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ABSTRACT

With the rapid development of smart cities, interest in vehicle automation continues growing. Autonomous vehicles are
becoming more and more popular among people and are considered to be the future of ground transportation. Autonomous
vehicles, either with adaptive cruise control (ACC) or cooperative adaptive cruise control (CACC), provide many
possibilities for smart transportation in a smart city. However, traditional vehicles and autonomous vehicles will have to
share the same road systems until autonomous vehicles fully penetrate the market over the next few decades, which leads
to conflicts because of the inconsistency of human drivers. In this paper, the performance of autonomous vehicles with
ACC/CACC and traditional vehicles in mixed driver environments at a signalized intersection were evaluated using the
micro-simulator VISSIM. In the simulation, the vehicles controlled by the ACC/CACC and Wiedemann 99 (W99) model
represent the behavior of autonomous vehicles and human driver vehicles, respectively. For these two different driver
environments, four different transport modes were comprehensively investigated: full light duty cars, full trucks, full
motorcycles, and mixed conditions. In addition, ten different seed numbers were applied to each model to avoid
coincidence. To evaluate the driving behavior of the human drivers and autonomous vehicles, this paper will compare the
total number of stops, average velocity, and vehicle delay of each model at the signalized traffic intersection based on a
real road intersection in Minnesota.
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1. INTRODUCTION

The Bureau of Transportation Statistics, a part of the United States Department of Transportation, reported that the number
of registered vehicles increased from 73,857,768 in 1960 to 275,924,442 in 2020 [1]. The light duty vehicles, trucks, and
motorcycles account for around 94%, 4%, and 2% of the total vehicles, where the proportion of trucks and motorcycles
increased from 1994 to 2020 [1]. Based on the report by the Office of Economic and Strategic Analysis of the United
States Department of Transportation, congestion on the urban road network causes around 85 billion dollars per year that
equivalent to 763 dollars per commuter annually [2]. Therefore, it is important to reduce traffic congestion. Autonomous
vehicles (AVs) that are the future of ground transportation provide the possibilities.

However, full adoption of autonomous vehicles will take a few decades. Before that, conventional and autonomous
vehicles need to share the road systems. This paper simulates the traditional and autonomous vehicles driving in mixed
driver environments at a signalized intersection. The organization of the remainder of the paper is as follows: Section 11
describes the models that control the traditional and autonomous vehicles, and the model set up with a micro-simulator;
Section III evaluates the models using the micro simulator VISSM and discuss the simulation results; Sections IV
concludes the work and suggest future applications.

2. METHODOLOGIES
2.1 ACC/CACC models

The car-following models, such as stimulus-response models, safe-distance models, desired headway models [3-5], were
developed to control the AVs. Adaptive cruise control (ACC) car-following model [6] is one of the most adopted stimulus-
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response models, it is able to adjust speed through the information from preceding vehicle automatically [7, 8]. The
acceleration range of the AVs control with ACC systems can be estimated by [6, 8, 10]:

a = max [amin,min(ac,amax)]s (1)

where, aj,in and a, .y are the minimum and maximum allowed acceleration. a. is the control acceleration, which can be
calculated as:

a. = kg * a, + k, * (vp — v) + kg * (r — rsystem), 2)

where, aj, is the acceleration of preceding vehicle, v and v}, are the speed of the ego and preceding vehicle. k,, ky and kq
are constant factors, r is the following distance between the ego and preceding vehicle, rgygtem is recommended following
distance according to the minimum desired time gap of the AV (tsystem)-

rsystem = tsystem *U (3)

To improve the safety of the AVs, cooperative adaptive cruise control (CACC) was developed [11]. The CACC model is
the same as the ACC model but the CACC system is able to make the decision with the data from multiple vehicles around
the AVs and follow the previous vehicle at shorter headway. Therefore, k, of the CACC model is 1 while its value of the
ACC model is 0. In addition, the minimum desired time gap of the CACC model is decreased from 1.4 seconds of ACC
to 0.5 seconds.

2.2 Simulation model set up

To evaluate the driving behaviours of traditional and autonomous vehicles, this study conducted a case study using a
micro-simulator, VISSIM. VISSIM has a default car-following model, Wiedemann 99 (W99), that simulates the driving
behavior of human drivers. Different from the internal model W99, which is able to use directly, the dynamic link library
needs to be revised with C++ in order to implement ACC/CACC model in VISSIM. The test was performed on a simulated
signalized intersection based on the real road intersection in Minnesota with the vehicle's input numbers (unit is a number
of vehicles per hour per lane (pc/h/In)) as shown in Figure 1.
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Figure 1. Two phases signalized intersection
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The vehicles controlled by the ACC/CACC and W99 model represent the behavior of autonomous vehicles and human
driver vehicles, respectively. Considering the conditions of real-world transportation, the three most common driving
models light duty vehicles, trucks, and motorcycles were investigated. The simulation worked as shown in figure 2, where
the blue and green vehicles controlled by ACC/CACC and W99 models.

Figure 2. Diagram of vehicle information when simulated in the VISSIM (Source: VISSIM)

There are ten different seed numbers, which represent ten different conditions that were applied to each model and mode
to avoid coincidence. The default velocity was set as 13.89 m/s (50 km/hr). For each simulation run, the total simulation
time was set to be 4,500 seconds, where each travel interval was 900 seconds, with the first 900 seconds was removed in
the traffic simulation results since it allocated for simulation warmup. The simulation parameters as shown in Table 1.

Table 1. Parameters of the Simulations.

Parameters
0-900
(warmup time, not included)
. 900-1800
Time Interval 1800-2700
2700-3600
3600-4500
Default Velocity 22.35 m/s
ACC
Model CACC
W99
Conditions 10

3. SIMULATION RESULTS

Light duty vehicles, trucks, and motorcycles are the three main transportation modes. Figure 3 (a-f) demonstrates average
delay, average velocity, and number of stops of the light duty vehicles controlled by the W99, ACC, and CACC models.
The average delay decreased when the percentage of the vehicle controlled by ACC and CACC models increased, and the
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average velocity is shown in the opposite way. The number of stops increased with the percentage of vehicles controlled
by ACC model and decrease with CACC model. The vehicle controlled by the ACC model has a less average delay and
higher average velocity, however, the vehicle controlled by the CACC model generates fewer stops, which decreases the
fuel consumption.
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Figure 3. (a) average delay, (b) average velocity, (c) number of stops of the light duty vehicles control by W99 and ACC model; and (d)
average delay, (e) average velocity, (f) number of stops of the light duty vehicles control byW99 and CACC model.

Considering full trucks and motorcycles are extreme conditions since their size is relatively bigger and smaller than the
normal vehicles, the difference between the trucks and motorcycles controlled by ACC and CACC model is not obvious.
Therefore, this study only shows average delay, average velocity, and number of stops of the trucks and motorcycles
controlled by W99 and ACC model (in Figure 4 (a-f)). Based on the results from Figure 4, the trend of the average delay,
average velocity, and the number of stops is the same as the full light duty vehicle conditions, but the average velocity of
trucks are lower than light duty vehicles while the average delay and number of stops are higher. The result of the
motorcycles compared to the light duty vehicles are the exact opposite.
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Figure 4. (a) average delay, (b) average velocity, (c) number of stops of the trucks control by W99 and ACC model; and (d) average
delay, (e) average velocity, (f) number of stops of the motorcycles control byW99 and ACC model

19303

pereentage
w
2

1068
25% 13834

13599

0%

Conditions

19.43

5% L 9.8

1593

1869

pereentage
w
2

1841

25% \ 1519

Conditions Conditions

pereentage
“
2
F

5336

5213

L

Conditions Conditions

In 2020, there are light duty vehicles, trucks, motorcycles, and other vehicles that constitute 91.74%, 4.89%, 3.01%, and
0.36% of total vehicles [1]. This study is not included the other vehicles, therefore the percentage of the light duty vehicles,
trucks, and motorcycles would be 92.07, 4.90, and 3.03 of the total vehicles in this study. When the penetration of the
autonomous vehicles is 0%, 25%, 50%, 75%, and 100%, the percentage of each mode is shown in table 2. The average
delay, average velocity, and number of stops of the mix transportation mode conditions are shown in Figure 5 (a-f) that
shows the same trend as full light duty vehicles.

Table 2. Percentages of the transportation modes inputs to the simulation in different autonomous vehicle penetration.

enetration | 0% 25% 50% 75% 100%

Modes
light duty vehicle | 0.00% | 23.02% | 46.04% | 69.05% | 92.07%
truck 0.00% | 1.23% | 2.45% | 3.68% | 4.90%

motorcycle 0.00% | 0.76% | 1.51% | 2.27% | 3.03%
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Figure 5. (a) average delay, (b) average velocity, (c) number of stops of the mix vehicles control by W99 and ACC model; and (d)
average delay, (e) average velocity, (f) number of stops of the mix vehicles control byW99 and CACC model

Figure 6 shows the trend of average velocity and number of stops of the vehicles (light duty vehicles, motorcycles, and
trucks) controlled by the ACC model. When the penetration rate increases from 0 to 1, the number of stops and average
velocity increase. The higher average velocity eases the transportation congestion but the relatively high number of stops
influences the environment.
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Figure 6. The trend of average velocity and number of stops with different penetration rate of various vehicles control by the W99 and
ACC model.

4. CONCLUSION AND FUTURE WORK

This paper demonstrates how autonomous vehicles ease traffic congestions when the vehicle modes are light duty vehicles,
trucks, and motorcycles. The simulation test was performed on a micro-simulator, VISSIM. The vehicles controlled by
ACC/CACC models and W99 models simulate the autonomous and conventional vehicles at a signalized intersection. The
penetration of the autonomous vehicles from 0%, 25%, 50%, and 100% are tested, there are 10 traffic scenarios are applied
to each condition to make a realistic demonstration of traffic simulation. Results demonstrate there is the same trend among
all four kinds of traffic modes: the average velocity and number of stops increased when the percentage of the vehicle
controlled by ACC or CACC models is increasing, while the average delay decreased. The vehicles controlled by the ACC
model generate less average delay and higher average velocity while the vehicles controlled by the CACC model generate
fewer stops, which decreases the fuel consumption. In the future, there are more research will be focused on building a
model that improves the ACC and CACC model to control the vehicles in the most optimal modes, which drive quickly
and make fewer stops.
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