specifications

Ak = 0.4 (Vies — Vik—1)

ajk=0.23- ;¢ + 0.07 - (Vict,k—1 — Vik—1)
ACC Gap-closing
CACC Cruising
CACC Gap-regulating
CACC Gap-closing

Ak =0.04- ek + 0.8 (Vic1,4-1 — Vik—1)

Ak = 0.4 - (Vies — Vik—1)

Vik =Vik—1 + 0.45 - 614-1 +0.0125 - d(ei4-1) / dk
Vik =Vik—1 +0.005 - €;4-1 + 0.05- d(ei,k—w)/dk
Bik = Xit k=1 — Xik—=1 — lges = Vik—1 — G

Note: iis the vehicle sequence; k is the simulation time step; a, vand e are the vehicle acceler-

ation (m/s?), speed (m/s) and gap error (M); Vg is the desired speed (m/s); ty is the desired
time gap (s) and dj is a dynamic spacing margin (m) proposed in [26].

2. Automation system activation and deactivation
System activation and deactivation, as driver’s interaction
with the automation system, specify the switching logic
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between the CACC and manually driving car-following
models. In this study, system activation is based on the as-
sumption that drivers intend to use the ACC/CACC system
as much as possible. Thus, the ACC/CACC will be switched
on as long as the operational design domain allows. In two
situations the ACC/CACC system will not be activated: the
vehicle is braking over 2 m/s* and the vehicle is perform-
ing a lane change.

There are three types of system deactivation and there is
a minimum time period of remaining deactivated to avoid
frequent deactivation within a short time period. The first
type of system deactivation is safety-related, including the
system-initiated deactivation and the driver-initiated de-
activation for avoiding rear-end collisions. From the sys-
tem-initiated aspect, a collision warning based on inverse
time-to-collision [32] is employed to identify safety-critical
situations and inform the driver to take over vehicle con-
trol. The ACC/CACC system is allowed to be re-activated
5 seconds after the collision warning is not issued. In ad-
dition, drivers are also assumed to actively resume vehicle
control in a high-relative-speed approach scenario, and re-
activation is possible 10 seconds after the deactivation crite-
rion is not satisfied. The second type of system deactivation
is related to lane change behavior, in particular when driv-
ers need to synchronize their speeds for a lane change or
create a gap in front to facilitate a vehicle to merge. Drivers
override systems to conduct such lane change preparations
and once the lane change is completed, CACC is reactivated
in 2 seconds. This type of deactivation highly depends on
the lane change desire, which will be explicitly explained
in the following lane change model section. The last type of
deactivation is related to the route. It is assumed that when
vehicles have to make mandatory lane changes to follow a
particular route, drivers will resume control until the ve-
hicle arrives the target lane to avoid the frequent switch
between automation and human-driven system.

C. Car-following model under manual driving

The car-following model for human drivers is a modified
version of the Intelligent Driver Model [33], referred as IDM+
[34]. The behavioral assumption behind the IDM and IDM+
is that in unconstrained driving conditions drivers regulate
vehicle accelerations towards the free/desired speed and in
constrained driving conditions drivers control acceleration
to follow the predecessor in a safe and comfortable way. The
IDM+ outputs the vehicle acceleration as the minimum of the
acceleration of driving towards the desired speed and the ac-
celeration towards the desired headway. It is formulated as

v=a- mln(l - (U/Udes)4, 1- (S*/S)Z) (1)
and
s=so+v-T+v Av/2Va-b 2)
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where a, b are the maximum acceleration and comfortable
deceleration in m/s%, vqes is vehicle’s desired speed in m/s,
and s* is the dynamic desired distance headway in the me-
ter. 7 and s are the time gap in second and distance gap in
meter, whereas the s is the stopping distance and Av is the
approaching rate to a leader in m/s. The IDM+ is able to gen-
erate more reasonable capacity values compared to the IDM.

The time gap is relaxed between a minimum time gap
Twin at a maximum lane change desire and an equilib-
rium following time gap 7Twax Which is defined as a con-
stant value during the entire simulation period. However,
to simulate a long road network which has complex road
configurations such as varying lane numbers and multi-
ple types of bottlenecks, a constant 7wax is not adequate
to depict the characteristics of driving behavior adapted to
different road configurations. Thus, we introduce a loca-
tion-based fraction of 7wax for better reproduction of traf-
fic flows, e.g. roadway capacity, and the fractions are to be
calibrated in each case study.

D. Lane change model for dedicated lane operation

The lane change model, for both CACC and manually driv-
en vehicles, is based on the Lane Change Model with Re-
laxation and Synchronization (LMRS) in [35]. In order to
model the adapted vehicle behavior with the presence of
dedicated lanes, we extended this model for eligible users
and ineligible users in terms of the accessibility to dedi-
cated lanes.

1. Basic LMRS

The lane change model postulates that a drivers’ lane
change desires consist of incentives to follow the right
route to the destination (mandatory lane changes), to main-
tain or gain speed, and to comply with traffic rules. The
LMRS calculates the lane change desire to decide whether
to change lane and what type of lane change is needed.
This is followed by a gap acceptance model to determine if
the available gap is acceptable at the current desire level.
The route incentive is a mandatory lane change incentive,
which arises if the current lane will not allow a vehicle
to follow its route. It is determined either by the remain-
ing distance or by the remaining anticipated travel time
to the target lane that can continue to follow the route. A
driver’s desire to change lane for higher anticipated speed
is defined as the speed incentive. It is expressed as a func-
tion of the anticipated speed gain from the target lane. The
directional bias is applied in accordance with the keep-
right traffic rule, which is implemented as a constant bias
to the right lane. The speed incentive and directional hias
are discretionary lane change incentives, which are only
partially included when the route incentive appears. The
model is generally formulated as

d'=dy +0"-(d/ +dy (3)
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where d” is the overall lane change
desire from lane i to lane j. d”, dV
and dy represent the incentives for
the route, speed and a directional
bias respectively, and 67 is a weight
factor reflecting the relative impor-
tance of discretionary incentives.
Four types of lane change behav-
ior are specified according to the
overall lane change desire, being
No Lane Change (No LC), free lane
changes (FLC), synchronized lane

_

Synchronization
Gap-Creation

Deceleration

dfree dsync dcoop
No : No : Yes : Yes
No ! No 1 No ! Yes
A 1 1 1
: . :
' 1 Ll
1 1 1
NoLC FLC ! SLC 1 CLC
Lane Change Desire (d)
A
N
Follow Route Gain Speed Keep Right

changes (SLC) and cooperative lane
changes (CLC). The relationships
between lane change desire and resulting lane change
behavior are shown in Fig 2 with behavioral changes in
synchronization and gap-creation. The synchronization
refers to the speed synchronization of the lane changer to
its target leader, and the gap-creation refers to the cour-
tesy behavior of the potential follower in the target lane
to facilitate the lane change. As lane change desire in-
creases, lane changing vehicles first intend to perform the
FLC without additional strategies. As lane change desire
falls into the SL.C range, a lane-changing vehicle aligns its
speed with that of the leader in the target lane, but the fol-
lower in the target lane does not actively create a gap for
the lane changer. When the desire exceeds the CLC crite-
ria, cooperative lane changes (CLC) are expected, in which
the lane-changing vehicle synchronizes its speed with the
potential leader in the target lane and the potential follow-
er in target lane also actively creates a gap in front for the
lane changer.

In addition, the interaction between the lateral and lon-
gitudinal vehicle behavior is modelled by expressing the
acceptable gap and acceleration level as linear functions
of the lane change desire. As lane change desire increases,
the acceptable headway decreases and the acceptable de-
celeration increases, both of which increase the likelihood
of successful lane changes. The mathematical formulation
of the interaction can be found in reference [35].

2. Eligible users to a dedicated lane

Speed incentive and lane preference are two lane change
incentives toward dedicated lanes taken into account by
eligible users. The speed incentive for gaining speed on an
adjacent dedicated lane has been captured by the original
LMRS, whereas for users travelling on general purpose
(GP) lanes that are further away from the dedicated lanes,
the speed incentives are indirectly captured by an accu-
mulated adjacent speed gain in each lane change process.
The lane preference on the dedicated lane by eligible users
is considered as a particular direction bias of lane changes,
i.e. to-left or to-right. This direction bias will increase the
lane change desire toward dedicated lanes and it works
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FIG 2 Four types of lane change behavior corresponding to the level of lane change desire [35].

during multiple lanes changes until a vehicle has arrived
at the dedicated lanes.

A direction bias toward a dedicated lane (DL), denoted
as di, is proposed in the LMRS framework as a discre-
tionary incentive. The lane change desire of eligible us-
ers is thus formulated as (4), where the keep-right bias in
the original model is removed because the keep-right rule
does not apply in the simulated U.S. traffic.

head for DL;

i = |47 +0" (@ +d,
otherwise.

did + 0" i ®
3. Ineligible users to a dedicated lane
Ineligible users are obliged to leave the dedicated lanes
when the dedicated lane is activated. They may leave the
dedicated lane immediately or gradually if sufficient gaps
in the adjacent GP lanes are not found. Such egressing be-
havior can be modelled by a directional bias d .. to the
direction of the adjacent GP lane. This bias increases the
lane change desire of going to the adjacent GP lane and
generally leads to a relatively active lane change behavior,
e.g. the SL.C and CLC. Once the ineligible users have left
the dedicated lanes, their desire toward dedicated lanes
becomes infinitely negative, indicating that they will not
change back to dedicated lanes. The lane change desire of
ineligible users to a dedicated lane is expressed in (5).

di +0"(d? + dile) leaving DL
di = —Inf jisaDL; @
d7 + eV - dv otherwise.

This completes the description of the car-following
model and lane change model for simulated CACC vehicles
and manually driven vehicles in our study. This integrated
model outperforms the other CACC simulation models for
its capability in reproducing realistic CACC vehicle behav-
ior in simulations. It models the multi-mode operation of
the CACC system and the interaction between the driver
and the system, describing extensively the CACC vehicle
states on road. The manually driving behavior including
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the lane change behavior adapted to dedicated lanes is ex-
plicitly modelled and properly calibrated. In the following
section, the experiment and simulation set-up for deter-
mining the traffic impacts of a CACC lane will be provided.

lll. Experimental setup

To investigate the impacts of CACC vehicles on traffic flow
with a dedicated CACC lane and explore the interaction
between CACC MPRs and a dedicated lane deployment,
we conduct simulation experiments by introducing CACC
vehicles and a left-most CACC lane in a realistic network
with interacting bottlenecks.

The SR-99 corridor to the south of Sacramental in
California is chosen as the simulation network. The cor-
ridor is 20-km long with 16 on-ramps, 12 off-ramps and
1 High Occupancy Vehicle (HOV) lane, heading from the
Elk Grove Blvd to the interchange for SR-50. The num-
ber of lane increases from three lanes to four lanes at the
merge of Calvine Rd and further increase to five lanes af-
ter the interchange with Fruitridge Rd. The leftmost lane
is a continuous-access HOV lane, where eligible vehicles
are free to enter and exit at any location. In the morning,
it is only activated during 6:00-10:00 AM. Fig 3 presents
the lane configuration with lane-based loop detectors. In
total, there are 16 reliable groups of detectors illustrated
as rectangles with their post miles. The 5-min flow and
speed provided hy these detectors exhibit the traffic flow
performance in this corridor, in which there is recurrent
congestion in the morning peak contributed by three inter-
acting bottlenecks: the merging section at Sheldon Rd., the
weaving section at Florin Rd. and 47th Ave. Our simulation
starts from 4:00 AM to 12:00 AM, covering the operations
of free flows, traffic breakdown and congestion recovery,
as well as the inactive and active periods of the HOV lanes.

The selected network and scenario were established
in an open-source microscopic traffic simulator, MOTUS
[36], where the basic LMRS and IDM+ are adopted and

integrated. The lane change model has been extended in
our previous work [25] to model dedicated lane operations
and the car-following and lane change models for CACC
vehicles have been implemented in the simulator [18]. In
the previous study [25], we have calibrated the manually
driving car-following model and lane change model us-
ing the loop detector data of October 6, 2015 from the Cal-
trans Performance Measurement System (PeMS), which
is chosen for a typical weekday without incident reports
during the simulated time period. Four parameters in the
IDM+ and nine parameters in the extended LMRS were
calibrated and the models are able to reproduce plausible
vehicle behavior and replicate a consistent congestion pat-
tern, fundamental diagrams and lane flow distribution at
network, section and lane level respectively with the PeMS
data. The calibrated simulation is taken as the reference
case for comparison with simulations of CACC vehicles in
a CACC dedicated lane scenario.

In this experiment, we replace the HOV lane by a CACC
lane. Similar to the HOV lanes, the CACC lane is only acces-
sible to CACC vehicles once activated, but CACC vehicles
can travel in all lanes. All the other simulation settings and
parameters (see Table 2) remain unchanged except for a
percentage of passenger cars changing into CACC vehicles.
The truck percentage remains at 3.8% of all traffic, an av-
erage of truck flow over the mainline flow in this corridor.
We use the largely time-variant demand pattern from the
reference case and assume an invariant generated CACC
percentage during the simulation period.

When a CACC dedicated lane is activated, the vehicles
generated at that lane should only be CACC vehicles, in-
stead of mixed vehicle types to avoid mandatory lane
changes at the network beginning due to lane accessibility.
In order to meet this requirement while ensuring CACC
market penetration rate is respected as the simulation in-
put, we distribute the mainline demand to the three main-
line generators so that when the dedicated CACC lane is

activated, only CACC vehicles are

f

Post-Miles

298.5 297.9

Elk Grove Blvd
WB Sheldon Rd

generated in this lane.

The simulated CACC vehicle
percentages increase from 10% to
50% by an increment of 10%, and
each CACC MPR is run five times
with different random seeds. For
the impacts of CACC vehicles on
traffic congestion, the spatiotem-
poral speed contour of the corridor
is plotted for the identification of
the changes in congestion pattern.
The congestion pattern is further
explored with CACC lane operation
and friction effects, which can be
J analyzed via CACC lane through-

FIG 3 Lane configuration and road geometry of the SR-99 corridor.
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put and speed. In addition, changes
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in travel time reliability in each CACC MPR scenario are
investigated and statistics on CACC time usage and num-
ber of deactivations are provided to show the operation of
CACC strings. It takes on average 24 minutes to run one
scenario of 7 hours with MOTUS.

IV. Simulation Results

This section presents the simulation results with increas-
ing CACC vehicle MPRs in terms of the macroscopic con-
gestion pattern, the utilization of CACC dedicated lane,
travel time reliability and CACC system operations. The
analysis of congestion pattern and CACC lane utilization
are carried out from the traffic flow perspective, whereas
the discussions on travel time reliability and CACC opera-
tions are mainly at the platoon and vehicle/driver levels.

A. Traffic congestion pattern

Fig 4 shows the macroscopic flow operations with CACC
MPRs via the speed plot in the time-space diagram. From
10% to 50% MPRs, the congested area at 10%-20% CACC
MPRs is considerably large, then becomes small at 30%
and further substantially reduces to a small area after 40%
CACC MPRs. It depicts a general trend of alleviated conges-
tion with increasing CACC MPR in the network. Compared
to the reference case, a low CACC MPR with a CACC lane
does not show positive impacts in reducing congestion.
The congestion area at 10% and 20% CACC percentage is
much larger than the reference case and at 30% MPRs the
congestion area is just comparable to the reference case.
The HOV ratio in the reference case is time-variant and the
averaged HOV ratio is around 29% during 6:00-8:00 AM
when the traffic congestion emerged and propagated in
the network. The comparable vehicle percentages eligible
for the dedicated lane in reference case and 30% CACC
case can explain the similar congestion pattern in both
cases and it suggests that the formation of congestions at
10%-30% CACC MPRs is mainly caused by closing one lane
for manually driven vehicles whereas there is insufficient
flow on the CACC lane. These results imply that the po-
tential improvements by CACC vehicles are offset by the
underutilization of a CACC lane at low MPRs.

Looking into the characteristics of traffic congestion,
increasing the CACC MPR does not change the location of a
bottleneck in the network. In Fig 4, it is clear to ohserve the
activated bottlenecks at Sheldon Rd. (PM 290.0), Florin Rd.
(PM 293.9) and 47th Ave (PM 296.0) at 10-30% CACC MPRs,
which also are the bottlenecks identified in the reference
case. However, increasing CACC MPRs delays the onset of
congestion, especially for the Shelden bottleneck. The con-
gestion starts at 6:40 AM in the reference case and at 6:20,
6:45 and 7:05 AM at 10%, 20% and 30% MPRs respectively.
After the 40% MPRs, the congestion at this bottleneck is
entirely prevented, given the same demand as the refer-
ence case.
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Table 2. EMPLOYED PARAMETERS IN SIMULATION

Parameters Typical value
Car-following model

Conventional vehicles

Maximum acceleration 1.25 m/s?
Comfortable deceleration 2.09 m/s?
Stopping distance 3m

Shared with conventional vehicles and CACC vehicles
Desired time gap under manual driving 14s
Vehicle length 4m

Free-flow speeds N(125, 8.75) km/h

CACC vehicles

V2V communication range 300 m
Sensor range 120m
Desired time gap under ACC 11s

Desired time gap under CACC 0.65(57%), 0.7 s (24%)

0.9 (7%),1.1's (12%)

CACC inter-string gap 15s
CACC string length limit 10 vehicles
ACC-CACC lower acceleration limit ~4m/s?
ACC-CACC upper acceleration limit 2 m/s?
Lane change model

Free lane change criteria 0.25
Synchronized lane change criteria 05
Cooperative lane change criteria 0.75

Bias to head toward dedicated lanes 0.45

Bias to leave the dedicated lane 0.5

With the same demand setting for each scenario, the de-
layed timings for the onset of congestion suggest the poten-
tial of CACC vehicles, in combination with a CACC lane, in
postponing or preventing traffic congestion. A CACC lane
provides high vehicle throughput. When there is sufficient
CACC demand, a considerable amount of traffic can be
shared by CACC lanes, leading to less demand in GP lanes
and therefore the congestion is less likely to appear. In ad-
dition, the CACC vehicles travelling in GP lanes are able to
increase the throughput of GP lanes, which also prevents
or postpones traffic breakdowns.

The changes in congestion pattern also reveal that the
effectiveness of converting an HOV lane to a CACC lane is
highly related to the percentage of CACC vehicles in traffic.
Under 30% MPR, the CACC lanes may not be able to share
sufficient traffic and the CACC vehicles remaining in GP
lanes are also not effective to alleviate the congestion.
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FIG 4 Traffic congestion pattern with increasing CACC MPRs in a CACC dedicated lane scenario.

B. CACC lane operation and friction effects

Fig 5 provides speed-flow plots at each hottleneck with dif-
ferent CACC MPRs during 6:00-7:30 AM that the conges-
tion was formed. Firstly, the results show that the traffic
volume/flow of CACC lanes increases with the CACC MPRs
at each bottleneck and they are all below the lane capac-
ity of 100% CACC vehicles which is around 3300 veh/h/
lane at a merging bottleneck [18]. It implies that the traffic
flow on CACC lanes is not oversaturated and CACC lanes
can still carry more traffic when the overall CACC MPR is
below 50%. Secondly, it is noted that sometimes the speed
reduces substantially even though the flow remains at a

low level. This suggests that the congestion in CACC lanes
is not caused by high traffic demands but by lane changes
of CACC vehicles between CACC lanes and GP lanes.

The speed reduction of dedicated lanes as a result of in-
teracting traffic between dedicated lanes and adjacent GP
lanes is described as the friction effect, and it is a general
phenomenon for traffic flow with a continuous-access ded-
icated lane [37]. A [riction effect appears before dedicated
lanes reaching the capacity and corresponds to the traffic
congestion in adjacent GP lanes. To understand the inter-
action between the CACC lanes and GP lanes, the speed
reductions in both lanes are investigated.
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FIG 5 The speed-flow plots of the CACC lane during 6:00-7:30 AM at different CACC MPRs at three bottlenecks. (a) Shelden Rd. Bottoleneck, (b) Florins

Rd. Bottoleneck, and (c) 47th Ave. Bottoleneck.

The speed contour plots of the CACC lanes and adja-
cent GP lanes, as well as the plots of their speed differ-
ences, are presented in Fig 6. With a CACC dedicated lane,
the friction effect remains observable at all tested CACC
MPRs. At low CACC MPRs 10-30%, speed reductions in
the CACC lanes are observed only at several particular
sections. The speed differences hetween CACC lane
and the adjacent GP lane are considerable, reaching up to
100 km/h at some locations that can lead to adverse con-
sequences on safety. At high CACC MPRs, the time-space
area of speed reductions in the dedicated lane is more
comparable to the congestion in the adjacent GP lanes and
the speed difference of the congested area are relatively
small. Hence, the friction effect is more significant. This
is consistent with the observation in [25] that the friction
effect does not occur when the demand in dedicated lanes
is low.

In our model, the friction effect is mainly due to the lane
change maneuvers for entering and exiting the dedicated
lane which disrupts the flow on the dedicated lane [25].
With a CACC string operation in the dedicated lanes, the
following gaps between two vehicles are generally smaller
than that between manually driven vehicles, which makes
it difficult for a CACC vehicle to merge into the CACC
lane. In this case, a cooperative lane change initiated by
a CACC vehicle from the adjacent GP lane, requiring the
potential follower in the CACC lane to intentionally cre-
ate a sufficient gap, causes severe disruption in the CACC
lane. In addition, the speed reduction in the CACC lane
is also caused by CACC drivers slow down to search an
acceptable gap for performing a lane change toward high-
way exits.
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C. Travel Time Reliability

The speed difference between CACC lane and GP lanes im-
plies unequal travel time for vehicles travelling in those
lanes. Table 3 provides the statistical analysis of total trav-
el time of all vehicles and average travel time delay per ve-
hicle regardless of vehicle classes, by which the effects of
CACC lanes at each CACC MPRs are quantified. The total
travel time and averaged travel time delay firstly increase
from 0% to 10% CACC MPRs and later decrease with CACC
MPRs, which is consistent with the traffic congestion pat-
tern in Fig 4. At the 10% and 20% MPRs which the CACC
lanes worsen the traffic performance, the increases in
travel time are as high as 42% and 31%, whereas the in-
creases in travel time delay reach 110% and 75%. At 40%
and 50% MPRs where less congestion is observed, the re-
ductions in travel time are 31% and 36% and in travel time
delay are 71% and 77%, a considerably large save.

The standard deviation of averaged travel time delay
shows the impact of congestion on travel time reliability.
As the results presented, more severe congestion is, less
reliable the travel time is. Although at 30% CACC MPRs,
it seems that the congestion pattern and travel time are
comparable to the reference case, the results show a larger
delay and standard deviation, implying reduced travel time
reliability at this MPR due to a mixture of CACC and con-
ventional vehicles.

To distinguish the travel time reliability of CACC and
conventional vehicles, Fig 7 shows their averaged travel
time delay and its deviation at each MPRs separately. Dur-
ing the 10-30% CACC MPRs, the differences are substan-
tial, suggesting that CACC dedicated lane does lead to less
travel time delay and provide more reliable travel time to
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FIG 6 Speed differences of dedicated lanes and the adjacent general purpose lanes at different CACC MPRs.
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CACC vehicles. At 40% CACC MPRs, although the differ-
ence in delay is insignificant, the discrepancy in variation
prevails. It is explained by the light traffic jam in this sce-
nario that the travel time will not differ much between the
CACC lanes and GP lanes. However, at 50% CACC MPRs, the
variation of CACC vehicles in delay is slightly higher than
conventional vehicles, which might be the consequences of
additional lane changes toward and egressing the dedicat-
ed lanes. These results point out the effectiveness of CACC
lanes in providing shorter travel time and higher travel
time reliability to CACC vehicles in saturated traffic.

D. CACC system operations

The operational characteristics of the CACC system re-
veal to what extent the CACC system is effectively and suf-
ficiently used in mixed traffic. In this section, the CACC
usage in each MPR scenarios is examined, illustrating the
impacts of increasing MRPs on CACC operations with a
presence of CACC lane.

CACC time usage is an important indicator of the opera-
tion of CACC systems. Itis calculated for each CACC vehicle,
based on vehicle trajectories, as the ratio of the accumu-
lated time duration under CACC operation over the entire
travel time. In Table 4, the CACC time usage increases as
the percentage of CACC vehicles increases, which rises
from 23.94% to 48.45%. It is explained by the increase in
the probability of CACC vehicles following another CACC
vehicle. Higher MPR leads to a higher probability and thus
the CACC time usage increases.

Regarding string operation, the time usage under the
CACC gap-regulating mode is investigated. For compara-
ble results among different scenarios, it is calculated as the
ratio of the accumulative time duration under gap-regulat-
ing mode over the time usage of CACC for each vehicle. Ta-
ble 4 lists the average value of five simulation runs at each
CACC MPR. The lower the CACC MPR is, the higher the
ratio is. This trend is explained hy the existence of a CACC
dedicated lane. Since more severe congestions happen at
low CACC MPRs, CACC vehicles on GP lanes have larger
desires to change to the dedicated lane to gain speeds.
CACC vehicles travelling in the dedicated lane experience
less interference from merging and exiting traffic than
that in GP lanes, therefore CACC vehicles are more likely
to be operated in the CACC gap-regulating mode.

The number of CACC deactivations reflects to what ex-
tent CACC operation is interrupted and it is highly related
to throughputreduction in mixed traffic flows [18]. Table 4
provides the average number of CACC deactivations per
CACC vehicle and also the number in each deactivation
category. In general, the number of safety-related deacti-
vation changes significantly with the MPRs, whereas the
other two categories of deactivation vary insubstantially.
The safety-related deactivation decreases from around
3 per vehicle at 10-20% CACC MPRs to 1 per vehicle at 50%
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Table 3. TRAVEL TIME AND DELAY ANALYSIS OF ALL TRAFFIC IN

EACH CACC MPR

CACC

0% 10% 20% 30% 40%  50%
Total TT(h) 10961 15546 14337 10997 7586 7065

mean TTD 255 536 446 324 86 79
(s/veh)

std TTD 381 861 723 555 110 89
(s/veh)

Note: TT is travel time; TTD is travel time delay and std is the standard deviation.

Table 4. CACC OPERATIONAL CHARACTERISTICS

CACC MPRs

10% 20% 30% 40% 50%

Time Usage per CACC vehicle

CACC System 23.94%  31.12%  38.1% 43.83%  48.45%
Gap-regulating  57.39%  56.39%  5247%  48.03%  4555%
Mode Ratio

Number of Deactivations per CACC vehicle
Total 5.86 6.06 4.66 3.32 3.43

Lane-change 2.25 2.35 2.05 1.65 1.71
related

Safety-related 2.97 3.05 1.93 1.01 1.06
Route-related 0.64 0.66 0.68 0.67 0.66
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FIG 7 Mean and standard deviation of the travel time delay of conventional
and CACC vehicles at each CACC MPRs.

MPRs as the CACC MPR increases, mainly because traffic
congestion was mitigated with increasing CACC vehicles
and less collision warning is issued thereof. The lane-
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change-related deactivation decreases at 40% and 50%
CACC MPRs as well. This can be explained by the fact that
the traffic performance in CACC lane is not significantly
better than the GP lanes and fewer lane changes are made
by CACC vehicles toward the CACC lanes and fewer coop-
erative maneuvers are needed.

V. Conclusion and Future Work

This study was designed to investigate the quantitative im-
pacts of converting an HOV lane to a CACC dedicated lane
on traffic flow, travel time and CACC string operation at
low and medium CACC MPRs. Based on an enhanced car-
following model for CACC vehicles and an extended lane
change model for a dedicated lane scenario, we conducted
microscopic simulations to reproduce the traffic flows with
mixed CACC vehicles and manually driven vehicles with a
leftmost CACC dedicated lane on a freeway corridor in Cal-
ifornia. The simulation results were compared to a refer-
ence case with an HOV lane and the comparison revealed
the positive and negative impacts of CACC lanes in terms of
traffic flow performance.

This study showed that converting an HOV lane to a
CACC dedicated lane has different impacts depending on
the market penetration rate of CACC vehicles. The results
of 30% CACC MPR with a CACC lane is comparable to the
reference case of an HOV lane which has around 29% HOVs
during the congestion formation. At CACC MPRs below 30%,
the CACC lane carries insufficient traffic and the GP lanes
bear a higher demand than the reference case, which causes
severe and long-lasting traffic congestion. The total travel
time substantially increases and the travel time reliability
decreases. However, at CACC MPRs ranging from 30%-50%,
the traffic congestion are considerably alleviated by a high
lane flow share of the CACC lane and the CACC operation in
GP lanes. In these cases, the travel time and delay dramati-
cally decrease and the travel time reliability increases. At
low CACC MPRs where congestions happen, this study also
found that a CACC lane can provide smaller travel time de-
lay and higher travel time reliability to CACC vehicles than
that of the manually driven vehicles in GP lanes. In terms of
CACC operations in a CACC lane scenario, the CACC time
usage is found to be increasing with the CACC MPR, but
the time of CACC operations under gap-regulating mode is
found to be decreasing as the CACC MPR increases.

The findings of this research provide new insights into
the effects and operation of a CACC dedicated lane. An im-
portant implication to road operator is that the conversion
from an existing HOV lane to a CACC lane should wait un-
til the CACC MPR has risen to a certain level. Otherwise,
the overall traffic can deteriorate due to a closed lane for
manually driven vehicles. Mixed use of dedicated lanes at
low CACC MPRs is likely to be a transitional strategy before
reaching sufficient CACC demand, which is in accordance
with the literature. As the CACC vehicle information could
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be used for traffic state estimation at a lane level [38], [39],
road operator may also consider to dynamically activate/
deactivate CACC dedicated lanes depending on the esti-
mated traffic states.

The results of the friction effect between CACC lanes
and GP lanes also raise a safety concern: at low CACC MPRs,
the large speed difference between two lanes can result
in high collision risk when a lane change is performed.
Especially when CACC systems are activated, drivers pay
less attention to surrounding vehicles, and they may not
respond in time to resume vehicle controls and avoid col-
lisions. To reduce the collision risks, communication and
coordination between lane changing vehicles and vehicles
in CACC lanes are essential. A future study will focus on
strategies to increase the flow of CACC lanes as the CACC
MRP is low, for instance, by allowing connected (con-
ventional) vehicles to act as string leader and use CACC
dedicated lanes. In addition, future research may pay at-
tention to the save in travel time by CACC vehicles with
different travel distance. It may provide a detailed quan-
titative analysis of CACC system usage for different CACC
users. Moreover, future work may investigate the scenario
ofincreasing CACC vehicles in a highway with an activated
HOV lane, as the intermediate phase of converting an HOV
lane to a CACC lane.
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