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market penetration rates
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ABSTRACT
To investigate the effects of different market penetration rates
(MPRs) of intelligent vehicles – Intelligent Driving Model (IDM) for
autonomous vehicles (AVs), Adaptive Cruise Control (ACC) for
AVs, and Cooperative Adaptive Cruise Control (CACC) for
connected and automated vehicles (CAVs) – in mixed traffic flows
with human driving vehicles (HDVs) at intersections, three
signalized intersections (fixed signal, gap-based actuated signal,
and delay-based actuated signal-controlled intersections) with
low, medium, and high traffic demands are investigated. The
simulation results indicate that CAVs with the CACC system
outperform AVs with ACC or IDM systems and could reduce the
average delay under low and high demand scenarios by 49% to
96%. CAVs with the CACC system could also significantly reduce
average delay with a 20% MPR, while significant drops could only
be observed after 60% and 80% MPRs for AVs with the ACC/IDM
system. Gap-based and delay-based actuated signal control schemes
are preferred under medium traffic flow demand, and CACC/ACC
systems could significantly improve the performance of actuated
signal-controlled intersections under high traffic flow demand.
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1. Introduction

In past decades, emerging technologies that could assist or automatically control the
driving process of intelligent vehicles have drawn great interest from researchers and
engineers. With the development of Vehicle to Vehicle (V2V) and Vehicle to Infrastruc-
ture (V2I) communication technologies, intelligent vehicles could make driving-
informed decisions based on multi-source data, such as the speed/location of surround-
ing vehicles and the signal plans of surrounding intersections. The requirement of the
time gap for successive vehicles could also be sharply decreased, and this could signifi-
cantly change car-following behaviors and impact the performance of transportation
systems. However, it is expected to have a long transition period during which human
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driving vehicles (HDVs) and intelligent vehicles will coexist (Sharon and Stone 2017).
Hence, research on the impact of the mixed flow of HDVs and intelligent vehicles is
needed.

In addition, there is still a long way to go before intelligent vehicles can be fully appli-
cable in currently used traffic environments, especially for intersections where many
conflict points and complex traffic flows coexist (Sharon and Stone 2017). Several pro-
posed intersection control systems require a modification of existing intersections par-
ticularly for high market penetration rates (MPRs) of Autonomous Vehicles (AVs) or
Connected Vehicles (CVs) (Dresner and Stone 2008; Algomaiah and Li 2019). Recon-
struction of those intersections or installing V2I equipment would take a long time.
For example, the autonomous interaction management (AIM) system replaces signals
with a reservation-based V2I central control system. This V2I communication system
requires the AIM to be implemented with more than a 90% MPR of connected and
autonomous vehicles (CAVs) (Dresner and Stone 2008).

This paper mainly investigates the effects of CAVs with the Cooperative Adaptive
Cruise Control (CACC) system, AVs with the Adaptive Cruise Control (ACC) system,
and AVs with the Intelligent Driving Model (IDM) system in a mixed flow with
HDVs. Three currently used signalized intersections (fixed signal, gap-based actuated
signal, and delay-based actuated signal-controlled intersections) are investigated. A sys-
tematic study is conducted regarding the effects of different MPRs of intelligent vehicles
at fixed and actuated signal-controlled intersections under different traffic demands. The
results of this study can provide a theoretical basis for researchers to investigate intelli-
gent vehicle systems and provide a reference to both transportation engineering
researchers and practitioners for better designing, planning and operating intelligent
transportation systems.

2. Literature review

2.1. Studies on intelligent vehicles

Numerous intelligent control systems have been proposed for intelligent vehicles in pre-
vious studies. IDM, ACC, and CACC are the three most used cruise control systems that
control the longitudinal movements of intelligent vehicles (Treiber, Hennecke, and
Helbing 2000; Milanés and Shladover 2014; Porfyri, Mintsis, and Mitsakis 2018). The
acceleration/deceleration of the subject intelligent vehicle is mainly controlled based
on the gap distance and speed difference with respect to the preceding vehicle. IDM
was first proposed by Treiber, Hennecke, and Helbing (2000). It could be used to describe
the longitudinal movement characteristics of HDVs or AVs with a continuously differ-
entiable acceleration/deceleration function (Treiber and Kesting 2013). However, IDM
would result in an unrealistically high deceleration rate when the current gap to the pre-
ceding vehicle is significantly shorter than the desired gap (Do, Rouhani, and Miranda-
Moreno 2019). Hence, IDM was further modified with the Constant Acceleration Heur-
istics (CAH) to determine different acceleration/deceleration rates in different situations
(Kesting, Treiber, and Helbing 2010). Results showed that road capacity is essentially
improved, even with only a 50% MPR of intelligent vehicles. In a further study, the
IDM model was improved by modifying its minimum gap term to avoid unrealistic
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deceleration rates (Liu and Fan 2020). The ACC system, which is a variant of the IDM, is
proposed and dynamically controlled by four modes, i.e. cruising control, gap control,
gap-closing control, and collision avoidance mode (Milanés and Shladover 2014; Xiao,
Wang, and Van Arem 2017; Mintsis 2018). The CACC system, which could collect infor-
mation from V2V and/or V2I communications, is a functional extension of the ACC
system. The additional information collected could help CAVs with the CACC system
follow their predecessors with higher accuracy, shorter response time, and shorter
headway compared to ACC vehicles (Shladover, Su, and Lu 2012). Shladover, Su, and
Lu (2012) tested the performance of ACC and CACC vehicles by collecting and analyzing
field experiment data. Results showed little increase in roadway capacity when increasing
the MPR of ACC vehicles. However, increasing CACC vehicles could significantly
increase roadway capacity.

2.2. Studies on mixed traffic of intelligent vehicles at intersections

Many studies designed a control system that assumed 100%MPRs of CVs and/or AVs so
that vehicles could obtain full information and be controlled according to the system
(Guo, Li, and Ban 2019). Since there is still a long way to achieve high MPRs of CVs
or AVs, it is practical and important to investigate the mixed flow of HDVs and intelli-
gent vehicles at currently used intersections. Table 1 summarizes previous studies on
intelligent vehicles at intersections considering different MPRs. It is noted that most
research studies indicated a positive effect of intelligent vehicles in general, while some
others found that intelligent vehicles could improve system performance only after
certain MPRs (Algomaiah and Li 2019; Jiang et al. 2017; Lee, Park, and Yun 2013).
Also, the interaction between intelligent vehicles with HDVs is found to result in a nega-
tive impact on system performance (Du, Homchaudhuri, and Pisu 2017). This is in line
with the phenomenon that low MPRs of intelligent vehicles would decrease system per-
formance (Virdi et al. 2019; Yang, Rakha, and Ala 2017).

3. Methodology

3.1. Krauss model

This study uses the Krauss car-following model for HDVs based on safe speed developed
by Krauss, Wagner, and Gawron (1997). The desired speed vd for the subject vehicle is
calculated by the minimum value of the maximum speed allowed vmax, the acceleration
capability of the vehicle, and the safe speed vsafe:

vd = min(vmax, vi,k + aDt, vsafe) (1)

vsafe = vi−1,k + gk − vi−1,ktr
vi,k + vi−1,k

2dmax
+ tr

(2)

where Dt represents the step duration of the simulation, vi,k indicates the speed of the
subject vehicle i at the current time step k, vi−1,k denotes the speed of the leading
vehicle in time step k, gk represents the gap with respect to the leading vehicle in time
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step k, tr is the reaction time for the human driver, and dmax is the maximum deceleration
of the vehicle (m/s2).

3.2. Intelligent Driving Model

IDM calculates the acceleration rates of the subject vehicle by balancing the ratio of the
current velocity versus the desired speed minus the ratio of the desired gap versus the
current gap with respect to the preceding vehicle (Treiber, Hennecke, and Helbing 2000):

ai,k = amax[1− (
vi,k
vd

)d − s∗(v, Dv)
si,k

)2
( ]

(3)

s∗(vi,k, Dv) = s0 +max 0, vi,ktd + vi,kDv

2
�������
amaxdc

√
( )[ ]

(4)

where ai,k denotes the acceleration of the subject vehicle i in time step k, amax represents
the maximum acceleration allowed, vi,k is the current speed of the subject vehicle, vd is
the desired speed, d represents the acceleration exponent, s∗(v, Dv) denotes the desired
minimum gap, Dv represents the speed difference between the subject vehicle and the
preceding vehicle, si,k is the current distance to the preceding vehicle, s0 represents the
linear jam distance, s1 denotes the non-linear jam distance, td denotes the desired time
gap, and dc is the comfortable deceleration rate.

3.3. Adaptive Cruise Control

3.3.1. Cruising control mode
The cruising controller of the ACC system is triggered if there are no preceding vehicles
within the range of 120 m covered by the sensors (Xiao, Wang, and Van Arem 2017; Liu,
Xiao, and Kan 2018). This controller aims to keep the ACC vehicle traveling at a desired
speed:

ai,k+1 = k1(vd − vi,k) (5)

where ai,k+1 represents the acceleration recommended for the i-th subject vehicle at the
time step k + 1, vd denotes the desired speed, vi,k indicates the speed of the subject vehicle
i at the current time step k, and k1 denotes the control gain parameter determining the
acceleration by the speed deviation. Typical values for k1 range between 0.3 and 0.4 s−1 in
(Xiao, Wang, and Van Arem 2017), and this study selects 0.4 s−1 for k1.

3.3.2. Gap control mode
The gap control mode of the ACC system is triggered when the gap and speed deviation
with respect to the preceding vehicle are less than 0.2 m and 0.1 m/s, respectively (Xiao,
Wang, and Van Arem 2017). The acceleration of the subject vehicle i at the next time step
k + 1 is calculated based on the gap and speed deviations:

ai,k+1 = k2si,k + k3(vi−1,k − vi,k) (6)

where si,k denotes the gap deviation of the subject vehicle i at the current time step k,
vi−1,k represents the current speed of the preceding vehicle (index in i – 1), and k2 and
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k3 denote the control gains on the gap and speed deviations, respectively. Typical values
for the optimal gains are k2 = 0.23 s−2 and k3 = 0.07 s−1 (Xiao, Wang, and Van Arem
2017).

The gap deviation of the subject vehicle is defined according to Milanés and Shladover
(2014):

si,k = xi−1,k − xi,k − d0 − tdvi,k (7)

where xi−1,k and xi,k represent the current positions of the preceding vehicle and the
subject vehicle, respectively, vi,k is the current speed of the subject vehicle, and td indi-
cates the desired time gap for the ACC vehicle.

3.3.3. Gap-closing control mode
The gap-closing control mode was proposed in Milanés and Shladover (2016) and is acti-
vated when the gap to the preceding vehicle is less than 100 m. When the gap is between
100 m and 120 m, the subject vehicle retains the previous control mode to provide hys-
teresis in the control process and perform a smooth transfer between two modes (Xiao,
Wang, and Van Arem 2017; Liu, Xiao, and Kan 2018). The formula of the gap-closing
control mode is calculated by recalibrating the parameters of control gains in Equation
(6), and this study utilizes k2 = 0.04 s−2 and k3 = 0.8 s−1 according to Xiao, Wang, and
Van Arem (2017).

3.3.4. Collision avoidance mode
The collision avoidance mode aims to avoid imminent rear-end collisions, and it is acti-
vated when the gap to the preceding vehicle is less than 100 m, and the gap and speed
deviations are less than 0 and 0.1 m/s, respectively (Mintsis 2018). If the gap is
between 100 m and 120 m, the subject vehicle retains the previous control mode to
provide hysteresis in the control process and performs a smooth transfer between the
two modes (Xiao, Wang, and Van Arem 2017; Liu, Xiao, and Kan 2018). The collision
avoidance control mode was also derived by calibrating the parameters of gap control
gains in Equation (6), and this study sets k2 = 0.8 s−2 and k3 = 0.23 s−1 according to
Mintsis (2018).

3.4. Cooperative Adaptive Cruise Control

3.4.1. Cruising control mode
The speed controller for the CACC system is the same as that for the ACC system. The
cruising control mode is triggered when the time-gap with respect to the preceding
vehicle is greater than 2 s, and the gain k1 in Equation (5) is set as 0.4 s−1 (Xiao,
Wang, and Van Arem 2017; Liu, Xiao, and Kan 2018).

3.4.2. Gap control mode
The gap control mode for the CACC system is activated when the gap and speed devi-
ations are less than 0.2 m and 0.1 m/s, respectively (Xiao, Wang, and Van Arem
2017). Compared to the gap control mode of the ACC vehicle, the speed of the subject
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CACC vehicle at the next time step k + 1 is calculated by:

vi,k+1 = vi,k + k4ei,k + k5 ei,k
·

(8)

ei,k
· = vi−1,k − vi,k − tdai,k (9)

where ei,k
·
is the first-order derivative of the gap deviation ei,k. The values of the control

gains k4 and k5 in Equation (8) are calibrated as 0.45 s−2 and 0.25 s−1, respectively (Xiao,
Wang, and Van Arem 2017).

3.4.3. Gap-closing control mode
The gap-closing control mode in CACC is activated when the time-gap is less than 1.5 s.
If the time-gap is between 1.5 and 2 s, the subject vehicle would retain the previous
control mode as a transition process (Xiao, Wang, and Van Arem 2017; Liu, Xiao, and
Kan 2018). The Gap-closing control function is also calculated by calibrating the
optimal gains in Equation (8), and are set as k4 = 0.01 s−2 and k5 = s−1 (Xiao, Wang,
and Van Arem 2017).

3.4.4. Collision avoidance mode
The collision avoidance mode helps the CACC vehicles to change velocity more
smoothly and carefully when the time-gap to the preceding vehicle is less than 1.5 s
and the gap deviation is negative (Mintsis 2018). The collision avoidance controller is
also derived by calibrating the parameters of the gap control gains in Equation (8),
and this study sets k4 = 0.45 s−2 and k3 = 0.05 s−1 (Mintsis 2018).

4. Simulation experiments

A typical four-leg intersection with three-lane approaches is set for the simulation and is
shown in Figure 1. Three different traffic demands for the approach are determined by
the critical intersection volume-to-capacity (v/c) ratio (Transportation Research Board
2010), i.e. v/c = 0.4 for low-demand (512 vph), v/c = 0.8 for medium-demand
(1024 vph), and v/c = 1 for high-demand (1280 vph). The proportions of left-turn,
straight, and right-turn rates are set as 15%, 65%, and 20%, respectively. CAVs with
the CACC system, AVs with the ACC system, and AVs with IDM system are investigated
separately in the mixed flow with HDVs. The MPRs of intelligent vehicles increase from
0% to 100% by 20% per step. To study the effects of intelligent vehicles at present inter-
sections, each demand scenario encompasses three currently used signal control
schemes, i.e. fixed control, gap-based actuated control, and delay-based actuated
control schemes. The fixed signal scheme with four phases is optimized by the perform-
ance index approach in Synchro. Two actuated signal schemes are controlled based on
the fixed signal scheme while setting 5 s for the minimum duration and 20 s for the
maximum extension of the green phase. For the gap-based actuated control, the green
phase is prolonged when the maximum time gap between successive vehicles is less
than 3 s. For the delay-based actuated control scheme, a prolongation of the green
phase would be activated when the delay (i.e. cumulative time loss) of a vehicle is
greater than 1 s within the detector/communication range of 300 m.

TRANSPORTATION PLANNING AND TECHNOLOGY 7



All simulation scenarios were processed in the Simulation of Urban MObility
(SUMO) and the TraCI-Python interface. The simulation time for each case was
3600 s with a 0.1 s time step. The speed limit of the road is 50 km/h. To avoid identical
driving behavior, the initial speed and departure lane of a vehicle are generated ran-
domly. Also, to avoid homogeneous speeds, the desired speed for each vehicle is calcu-
lated by the product of the speed factor and speed limit. The speed factor in this paper
obeys a normal distribution of N(1.2, 0.1). Meanwhile, the driver’s capability in
holding the desired speed (between 0 and 1) is determined by the speed control factor
according to Mintsis (2018). The LC2013 model is set as the lane-changing model for
all vehicles (Erdmann 2015). The parameters for the car-following models are as given
in the methodology section above and shown in Table 2 (Porfyri, Mintsis, and Mitsakis
2018; Xiao, Wang, and Van Arem 2017; Mintsis 2018).

5. Results and discussions

5.1. Effects of the AVs with the IDM system

The average delay of all vehicles, which is calculated by the average travel time minus the
desired travel time of the trip, is used to measure the performance of the intersection
system under fixed, gap-based actuated, and delay-based actuated signal scenarios. The
results of the average delay for AVs with the IDM system under three traffic demands

Figure 1. Intersection Configuration and Basic Signal Phase.

Table 2. Basic Factors in Car-Following Models.
Vehicle
Type

Control
Mode

Acceleration (m/
s2)

Deceleration (m/
s2)

Desired
headway (s)

Speed control
factor

Reaction time
(s)

HDV Krauss 1.25 3 1.64 0.5 0.7
AV IDM 2 4 1.4 0.1 0.1
AV ACC 2 4 1.1 0.1 0.1
CAV CACC 2 4 0.6 0.1 0.1

8 L. SONG ET AL.



with different MPRs are shown in Figure 2. Table 3 also includes the change rate of the
average delay compared to the result of the 100% HDVs scenario. For the low traffic
demand and 100% IDM controlled AVs scenario, the average delay decreases by 28%,
45%, and 36% for fixed, gap-based, and delay-based signalized intersection, respectively.

For the medium traffic demand scenarios, the average delay decreases significantly in
all three signalized intersections as the MPR of IDM controlled AVs increases. When the
MPRs of the IDM controlled AVs exceed 60%, both actuated signalized intersections
reduce about 50% of the average delay compared to those in the fixed signal scenario.
With a 100% MPR of IDM controlled AVs, about 79% and 82% decrease of the
average delay could be observed at gap-based and delay-based actuated signalized inter-
sections, respectively.

When the traffic is sufficiently high and reaches the saturated flow, significant drops of
the average delay could only be observed after an 80% MPR of the IDM controlled AVs.
With a 100% MPR of IDM controlled AVs, the fixed signal scheme outperforms two
actuated signal schemes and decreases about 81% of the average delay. Hence, the actu-
ated signal scheme may not be suitable for peak hours or other high traffic demand cir-
cumstances when using IDM controlled AVs. Also, there is an increase in the average
delay when the MPR of the IDM controlled AVs increases from 60% to 80% in the scen-
ario of high traffic demand and gap-based signalized intersection. This indicates the
unstable delay at the intersection in the mixed flow of HDVs and IDM controlled AVs.

5.2. Effects of AVs with the ACC system

The results of the average delay and corresponding change rate of the average vehicle
delay for ACC controlled AVs under different scenarios are shown in Figure 3 and
Table 4. The results of ACC controlled AVs are similar to the results of the IDM
system in low and medium traffic demand scenarios. With a 100% MPR of ACC con-
trolled AVs, the average delay decreases by 85% at the delay-based signalized intersection
under medium traffic demand. Also, a slight increase in average delay is observed when
the MPR of the ACC controlled AVs increases from 60% to 80% at the fixed signalized
intersection under medium traffic demand. This further proves the instability interaction
between HDVs and ACC controlled AVs. For the high traffic demand scenarios, the
average delay decreases more quickly when the MPRs of the ACC controlled AVs
exceed 60% compared to IDM controlled AVs. Different from the IDM scenario, the

Figure 2. Average Delay under Different Market Penetration Rates of AVs with the IDM System.
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average delay for two actuated signal-controlled intersections under high traffic demand
with a 100% MPR of ACC controlled AVs is less than that for the fixed signal scenario.
The average delay is decreased by 93% at the delay-based signalized intersection with a
100% MPR of ACC controlled AVs, while the fixed signal scenario only decreases 85% of
the average delay. These results indicate that ACC controlled AVs outperform the IDM
controlled AVs. Also, the implementation of ACC controlled AVs could better cooperate
with gap-based and delay-based actuated signal schemes under high traffic demand.

5.3. Effects of CAVs with the CACC system

Figure 4 and Table 5 present the average vehicle delay and the corresponding change rate
of the average delay for CACC controlled CAVs under different scenarios. The average
delay decreases with the increase of CACC controlled CAVs, and CACC controlled
CAVs outperform IDM and ACC controlled AVs in all scenarios. For medium traffic
demand scenarios, the average delay drops significantly after a 20% MPR of CACC con-
trolled CAVs for all signal schemes. The average delay drops by 94% at the fixed signa-
lized intersection with a 100% MPR of CACC controlled CAVs. The results of two
actuated signalized intersections indicate that actuated signal schemes are more suitable
under medium traffic demand compared to the fixed signal scheme. For high demand

Figure 3. Average Delay under Different Market Penetration Rates of AVs with the ACC System.

Figure 4. Average Delay under Different Market Penetration Rates of CAVs with the CACC System.
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scenarios, the average delay drops significantly with the increase of CACC controlled
CAVs. About 87% and 96% drops in the average delay at the delay-based intersection
are observed when the MPRs of CACC controlled CAVs reach 60% and 100%, respect-
ively. All these indicate the superiority of the CACC system since the communication
function of the CACC controlled CAVs could further decrease the headway and help
the fleet to react cooperatively.

6. Conclusions

As the technologies of intelligent vehicles and infrastructures are still under study, it is
expected to have a long transition period during which human driving vehicles
(HDVs) and autonomous vehicles will coexist (Sharon and Stone 2017). Hence, there
is a need to study the effects of introducing intelligent vehicles on currently used trans-
port infrastructures. This paper has studied the effects of three typical intelligent vehicles:
Intelligent Driving Model (IDM) controlled autonomous vehicles (AVs), Adaptive
Cruise Control (ACC) controlled AVs, and Cooperative Adaptive Cruise Control
(CACC) controlled connected and automated vehicles (CAVs) on three currently used
signalized intersections (i.e. fixed signal, gap-based actuated signal, and delay-based actu-
ated signalized intersections).

The main results and contribution of this research to currently used signalized inter-
section systems are as follows: firstly, CACC controlled CAVs outperformed IDM/ACC
controlled AVs in all scenarios. A 96% drop on average was observed at the delay-based
signalized intersection under high traffic demand with a 100% MPR of CACC controlled
CAVs; secondly, CACC controlled CAVs could significantly decrease the average delay
under medium and high demand scenarios after the MPRs exceed 20% and 40%, respect-
ively. For high demand scenarios, significant drops of the average delay could only be
observed after an 80% MPR of the IDM controlled AVs, while significant drops in the
average delay could be obtained after a 60% MPR of ACC controlled AVs or a 40%
MPR of CACC controlled CAVs; thirdly, gap-based or delayed-based actuated signal
schemes are preferred when traffic demand is low or medium (v/c ratio less than 0.8).
An increase in the average delay could be found in the scenario of IDM controlled
AVs at gap-based actuated signalized intersections under high demand; fourthly,
CACC and ACC systems outperformed the IDM system at actuated signalized intersec-
tions under high traffic demand. Also, high MPRs of ACC controlled AVs or CACC con-
trolled CAVs at actuated signalized intersections performed better than the fixed
signalized intersection scenario; and finally, unstable delay results were found in the
mixed flow of HDVs with AVs controlled by the IDM and ACC mode, which have
also been observed in previous studies (Yang, Rakha, and Ala 2017; Du, Homchaudhuri,
and Pisu 2017).

These results could provide a foundation for researchers to investigate the impact of
intelligent vehicles on currently used intersections and provide a reference for better
signal control and intelligent vehicle operations. Also, the results could give a solid refer-
ence to researchers/engineers for better planning and operating of future intelligent
transportation systems. Meanwhile, considering the unstable results found in the
mixed flow of HDVs with IDM and ACC controlled AVs, a further study on the inter-
actions between intelligent vehicles and HDVs is needed.
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