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Executive Summary

With rapid development in sensing and communications technologies, algorithms, and computing
capabilities, tremendous efforts have been devoted to the research, development, and testing of connected
and autonomous vehicles (CAVs). Many studies projected that a significant portion (30%~50%) of vehicle
fleets will be Level 4 Automated Vehicles (AVs) in the 2040s. Despite the significant advancement in AVs,
the latest released report “4V 4.0 by the U.S. Department of Transportation pointed out the need of a
consistent United States (U.S.) Government approach to AV technologies. It also stated that the U.S.
government will focus on opportunities in improving transportation system-level performance, efficiency,
and effectiveness while avoiding negative transportation system-level effects from AV technologies. Even
though many automakers and high-tech companies have been conducting a lot of field tests to evaluate their
autonomous driving systems, their tests are not systematic and comprehensive enough to inform
government agencies about potential impacts of the deployment of AVs/CAVs at the network scale.
Therefore, it is of great importance to develop tools to understand system-level impacts of CAVs to help
government agencies make better decisions and policies.

In this project, we successfully developed an integrated microsimulation platform for mixed traffic with
CAVs using the Adaptive Cruise Control/ Cooperative Adaptive Cruise Control (ACC/CACC) and the
Vehicle to Everything (V2X) modules in the microsimulation software, Aimsun. Different from the state-
of-the-practice approach which connects microsimulation software (e.g., Vissim) with a network simulator
(e.g., Network Simulator-2 (NS-2)), this integrated microsimulation platform, to the best of our knowledge,
is the first “All-in-One” microsimulation platform that can replicate the mixed traffic environment in the
real world and has great potential for network-level analysis of CAV applications. This integrated
microsimulation platform has two levels of functionalities. At the vehicle control level, it uses the
ACC/CACC module to regulate CAV’s longitudinal movements. At the communications level, it uses the
V2X module to enable Vehicle to Infrastructure/ Infrastructure to Vehicle (V2I/I2V) communications
between Roadside Units (RSUs) and CAVs and Vehicle to Vehicle (V2V) communications between CAVs.

To demonstrate how to apply this integrated microsimulation platform to evaluate the network-level
impacts of CAV applications, we implemented the following three CAV applications in this project: (i)
freeway speed harmonization with CAVs, (ii) route guidance with CAVs for traffic incident management,
and (iii) traffic light optimal speed advisory with CAVs. We also generated three different subnetworks
from the original I-210 network for testing purposes: (i) a Freeway-Only subnetwork for the application of
freeway speed harmonization with CAVs, (ii) a Freeway-and-Arterial Combined subnetwork for the
application of route guidance with CAVs for traffic incident management, and (iii) an Arterial-Only
subnetwork for the application of traffic light optimal speed advisory with CAVs.

For the application of freeway speed harmonization with CAVs, we implemented the required workflow to
enable the V2I/I2V communications between RSUs and CAVs as well as the V2V communications
between CAVs. We also selected three speed harmonization algorithms for demonstration purposes: (i) a
rule-based speed harmonization algorithm; (ii) a variable speed limit (VSL) and variable speed advisory
(VSA) algorithm; and (iii) a cooperative variable speed limit system (C-VSLS). We conducted various
simulations under different traffic demand levels and percentages of CAVs in the Freeway-Only
subnetwork. Simulation results showed that the selected speed harmonization algorithms can only perform
well under certain conditions. The rule-based and the VSL-VSA algorithms tend to perform well under
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high percentages of CAVs, e.g., 80% or higher, while the C-VSLS tends to perform well under relatively
low percentages of CAVs, e.g., about 40%, and light traffic congestion. In terms of performance
improvement, the rule-based algorithm and the C-VSLS can only achieve a relatively small delay reduction
between 1% to 2%, while the VSL-VSL algorithm can achieve a relatively large delay reduction between
2% to 6%. Through conducting various simulations, we found that many factors can impact the performance
of the speed harmonization algorithms, for example, road geometries, existing detector placement and
control settings, traffic demand and Origin-Destination (OD) patterns, settings of speed harmonization
zones, settings in the RSUs and the V2I/I2V communications, and parameter settings in the speed
harmonization algorithms.

For the application of route guidance with CAVs for traffic incident management, we implemented two
separated workflows: (i) an incident management workflow to manage different stages of a traffic incident
and the activation and termination of response plans, and (ii) a communications workflow to manage the
information exchange between RSUs and their connected CAVs. We also implemented a route choice
algorithm to mimic CAV’s route choice decisions with considerations of potential impacts from lane index
(e.g., inner lanes vs. shoulder lanes), vehicle types (e.g., car vs. truck), and number of detoured vehicles.
We tested this application with two traffic accidents occurring at the same place but with different levels of
severity under 30% and 50% CAVs in the Freeway-and-Arterial Combined subnetwork. Simulation results
demonstrated that with timely sharing of detour route information with CAVs, traffic performance can be
significantly improved with delay reduction of over 3% when traffic accidents occur. However, we want to
emphasize that this information sharing should not be limited to CAVs but should include road users who
have the capability to receive real-time traffic information, e.g., navigation app users. This is important
because when traffic incidents occur, uncoordinated decisions of navigation app users may significantly
degrade the performance of the response plans recommended by the TMCs or may even make them invalid.

For the application of traffic light optimal speed advisory with CAVs, we implemented the communications
workflow to allow RSUs to send real-time SPaT and MAP messages to nearby CAVs. We also implemented
the Green Light Optimal Speed Advisory (GLOSA) application with some minor revisions to allow CAVs
to adjust their approaching speeds at signalized intersections. We tested this GLOSA algorithm at the
Arterial-Only subnetwork under different time periods, demand levels, and percentages of CAVs.
Simulation results showed that the GLOSA algorithm generally performs better than the baseline model.
However, the performance improvement is minor with delay reduction less than 1% for most of the
scenarios. This reveals that it is hard to reduce vehicle delay by solely adjusting CAV’s approaching speeds.
Through various simulation scenarios, we also found that many factors, for example, signal coordination
settings, permitted left-turn settings, and existence of vehicle queues and lane blockages, need to be
considered if we want to develop new optimal vehicle and signal control strategies.

Furthermore, we activated the ACC/CACC module in the I-210 corridor network and the subnetworks and
conducted various simulation scenarios under different time periods, demand levels, and percentages of
CAVs. Simulation results showed that ACC/CACC can significantly improve network performance. For
freeway networks, the improvement is more obvious with delay reduction over 40% and speed
improvement over 22% for 100% CAVs. However, the improvement is lower for arterial networks, with
about 15% delay reduction and 6.25% speed improvement for 100% CAVs. This difference makes sense
since vehicle delay in arterial networks is mostly caused by traffic signals. Without V2I/I12V
communications between signalized intersections/RSUs and CAVs, it is hard to further reduce vehicle’s
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travel delay. In addition, we found that there exists an optimal threshold of CAV percentages, above which
the performance improvement becomes marginal. Through various simulation scenarios in our study
networks, it seems this threshold is about 50%. When the percentage of CAVs is between 0% and 50%, we
do see significant performance improvement. However, when the percentage of CAVs is above 50%, the
performance improvement is not obvious.

In the future, with the integrated microsimulation platform developed in this project and the well-calibrated
1-210 corridor network, we would like to continue our studies in the following directions: (i) developing a
guideline on RSU placement so as to achieve desired performance for CAV applications with particular
interest while staying within the budget; (ii) creating a microsimulation model for the California Connected
Vehicle (CV) Testbed and connecting it to the Multi-Modal Intelligent Traffic Signal System (MMITSS)
to test and evaluate various CV applications; (iii) enhancing the features in the integrated microsimulation
platform with more V2X applications for multi-modal traffic; (iv) developing information sharing policies
and strategies with navigation app users for more effective and efficient traffic incident management; (v)
developing optimal signal control strategies with CAVs to improve intersection performance.
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1. Introduction

With rapid development in sensing and communications technologies, algorithms, and computing
capabilities, tremendous efforts have been devoted to the research, development, and testing of connected
and autonomous vehicles (CAVs). Automakers are expected to increasingly bundle connected services
and/or autonomous features at the point of sale over the next five years (Aiello et al., 2017). Many studies
(Bansal and Kockelman, 2017; Litman, 2020) projected that a significant portion (30%~50%) of vehicle
fleets will be Level 4 AV in the 2040s. In terms of CAV-related research, the following five major areas
have been advanced significantly in recent years (Elliott et al., 2019): (i) inter-CAV communications, (ii)
security, (iii) intersection control, (iv) collision-free navigation, and (v) pedestrian detection and protection.

Despite the above-mentioned significant advancement in CAVs, better guidance is needed for the future
deployment of CAVs. As mentioned in (Aiello et al., 2017; Perkins Coie LLP and AUVSI, 2019), a
comprehensive and coherent regulatory framework is expected in order to help companies broadly deploy
new technologies. In the latest released report “AV 4.0” (USDOT, 2019) by the U.S. Department of
Transportation, it pointed out the need of a consistent United States (U.S.) Government approach to AV
technologies. It also stated that the U.S. government will focus on opportunities in improving transportation
system-level performance, efficiency, and effectiveness while avoiding negative transportation system-
level effects from AV technologies. Even though many automakers and high-tech companies (Waymo,
2018; Tesla, 2019; Cruise, 2020; Huawei, 2021) have been conducting a lot of field tests to evaluate their
autonomous driving systems, their tests are not systematic and comprehensive enough to inform
government agencies about potential impacts of the deployment of AVs/CAVs at the network scale.
Therefore, it is of great importance to develop tools to understand system-level impacts of CAVs to help
government agencies make better decisions and policies.

In this project, we aim to develop an integrated microsimulation platform to evaluate the impact of different
CAV applications on large-scale transportation networks. In particular, we will leverage the ACC/CACC
and the V2X modules in the microsimulation software, Aimsun, to develop such a platform. Although other
prevailing microsimulation software like Vissim (PTV Vissim, 2017; PTV Vissim, 2021) and
TransModeler (TransModeler, 2021) provide modules/APIs to model the vehicle-level control of
AVs/CAVs, the components to enable communications among Intelligent Transportation Systems (ITS)
elements such as RSUs and CVs/CAVs with OBUs are missing. To bridge this gap, the state-of-the-practice
approach is to develop external APIs to connect to some network simulators, e.g., Vissim+NS-2 in (Sun et
al., 2016). However, this approach is hard to scale up to large networks as frequent external communications
between the two simulators will significantly reduce the overall simulation speed. To the best of our
knowledge, Aimsun (Aimsun Next, 2020b; Aimsun Next, 2020c, Aimsun Next, 2020d; Aimsun Next,
2020e) is the only microsimulation software that enables the V2X communications among ITS elements.
That means the integrated microsimulation platform developed in this project, to the best of our knowledge,
is one of the first “All-in-One” platforms in microsimulation for mixed traffic with CAVs.

In terms of study networks, we use the [-210 corridor network shown in Figure 1, which contains about
1000 lane miles of road links, 5000 traffic detectors, 459 signalized intersections, 45 freeway ramp meters,
Metro gold line and all bus routes. It has been well calibrated for 24-hr simulations of Weekday, Saturday,
and Sunday traffic. Complete sets of response plans and detour routes have been developed and approved
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by stakeholders for freeway incidents. Using this corridor network, we should be able to assess the network-
level impacts of various CAV applications.

Figure 1. The I-210 network.

As a first step, we conduct a comprehensive review on recent development of CAVs, which includes
vehicle-level control models as well as V2X applications. Since our goal is to evaluate system-level impacts
of CAV applications on large-scale transportation networks, we focus on the review of the following
applications given their importance and high potential for field deployment: (i) Co-operative adaptive cruise
control (CACC) and Platooning, (ii) Freeway speed harmonization, (iii) Traffic light optimal speed
advisory, and (iv) Route guidance. Besides that, we also provide a brief review of the car-following model
implemented in Aimsun to help better understand how it controls regular vehicle’s longitudinal movements.

Next, we provide a detailed tutorial on how to build the integrated microsimulation platform in Aimsun
using the ACC/CACC and the V2X modules. We first introduce the steps to install all required software
components, which include Aimsun Next 20, V2X SDK, V2X Framework, Visual Studio, and Qt. Then we
list the available control modes in the ACC/CACC module and explain the decision chart on how these
modes switch between each other. Furthermore, we introduce the key components and their properties in
the V2X module, which include Messages, Channels, OBUs, RSUs, and TMCs. However, the ACC/CACC
and the V2X modules were developed separately and thus could not be activated at the same time under
Aimsun’s current software design if the percentage of CAVs is less than 100%. Therefore, we provide a
practical solution to bridge the gap between these two modules so as to build the integrated microsimulation
platform for mixed traffic with any percentages of CAVs.

Furthermore, we demonstrate how to apply this integrated microsimulation platform to evaluate the
network-level impacts of CAV applications. In particular, we implement the following three applications
with CAVs for demonstration purposes: (i) freeway speed harmonization with CAVs, (ii) route guidance
with CAVs for traffic incident management, and (iii) traffic light optimal speed advisory with CAVs. For
each application, we implement the required workflows to enable the communications between RSUs and
CAVs as well as algorithms to regulate CAV’s driving behaviors and route choice decisions. We also
generate different subnetworks from the original 1-210 network for each of these applications: (i) a
Freeway-Only subnetwork for the application of freeway speed harmonization with CAVs; (ii) a Freeway-
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and-Arterial Combined subnetwork for the application of route guidance with CAVs for traffic incident
management; and (iii) an Arterial-Only subnetwork for the application of traffic light optimal speed
advisory with CAVs. With the above settings, we conduct various simulation scenarios under different time
periods, demand levels, and percentages of CAVs to assess the performance of these three applications.

Ideally, it would be great to apply this integrated microsimulation platform to the I-210 network. However,
we find that Aimsun becomes extremely slow and drains physical memory quickly for each simulation
replication in the 1-210 network when the V2X module is enabled. Therefore, we only enable the
ACC/CACC module in the I-210 network to see how ACC/CACC can help improve transportation network
performance, e.g., reducing vehicle delay and improving vehicle travel speed. In our scenario design, we
do consider various factors that may impact the simulation results, for example, road geometries, vehicle
routing and travel patterns, traffic demand, percentages of CAVs, and random seeds in microsimulation.
Therefore, the network-level performance of ACC/CACC is concluded based on the averaged simulation
results under various settings of network sizes, time periods, demand levels, and CAV percentages.

The rest of this report is organized as follows. In Section 2, we provide a review on recent development of
CAVs. In Section 3, we provide a tutorial to set up an integrated microsimulation platform in Aimsun for
mixed traffic with CAVs. In Section 4, we demonstrate three CAV applications in small networks. In
Section 5, we show the impact of ACC/CACC on large-scale networks. In Section 6, we discuss some
future research plans. In Section 7, we conclude our research findings in this project.
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2. Literature review

Before developing Aimsun APIs and running simulations with CAVs, in this section, we would like to
provide a comprehensive review on recent development of CAVs, which includes vehicle-level control
models as well as V2X applications. Specifically, in (ETSI, 2009; ETSI, 2010), a basic set of V2X
applications are listed for cooperative traffic efficiency, which are summarized below:

Speed Management: Regulatory/contextual speed limit notification; Traffic light optimal speed
advisory.

Cooperative Navigation: Traffic information and recommended itinerary; Enhanced route
guidance and navigation; Limited access warning; Detour notification.

Cooperative Vehicle Control: Cooperative adaptive cruise control (CACC); Cooperative vehicle-
highway automation system (Platoon); Cooperative flexible lane change; Intersection management.

Since our goal is to evaluate system-level impacts of CAVs on large-scale transportation networks, we
decided to incorporate the following applications into our study given their importance and high potential
for field deployment:

Co-operative adaptive cruise control (CACC) and Platooning

With V2X communications, CAVs are able to obtain leading vehicle’s dynamics and general traffic
information ahead and use this information as inputs to enhance the performance of ACC models.
In addition, to maximize road capacities, they can form platoons with smaller gaps whenever
possible. Therefore, better road efficiency is expected with the deployment of CAVs in the field,
even with a small market penetration rate (MPR).

Like car-following models for regular automobiles, a number of car-control algorithms have been
proposed to model CAV’s (or AV’s) longitudinal movements. The most influential ones, to list a
few, are the CACC control algorithm in (Van Arem et al., 2006), the family of the Intelligent Driver
Model in (Treiber et al., 2000; Kesting et al., 2010; Schakel et al., 2010), the control framework in
mixed traffic in (Talebpour and Hahmassani, 2016), and the PATH ACC/CACC model in
(Shladover et al., 2012; Milanés et al., 2013; Milanés and Shladover, 2014; Lu et al., 2017; Liu et
al., 2018a; Liu et al., 2018b; Liu et al., 2019). In particular, the PATH ACC/CACC model has been
tested with field experiments and implemented in Aimsun (Version 8.4.3 or newer).

Freeway speed harmonization

Freeway speed harmonization is used to smooth traffic, reduce delays, or even eliminate the
formation of freeway bottlenecks. With the presence of CAVs and the installation of Roadside
Units (RSUs), speed harmonization will become more effective and efficient due to more accurate
information inputs and a 100% compliance rate. Specifically, with V2I/I2V communications, an
RSU can receive information (e.g., speed) from CAVs to help better estimate traffic conditions.
Meanwhile, it can broadcast local speed limits generated by speed harmonization algorithms to the
CAVs. For individual CAVs, once the recommended speed limit is received, they can use it as the
reference speed input into the ACC/CACC model to regulate their longitudinal movements.
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In the literature, a number of speed harmonization algorithms have been proposed with the
consideration of CVs/CAVs, for example, the rule-based algorithm in (Talebpour et al., 2013), the
cooperative variable speed limit system (C-VSLS) in (Grumert et al., 2015), the variable speed
limit and advisory (VSL-VSA) algorithm in (Lu et al., 2015; Hale et al., 2016), and the speed
recommendation strategy in (Learn et al., 2017). Note that, both the aforementioned VSL-VSA
algorithm and the speed recommendation strategy have been tested with field experiments.
Simulation and field test results have demonstrated that the presence of CAVs can help speed
harmonization application achieve better performance to further reduce traffic oscillations and
delay the formation of freeway bottlenecks.

Traffic light optimal speed advisory

This application aims to provide CAVs with real-time traffic light information (e.g., timing plans
and phases) to help them make better decisions when crossing arterial intersections. Specifically,
an RSU will periodically broadcast SPaT and MAP messages that contain real-time signal and road
geometry information to incoming CAVs. A CAV, in particular the leader if a platoon is formed,
will use this real-time signal and map information together with its current status (e.g., position and
speed) to determine its best action. For example, it will maintain its current speed when the traffic
light is expected to be green when it reaches the stopbar. However, it will start to decelerate and
stop if a red light is expected.

In the literature, many algorithms have been proposed for this application, to list a few, the green
light optimal speed advisory (GLOSA) application in (Katsaros et al., 2011; Bodenheimer et al.,
2014), the eco-approach and departure (EAD) application in (Hao et al., 2015; Hao et al., 2018),
the GuidePath prototype system in (Xia et al., 2013; Wu et al., 2014; Altan et al., 2017), and the
model predictive control (MPC) approach in (Smith et al., 2020). All the aforementioned
algorithms/approaches have been tested with field experiments. However, for the deployment in
large-scale networks, the GLOSA application will be more appropriate due to its simplicity.

Route guidance

When heavy traffic congestion occurs, it is important to inform incoming traffic about better routing
options to avoid the impacted areas. Under recurrent traffic congestion, various algorithms have
been proposed to incorporate CAVs into the development of optimal routing options for
transportation networks. Examples can be found in (Davis, 2017; Houshmand et al., 2019; Chu et
al., 2017; Chu et al, 2019; Djavadian and Farooq, 2018; Alfaseeh et al., 2018). However, solving
such an optimal network routing problem is not easy. Many of these methods end up either to be
too complicated or with a lot of unpractical assumptions. Furthermore, this situation is not as critical
as when we have severe traffic incidents.

When traffic incidents occur, traffic management centers (TMCs) will propose a series of detour
routes to divert upstream traffic from the impacted areas. Along the detour routes, traffic signals at
associated intersections will be changed with more green times allocated to preferred directions.
However, only partial information is shown on dynamic message signs (DMSs) and/or wayfinding
signs. As a result, very few drivers are able to follow the recommended routes, which makes the
incident management very ineffective. With V2I/I2V communications, CAVs can get most up-to-
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date detour information and help divert traffic to the recommended routes, which in return makes
incident management more controllable and efficient.

In the literature, there have been some studies on how to incorporate CAVs into incident
management, for example, dynamic routing behaviors for CAVs in (He, 2018), contraflow
operations with CAVs in (Ekram and Rahman, 2018), and En-Route diversions with CAVs in (Li
and Khattak, 2018). Furthermore, when a CAV receives the routing information, it can determine
whether to take the new route or not. To model CAV’s willingness to change routes, Samimi
Abianeh et al. (2020) proposed a normal distribution function and introduced the number of
rerouted vehicles and their lane distribution as parameter inputs to adjust the probability.

In the rest of this section, we will provide a detailed review on the above applications. Since there are many
studies in each application, we have a higher priority to select the ones that have been tested with field
experiments and have high potential for large-scale network deployment. In Section 2.1, we review the
most influential car-control algorithms for AVs/CAVs. In Section 2.2, we review different algorithms on
freeway speed harmonization for CAVs. In Section 2.3, we review some field applications on traffic light
optimal speed advisory. In Section 2.4, we review studies on route guidance with CAVs under recurrent
congestion and non-recurrent traffic incidents. In Section 2.5, we review the car-following model in Aimsun
to help better understand how it controls regular automobile’s longitudinal movements. Finally, we
summarize our literature review in Section 2.6.

2.1 Control algorithms for CAVs

With advanced sensing techniques, a CAV can better detect movements of its surrounding vehicles and
react quicker to unexpected changes, e.g., sudden braking and vehicle cut-in. Meanwhile, with information
exchanged via V2V and V2I/I2V communications, it can better anticipate traffic states ahead, e.g., traffic
jams or stop-and-go waves. Therefore, CAVs are expected to provide safer, smoother, and faster responses.
Since many control algorithms have been proposed to model CAV’s longitudinal movements, in the
following subsections we only select those either widely used in simulations or have been tested with field
experiments.

2.1.1 Van Arem’s CACC control algorithms

In (Van Arem et al., 2006), a CACC model was incorporated into the simulation model, MIXIC
(MICroscopic model for Simulation of Intelligent Cruise control), to simulate the impact of CAVs on road
capacity and traffic stability. In MIXIC, the control of a CACC-equipped vehicle is divided into two steps:
the CACC controller first determines a reference acceleration, and then the vehicle model will transform
this reference value into actual realized values to control vehicle movements. For a subject vehicle

il (CACC-equipped), its reference acceleration aay,,.; 1s computed as follows:
aav =Kk X Wy ~ %) (1)

where
kk: a constant speed error factor;
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Ky Ky, Koyy: cotart foctars;
ag;- 1: acceleration of the leading vehicle (ii — 1);
w;- 1, vy speed of the leading (ii — 1) and subject (ii) vehicles, respectively;

T 175 Teference and current clearances between the leading and the subject vehicle, respectively.

The above calculation shows the reference acceleration agqqqq;; 1s taken as the minimum between the
proposed acceleration agwy, . based on its speed difference to the intended speed and the other proposed

acceleration agdd; based on its speed and distance differences to its leader. Also, this reference acceleration

is bounded by the maximum acceleration of 2mm/ss? and the maximum deceleration of — 3y s2.

In addition, the reference clearance 77,4, is defined as the maximum among the following three parameters:
(1) safe following distance 17014+, (i1) following distance restricted by the system time setting 17ggggss55s5, and
(iii)) minimum allowed distance r7g;;;;. Detailed calculation is provided below:

M =TIy MW essssssorrss M)
w2 1 1
W = o (— - _)
2 dd; dfp g 2
g A =tI 1SS Xu}u

M gsiiii = 2 TGS

where
dd;_ 1, dd;;: deceleration capabilities (i.e., rates) of the leading and the subject vehicles, respectively;
ttssssssssrrss: System target time gap, e.g., 0.5s for CACC vehicles and 1.4s for regular automobiles.

In the Integrated full-Range Speed Assistant (IRSA) controller (Van Arem et al., 2007), the above CACC
model was used. Besides that, additional CACC models were proposed to consider more vehicles (e.g., nn
vehicles) in front. In particular, the following model (Van Arem et al., 2007; Schakel et al., 2010), CACC2,
can function properly even under mixed traffic.

-1

MY v
Oy = MINRR (W — W), KM, + Kegrmy +nn—2© M) } o)
li=2
Ty, = U1 — Wy
Myii =" My
With information from the leading vehicle as well as vehicles further ahead, simulation results (Van Arem
et al., 2007; Schakel et al., 2010) have demonstrated that the CACC2 model provides significantly better

performance with respect to safety, string stability, and comfort.

2.1.2 The family of Intelligent Driver Model
2.1.2.1 Original IDM
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The initial Intelligent Driver Model (IDM) was proposed in (Treiber et al., 2000), in which the acceleration
aay i of a subject vehicle if is a continuous function of its speed vy, its distance gap ss;; and speed difference
Avvy; to the leading vehicle. Therefore, the acceleration aayyyy ;; (Ssyi, vvy;, Avwy;) can be computed as

2
a gus,w,Aw)z [1—@”4-"0&— ds*(mz]’m]g)l@]

miLi i i i ssaamii wyi 5 @)
ss'(vw, Avw ) =ss 1—/I1-;TT 4wl
i i Jjjaassii i i

2€) By Dy

where

QU 5qqmmi;: Maximum acceleration of vehicle ii;
vy ;;: desired speed of vehicle ii;

66: free acceleration exponent;

SSjjaass,ii: jam distance/spacing of vehicle ii;
TT};: desired time gap of vehicle ii;

bb;;: desired deceleration of vehicle ii.

The above IDM model can be divided into two components: a free-road acceleration strategy alssqamnii[1 =

& 2
g . EACAY)) . . .
QWM_Q] and a deceleration strategy —afsqanm @ . €p . When the vehicle gap ss;; is not significantly larger
than the effective “desired gap” ss*(vvy;, Av;;), these two components become relevant. Also, in the effective

“desired gap” ss*(vv, Avy ), the term __widwi ¢ is a dynamic contribution that only activates in non-stationary
2@ Trommilhy

traffic conditions with Avy; # 0 and implements an “intelligent” driver behavior to limit the deceleration to
a “comfortable deceleration” bb; under normal traffic conditions.

2.1.2.2 IDM with constant-acceleration heuristic

The original IDM model is designed to be “collision-free” since it can avoid collision even when the leading
vehicle suddenly breaks with the maximum possible deceleration to a complete stand still. However,
(Kesting et al., 2010) pointed out that it also leads to over-reactions in situations with comparatively low-
speed differences and gaps significantly smaller than the desired ones. To overcome this issue, they
proposed a so-called Constant-Acceleration Heuristic (CAH) to provide a more relaxed driving behavior
with an assumption that both the subject and leading vehicles maintain constant accelerations in the next
few seconds. Detailed calculation is provided below:

( Wzﬁ@i—l
Wz S W W1, @r) = Vi~ 2551 1 e uﬁ_l?; T 5)
(v — - 1)20(ug — 1)
&1 - = atthmuradissnn

where &@;; 1 =min{a}- 1, Wssaamyi— } 18 the effective acceleration and ©(vv; — wy- 1) is the Heaviside step
function to avoid negative approaching rates.

To model the behavior of ACC equipped vehicles, the following control logit is used in (Kesting et al.,
2010):
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where cc is a cooling factor. When cc = 0, it converges to the original IDM model. However, it is
inappropriate to set cc = 1 because the ACC acceleration model has low sensitivity to the changes in gaps
under situations of small gaps and no speed difference. Therefore, in (Kesting et al, 2010), cc is set to be
0.99.

In the proposed ACC model, the acceleration of a subject ACC vehicle not only depends on its speed and
spacing, but also the speed and acceleration of the leading vehicle. It works better than the original IDM
model especially in situations of approaching congested traffic and vehicle cut-in from adjacent lanes.
Regarding the ACC driving strategy, Kesting et al. (2010) divided traffic conditions into the following
categories and assigned different multiplication factors (e.g., Ay, Adgq, and A4,,) to the IDM parameters of
Safety Time Gap TT;;, Maximum Acceleration adssqqmy,i, and Comfortable Deceleration bb;;. Details are provided
below:

e  Free traffic: default/comfort driving behavior with Ay = 1, Ay, = 1, and Ay, = 1;

e  Upstream jam front: increased safety driving behavior with AArr = 1, A4,, = 1, and A4y, = 0.7,

e Congested traffic: default/comfort driving behavior with Ay =1, A1y, =1, and A4y, = 1;

e Downstream jam front: high dynamic capacity driving behavior with Ay = 0.5, A4y, =2, and Ay, =1
¢ Bottleneck sections: breakdown prevention driving behavior with A = 0.7, A, = 1.5, and A4y, = 1.

2.1.2.3 IDM+ with triangular fundamental diagrams

As mentioned in (Schakel et al., 2010), even though the original IDM generates realistic shockwave
patterns, it has to use unreasonable values of desired time headways in order to reach reasonable capacity
values. To address this problem, Schakel et al. (2010) made some adjustments by explicitly separating the
free-flow and interaction terms in the original IDM. As a result, the IDM changes from a smooth topped-
off shape to a triangular shape in the equilibrium fundamental diagram. Detailed formulation is provided
below:

L (ss, v, bop) =aa mm{l 0 Q 1- QMQ}
% i SSll
Ay (7)
sy, ) = SSjusis T +20 u&;%_

2.1.3 Control framework in mixed traffic

In (Talebpour and Hahmassani, 2016), a comprehensive acceleration framework was proposed to model
driving environment in mixed traffic: different acceleration models are used for regular, connected, and
autonomous vehicles under different assumptions.

When V2V communications is available, drivers can have information about other drivers’ behaviors as
well as the surrounding environment. In this case, the original IDM model (Treiber et al., 2000) is used,
which is provided in Equation (4). For V2I/I2V communications, it will provide vehicles real-time
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information about TMC’s decisions to improve safety and mobility. But from driver’s standpoint, it won’t
influence driver’s acceleration choice. Therefore, the acceleration model in this case depends on whether
active V2V communications is available or not: if yes, the IDM model is used; or else, the model for regular
drivers is used.

To model autonomous vehicles, the acceleration model proposed by (Van Arem et al., 2006) is used to
model vehicle’s movement, which is provided in Equation (1). Besides that, for safety consideration, the
maximum speed of autonomous vehicles is limited by the sensor’s detection range and is formulated as

below:
W =@ - 2aitfyoc
boc = min{ Smmsor [Dmttrmatticom LRu*zi-Ig?Am'} (8)
vl
Dog; = (g1 =206 —l- 1) +wyTe+ 5 ”.—_@1%
where

U;_ 1 : the length of vehicle ii - 1;

aqddrrddddand qaddrrdddd; maximum deceleration rates of vehicle ii and ii — 1, respectively;
ii i1

77: vehicle’s reaction time.

2.1.4 The PATH’s ACC/CACC models

The California Partners for Advanced Transportation Technology (PATH) program has been involved in
the research, development, and testing of CAVs for more than three decades, since its inception in 1986.
As in (Shladover et al., 2012), depending on the distance to leading vehicles, two control strategies were
proposed for ACC and CACC equipped vehicles:

e When the spacing is larger than 120m: Speed control is activated, and it tries to keep vehicles close
to the speed limit vy ;;.

Wi =Wi ~Wii
)
Wy = Wiy = B~ 0.4 X Wy, 2 D)

Here bboobbnndd() is used to bound the acceleration inside the region [-2, 2] mm/ss2. 2 mm/ss? and -2
mm/ss2are the maximum acceleration and deceleration for the ACC/CACC equipped vehicles.

e  When the spacing is smaller than 100m: Gap control is activated, and it tries to maintain the desired
gap between the subject vehicle and the leading vehicle.

SSagii =TTy X0
SSpyji =SSy ~ S (10
ac; = bboobbrrdd(ss; +025 XSS, Wiy —2)

where
SSqq;i - desired spacing for vehicle ii;
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SSyr;i  error between current and desired spacings for vehicle ii.

e  When the spacing is between 100m and 120m: the subject vehicle remains in the speed control if
its spacing decreases from 120m, while it remains in the gap control if its spacing increases from
100m.

For the selection of desired time gaps of ACC and CACC vehicles, the following values are used: (i) 31.1%
at 2.2s, 18.5% at 1.6s, and 50.4% at 1.1s for ACC vehicles; (ii) 12% at 1.1s, 7% at 0.9s, 24% at 0.7s, and
57% at 0.6s for CACC vehicles.

The ACC/CACC control algorithms have improved a lot based on simulation studies and fields tests. To
list a few, refer to the studies in (Milanés et al., 2013; Milanés and Shladover, 2014; Lu et al., 2017; Liu et
al., 2018a; Liu et al., 2018b; Liu et al., 2019). In particular, a more comprehensive description of the latest
ACC and CACC models was provided in (Liu et al., 2018b), which are also used as the CAV models in the
latest release of Aimsun (e.g., Version 8.4.3 or newer).

In (Liu et al., 2018b), the CACC controller consists of three driving modes: ACC mode, speed regulation
mode, and (leader & follower) gap regulation mode. When the distance to a manually driven vehicle in
front is longer than 120m or when the time gap to a CACC leader is more than twice of the desired value,
the following speed regulation mode is used:

@y =KWy — %) (11)

where Mg is the gain in the speed difference between the free-flow speed v, and the current speed of the
subject vehicle ii.

When the subject vehicle is following a manually driven vehicle, the following ACC mode is used:

acy = ki (dd - TTyvv; - b 1) +HRe (ug- 1 —vwy) (12)

where

Kk : gain in position difference between the leading vehicle ii — 1 and the subject vehicle ii;

K : gain in speed difference between the leading vehicle ii — 1 and the subject vehicle ii;

dd: distance between the subject vehicle’s front bumper and the leading vehicle’s front bumper;

U;_ 1 : the length of the leading vehicle ii — 1;

wy- 1 : current speed of the leading vehicle ii — 1;

TT;;: desired time gap of the subject vehicle ii. Its value is drawn from the following distribution provided in
(Nowakowski et al. 2010): 31.1% at 2.2 s, 18.5% at 1.6 s; and 50.4% at 1.1 s.

When the subject vehicle is in the car-following status and the leading vehicle is a CACC vehicle, the
following gap regulation mode is used:

wy, (tt) — vy (t t = Att)
At
s (80) = v (8t - Att) 4Ky, (tt) +Kekeg Tiig(t0) (13)

my(tt) =dal(tt - Att) ~ TTogoronee vy (8 - A88) =l 1

ag; () =
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i (tt) =ug- 1 (tt—Att) —vv (et - Att) — TT popeeeccac (tt - Att)

where

ki, and kkg4: gains for adjusting the time gap between the subject vehicle ii and the leading vehicle ii - 1;
mmg,(to) : time gap error;

1ig(tt): speed emor;

Att: updating time step;

TT ceccceec: constant time gap adopted by the CACC controller.

When the leading vehicle’s CACC string reaches its maximum length, the subject vehicle is operated in the
string leader gap regulation mode and the constant time gap TT¢ccaacce 1S selected to be 2s. Otherwise, the
subject vehicle is operated in the string follower gap regulation mode. Its constant time gap is drawn from
the following distribution (Nowakowski et al. 2010): 57% at 0.6s, 24% at 0.7s, 7% at 0.9s, and 12% at
I.1s.

2.2 Freeway Speed Harmonization with CAVs

When recurrent traffic congestion occurs on freeways, many studies and field experiments have
demonstrated Speed Harmonization is an effective strategy to smooth traffic, reduce delays, or even
eliminate the formation of traffic bottlenecks. But as mentioned in (Ma et al., 2016), traditional speed
harmonization control approaches, e.g., Variable Speed Limits (VSLs), usually demand a high compliance
rate to be effective. However, with the existence of Connected Vehicles (CVs), many studies showed that
a relatively low compliance rate (e.g., 5-10%) can assure improvements on system performance. This may
be because CVs are in fact Lagrangian sensors, and thus a small number can yield accurate information.
Considering the deployment of CAVs, it is expected that Speed Harmonization will be more effective due
to better vehicle control and a 100% compliance rate.

In (Talebpour et al., 2013), a rule-based speed harmonization algorithm was used to control, reduce delays,
or even eliminate the formation of traffic breakdowns. The Wavelet Transform (WT) method proposed by
(Zheng et al., 2011) was used to detect initial points of traffic breakdown, e.g., traffic shock wave, from
vehicle trajectories. Once detected, the rule-based method similar to (Allaby et al., 2007) was used to
generate recommended speeds for vehicles in the upstream. The detailed decision tree in the method is
provided in Figure 2. Simulation results demonstrated that this speed harmonization algorithm can
effectively manage and even eliminate the formation of traffic breakdowns. It indicated that there is an
optimal location in the upstream to display the recommended speeds, which can result in the most effective
congestion control. It showed that a 10% compliance rate is sufficient for the system to attain its objectives,
which can be easily adapted by CVs/CAVs in the near future.
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Figure 2. Speed harmonization decision tree in (Talebpour et al., 2013).

As an extension to the existing variable speed limit system (VSLS) (van Toorenburg and de Kok, 1999),
Grumert et al., (2015) proposed a cooperative variable speed limit system (C-VSLS) for CAVs to harmonize
traffic flow and reduce exhaust vehicle emissions. With the C-VSLS, information about the variable speed
limit can be received at an earlier point in time via V2I/I2V communications. CAVs are fed with individual
speed limits that are determined by the speed limits recommended by the existing VSLS, the current speeds
and positions of CAVs. For the existing VSLS, the mean speed Wy ssrqq; at detector dd is calculated as the

following smoothed harmonic mean speed:

1 1
= a +(1- o) 14
Wcﬂsmmii(tt + 1) de,smaasmwwrdd dem‘raau(tt) ( )

where Wy sqraassmmrrrrda 15 the measured speed at detector dd and aar is a smoothing parameter between 0 and 1. If

the mean speed Wy ssrraaii g0€s below 45km/h, the closest variable speed limit sign near the detection point
is set to be 60 km/h, while the upstream two variable speed limit signs are set to 80km/h and 100 km/h,
respectively. In contrast, if the mean speed Wy ssrraqi; 1NCreases back to S5kmv/h, all related variable speed
limit signs are updated to 120km/h. Then for an individual CAV ii, the recommend individual speed limit
Wywyywy 1s calculated as follows.

P 2y, “ (15)

Wyww =W MIN{ KW
where
LL;;;: distance to the speed limit sign jj when vehicle ii receives the message;
v yyvyyy: speed limit recommended by the variable speed limit sign jj;
VV ssaqmm: aximum speed on the road,
TT: time interval to update the speed limits;
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vyy; : vehicle’s current speed.

Once vy yyyyyy 1s received, the CAV il can use it as reference inputs to adjust its speeds with information from
surrounding environments.

With the aim to improve traffic performance at a freeway corridor with multiple bottlenecks, a Variable
Speed Limit (VSL) and Advisory (VSA) algorithm was proposed in (Lu et al., 2015; Hale et al., 2016). The
proposed algorithm aims to delay traffic breakdown and improve throughputs for heavy traffic by: (i)
reducing the in-flow from the upstream of a bottleneck with lower recommended speeds, and (ii) increasing
the recommended speeds at the bottleneck. For a given bottleneck location mmm, the proposed algorithm can
be described as below:

e At the bottleneck section, the following speed advisory bbg(tt) is recommended.

bbs(tt) = o, 1n24(tt) (16)
aag € [1.1,1.5]; default value: aag, = 1.3

where v, (tt) is the measured speed, aa,; is a scaling factor at the freeway section mm.
e At the immediate upstream section relative to the bottleneck, the following speed limit bb, 1 (t)
is used.

b (6 - Wrrrrr 1O (1) <t

+1 =

) Bouz, @) il G, 6) > O (17)
BPBss € [0.7,0.9]; default value: 5555 = 0.8

where OOCLQCCQSS is the measured occupancy at the bottleneck location mm, OOccccy 1s the switch

occupancy threshold close to capacity flow, and 5 is a scaling factor.

This algorithm can be applied to CAVs with V2I/I2V communications by directly using the recommended
speeds as reference speeds in the ACC and CACC control algorithms. Such a framework has been
demonstrated with a field test in (Lu et al., 2015). Simulation results also demonstrated that: (i) the proposed
algorithm can produce reasonable recommended speeds; and (ii) system performance improves moderately
in the following aspects: Total Travel Time, Total Delay, Total Travel Distance, Speed Variation, Total
Number of Stops, and Downstream Bottleneck Throughput.

Similarly, in (Learn et al., 2017), a field experiment was carried out to demonstrate how to incorporate
CAVs into speed harmonization to regulate traffic upstream of a bottleneck so as to provide better traffic
performance. In the experiment design, CAVs are used to control the flow of traffic and the system
performance is analyzed at the microscopic level. V2I/I2V communications is used to provide CAVs with
recommended speeds which are determined by the speed recommendation strategies based on downstream
traffic conditions. The CAVs receive speed recommendations every 2 seconds and adjust their speeds
accordingly via the ACC control. Two trailers were placed at the beginning and the end of a speed
harmonization segment to measure average vehicle speeds, i.e., Wipyp(tt) and Wi (%), respectively. The
recommended speed v,,,44(Xx, tt) is a linear interpolation function between these two speed measurements,
which is provided below.

deddgsu(_)_ i) - “ﬁ‘rw@

W@ = L 200+ Wgssii(&) (13)
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where LLg is the length of the speed harmonization segment and xx is the distance to the downstream end of
the segment. Experiment results showed that the proposed speed harmonization strategy with CAVs can
smooth traffic oscillations at freeway bottlenecks, which will lead to reduced fuel consumption and
emissions.

2.3 Traffic light optimal speed advisory with CAVs

According to (Guo et al., 2019), advanced traffic control at arterial intersections under connected and/or
autonomous vehicles can be divided into the following three categories:

e CI1: Driver guidance control systems based on signal and vehicle data. Such systems provide
instructions to drivers/AVs to properly operate vehicles so as to minimize fuel consumptions,
reduce travel delays, etc.

e (C2: Optimization of signal timings and phases based on data from CAVs. Such a category
includes actuated signal control, platoon-based signal control, and planning-based signal control.

e (3: Signal-vehicle coupled control (SVCC) systems with CAVs. Such systems aim to optimize
both vehicle and signal timings/phases to achieve better performance at intersections.

Considering the readiness of the above control categories as well as the scope of our study, we focus on the
studies in the first category C1.

In (Katsaros et al., 2011), a so-called Green Light Optimal Speed Advisory (GLOSA) application was
evaluated under the V2I/I2V communications environment. In this application, RSUs attached to traffic
lights will periodically broadcast CAMs (Cooperative Awareness Messages) that contain information like
their positions and signal timings to nearby vehicles. For each vehicle equipped with an OBU, it receives
these CAMs and determines its actions based on the predicted traffic light status when it reaches the
intersection.

e  When the predicted traffic status is green, it should continue with the goal to reach the maximum
speed limit.

e  When the predicted traffic status is red, it calculates its speed so as to reach the next green phase.

e When the predicted traffic status is yellow, it determines whether it should accelerate or decelerate
given the remaining yellow time and the acceleration capability of the vehicle.

In the GLOSA algorithm, an updating interval of 1 second is used to guarantee its robustness against
external interference. The projected time to reach the traffic light is determined through the following

equation,
al
—  eehmman=0
i e (19)
= .
2dl
_"e + &jg + eehmmaa#0
k aa at  aa
where

d: distance to the intersection stopbar;
vvo: initial speed when the vehicle receives a CAM;
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aa: acceleration of the vehicle.

Meanwhile, when the projected traffic light status is either yellow or red, the target speed VWssaarrtrrss 18
calculated as

2 *dd
Wamttns = it -y
Thyy oo .. H i TRt iiss R (20)
it =@ Tl T echmmyagfrmattrmat] throdiiiiic iR iiss rmat

Tl i Y srmtss — €mmagjrmattrmed] i LRt tiss yrmlllore

where TT;4q 1s the remaining red time, and TT sy yddss 18 the remaining yellow time.
The advisory speed is determined as follows.

Wddiissr = mwmmm’ %m}& mn{wmmrsv Wssmmn} (21)
where Wy and Vggpamm are the permitted min and max speed limits. Simulation results showed that the
benefit of the GLOSA application starts to be visible when the MPR exceeds 50%. The total benefit can
reach a maximum of 80% reduction in stop time and 7% reduction in fuel consumption. Also, there exists
an optimal activation distance for the GLOSA application, which is about 300m from the traffic light.
Furthermore, studies in (Bodenheimer et al., 2014) developed a method that is able to predict a traffic light
change 15s in the future with an accuracy of over 80% in adaptive signal control, which guarantees the
proper application of GLOSA to fully or semi-adaptive traffic lights.

To better minimize idling times and avoid unnecessary accelerations and decelerations when vehicles
approach an intersection, an Eco-Approach and Departure (EAD) application has been proposed and
validated with simulations and field tests. In (Hao et al., 2015; Hao et al., 2018), a generalized framework
of EAD application for actuated signal control was proposed. A vehicle trajectory planning algorithm is
used to provide speed recommendations based on inputs of the subject and the preceding vehicles’ states
as well as information from upcoming traffic signals. When the subject vehicle approaches an intersection,
depending on the traffic signal status, it can choose to: (i) stop with a prescribed speed profile; (ii) accelerate
or keep speed at the speed limit; (iii) accelerate or decelerate to a designed uniform speed; and (iv) keep its
current speed. Field test results showed that the proposed EAD system can reduce the idling or near-idling
cases by 22% and save 6% energy for the EAD activated trip segments. Results also showed such a system
performs better for light traffic conditions when no or few preceding vehicles exist.

Similar to the aforementioned EAD studies, in (Xia et al., 2013; Wu et al., 2014; Altan et al., 2017), four
different scenarios are considered when a subject vehicle approaches an intersection:

e (Cruise: if the subject vehicle can pass through the intersection easily during a green traffic signal
phase without speeding up or slowing down;

e Speed up: if the subject vehicle can pass the intersection on the green phase with its speed increased
to a certain safe speed range;

e (Coast down with stop: when it is not possible to pass through the intersection;

e (Coast down without stop: when it is possible to pass through the intersection with lower speeds.

With the consideration of partial vehicle automation which can better conduct the recommended speed
profiles, a so-called GuidePath Prototype system was developed and tested with field experiments. Results
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showed that GuidePath can reduce fuel consumption by 17% on average, while manual driving can only
save 5% on average. It also pointed out that higher benefits can be expected from the GuidePath Prototype
system with a longer communication range, e.g., 300m.

When the MPR of CAVs increases, it is also possible to form platoons in arterial streets. Therefore, in
(Smith et al., 2020), a model-predictive-control (MPC) based approach was proposed to allow vehicle
platooning on urban streets. V2I/I2V communications is enabled to allow vehicles receive SPaT (signal,
phase, and timing) messages from nearby traffic lights, while V2V communications is used to allow
vehicles to receive information (e.g., velocity forecasts, GPS coordinates, radar measurements, and signal
plan status) from the front and the leading vehicles. Finite State Machine (FSM) with four states, “Ready”,
“Plan Proposed”, “Plan Active”, and “Plan cancel”, is used as a mechanism for safely forming and
maintaining a platoon. Two different MPCs are proposed for the leader and followers: (i) the MPC for the
leader aims to generate desired velocities for the followers according to changing traffic conditions; (ii) the
other MPC for the followers aims to maintain a desired distance to the leader as well as a minimum safety
distance to the front vehicle at all times. Simulation results showed that intersection capacity can be doubled
with the proposed platooning architecture, and field tests were conducted to show its readiness for field
implementation.

2.4 Route guidance with CAVs

2.4.1 Under recurrent traffic conditions

With the presence of CAVs, routing in transportation network should become more effective and efficient.
On the one hand, with V2I/I2V communications, TMCs and RSUs will have better estimates of traffic states
through information collected from CAVs. This is a significant improvement from the traditional way of
using functions like the US Bureau of Public Roads (US BPR, 1964) to determine travel times from link
flows. On the other hand, CAVs will receive and strictly follow up-to-date personalized routing guidance
from TMCs and RSUs, which eliminates the uncertainties from human drivers and makes the network
traffic more controllable. Therefore, a number of routing schemes/models have been proposed with
consideration of the presence of CAVs.

In (Davis, 2017), information from CAVs on a road network was used as inputs to predict the optimal route
for a given Origin-Destination pair. Simulations were performed on a homogeneous arterial grid network.
Results showed that when potential routes have the same lengths, only the one with the minimum number
of vehicles needs to be considered. However, for routes with different lengths, it would be better to use
average vehicle velocities to calculate route travel times and then use them to determine the optimal one.
In terms of effectiveness, algorithms based on the number of vehicles and on the average vehicle velocity
have similar performance since these two attributes are closely related. However, no correlation is observed
between the link flows and the number of vehicles or travel time, which indicates the prevailing Bureau of
Public Roads (BPR) function is not useful for CAVs in the test network.

Considering the presence of mixed traffic, time-optimal and eco-routing algorithms were proposed in
(Houshmand et al., 2019). In the proposed framework, system-centric routing schemes are used for CAVs
while for traffic assignment with Wardrop equilibrium is used for non-CAVs. An iterative procedure is
used to find an equilibrium for mixed traffic flows of CAVs and non-CAVs. In each iterative step, routes
are optimized for CAVs first and non-CAVs next. The whole iteration will stop when the solution is
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converged. BPR function is still used for the calculation of travel times according to the flow inputs.
Numerical results from the Braess network as well as the Eastern Massachusetts road network demonstrated
that the proposed collaborative routing decisions can help reduce travel times as well as energy costs for
both CAVs and non-CAVs. Results also showed that even a small penetration rate of CAVs can
significantly impact the overall network travel cost. However, it is interesting to observe that with the
proposed algorithm, CAVs always have longer travel times (or high energy cost) compared to the non-
CAVs under various market penetration rates.

To avoid unnecessary traffic jams and thus improve transportation efficiency, a dynamic lane reversal-
traffic schedule management (DLR-TSM) scheme was proposed for CAVs in (Chu et al., 2017; Chu et al,
2019). The proposed DLR-TSM scheme assumes CAVs are able to receive timely information regarding
lane direction reversals and thus can run on the reversible roads. Information of vehicle OD and travel time
window is taken as inputs, and the objective function is to minimize total travel times while penalizing late
arrivals. Linear Integer Programing (LIP) is used to solve the problem and obtain optimal routes for CAVs.
To reduce the computational complexity, an asynchronous distributed algorithm of alternating direction
method of multipliers (ADMM) (Boyd et al., 2011) is proposed to decompose the optimization problem
into sub-problems to achieve a linear computational time. Simulations were performed on a small grid
network in Manhattan, NY, with real-world taxi data that contains pick-up and drop-off times and locations.
Assumptions of constant speeds and no traffic signal control were made for simplicity. Results showed that
the proposed DLR-TSM scheme can significantly improve travel times for CAVs and the distributed
algorithm can dramatically reduce the computational time.

When dealing with large-scale traffic networks, distributed routing system outperforms central routing
system since quicker control actions can be obtained with local data. Traffic condition, Market Penetration
Rate (MPR), and updating time interval are key factors that have significant impacts on the performance of
any distributed routing systems. In (Djavadian and Farooq, 2018; Alfaseeh et al., 2018), an End-to-End
Distributed Routing System, E2ZECAV, was proposed for intelligent intersections and Level 5 CAVs. In
E2ECAYV, each intersection hosts a routing table, which is updated based on the information from
downstream intersections. When a CAV arrives, the intersection routes it to the next intersection according
to its destination so as to minimize travel times for both individual CAVs and the network and to maximize
intersection capacities. A large-scale urban network of downtown Toronto was used to assess the
effectiveness of the proposed distributed routing system under various MPRs and traffic conditions.
Analysis results demonstrated that an updating interval of 60 seconds is optimal and realistic considering
communication and process delays. Also, with the proposed distributed routing strategy, higher MPRs of
CAVs lead to better traffic network performance, e.g., less travel times and higher throughputs. This is
profound especially in the case of congested and highly congested traffic networks.

2.4.2 Under traffic incidents

When traffic incidents occur, CAVs will receive latest incident-related information from TMCs and RSUs
via V2I/I2V communications. Meanwhile, CAVs on impacted road segments can also perceive some
incident information via sensing the speeds of front vehicles. Together with the above information inputs,
CAVs can make decisions on whether to divert into alternative routes to avoid congestion. Therefore, many
studies have proposed models to provide routing suggestions to CAVs so as to reduce network traffic
congestion caused by incidents.
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In (He, 2018), a Markov Decision Process (MDP) was proposed to model dynamic routing behaviors for a
single CAV under stochastic situations of receiving incident information. The state space in the MDP is
formed by the node states that consist of location, information, and incident. The action space for a given
state is defined as all possible links that the vehicle may choose to go next. The transition probabilities are
the set of probabilities from current states to the next possible states. The cost of travelling along a link is
the associated travel time. The objective of the MDP is to find an optimal policy to minimize the sum of
expected travel cost for each state, and backward induction is used to find the optimal solution. Analysis
results on different networks showed that less travel cost is expected when incident information is available
to the CAVs. Furthermore, with readily available incident information, switching to alternative routes can
help avoid congested traffic to achieve shorter travel times.

Ekram and Rahman (2018) used microsimulations to analyze the effectiveness of connected and
autonomous vehicles on contraflow operations for emergency evaluation. Results showed that CAVs can
provide better network performance in terms of average speed, overall delay, travel time, and queueing
delay. Li and Khattak (2018) investigated En-Route diversion under traffic incidents through simulations
on large-scale networks. In particular, important factors such as existence of CAVs and incident information
availability were considered in the process of determining driver’s routing options. Results showed that
CAVs can help save more travel costs when the En-Route diversion strategy is implemented under heavy
congestion caused by severe traffic incidents on freeways. Besides that, the availability of real-time travel
information provides positive impacts on (both truck and passenger) driver’s selection of En-Routes to
reduce its travel delay.

Recently, in (Samimi Abianeh et al., 2020), the impact of connected vehicles on network-level traffic
operations and fuel consumptions was investigated under various incident scenarios. In the modeling of
routing schemes for connected vehicles, it is assumed that connected vehicles have the ability to send and
receive information from other vehicles (i.e., V2V communications) and roadside devices (i.e., V2I/I2V
communications), and thus are able to reroute when heavy traffic congestion occurs due to traffic incidents.
A new route will be determined with real-time link travel times calculated from information shared by
connected vehicles. Drivers of connected vehicles will be informed about the traffic congestion and will
determine whether to take the new route or not. To model driver’s willingness to change routes, the
following normal distribution function is used:

nt
P PO o ® (22)
V2Zmrx oo
where
aa: constant to adjust the probability function;
nn: number of rerouted vehicles on each link;

oo standard deviation of the normal distribution.

Here aa can be used to simulate the behavior of travelers on each lane of the links so that vehicles on the
inner lanes will have lower probability to reroute. In addition, the above equation also considers a higher
number of rerouted vehicles will result in a lower probability to choose the alternative route. Simulation
results showed that for an incident with a duration of 900 seconds, the total fuel consumption and total
travel time can be reduced by 10% with a market penetration rate (MPR) of 20% connected vehicles. A
total reduction of 20% can be expected when the MPR increases to 80%.
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2.5 Car-following models in Aimsun

In practice, various software has been developed to simulate vehicle dynamics in transportation networks.
The prevailing commercial microsimulation software includes Aimsun', Vissim?, TransModeler’, and
Paramics®. Among them, different car-following models are implemented to control vehicle’s longitudinal
movements. For example, Aimsun uses the collision-free model developed in (Gipps, 1981), while
TransModeler uses the GHR model in (Chandler et al., 1958). The psychophysical model developed in
(Wiedemann, 1974; Wiedemann and Reiter, 1992) is used in Vissim, and a similar psychophysical model
developed in (Fritzsche, 1994) is used in Paramics. Interested readers can refer to (Brackstone and
McDonald, 1999; Olstam and Tapani, 2004; Panwai and Dia, 2005) for more details.

In our study, we choose Aimsun as the simulation software mainly because the current [-210 model is
developed in Aimsun. Besides that, Aimsun provides very flexible API functions that enable us to change
driver’s behaviors if needed. The newly added features like the ACC/CACC and V2X modules provide
strong support for the study of CAVs. In this subsection, we provide a review of the car-following model
implemented in Aimsun so as to help readers better understand how it controls regular driver’s longitudinal
movements.

2.5.1 The Gipps’ model

In the Gipps’ model, bounded acceleration and deceleration are considered, and a vehicle’s speed is
restricted by two speed limits: one is the desired speed when it can travel freely, while the other is the
maximum speed when it follows a lead vehicle under congested conditions. When vehicle ii can travel
freely, its desired speed can be formulated as

wlt) —
d| = S aamm _—
% (tt + 1) =vv (tt) + 2.5 X agssaamx 77 X €1 x €0.025 + 23)
i i i o
uf! wft
where
TT: reaction time;
agsseamm; maximum acceleration of vehicle ii;
vid: desired speed of vehicle ii.
Meanwhile, when vehicle ii has to follow its leader (ii — 1), its maximum speed can be calculated as
ddrrdd ssaamn ssaamn 2 ssaam U1 (®
Q9

wy (@470 =ddy  XTT+Q@dd; X T —ddy X (2[5 1 () - U 1 —20x; (¢)] - vy (88) X TT - dd
-1

where

dglssaamm: maximum deceleration of vehicle ii;

d. 1 : estimate of desired maximum deceleration of vehicle (ii - 1);

! https://www.aimsun.com/
2 https://www.ptvgroup.com/en/solutions/products/ptv-vissim/
3 https://www.caliper.com/transmodeler/default.htm
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I, : effective vehicle length of vehicle (ii - 1).

Then the speed for vehicle ii during the interval [tt, tt + 7] is the minimum of the above two speeds, which
can be formulated as

wy(tt +10) = rﬁr{v:ﬁﬂifl?ddd(tt +11), W?Wd(tt +1)} (25)
2.5.2 Further development in Aimsun

In Aimsun, there have been some further development based on the Gipps model to make vehicle’s
behaviors more realistic. In the following subsections, we provide some more details (Aimsun Next, 2020a).

2.5.2.1 Incorporation of influence of local parameters

The Gipps model has been developed by including model parameters which are not global but determined
by the influence of local parameters, e.g., the type of driver (speed limit acceptance of the vehicle), the
geometry of the section (speed limit of the section, speed limits on turns, etc.), the influence of vehicles on
adjacent lanes, etc.

2.5.2.2 Asymmetrical update of vehicle’s position

Once vehicle ii’s speed vv;; (tt + ) at tt + Tt is determined, its position xx;; (tt + ) is updated with different

methods under acceleration and deceleration phases. In the acceleration phase, the following rectangle
method is used to calculate vehicle ii’s position,

x06;(tt +11) =206;(tt) +wy(tt +17) XTT (26)
However, in the deceleration phase, the following trapezoid method is used to update vehicle i’ s position,
0 (£t +77) =206 (8t) + 0.5y (@) +w (¢t +70)] X 7T @7
2.5.2.3 Sensitivity factor in estimating a leader’s deceleration

To estimate the leader’s deceleration rate, ?ﬂi —1 , a so-called “Sensitivity Factor” parameter aayyss is
introduced per vehicle type. Then di_q is computed as

-1 =1 X aayyss (28)

where dd; 4 is the actual deceleration rate of the leader (ii — 1). Clearly, when aayygs > 1, the follower
overestimates the deceleration rate of the leader, and as a result it becomes more careful with a larger gap
ahead of'it. In contrast, when aayygs < 1, the follower underestimates the deceleration rate of the leader, and
as a result it becomes more aggressive with a smaller gap ahead of it.

2.5.2.4 Minimum headway constraint

Before updating the position xx;; ( tt + 17), a restriction of minimum headway between leader and follower is
introduced. This restriction can be formulated as:
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(29)

2.5.2.5 Modified model for congested highways

It is noted that in congested conditions the Gipps model fails to predict the speed that is consistent with
field observations. Therefore, in Aimsun a modified model is used to adjust the dependency of speed as a
function of density, which is achieved by introducing vehicle clearance into the calculation of speed. Before
the modification, vehicle clearance can be calculated as

w1 ()2 w(t)?
204  2adm

ssi(t) =5 1 (8) —06t) ~ b1 = +050y @)+t +ler - G0)

where ss;;(tt) is the clearance between vehicle ii and (ii — 1).

After the modification, the clearance and the corresponding speed can be calculated as

w1 (1)?  w(t)?
ss;(tt) = 24 g t - BB0Sw(tt) + v (tt + o)t

()
+BA05wy () + v (@t + D)@ ) €2y
W
ssaamm  x ssaamm 2 ssaamnm ui’i—l(tt)
wytt +) =ddy X 1T + @Qdd; X e - ddy X {2ssu(tt) - v (tt) X T - ) } (32)
-
- _ &Vl
=11 +88(1 0—)] (33)
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where v 4, 1S the desired speed, and S is a parameter that adjust the calculation of clearance. In Aimsun,
there is an option to use + 38 in acceleration and - fSf in deceleration. So, if f is positive, the clearance
between the leader and the follower will be larger during acceleration than deceleration even for the same
speed.

2.5.2.6 Two-lane car-following model

It is normal to see a platoon of vehicles driving slowly on multi-lane highways. As a result, vehicles on
adjacent lanes will be impacted and reduce their speeds. Aimsun takes into account this impact and will
determine a new maximum desired speed of a vehicle in the corresponding link/section. Below is the logit
to address the maximum desired speed based on different link types, e.g., on-ramp and regular links.

e [f'the adjacent slower lane is an on-ramp,
MaximumSpeed=MeanSpeedVehicleDown + MaximumSpeedDifferenceOnRamp
e FElse,
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MaximumSpeed=MeanSpeedVehicleDown + MaximumSpeedDifference

Then,

DesiredSpeed=min {ujsem MaximumSpeedX 60;; }

where
MeanSpeedVehicleDown: mean speed of those slowly-moving vehicles;
MaximumSpeedDifferenceOnRamp: maximum allowable speed difference on on-ramps;
MaximumSpeedDifference: maximum allowable speed difference on other lanes/links;
uggeam maximum speed of vehicle i on link j,

99&' . tunmg palan’eter

2.6 Discussion

In this section, we reviewed a number of studies in four CAV applications that include vehicle-level control
algorithms, freeway speed harmonization, traffic light optimal speed advisory, and network route guidance.
In addition, we reviewed the current car-following model implemented in Aimsun so as to have a better
understanding on how it controls longitudinal movements of regular automobiles. Based on the above

review, we have selected the following models/applications/algorithms for our project.

For vehicle-level control algorithms, many models have been proposed in the literature. The most
influential ones, to list a few, are the CACC control algorithm in (Van Arem et al., 2006), the family of
the Intelligent Driver Model (IDM) in (Treiber et al., 2000; Kesting et al., 2010; Schakel et al., 2010),
the control framework in mixed traffic in (Talebpour and Hahmassani, 2016), and the PATH
ACC/CACC model in (Milanés et al., 2013; Milanés and Shladover, 2014; Lu et al., 2017; Liu et al.,
2018a; Liu et al., 2018b). As mentioned in (Milanés and Shladover, 2014), the IDM controller in
(Treiber et al., 2000) is unstable in field tests. Therefore, we decided to choose the PATH ACC/CACC
model as the CAV model for our study, which has been tested with field experiments and implemented
in Aimsun (Version 8.4.3 or newer).

For freeway speed harmonization, we aim to control the movements of CAVs with recommended
speeds so as to smooth traffic, reduce delay or even eliminate the formation of freeway bottlenecks.
Various algorithms have been proposed, for example, the rule-based algorithm in (Talebpour et al.,
2013), the cooperative variable speed limit system (C-VSLS) in (Grumert et al., 2015), the variable
speed limit and advisory (VSL-VSA) algorithm in (Lu et al., 2015; Hale et al., 2016), and the speed
recommendation strategy in (Learn et al., 2017). In our study, we will try to implement the above
algorithms and assess their performance under different traffic conditions and percentages of CAVs.
For traffic light optimal speed advisory, we aim to provide CAVs, especially the leader if a platoon is
formed, with real-time signal timing and phase information so as to help them make better decisions
when crossing arterial intersections. In the literature, there exist several algorithms/approaches that
have been tested with field experiments, for example, the green light optimal speed advisory (GLOSA)
application in (Katsaros et al., 2011; Bodenheimer et al., 2014), the eco-approach and departure (EAD)
application in (Hao et al., 2015; Hao et al., 2018), the GuidePath prototype system in (Xia et al., 2013;
Wu et al., 2014; Altan et al., 2017), and the model predictive control (MPC) approach in (Smith et al.,
2020). However, considering model complexity and potential for network-level deployment, we
decided to implement the GLOSA application in our study for demonstration purposes.
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e For route guidance, many models have been proposed to provide CAVs with optimal routes under
traffic congestion. Examples can be found in (Davis, 2017; Houshmand et al., 2019; Chu et al., 2017,
Chu et al, 2019; Djavadian and Farooq, 2018; Alfasech et al., 2018). Besides that, there also have been
studies on how to incorporate CAVs into incident management, for example, dynamic routing
behaviors for CAVs in (He, 2018), contraflow operations with CAVs in (Ekram and Rahman, 2018),
and En-Route diversions with CAVs in (Li and Khattak, 2018).

However, in our study, we are more interested in analyzing how CAVs help TMCs better control traffic
when incidents occur. More specifically, we consider the scenario that CAVs will receive detour
information from TMCs and help divert traffic to the recommended routes. Since the routes are
predefined by TMCs, we only need to model CAV’s willingness to take the new detour route. One good
candidate model we found is the one in (Samimi Abianeh et al., 2020), in which a normal distribution
function is proposed and the number of rerouted vehicles and their lane distribution are introduced as
parameter inputs to adjust the probability.

In this project, we will develop Aimsun APIs to implement the applications selected above. We will
evaluate the performance of these applications using the following scenarios: (i) small subnetworks vs. the
[-210 corridor network, (ii) various traffic demand patterns, e.g., AM peak, PM peak, and Off-peak, and
(ii1) recurrent congestion vs. traffic incidents. Results from this project will provide valuable insights to
stakeholders to help them make better decisions and policies for the deployment of CAVs.
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3. Tutorial to set up an integrated microsimulation platform
in Aimsun for CAVs

Many prevailing simulation software has implemented the feature to incorporate AVs/CAVs into their core
simulation platforms, for example, Vissim (PTV Vissim, 2017; PTV Vissim, 2021), TransModeler
(TransModeler, 2021), and Aimsun (Aimsun Next, 2020b; Aimsun Next, 2020c). With this feature, users
are able to simulate and evaluate the impacts of different penetration rates of AVs/CAVs on various
transportation networks. However, this feature only focuses on the vehicle-level control of AVs/CAVs,
which is not sufficient to simulate mixed traffic with CVs/CAVs when V2X communications is involved.
To the best of our knowledge, Aimsun (Aimsun Next, 2020d; Aimsun Next, 2020¢) is the only commercial
traffic simulation software that provides additional features to enable V2X communications. The V2X
module implemented in Aimsun enables the communications among ITS stations, for example, V2I/12V
communications between Roadside Units (RSUs) and CAVs equipped with On-Board Units (OBUs), and
V2V communications between CAVs equipped with OBUs. However, these two modules, ACC/CACC
(Aimsun Next, 2020c¢) and V2X (Aimsun Next, 2020d; Aimsun Next, 2020e), are developed separately in
Aimsun, and thus simulation results may not be as expected if they are used at the same time to simulate
the mixed traffic environment.

In this section, we aim to bridge the gap between the ACC/CACC and the V2X modules in Aimsun and
provide a practical solution to build a microsimulation environment for mixed traffic with these two
modules. In particular, with functions provided by these two modules, we aim to build an integrated
microsimulation platform that can mimic the following features in mixed traffic with CAVs:

e At the vehicle control level, a CAV will be controlled by the ACC/CACC module while a human-
driven vehicle will be controlled by the default mode in Aimsun. More specifically, a CAV will
follow the ACC control modes if there is no leader or the leader is a human-driven vehicle.
However, it will form platoons with other consecutive CAVs and follow the CACC control modes.

e At the communications level, a CAV will be able to send various message types to nearby CAVs
via V2V communications and to RSUs via V2I communications. Similarly, an RSU can send
various message types to nearby CAVs via 12V communications. It also can connect to local
intersection controllers and Traffic Management Centers (TMCs) to exchange traffic data and
transportation management actions.

In the rest of this section, we will provide a detailed tutorial on how to build such an integrated
microsimulation platform. In Section 3.1, we provide detailed installation instructions for the required
software components. In Section 3.2, we describe the properties of available control modes in the
ACC/CACC module and explain the decision chart of these modes. In Section 3.3, we provide detailed
descriptions of key components in the V2X module and show how to create and set them up in Aimsun. In
Section 3.4, we provide a practical solution to bridge the gap between the ACC/CACC and the V2X
modules to build the integrated microsimulation platform for mixed traffic. In Section 3.5, we summarize
the properties of this integrated platform with some potential applications in this project.
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3.1 Installation Guidance
3.1.1 Required installation files

In order to build an integrated microsimulation platform in Aimsun for mixed traffic, especially for CAVs,
we need to use the following modules:

6)] The ACC/CACC module for longitudinal control of individual AVs/CAVs;
(i1) The V2X communications module to exchange information among CVs/CAVs, RSUs and
TMCs.
Since the ACC/CACC module has been embedded into the core Aimsun simulation platform, what we need
to install will be the following:

(i)  Aimsun Next 20 (Python 2)

https://aimsun-releases.s3.amazonaws.com/Next 20/Pre-
20 0 4/Python 2/Aimsun Next 20 0 4 Windows Python2 2021 08 12 147740
95625.html (Last Visited: 12/26/2021)
(i) V2XSDK
https://aimsun-releases.s3.amazonaws.com/Next 20/Pre-
20 0 4/Python 2/extras/Aimsun Next 20 0 4 V2X SDK Windows Python2 20

21 08 12 14774095625.html (Last Visited: 12/26/2021)
(iil)) V2X Framework

https://aimsun-releases.s3.amazonaws.com/Next 20/Pre-
20 0 4/Python 2/extras/Aimsun Next 20 0 4 V2XFramework Windows Pytho

n2 2021 08 12 14774095625.html (Last Visited: 12/26/2021)

The Aimsun V2X module provides an application example called “StopEngine”, based on which users can
develop more complicated V2X applications. In order to run this application, we need to install the
following software:
(1)  Visual Studio 2019. The community edition can be downloaded via the following link:
https://visualstudio.microsoft.com/downloads/ (Last Visited: 04/06/2021)
(i) Qt 5.14.2 (qt-opensource-windows-x86-5.14.2). The exe file can be downloaded via the
following link:
https://download.qt.io/archive/qt/5.14/5.14.2/ (Last Visited: 04/06/2021)

Note that, the above installation files as well as the following installation steps and settings are for the
Windows 10 System.

3.1.2 Installation and setting up
3.1.2.1 Installation steps

The detailed installation steps are described below:

@A) Install Aimsun Next 20, V2X SDK and V2X Framework.
The V2X installation files should be installed under the same folder where the Aimsun core
program is located/installed. After installation, the application example “StopEngine” is
included inside the Aimsun program folder. However, to avoid potential writing restrictions
while doing further development in “StopEngine”, it is recommended to install Aimsun as well
as the V2X components (SDK & Framework) to another folder, not to the default “Program
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https://aimsun-releases.s3.amazonaws.com/Next_20/Pre-20_0_4/Python_2/Aimsun_Next_20_0_4_Windows_Python2_2021_08_12_14774095625.html
https://aimsun-releases.s3.amazonaws.com/Next_20/Pre-20_0_4/Python_2/Aimsun_Next_20_0_4_Windows_Python2_2021_08_12_14774095625.html
https://aimsun-releases.s3.amazonaws.com/Next_20/Pre-20_0_4/Python_2/Aimsun_Next_20_0_4_Windows_Python2_2021_08_12_14774095625.html
https://aimsun-releases.s3.amazonaws.com/Next_20/Pre-20_0_4/Python_2/extras/Aimsun_Next_20_0_4_V2X_SDK_Windows_Python2_2021_08_12_14774095625.html
https://aimsun-releases.s3.amazonaws.com/Next_20/Pre-20_0_4/Python_2/extras/Aimsun_Next_20_0_4_V2X_SDK_Windows_Python2_2021_08_12_14774095625.html
https://aimsun-releases.s3.amazonaws.com/Next_20/Pre-20_0_4/Python_2/extras/Aimsun_Next_20_0_4_V2X_SDK_Windows_Python2_2021_08_12_14774095625.html
https://aimsun-releases.s3.amazonaws.com/Next_20/Pre-20_0_4/Python_2/extras/Aimsun_Next_20_0_4_V2XFramework_Windows_Python2_2021_08_12_14774095625.html
https://aimsun-releases.s3.amazonaws.com/Next_20/Pre-20_0_4/Python_2/extras/Aimsun_Next_20_0_4_V2XFramework_Windows_Python2_2021_08_12_14774095625.html
https://aimsun-releases.s3.amazonaws.com/Next_20/Pre-20_0_4/Python_2/extras/Aimsun_Next_20_0_4_V2XFramework_Windows_Python2_2021_08_12_14774095625.html
https://visualstudio.microsoft.com/downloads/
https://download.qt.io/archive/qt/5.14/5.14.2/

(i1)
(iii)

(iv)

Files” folder under the “C” Drive. For example, we can create another folder named “Program

Aimsun” under the “C” Drive as the file location.

After the installation is

finished,

the V2X module

1S

located at

“C:\Program

Aimsun\Aimsun\Aimsun Next 20\include\aimsun_extensions\v2x”. Below is a snapshot of the

files inside the “v2x” folder.

+ Windows (C:) » Program Aimsun > Aimsun »

s

Mame

ASNT

ITS-spec

samples
AsnlcContainer.h
CAMMessageh
[ CamMessageGenerator.h
Channel.h
ConnectedAgent.h
DENMMessage.h
Device.h
EdgeCostMessage.h
Framework.h
[B FrameworkUtil.h
Intersection.h
MAPEMMessage.h
MapemMessageGenerator.h
Message.h
MessageGenerator.h
NetworkViewMessage.h
[B RoadSegmentMessageh
RouteMessage.h
RulesEngine.h
SPATEMMessage.h
[A SpatemMessageGenerator.h
Utilities.h

Install Qt 5.14.2.

Aimsun Mext 20 » include » aimsun_extensions » w2x

Date modified

f25/2021 12:26 PM
112:26 PM

112:28 PM

021 10:35PM

4/2021 10:55 PM

021 10:35 PM
/2021 10:35 PM
11:45PM
021 10:35 PM
2021 10:55 PM

021 10:35 PM

f24/2021 10:35 PM

f24/2021 10:35 PM

3
3/
2:
3
4
-
3
-
2/
3/
4
2:
3/
4
=
3
3
2
3/
3

Type

File folder
File folder
File folder
C/C++ Header
C/C++ Header

JC++ Header

_/C++ Header

/C++ Header

%
L
C
C/C++ Header
&
C
C

-/C++ Header

/C++ Header

L
L.
C/C++ Header
C/C++ Header
C/C++ Header
C/C++ Header

Z/C++ Header

/C++ Header
C/C++ Header
C/C++ Header
C/C++ Header
C/C++ Header
C/C++ Header
L

/C++ Header

Size

18 KB
4 KB
2KB
2KB
3KE
4KB
6 KB
4KB
6 KB
2KB

24 KB
A4KB
2KE
IKB
3KB
4KB
4KB
4 KB
KB
4KB
2KB
B KB

Install Visual Studio 2019. Also install the right Windows SDK Version of your current
Windows system, e.g., Windows 10.
Install “Qt Visual Studio Tools” as an extension in Visual Studio.
As shown below, in the Visual Studio Community Edition, click on “Extensions”—> “Manage

Extensions” = “Online”-> Search for “Qt” - Install “Qt Visual Studio Tools”.
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Manage Extensions. ? X

b Installed Sort by: | Relevance = [ar <[]
rl i . .
Online (i3 Visual Studio Tools o
R 849 The Gt Vs Tools for Visual Studio 2019 allow developers to use the Greated by: The Ot Gompany
B standard development environment without having to worry about... Version: 2.7.1.13
Search Results Downloads: 297705
b Controls Pricing Category: Free
b Templates @ QtitanDataGrid Rating: (30 Votes)
i} GtitanDataGrid highly flexible, fast and easy to manage grid controlfor o 5
5 Visual Studio C+= based on Ot Framewerk
Report Extension to Microsoft
b Updates (2)

I Reaming Extension Manager E° VisualGDB
-@] Integrates GCC, GDB, Make, CMake and Ot into Visual Studio. Sesmless
developing, building and debugging projects based on GNU toolchain,

Atomineer Pro Documentation Trial
Source-code documentation-comment crestion and maintenance, and
other documentation-related tools.

VSIXProject2
Empty VSIX Project.

an

Scheduled For Install:
None
Scheduled For Update:
Nene
Scheduled For Uninstall:
1 Nene
Change your settings for Extensions.

Close

3.1.2.2 Setting up

Before setting up the V2X module, make sure all software components in the previous subsection have
been installed correctly. Then the setup process is provided below:

(1) Access the “StopEngine” via the following path:
“.MAimsun\Aimsun Next 20\include\aimsun_extensions\v2x\samples\StopEngine”.

(i1) Start Visual Studio and configure the Qt Version in Qt VS Tools.
Click on “Extensions”> “Qt VS Tools”> “Qt Versions”. In the Qt Version window, select
the appropriate Qt installation, e.g., “msvc2017_64” in the Qt 5.14.2 folder, and add it as the
default version.

Options T X

Search Options (Ctri+E) P Default Version Host Path Compiler
CMake A © msvc2017 64 Windows ¥ Gy CAGHQES.14.245.14 2\msve2017 64 msve

1
> Database Tools @ <add new Ot versi
I Graphics Diagnostics
B IntelliCode
I Live Share
> NuGet Package Manager
4 Ot
General
Legacy Project Format
b Test
b Test Adapter for Google Test
I Text Templating
I Web Forms Designer
P Web Performance Test Tools
b Windows Forms Designer

(iii)  Open the Qt project file by clicking on “Extensions”=> “Qt VS Tools”=> “Open Qt Project
File”. Select the “StopEngineSample.pro” under the following path and compile it:
“.\Aimsun\Aimsun Next 20\include\aimsun_extensions\v2x\samples\StopEngine”.

(iv) In Visual Studio, click on “Project”-> “Retarget Solution” and select the right Window SDK
version of your current operation system.
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Review Solution Actions X

Retarget Projects

Select Windows SDK version for the following projects

Windows SDK Version: | 10.0 (latest installed version)

AStopEnging\StopEngineSamplevoproj

| oK | | Cancel |

v) In Visual Studio, click on “Project”=> “StopEngineSampleProperties”. In the
“StopEngineSample Property Pages” window, set the “Configuration” to be “Release” and the
“Platform” according to your computer settings, e.g., “x64”.

StopEngineSample Property Pages ? *
Configuration: | Release ~ | Platform:  x64 ~ Configuration Manager...
4 Configuration Properties ~ General Properties
Genera (OopurDieciory [, Y
Advanced Intermediate Directory release\
Debugging Target Mame StopEngine20
VG Pire(tar?es Configuration Type Dynamic Library (.dli)
R B Windews SDK Version 10.0 (latest installed version)
i it OaleetCompies Platform Toolset Visual Studio 2019 (v142)
I; Efk;: C++ Language Standard Default (150 C++14 Standard)
b Manifest Tool C Language Standard Default (Legacy MSVC]
I Resources
I XML Document Generator
I Browse Information
I Build Events
I Custom Build Step
I Custom Build Tool
b Code Analysis
Qutput Directory
Path to where the compiled pregram will be placed. Can include environment variables.
< >
Cancel Apply

(vi) Create a new folder “dynamicAPIS” under “..\Aimsun\Aimsun Next 20\plugins”.

(vii)  Build the solution of “StopEngineSample”.

(viii)  Copy the generated “StopEngine20.d1l” in the folder
“.\Aimsun\Aimsun Next 20\include\aimsun_extensions\v2x\samples\StopEngine\release”
alongside the “01_ StopEngine.xml” file in the folder
“..\Aimsun\Aimsun Next 20\include\aimsun_extensions\v2x\samples\StopEngine”
and place them inside “dynamicAPIS”.

(ix) Open an Aimsun model and verify whether the dll is loaded properly. If yes, the V2X setup
process should have concluded correctly.

3.2 The ACC/CACC module in Aimsun
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The ACC/CACC module developed in Aimsun can be used to simulate the behaviors of AVs and CAVs.
For a CAV equipped with ACC/CACC, there are five different vehicle control modes available, the
selection of which depends on the measured gap and clearance to its leader. These five control modes are
described below. Refer to (Aimsun Next, 2020c¢) for more details.

3.2.1 Five vehicle control modes

As mentioned, the ACC/CACC module consists of the following five modes: Cruise Control (CC) Speed
Regulation mode, ACC Gap Regulation mode, CACC Gap Regulation mode, ACC/CACC Emergency
Take Over mode, and Default Manual Driving mode.

3.2.1.1 Cruise Control (CC) Speed Regulation mode

When the clearance (i.e., distance) to the leader is longer than a user-defined threshold, the subject vehicle
ii will use the CC speed regulation mode. Its acceleration is determined using the following equation:

@y =il ~112) (34)

where

aa;;: recommended acceleration for vehicle ii;

Wy Tree flow speed;

vy : current speed of vehicle ii;

K - speed gain on the difference between the free flow speed and the subject vehicle’s current speed.

3.2.1.2 ACC Gap Regulation mode

For an ACC-equipped vehicle, if the clearance to its leader is smaller than a user-defined threshold, it will
use the ACC Gap Regulation mode. Similarly, for a CACC-equipped vehicle, if its leader is a human-driven
vehicle, it will also use the ACC Gap Regulation mode. In such a case, the subject vehicle will use the
following equation to update its acceleration:

acy = ki (dd - TTyvv; - b 1) +HRe (ug- 1 —vwy) (35)

where

Kk : distance gain on the position difference between the leading vehicle ii — 1 and the subject vehicle ii;
Ko - speed gain on the speed difference between the leading vehicle ii — 1 and the subject vehicle ii;

dd: distance between the subject vehicle’s front bumper and the leading vehicle’s front bumper;

U;_ 1 : length of the leading vehicle ii - 1;

wy- 1 : current speed of the leading vehicle ii — 1;

TT;;: desired time gap of the subject vehicle ii.

3.2.1.3 CACC Gap Regulation mode

For CACC-equipped vehicles, they can form platoons, which are groups of consecutive vehicles with
smaller than normal time gaps between them. When a CACC-equipped vehicle is in a platoon, it will use
the following equation to update its acceleration:
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ag; () =

(36)

i (tt) =wy 1 (- Att) vy (tt - Att) = TTeeceeecaay; (tt — Att)

where

Att: time step for each update;
my(tt) : time gap error;

1) : spoed ermor;

kic,,: distance gain on the time gap error between the subject vehicle ii and the leading vehicle ii - 1;
kk,4: speed gain on the speed gap error between the subject vehicle ii and the leading vehicle ii — 1;
TT ccocccec: constant time gap adopted by the CACC controller.

For a subject vehicle in a CACC platoon, it can be operated in two variants of Gap Regulation mode:

(1) When the leading vehicle’s CACC platoon reaches its maximum length, the subject vehicle is
operated in the CACC Leader Gap Regulation mode and a user-defined Time Gap Leader
mwill be used.

(i1) Otherwise, the subject vehicle is operated in the CACC Follower Gap Regulation mode and a
user-defined Time Gap Follower TT55ddpmdds sty 111 be used.

3.2.1.4 ACC/CACC Emergency Take Over mode

In Aimsun, the Crash Avoidance Metrics Partnership (CAMP) forward collision warning algorithm (Kiefer
et al., 2003; Liu et al., 2018) has been implemented to switch back to the Default Manual Driving mode if
the algorithm detects a potential collision that cannot be handled by the ACC/CACC controller.

The CAMP algorithm will first determine the required deceleration aa;; - for the subject vehicle ii, which
is designed to be a comfortable threshold to avoid a collision with the leading vehicle. Given the inputs of
relative speed difference and leading vehicle’s deceleration, the required deceleration ag;; 444+ 1S computed
using the following empirical equation:

A ryrrry = ~0.165 + 0.685 * ag;_ 1 + 0.0806€ — 0.00889 * (1;; — - 1)

=g H1>0

0 athmreeism

(37

where ag; 4 is the deceleration of the leading vehicle ii - 1.

When aa;; - 2 0, it means the current gap is sufficient and thus the subject vehicle does not need to brake.
When ag;; - < 0, the CAMP algorithm will further calculate the required clearance (i.e., distance) dd;; oy
for the subject vehicle using the following equation:
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kmax {0, althmeeiism

If the current clearance is smaller than dd;; ., , it indicates a collision will happen in the next few seconds
and thus the CAMP algorithm will activate the Emergency Take Over mode and the subject vehicle will
switch back to the default manual driving mode.

3.2.1.5 Default manual driving mode

When the ACC/CACC module is disabled due to safety constraints, the subject vehicle will follow the
default control mode in Aimsun, which is the Gipps’ model (Gipps, 1981). Refer to Section 2.5 for more
detailed implementations of the Gipps’ model in Aimsun.

3.2.2 Decision chart

During simulation, each simulated vehicle contains a dynamic column called “Cruise Control Status” to
show which driving mode was used in the last time step. In Aimsun, an ACC/CACC-equipped vehicle can
have five different modes:

e CC Speed Regulation

e ACC Gap Regulation

e CACC Platoon Leader Gap Regulation

e CACC Platoon Follower Gap Regulation
e Disabled (Default Manual Driving)

The decision chart of these five different modes is provided in Figure 3.

Clearance to leader >=
Lower clearance threshold

/ CACC Platoon Leader
Gap to leader >= Gap Regulation
CC Speed ACC Gap Upper gap threshold ;
Start : ) 3 Plat: S
Regulation Regulation Plaro:}; S E OTO_ l} <=
—s
Leader connected & CACC Platoon Follower
Gap to leader < Gap Regulation
ACC Lower gap threshold

CACC ‘

leader < required clearance in the CAMP

Required deceleration <0 & Clearance to
forward collision warning algorithm

20s cooldown ACC/CACC Disabled &
Manual Driving

Figure 3: Decision chart of driving modes for ACC/CACC-equipped vehicles in Aimsun.
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3.2.2.1 From Start to CC Speed Regulation

This transition occurs when an equipped vehicle is assigned into the transportation network and the
ACC/CACC module is activated for the first time.

3.2.2.2 Switch between CC Speed Regulation and ACC Gap Regulation
An ACC/CACC-equipped vehicle will stay in the CC Speed Regulation mode in the following cases:

@A) There is no leader ahead;

(i1) It is not in a CACC platoon and the clearance to the leader is greater than a user-defined upper
clearance threshold;

(iii) It was previously in a CACC platoon but the clearance to the leader (ACC/CACC-equipped)
becomes greater than a user-defined lower clearance threshold.

When the subject vehicle detects its clearance to the leader is smaller than the user-defined lower clearance
threshold, it will switch to the ACC Gap Regulation mode.

Similarly, when an ACC/CACC-equipped vehicle is in the ACC Gap Regulation mode and detects its
clearance to the leader is greater than the user-defined upper clearance threshold, it will switch to the CC
Speed Regulation mode.

When the clearance to the leader is between the upper and lower clearance thresholds, the subject vehicle
will stay in either the CC Speed Regulation mode or the ACC Gap Regulation mode except the following
cases:

@A) The leader is ACC/CACC-equipped and is connected, and the gap to the leader is smaller than
the user-defined lower gap threshold. In this case, it will join the leader to form a CACC
platoon.

(i1) The CAMP algorithm detects a potential collision. As a result, the ACC/CACC mode is
disabled and the Default Manual Driving mode is used for the subject vehicle.

3.2.2.3 From CC Speed Regulation/ACC Gap Regulation to CACC Platoon Gap Regulation

Suppose the subject vehicle is currently in the ACC modes, either CC Speed Regulation or ACC Gap
Regulation. It will join the leader to form a CACC platoon when:

i) The leader is ACC/CACC-equipped;
(i1) Both the leader and the subject vehicle are connected;
(ii1) The gap to the leader is smaller than the user-defined lower gap threshold.

Note that, jumping from the CC Speed Regulation mode straight to the CACC Platoon Gap Regulation
modes is improbable if the Aimsun model has reasonable settings of upper/lower clearance and gap
thresholds.

3.2.2.4 From CACC Platoon Gap Regulation to ACC Gap Regulation/CC Speed Regulation

Suppose the subject vehicle is currently in a CACC platoon, either as a leader or a follower.
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e It will switch back to the ACC Gap Regulation mode when the gap to its leader is greater than the
user-defined upper gap threshold.

e [t will switch back to the CC Speed Regulation mode when its clearance to the leader becomes
greater than the user-defined lower clearance threshold. In this case, the lower clearance threshold
instead of the upper clearance threshold is used because it can help maintain platoon coherence by
allowing the subject vehicle to switch back to the CC Speed Regulation mode as soon as possible.
Plenty of simulation tests have been conducted by the Aimsun development team to conclude that
the implemented option of lower clearance threshold is more stable and provides better results.

3.2.2.5 Switch between CACC Platoon Leader and Follower Gap Regulation modes

If the CACC platoon ahead of the subject vehicle reaches its maximum length, the subject vehicle will form
a new platoon and serve as the leader. In this case, it will stay in the CACC Platoon Leader Gap Regulation
mode. When a vehicle ahead of the subject vehicle leaves the platoon, the subject vehicle will switch to
the CACC Platoon Follower Gap Regulation mode.

If the CACC platoon ahead of the subject vehicle doesn’t reach its maximum length, the subject vehicle
will stay in the CACC Platoon Follower Gap Regulation mode. When a vehicle ahead of the subject vehicle
joins the platoon and the platoon reaches its maximum length, the subject vehicle will become the leader
of a new platoon and switch to the CACC Platoon Leader Gap Regulation mode.

At every simulation step, the simulation engine will check conditional changes in the following order:

e First, check the “clearance to leader” condition. If fulfilled, the subject vehicle will switch to the
CC Speed Regulation mode.

e Else, check the “gap to leader” condition. If fulfilled, the subject vehicle will switch to the ACC
Gap Regulation mode.

e Else (neither of the above is true), check the platoon conditions and stay in either the CACC Platoon
Leader Gap Regulation mode or the CACC Platoon Follower Gap Regulation mode.

3.2.2.6 From ACC/CACC to Disabled (Manual Driving)

In extreme cases, the implemented CAMP forward collision warning algorithm will detect a potential
collision when (i) the required deceleration is negative, and (ii) the clearance to the leader is smaller than
the required clearance. In this case, the Emergency Take Over mode will be activated and the subject vehicle
will switch to the Default Manual Driving mode.

3.2.2.7 From Disabled (Manual Driving) to CC Speed Regulation/ACC Gap Regulation

When the ACC/CACC modes are disabled for the subject vehicle, there is a 20s cooldown period for it to
be able to go into ACC/CACC modes again. This cooldown period is applied to consider the case that a
driver will take over the vehicle to handle emergency situations and then judge whether it is safe to get back
to the automatic driving modes.
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3.2.3 Simulation settings

In order to enable the ACC/CACC module in simulations, we need to properly configure the key model

parameters. More details about the settings are provided below.

3.2.3.1 Simulation time step and reaction time settings

In Aimsun, the ACC/CACC module has been implemented to work on autonomous vehicle simulation
steps, which is 0.1s. Therefore, in order to see the impact of AVs/CAVs, we need to change the simulation

time step in simulation experiments to be 0.1s.

For a simulation experiment shown below, the parameter “Simulation Step” under the “Reaction Time” tab
should be set to 0.1s. Meanwhile, the parameter “Reaction Time Settings” should be set to “Variable
(Different for Each Vehicle Type)”. Considering a CAV can receive more traffic information from other
connected CAVs and RSUs, we can set the parameters “Reaction Time”, “Reaction Time at Stop”, and
“Reaction Time at Traffic Light” to be smaller than human-driven vehicles.

@ Dynamic Experiment: 743, Name: Experiment #1 {f622f2d0-6fad-4344-b9435-fba353eb07da}

Main Behavior Reaction Time Arrivals Dynamic Traffic Assignment Variables Polidies Attributes

Simulation Step

Simulation Step: [0, 10 sec

Reaction Time Settings

Values {in Seconds)

Vehidle Type: 8: car

(O Fixed (Same for All Vehide Types) (® Variable (Different for Each Vehide Type)

Reaction Time Reaction Time at Stop Reaction Time at Traffic Light

0.80 =

130 =

1.60

1.00

3.2.3.2 ACC/CACC vehicle settings

In Aimsun, we can set the parameters in the ACC/CACC module for any vehicle type and configure the
percentages of vehicles equipped with ACC or CACC. In the Aimsun Graphical User Interface (GUI), click
on “DEMAND DATA”-> “Vehicles” and double click on a vehicle type of interest, e.g., “car CAV” shown

below.
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Project (p)

Al ~

~ VITEX EDITING
> CONTROL
> DATA ANALYSIS
~ DEMAND DATA

Centroid Configurations
Functions
Traffic Demands
| Traffic States
| User Classes
» Vehides

" Bicyde

Car CAV

Pedestrian
M Taxi
" Truck
5 Truck CAV

=

an

% public dass

In the pop-up window, click on “Microscopic Model” = “Car-Following Model”. Then we will see the

place to edit the ACC/CACC model parameters, which is shown below.

0 Vehicle Type: 717, Mame: car CAV {061%35d3-96f6-40eb-855b-7aa004eabads} x
Main Dynamic Models Microscopic Madel Attributes 2% 0BU Usage
Main Articulated and Doors 2D Shapes 30 Shapes Environmental Models
Mean Deviation Minimum Maximum Lo
Max Acceleration 3.00 m/s2 3.00 m/s2 3.00 m/s2 3.00 mis2
Mormal Deceleration  4.00 m/s2 0.25 m/s2 3.50 m/s2 4,50 m/s2
Max, Deceleration 6.00 m/s2 0.50 m/s2 500 m/s2 7.00 m/s2
Safety Margin Factor  1.00 0.00 1.00 1.00
Lateral Clearance 0.50 m 0,00 m 050 m 050 m "
Car-Following Mode! Lane-Changing Model ~ Two-Way Overtaking Mode!
Main ACC CACC
vehides Equipped with ACC:
Speed Gain Free Flow: Lower Clearance Threshold: 100.0000 m
Speed Gain Following: 0.0700 /s = Upper Clearance Threshold: 120.0000 m
Distance Gain: 0.2300 /s2 =
Mean Deviation Minimum Maximurm
Desired Time Gap 12000 secs 0.4000 secs 1.1000 secs 22000 secs
Help Cancel

In the ACC configuration block, the available parameters are described below:

(1) “Vehicle Equipped with ACC”: percentage of vehicles that are equipped with ACC.

(i1) “Speed Gain Free Flow”: parameter kk3 in Equation (34) under the CC Speed Regulation mode.
(i)  “Speed Gain Following”: parameter kk> in Equation (35) under the ACC Gap Regulation mode.
(iv) “Distance Gain”: parameter K in Equation (35) under the ACC Gap Regulation mode.
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) “Desired Time Gap”: parameter TT;; in Equation (35) under the ACC Gap Regulation mode.

(vi) “Lower Clearance Threshold”: parameter used to switch from the CACC Platoon
Leader/Follower Gap Regulation modes to the CC Speed Regulation mode, or from the CC
Speed Regulation mode to the ACC Gap Regulation mode in the Decision Chart.

(vil)  “Upper Clearance Threshold”: parameter used to switch from the ACC Gap Regulation mode
to the CC Speed Regulation mode in the Decision Chart.

In the CACC configuration block shown below, the available parameters are described below:

(1) “Vehicles Equipped with CACC”: percentage of vehicles that are equipped with CACC. Note
that the sum of this percentage and the percentage of ACC-equipped vehicles cannot be greater
than 100%.

(i1) “Speed Gain”: parameter kk;; in Equation (36) under the CACC Platoon Gap Regulation mode.

(ii1) “Distance Gain”: parameter kk,, in Equation (36) under the CACC Platoon Gap Regulation
mode.

(iv) “Time Gap Leader”: constant time gap TT¢cccoaee in Equation (36) used in the CACC Platoon
Leader Gap Regulation mode.

V) “Time Gap Follower”: constant time gap TT¢cccccoe in Equation (36) used in the CACC Platoon
Follower Gap Regulation mode.

(vi) “Lower Gap Threshold”: parameter used to switch from the CC Speed Regulation/ACC Gap
Regulation modes to the CACC Platoon Leader/Follower Gap Regulation modes in the
Decision Chart.

(vii)  “Upper Gap Threshold”: parameter used to switch from the CACC Platoon Leader/Follower
Gap Regulation modes to the ACC Gap Regulation mode in the Decision Chart.

Car-Following Mode! Lane-Changing Model Two-Way Overtaking Model
Main ACC CACC

Vehicles Equipped with CACC: | 100.0000% =

Speed Gain: 0.0125 = Lower Gap Threshold: 1.0000 s =2
Distance Gain: 0.4500 /s 5 Upper Gap Threshold: 15000 & 5
Time Gap Leader: 1.0000 s = Time Gap Follower: 0.6000 5 =

e Conc

Note that, the above parameters can be tuned by users so as to regulate: (i) the car-following behavior of
ACC/CACC equipped vehicles; (ii) the switches among different control modes in the Decision Chart.

3.2.3.3 Road type settings

When a vehicle is equipped with ACC/CACC, it will only be functional on the roads that allow it.
Meanwhile, the CACC-equipped vehicles can form platoons with smaller time gaps between consecutive
members. For a given road type, we can configure whether it allows ACC/CACC-equipped vehicles as well
as the maximum platoon size for CACC-equipped vehicles.
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In the Aimsun GUI, click on “INFRASTRUCTURE”-> “Road Types” and double click on a road type of
interest, e.g., “Freeway” shown below.

Project (p)

Al ~

¥ VITEX EDITING
CONTROL
+ DATA ANALYSIS
* DEMAND DATA
¥ INFRASTRUCTURE
| Lane Types
v | Road Types
|17] Arterial
; Freeway

On/Off Ramp

Pedestrian Area
Ringroad

Road
Roundabout
Signalised Street
Street

| Urban Road

In the pop-up window, click on “Dynamic Models” = “Section Parameters”. The detailed settings for the
road type “Freeway” are shown below. The attribute “ACC/CACC Allowed” should be checked (enabled),

and the attribute “maximum CACC Platoon Size” can be set by the users with a reasonable number, e.g.,
10 (vehicles).

0 Road Type: 64, Name: Freeway {f167e965-46f3-4461-82df-b3b2737dBb5b} ?

Main Dynamic Models

Section Parameters Turn Parameters
Microscopic Madel

Lane Changing Side Lane
Cooperation: 50.00 % : Cooperation Distance: Whaole Lane : |
Aggressivensss: 0.00 % = Merging Distance: Default =

[] tmprudent Lane Changing Merge: First Vehicle On Is First Vehicle Off
Return to Inside Lane After Overtaking

Consider Two-Lane Car-Following Model ACC/CACC Allowed

[ allow Vehicles Mon-Lane-Based Behavior Maximum CACC Platoon Size: 10 =
Queue Discharge
Acceleration Factor: Mo Change -
Additional Reaction Time at Stop: |D.DEI 2eC i |
Additional Reaction Time at Traffic Light: |D.EIEI sec

s
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3.3 The V2X module in Aimsun

In this subsection, we will first illustrate key components and data flows in the V2X module implemented

in Aimsun. Then we will provide detailed descriptions on the properties, creation, and settings of each
component. For more information, refer to (Aimsun Next, 2020d; Aimsun Next, 2020¢).

3.3.1 Architecture of the V2X module
3.3.1.1 Key components

As shown in Figure 4, the architecture of the V2X module in Aimsun consists of the following five major
components:

(@)

(i)

(iii)

@iv)

\))

Message.

In the V2X module, messages can be passed between vehicles equipped with OBUs and RSUs.
Some common types of messages, e.g., Cooperative Awareness Message (CAM),
Decentralized Environmental Notification Message (DENM), Signal Phase and Timing
Extended Message (SPATEM), and MAP Extended Message (MAPEM), have been
implemented in the V2X SDK. Furthermore, new message types can be added to the V2X SDK
using the V2X API, and they can be passed between equipped vehicles and RSUs in the same
way as the existing message types.

Channel.

The communications channel implemented in the V2X module is a simulation representation
of the radio hardware and protocols that provide communications among equipped vehicles
and RSUs, e.g., a 5G cell-based communications network and a Wifi-based IEEE 802.11p
protocol. The default channel object implemented in the V2X SDK is simple, which is a range-
based message passing object with a stochastic probability of successful transmission.
Therefore, more detailed communications settings and/or scenarios will require additional
coding to the base channel, which is also doable using the V2X SDK.

On Board Unit (OBU).

The OBU implemented in the V2X module is the receiver and transmitter in an equipped
vehicle. It can be configured to use one or more channels and to receive/transmit one or more
messages to each channel.

Roadside Unit (RSU).

The RSU is the component that enables communications between equipped vehicles and road
infrastructure, i.e., V2I/I2V communications. For a given RSU in the V2X module, users can
configure the road network nodes it connects to, define the channels it can use and the message
types it can receive and transmit. Meanwhile, users can connect the RSU to a TMC to exchange
messages/information.

Traffic Management Center (TMC).

The TMC implemented in the V2X module is the integrator of data from multiple RSUs and
the manager of coordinated signal control and traffic management actions. The
communications between the TMC and RSUs normally is different from that between equipped
vehicles and RSUs, which may be based on wired links or dedicated radio channels.
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Figure 4: Architecture of the V2X module in Aimsun.

3.3.1.2 Data flows

The major data flows illustrated in Figure 4 and implemented in the V2X module can be described as

follows:

(1)

(if)

(iii)

(iv)

Equipped vehicles and RSUs can connect to other equipped vehicles and/or RSUs within their
communications range. They can exchange information among themselves using selected
message types (e.g., CAM) and communications channels.

The RSUs will gather all received messages and perform some local processing. They can send
aggregated traffic information to the connected vehicles via selected message types, e.g.,
DENM. Meanwhile, they can send some vendor-specific aggregated messages to the TMC for
further evaluations. Each RSU has its own “RSU Rules Engine”, which manages the tasks of
receiving/transmitting messages and performing local analysis.

The TMC will evaluate the information received from multiple RSUs and generate some
actions. These actions will be relayed back to the equipped vehicles in the traffic network via
the RSUs as well as to the traffic controllers and other ITS stations.

Each equipped vehicle has its own “Vehicle Rules Engine”. The rule engine will manage the
messages from other equipped vehicles and RSUs within vehicle’s communications range, add
the retrieved information to vehicle’s existing knowledge of nearby traffic conditions, and
influence vehicle’s behavior.

3.3.2 Message Types

In the V2X module, some predefined V2X message types have been implemented to exchange information
between equipped vehicles and RSUs. More details of these messages are provided below:
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@

(i)

(iii)

@iv)

Cooperative Awareness Message (CAM).

This message is defined by the European Telecommunications Standards Institute (ETSI) in
standard TS 302 637-2. It provides information about the presence, activity, and position of
ITS stations like RSUs and equipped vehicles. The frequency to generate this message is
between 1HZ and 10HZ, depending on the activity of the ITS stations.

Decentralized Environmental Notification Message (DENM).

This message is defined by the European Telecommunications Standards Institute (ETSI) in
standard 302 637-3. It aims to provide information about events or conditions that have
potential impacts on road safety or traffic conditions. This message is often sent after an ITS
station, e.g., RSU, has detected reportable conditions/events, e.g., traffic incident, from the
received CAMs.

Signal Phase and Timing Extended Message (SPATEM).

This message is defined by the European Telecommunications Standards Institute (ETSI) in
standard 103 301. It provides information about signal timings and predicted times of change.
It is often accompanied with a MAPEM that provides topological information for decoding.
MAP Extended Message (MAPEM).

This message is defined by the European Telecommunications Standards Institute (ETSI) in
standard 103 301. It is used to define the road and lane topology at a junction and provide
necessary information to decode a SPATEM.

Besides the above message types, users can create new message types using the V2X API. For example,
they can: (i) construct an abstract message type; (ii) define a format and add necessary attributes to the
message type; (iii) add functions to create, send, and parse the messages.

3.3.3 V2X Channels
3.3.3.1 Key parameters

A channel represents a communications protocol, e.g., IEEE 802.11p, which is used to exchange
information among ITS stations, e.g., equipped vehicles and RSUs. The channel implemented in the V2X

module is a simplified version, which only focuses on reliability and range of communications and ignore
some practical issues like package latency and loss caused by channel congestion and attenuation effect

caused by buildings. The key parameters a channel in the V2X module considers are provided below:

(@)

(i)

(iii)

Latency

This parameter defines the delay in package transmission.

Range

This parameter defines the range of transmission, which will determine which ITS stations
(e.g., equipped vehicles and RSUs) the subjected ITS station will connect to and communicate
with. The range is defined as the distance between ITS stations, e.g., between equipped
vehicles, regardless of road network connectivity and obstacles that may affect transmission.
Package Loss

This parameter defines the percentage of packages which are not received. When this value is
not zero, the V2X module will consider this as the probability to discard a message during the
transmission.
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3.3.3.2 Channel creation and settings

In the Aimsun GUI, we can create a new channel from the “Project” menu. As shown in the following
figure, click on “Project”> “New”-> “V2X”-> “Channel”.

Project  Tools Data Analysis  Bookmarks  Window  Help

New 3 Scenarios 3
>~
New Revision... Attributes Override
Consolidate Revision in Base Demand Data i
Control 4
Transit 3
Properties Traffic Management L4
Infrastructure L4
Data Analysis 4
Python Script
VX k= Channel
it R ‘-"_: 0BU Device
}  TMC Device

Then a new channel will be created in the location “Project (p)”=> “V2X”-> “Channels”, which is shown
below.

Project (p)

All e

~ VITEX EDITING

CONTROL
DATA ANALYSIS
DEMAND DATA

* INFRASTRUCTURE

* SCENARIOS
SCRIPTS
TRANSIT

v VX
hd Channels
Wifi Channel

Devices

Double clicking on the new channel, a new window as shown below will pop up. We can change the name
of the channel and configure the settings of “Latency”, “Maximum Range”, and “Package Loss (%)”.

o Channel: 720, Name: Wifi Channel {d98771e5-0577-43b8... ? X
Main
Name: ‘Wlﬁ Channel | External ID: | |
Setiings
Latency: |D.DD s = |
Maximum Range: |300.DD m : |
Package Loss (%): |D.DD = |
Help Cancel

3.3.4 Vehicle On-Board Unit

65



In the V2X module, an On-Board Unit (OBU) is a simulation representation of message transmitter and
receiver in the vehicle. It can be configured to connect to multiple channels and transmit/receive different
message types on each channel.

To create a new OBU device, click on “Project”> “New”-> “V2X”-> “OBU Device” as below.

Project  Tools Data Analysis Bookmarks Window Help

New L4 Scenarios >
| 8

New Revision.., L Attributes Override
Consolidate Derrand Data »

Control L$

Transit F
Properties Traffic Management g

Infrastructure »

Data Analysis L/

Python Script

V2K Y = Channel

0OBU Device
) TMC Device

Pedestrians L

Then a new OBU will be created in the location “Project (p)”’—> “V2X”-> “Devices”.

Project (p)

all o

¥ VITEX EDITING
» CONTROL
» DATA AHALYSIS
* DEMAND DATA
» INFRASTRUCTURE

SCENARIOS

Double clicking on the new OBU device, a new window as shown below will pop up. We can change the
OBU name and configure the channels it can connect to and the types of messages it can transmit and
receive.

@ Onbeard Unit Device: 722, Mame: CAV OBU {96e73ecf-a5d0-43d9-86cd-cBdaca... T X
Main
Name: [cav oBU | External o: [
Channels Messages
= 720: Wifi Channel Custom CAM message

Custermn DEN message

[] Cooperative Awareness Message

[] MAP Extended Message

[ Signal Phase And Timing Extended Me|

<€ >

Help Cancel

3.3.5 Roadside Unit
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A Roadside Unit (RSU) is a physical device that exchanges information with equipped vehicles using the
same channels and message types. It is often anchored at a fixed location with a predefined communications
range. Therefore, it can connect to and receive traffic information from the equipped vehicles within its
range. Meanwhile, it can connect to one or more road junctions and obtain necessary signal information
from (or send control actions to) the traffic controllers. It also can perform some local processing and send
aggregated information to the equipped vehicles or the TMCs it connects to.

A new RSU can be created from the “Tools” Toolbar, which is shown below. Click on the Wifi symbol and
the symbol will change color, which means the function to create an RSU is activated.

Click on the 2D map of a transportation network (in the Aimsun GUI) to define the location/center of the
RSU and draw out a circle to the required radius. Once created, the position can be changed by selecting
the object and dragging it to the targeted location, and the radius can be adjusted by selecting the circular
boundary and resizing it. An example of an RSU centering at a signalized intersection is provided below.

\i
It

To configure the RSU connected to the road intersection, double click on the RSU object in the 2D map
and a new window as shown below will pop up. In the “Connections” tab, first click on the “New” button
and then click on the targeted node in the 2D map. If successful, a new node will appear inside the
“Connections” box. The figure below also shows the new RSU is connected to the signalized intersection
where it is located.

) Roadside Unit Device: 725, Name: RSU #1 (Layer: V2X Road Side Units) {ff086ac2-e.. 7

Main Connections

Connections

Type Object New

Node 203 Delete

cancel
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In addition, as shown below, users can rename the RSU in the “Main” tab and define communications
channels as well as message types it can use.

N

@ Roadside Unit Device: 725, Name: RSU 1 (Layer: V2X Road Side Units) {ff086ac2-e... [ X

Main Connections

Name: [RSU #1 | External 10: | |

Channels Messages

720: Wifi Channel Custorn CAM message

Custom DEN message

Cooperative Awareness Message

MAP Extended Message

Signal Phase And Timing Extended Mes

| < >

Note that, the radius of the RSU is just used for illustration purposes and has no impact on defining its
communications range. The communications range of the RSU is the same as the communications rage of
the channels it connects to. Ideally the radius should be drawn to be the same as the communications range,
but it is not required. Therefore, the communications range of the channels, instead of the radius of the
RSU, is used to detect the arrivals and exits of equipped vehicles in the V2X module.

3.3.6 Traffic Management Center

A Traffic Management Center (TMC) in the V2X module is used to process data from the connected RSUs,
develop traffic management actions, and relay these actions to equipped vehicles and road devices (e.g.,
traffic controllers) via RSUs. The TMC has no visual representation or location in the Aimsun 2D window
as it is just a control center not required to be in the modelled area (i.e., the transportation network opened
in the Aimsun GUI).

To create a new TMC, click on “Project”> “New” > “V2X”> “TMC Device”, which is shown below.

Project  Tools Data Analysis  Bookmarks Window Help

New L3 Scenarios 4
>~
New Revision... Attributes Override
Dernand Data L4
Control L&
Transit L4
Properties Traffic Management 4
Infrastructure L4
Data Analysis L4
Python Script
VX L Channel
Pedestrians L=l gl
—— ) TMC Device

A new TMC will appear in the following location “Project (p)”=> “V2X”-> “Devices”.
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Project (p)

Al ~

¥ VITEX EDITING
» CONTROL
» DATA ANALYSIS
+ DEMAND DATA
INFRASTRUCTURE
? SCENARIOS
* SCRIPTS
» TRANSIT

| Channels

b Devices

@ cavosu

Double clicking on the new TMC object, a new window as shown below will pop up. In the “Road Side
Units” tab, users can choose what RSUs it wants to connect to.

o Traffic Management Center Device: 723, Name: TMC #1 {... ? x

Main  Road Side Units

Connected Road Side Units

® 2srsus
© 764: RSU£2

In order to allow the RSUs to function properly in Aimsun simulations, users need to make sure:

(1) The targeted RSUs are connected to a TMC;

(i1) The TMC is included in a dynamic scenario, which is shown below:
[
Main  Outputs to Generate ~ Aimsun Mext APIs ~ Variables  Strategies and Conditions  Parameters  Attributes
Name: [Dynamic Scenario S0%CAV External ID:
Times.
Simulated Date: 10/20/2007 *
Simulated Initial Time: 8 00 AM < Duration: 0L:00:00
Traffc Geometry Configurations
Traffic Demand: 742: Traffic Demand Matrix - 0800-0900 - S0%CAV v [ select &l Nothing Selected ’—|
Transit Plan: (' 281: Public Transport Plan ~ [ T
Path Assignment Plan: ‘Nmﬁ =2l
Traffc Management Center: | () 723:THE #1 v
Traffic Signals
Master Control Plan: | [} £ 267: Master Control Plan AM v
Miao
Detection Pattern: | None b

Real Data Set for Validation

None: ~
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3.4 Steps to build an integrated microsimulation platform for

CAVs in Aimsun
3.4.1 Architecture

In this subsection, we will provide detailed steps to build an integrated microsimulation platform for CAVs
in Aimsun, the architecture of which is provided in Figure 5. As illustrated in Figure 5, the following
functions will be enabled:

)] At the vehicle control level, the ACC/CACC module will be used to control the longitudinal
movements of CAVs. In particular, if the leading vehicle is a human-driven vehicle, the subject
CAV will use ACC to control its movements. However, when its leader is a CAV, the subject
CAYV will join the platoon and use CACC to control its movements.

(i1) At the communications level, a CAV will send its traffic information to nearby connected RSUs
via V2I communications. An RSU will collect all messages sent from CAVs within its
communications range, perform some local analysis, and send information to its connected
TMCs. Meanwhile, the RSU can broadcast detected traffic incidents/events and traffic
management actions from TMCs to the CAVs within its communications range, which is
known as 12V communications. In addition, once CAVs receive traffic incidents/events as well
as traffic management actions from the RSU, it can broadcast this information to upstream
CAVs via V2V communications.

Figure 5: Architecture of a microsimulation environment for CAVs in Aimsun.
3.4.2 Existing issues

In Aimsun, there are two features available to build such a microsimulation environment for CAVs: (i) the
ACC/CACC module, and (ii) the V2X module.

On the one hand, the ACC/CACC module only focuses on the control of longitudinal movements of
AVs/CAVs, and the impact of V2V communications between CAVs is implicitly implemented in the
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CACC control model (See Equation (36)). For a given vehicle type in Aimsum, e.g., “Car”, users can
specify the percentages of vehicles equipped with ACC or CACC.

On the other hand, the V2X module is developed to mimic the communications flows between vehicles
equipped with OBUs (e.g., CVs and CAVs) and other ITS stations (e.g., RSUs), which does not involve
any control of vehicle-level movements. For a given vehicle type in Aimsum, e.g., “Car”, users can specify
the percentage of vehicles equipped with OBUs.

However, due to the fact that these two features are developed independently, the assignment of vehicles
equipped with ACC/CACC in the ACC/CACC module is independent from the assignment of vehicles
equipped with OBUs in the V2X module. As a result, there will be inconsistency in the assignment of CAVs
if they are not 100% equipped with both ACC/CACC and OBUs.

As shown below, if 10% of cars are CAVs, we should assign 0% equipped with ACC, 10% equipped with
CACC, and 10% equipped with OBUs.

)] 0% cars equipped with ACC

Car-Following Model Lane-Changing Model ~ Two-Way Overtaking Model

Main ACC CACC

A

Vehides Equipped with ACC: 0.0000%

»

Lower Clearance Threshold: 100.0000 m
Upper Clearance Threshold: 120.0000 m

Speed Gain Free Flow:

tG

Speed Gain Following:

o2
g
=
g||8
|| E

Distance Gain: 0.2300 [s2

Mean Deviation Minimum Maximum

Desired Time Gap  1.2000 secs 0.4000 secs 1.1000 secs 2.2000 secs

(i1) 10% cars equipped with CACC

Car-Following Model | Lane-Changing Model ~ Two-Way Overtaking Mode!

Main ACC CACC

ah

Vehides Equipped with CACC:  |10,0000%

Speed Gain: 0.0125 5 Lower Gap Threshold: 1.0000 5 5
Distance Gain: 0.4500 /s = Upper Gap Threshold: 1,5000 5 =
Time Gap Leader: 1.0000 5 = Time Gap Follower: 0.6000 s a

(iii) 10% cars equipped with OBUs

Main Dynamic Models Microscopic Model Attributes VZx OBU Usage

OBU Device Percentages

BU Percentage Add

o

722: CAV OBU 10,00 % i Delete

Unfortunately, the above procedure may fail to generate 10% CAVs equipped with both CACC and OBUs.
The final assignment of vehicles can be any combinations with the total sum of 10% CACC and 10% OBU,
for example, 8% with both CACC and OBUs, 2% with CACC only, and 2% with OBUs only. Therefore,
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these two features cannot be used at the same time with CAVs less than 100% in the current software
design.

3.4.3 A practical solution

In order to build the architecture illustrated in Figure 5, we will provide a practical solution to bridge the
gap between the above two features so as to have consistent vehicle assignments of CAVs. The proposed
solution is divided into the following steps.

3.4.3.1 Create new vehicle types for CAVs

For each vehicle type, create a new type equipped with 100% CACC and OBUs. For example, for vehicle
type “Car”, we can create a new type called “Car CAV” equipped with 100% CACC and OBUs. Details
are provided below.

(1) Create a new vehicle type called “Car CAV”.

Q Vehicle Type: 717, Name: Car CAV {061935d5-96f6-40eb-855b-7aall4eabad8} ? X

Main | DynamicModels  MicroscopicModel | Attributes V22X OBU Usage

Main Articulated and Doors 2D Shapes 3D Shapes Environmental Models

Mean Deviation Minimum Mazximum A
Max Acceleration  3.00 m/s2 200 m/s2 3.00 m/s2 3.00 m/s2
Normal Deceleration  4.00 m/s2 025 m/s2 350 m/s2 450 m/s2
Max. Deceleration 6.0 m/s2 050 m/s2 5.00 m/s2 7.00 mis2
Safety Margin Factor  1.00 0.00 1.00 1.00
Leteral Clearance  0.50m 0.00m 0.50m 050m ‘

Car-Following Model | Lane-Changing Model  Two-Way Overtaking Model

Main | ACC = CACC

Mean Deviation Minimum Maximum
Sensitivity Factor 1.00 0.00 1.00 1.00

Gap 0.00 secs 0.00 secs 0.00 secs 0.00 secs
Headway Aggressiveness  0.00 0.00 -1.00 1.00

[] Favors Stop And Go

(i1) Set “Vehicles Equipped with ACC” to be 0%. Users can change the parameter settings in the
“ACC” tab if needed.
a. Parameters in the ACC control modes: Speed Gain Free Flow, Speed Gain Following, Distance
Gain, and Desired Time Gap.
b. Parameters in the Decision Chart: Lower Clearance Threshold, and Upper Clearance
Threshold.

Car-Following Model Lane-Changing Model Two-Way Overtaking Model
Main ACC CACC

‘ehicles Equipped with ACC: 0.0000%

II

Speed Gain Free Flow: 0.4000 /s Lower Clearance Threshold: 100,0000 m =
Speed Gain Following: 0.0700 j= = Upper Clearance Threshold: 120.0000 m =
Distance Gain: 0.2300 /52 H
Mean Deviation Minimum Maximum
Desired Time Gap  1.2000 secs 0.4000 secs 1.1000 secs 2.2000 secs
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(ii1) Set “Vehicles Equipped with CACC” to be 100%. Users can change the parameter settings in the
“CACC” tab if needed.
a. Parameters in the CACC control modes: Speed Gain, Distance Gain, Time Gap Leader, and

Time Gap Follower.
b. Parameters in the Decision Chart: Lower Gap Threshold, and Upper Gap Threshold.

Car-Following Mode! Lane-Changing Model Two-Way Overtaking Model

Main ACC CACC

ik

Vehides Equipped with CACC: | 100.0000%

Speed Gain: |D.D 125 5 | Lower Gap Threshald: | 1.0000 s 5 |
Distance Gain: |D.—1SDD Is = | Upper Gap Threshold: |‘1. 5000 s = |
Time Gap Leader: |1.UDDU 5 5 | Time Gap Follower: |U.GDIJD 5 ¥ |

(iv) In the “V2X OBU Usage” tab, pick an available OBU in the transportation system, e.g., “CAV
OBU?”, and set the parameter “Percentage” to be 100%.

Main Dynamic Models Microscopic Model Attributes V2¥ OBU Usage

OBU Device Percentages

OBU Percentage Add

722 CAV OBU 100.00 % Delete

Users can follow the above procedure to create new CAVs equipped with 100% CACC and OBUs for other
vehicle types, e.g., “Truck CAV” for “Truck”. Users can also adjust the parameter settings to consider the
differences, e.g., time gap, between vehicle types, e.g., “Car” vs. “Truck”.

Vehides

Bicyde
Bus
Car
Car CAV

@ Pedestrian
Taxi
Truck
Truck CAY

Van

3.4.3.2 Adjust OD matrices for CAVs with different penetration rates

Once new CAYV vehicle types have been created, users need to adjust the OD matrices according to their
penetration rates. For example, consider the vehicle types “Car” and the following original OD matrix “Car
Matrix — 0800-0900".
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0 OD Matrix: 654, Mame: Car Matrix - 0800-0800 {621938c8-c36c-4b69-ad3b-11de87690e%a} (Centroid Configuration: 283: Centroids Configuration 283) ? *
Main Cells Histogram Path Assignment Parameters
Name: [car matrix - 0300-0900 | External : |
Contents: __Trips | Componernt: MNone
Tnitial Time: [8:00:00 am Duration: [01:00:00
Unit: | ™| Car Availability: Mo Distinction
Vehice Type: l-’-"«' 8: Car vl Trip Purpose: Mone ot
Store Location
Where: Am'lsun - N :
Summary
Origins: 8 Destinations: T Empty Cells: 19 Mon-Empty Cells: 37
Total:  16497.50 Minimum Value {#0): 20.00 Maximum Value: 6000.00 Diagonal Total:  0.00
Help Duplicate ] | Cancel
o OD Matrixn: 654, Marme: Car Matrix - 0800-0900 {621938¢8- c36c-4b6%-ad3b-11delB76%0eda} (Centroid Configuration: 283: Centroids Configuration 283) ? b4

Main Cells Histogram Path Assignment Parameters

Headers: IDE‘HE v Grouping Category . one: V
[ show all Centroids [ Hide Empty Rows [ ] Hide Empty Columns [ ] Draw Desire Lines
284: NW 285: NE 286: WU 287: WD 288:E 2895 791: 552
284: NW 95 200 50 300
285: NE 20 20 20 6000 20
286: WU 47.50 47.50 50
287 WD 100 700 20 380 400
283 E 100 1000 47.50 200 500 50
289: S 50 5000 50 50 150
T91:5%2 150
804 20 400 20 20 20 100

Operation: ,NOﬂE

v | e [ =

If the penetration rate of Car CAVs is 20%, then users need to split the original OD matrix into two:

(1) A new OD matrix “Car CAV Matrix - 0800-0900 - 20%” for Car CAVs with 20% of the
original demand, which is shown below:
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0 OD Matrix: 731, Name: Car CAV Matrix - 0800-0900 - 20% {edc269cf-ad18-493a- beda-flececSeffca) (Centroid Configuration: 283: Centroids Configu... 4 s

Main Cells Histogram Path Assignment Parameters

Name: [car cav matrix - 0300-0900 - 20% External 1D: | |
Contents: ?_Trips x| Component: Mane
Tnitial Time: [5:00:00 am Duration: [o1:00:00

Unit: \Fd_udes Car Availability: Mo Distinction
Vehide Type: | ¥ 717; Car CAV | Trip Purpose: | Mone |
Store Location
Where: Alrnsun V_;
Summary
Origins: 8 Destinations: i d Empty Cells: 19 Non-Empty Cells: 37
Total: 3299.50 Minimum Value {=0): 4.00 Maximum Value: 1200.00 Diagonal Total:  0.00
Hep | Duplicate Cancel
0 0D Matriz: 731, Name: Car CAV Matrix - 0800-0000 - 20% {edc269cf-a418-493a-beda-flececSeffea) (Centroid Configuration: 283: Centroids Cenfigu... ? *
Main Cellz Histogram Path Assignment Parameters
Headers: |]D: MName v| Grouping Category: ;_I\_Iqr:l.e_ v

[ show all Centroide [ ] Hide Empty Rows ] Hide Empty Columns ] Draw Desire Lines

284 NW 285: NE 286: WU 287: WD 288 E 289: 5 791: 5#2 Total
284 MW 19 40 10 60 -
285: ME 4 4 4 1200 4 -
286: WU 9.50 9.50 10 10 -
28T WD 20 140 4 76 80 10 -
288: E 20 200 9.50 40 100 10 -
289: S 10 1000 L] 10 30 -
791 5#2 30 -
804 4 30 4 4 4 20 _
Operation; ;__ one ~

e | | Duplicate | [ o || concel

(i1) A new/adjusted OD matrix “Car Matrix - 0800-0900 - 80%” for Cars with 80% of the original
demand, which is shown below:
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ﬁ 0D Matrix: 730, Name: Car Matrix - 0800-0900 - 80% {9d4cfef3-9454-4cda-b87d-f401ech3Thfc} (Centroid Configuration: 283: Centroids Configurati... ? e

Main Cells Histogram Path Assignment Parameters

Name: [car Matrix - 0800-0900 - 80% | External : | |
Contents: 'Ilps V Component: MNone
Tnitial Time: [8:00:00 am 1] ouration: o1:00:00
Unit: '\l'e_Hci;s vl Car Availability: Mo Distinction
Vehide Type: @5 8: Car ' I Trip Purpose: iNone ot '
Store Location
Where: Ajrnsun v
Summary
Origins: 8 Destinations: s Empty Cells; 19 Mon-Empty Cells: 37
Total:  13198.00 Minimum Value (£0): 16.00 Maximum Value: 4800.00 Diagonal Total:  0.00

T (o | [ ][ coa |

ﬁ QD Matrix: 730, Name: Car Matrix - 0800-0800 - 80% {9d4cfef3-9454-4cda-baTd-f401ech3Thic) (Centreid Configuration: 283: Centroids Configurati.. 7 *

Main Cells Histogram Path Assignment Parameters

Headers: .]D: MName v | Grouping Category: EI*.Icr'le

3|

[] show All Centroids [ ] Hide Empty Rows  [_] Hide Empty Columns [ Draw Desire Lines

264: MW 285: NE 286: WU 287: WD 288:E 289: 5 791:522
284 NW 6 160 a0 240
285 NE 16 16 16 4300 16
286: WU 38 38 L Y
287: WD 80 560 16 304 320 40
288 E a0 200 38 160 400 40
289: 5 a0 4000 40 40 120
791: 542 120
804 16 320 16 16 16 80
Operation: |None w 5
Help | Duplicate ._ | Cancel ._I

In addition, as shown below, users can follow the above procedure to create new OD matrices for different
types of CAVs, e.g., Truck CAV, with different penetration rates, e.g., 50%.
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DEMAND DATA
~ [ centroid Configurations

% | ® ) Centroids Configuration 283

~ | | OD Matrices

HH Car CAV Matrix - 0800-0900 - 20%

Car CAV Matrix - 0800-0900 - 50%
Car Matrix - 0800-0900

Car Matrix - 0800-0900 - 50%

Car Matrix - 0800-0900 - 80%

Truck CAV Matrix - 0800-0900 - 20%
- Truck CAV Matrix - 0800-0900 - 50%
Truck Matrix - 0800-0900

Truck Matrix - 0800-0900 - 50%

| Truck Matrix - 0800-0900 - 80%

3.4.3.3 Create demand profiles for mixed traffic

Once OD matrices for both CAVs and human-driven vehicles have been created, users can create demand
profiles for mixed traffic with different penetration rates of CAVs.

For example, without CAVs, the original “Traffic Demand Matrix - 0800-0900” can be constructed as
below with two different vehicle types, Car and Truck.

ﬁ Traffic Demand: 327, Name: Traffic Demand Matrix - 0800-0900 {edcae3al-63%b-40d3-a5806-481dcad92baf} [ *

Main Summary Profile

Name: |Trafﬁc Demand Matrix - 0800-0300 | External ID: |
Initial Time: [8:00:00 AM ]| Duration: [01:00:00 [2] Type: [Matrices +| Factor: [100 % Total: 166005 veh
|8:00|AM X |8:15IAM . |B:3OIAM . |8:45IAM ] |9:00 AM
Car | 01:00:00
Total: 16497.5 veh
Truck
Total: 103 veh
| Q] Add Demand Item| Remove Demand Item

Current Demand Item

Initial Time: |12:00:00 AM 5 Duration: |00:00:00 =
Factor: o Total: o
Help Cancel

With 20% CAVs for both Car and Truck, a new matrix “Traffic Demand Matrix - 0800-0900 - 20%CAV”
can be constructed as below:



o Traffic Demand: 733, Name: Traffic Demand Matrix - 0800-0900 - 20%:CAYV {c58d2b00-160e-4b5d-b5d1-17c136f33c2b} ? *

Main Summary Profile

Name: [Traffic Demand Matrix - 0800-0900 - 20%CAV | External o: |
Initial Time: [8:00:00 AM |3 Duration: [01:00:00 [2] Type: [Matrices | Factor: [100 % Total: 16600.5 veh
[:00AM — [BriSAM  [B:30AM  [BSAM  [3:00AM
Car | 01:00:00

Total: 13198 veh

Truck 01:00:00
Total: 82.4 veh

||

Car CAV | 01:00:00
Total: 3299.5 veh

Truck CAV 01:00:00
Total: 20.6 veh

|§, |§| .Add Demand Item | Remove Demand Ttem

Current Demand Item

Initial Time: |12:00:00 AM = Duration: |00:00:00 =
Factor: % Total: 0
| teb | x| cance

To simulate future traffic with increased demand, users can change the percentage in the parameter “Factor”
to be greater than 100%, e.g., 120%. An example of the matrix “Traffic Demand Matrix - 0800-0900 -
20%CAYV - Demand 120%” is provided below.

o Traffic Demand: 814, Name: Traffic Demand Matrix - 0800-0900 - 20%CAY - Demand 120% {1f6563a0-fa39-4e31-b32b-00772380b407} T x

Main Summary Profile

Name: [Traffic Demand Matrix - 0800-0900 - 20%CAV -Demand 120% | External ID: |

Tnitial Time: [3:00:00 AM

Duration: [01:00:00 [ Type: |Matrices | Factor: [120 % Total: 19920.6 veh

|8:00IAM [ |8:15IAM . |8:mlAM ; |8:45IAM . |9:00AM

Car 01:00:00
Total: 15837.6 veh

Truck 01:00:00
Total: 98.88 veh

Car CAV 01:00:00
Total: 3959.4 veh

|

Truck CAV 01:00:00
Total: 24.72 veh

| Q | Q | Add Demand Item! Remove Demand Ttem
Current Demand Item
Initial Time: |12:00:00 AM '3 Duration: |00:00:00 %
Factor: % Total: i}
| Heb [ o || concd |

Users can follow the same procedure to create many different Traffic Demand Matrices with different
percentages of CAVs. An example is provided below:
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* DEMAND DATA
[ Centroid Configurations

| Functions

b | Traffic Demands
71| Traffic Demand Matrix - 0800-0300
|| Traffic Demand Matrix - 0800-0500 - 20%CAY
Traffic Demand Matrix - 0300-0900 - 20%CAV - Demand 120%
Traffic Demand Matrix - 0800-0900 - 50°%CAV
| Traffic Demand Matrix - 0800-0900 - 50%CAVY - Demand 120%
Traffic Demand Matrix - 0800-0900 - Demand 120%

3.4.3.4 Create simulation scenarios for mixed traffic
3.4.3.4.1  Settings for road types

Before creating simulation scenarios for mixed traffic, users need to make sure the ACC/CACC module is
set up correctly in the road types in the transportation network. For example, for the “Freeway” road type,
users should enable the option “ACC/CACC Allowed” under the “Dynamic Models” tab in the following
window:

@ Road Type: 64, Name: Freeway {f167e963-46f3-4461-82df-b3b2737d8b5b} 7 X
Main Dynamic Models
Section Parameters | Turn Parameters
Microscopic Model
Lane Changing Side Lane
Cooperation: |50.00 % % | Cooperation Distance: |whale Lane |% |
Aggressiveness: 0.00 % = Merging Distance: Default =]
[[] tmprudent Lane Changing A merge: First Vehice On Is First Vehicle OFF
Return to Inside Lane After Overtaking
Consider Two-Lane Car-Following Mode! [ Acc/cacc Alowed
[ Allow vehicies Non-Lane Based Behavior Maximum CACC Piatoon Size: 10 &
Queue Discharge
Acceleration Factor: Mo Change "
Additional Reaction Time at Stop: 0.00 sec % I
Additional Reaction Time at Traffic Light: 0.00 sec I 3“|
Help Update Sections Cancel

Meanwhile, users can change the “Maximum CACC Platoon Size” to a value that is appropriate for different
road types, e.g., platoon size of 10 for “Freeway”. Furthermore, users can follow the same procedure to
enable ACC/CACC on other road types in the transportation network.
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3.4.3.4.2  Settings for dynamic scenarios

As an example, consider the following Dynamic Scenario “Dynamic Scenario - 0800-0900 - 20%CAV” for
mixed traffic with 20% CAVs.

0 Dynamic Scenario: 734, Name: Dynamic Scenario - 0800-0900 - 20%CAV {a7316cf7-2299-44fd-9191-9045ece152c8} T X

Main Outputs to Generate Aimsun Next APTs Variables Strategies and Conditions Parameters Attributes

Name: ‘Dynamic Scenario - 0800-0900 - 20%CAY . External ID:
Times
Simulated Date: 4/20/2021 :_
Simulated Initial Time: 8:00:00 AM < | Duration: 01:00:00 %
Traffic Geometry Configurations
Traffic Demand: | (111 733: Traffic Demand Matrix - D500-0900 - 20%CAV ~| [ selectal Nothing Selected |Fite
Transit Plan: | % 281: Public Transport Plan 5 |
Path Assignment Plan: iNone bt |
Traffic Management Center: | .723 TMC #1 v |
Traffic Signals
Master Control Plan: 267: Master Control Plan AM S
Micro
Detection Pattern: [None bd

Real Data Set for Validation

MNone N

reb Canel

Under the “Main” tab, users need to adjust the following settings in the “Traffic” block to enable the
ACC/CACC and V2X modules:

)] “Traffic Demand”: select the demand matrix for the same time period with 20% CAVs.

(i1) “Traffic Management Center”: select the TMC that connects to multiple RSUs in the network.
This is required to make sure the RSUs in the selected TMC can function properly. If no TMC
is selected, the RSUs won’t work during simulations.

For other parameters, users can edit them according to their simulation requirements/settings.
3.4.3.4.3  Settings for dynamic experiments

Once a Dynamic Scenario has been created, users can create Dynamic Experiments to simulate the mixed
traffic environment. In order to make sure the ACC/CACC module can run properly, users need to make
some adjustments in a selected Dynamic Experiment. For example, for the following Dynamic Experiment
“Experiment #1”, we need to adjust the settings under the “Reaction Time” tab.
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@ Dynamic Experiment: 736, Name: Experiment 21 {5c479782-d55b-4bbf-2615-05dd9676257e} ? X

Main Behavior Reaction Time Arrivals Dynamic Traffic Assignment Variables Policizs Attributes

Simulation Step

S

Simulation Step: (0,10 sec

Reaction Time Settings

(D) Fixed (Same for All Vehide Types) (@ variable (Different for Each Vehide Type)

Values {jin Seconds)

Vehicle Type: 9: Bus ~

Reaction Time Reaction Time at Stop Reaction Time at Traffic Light Probability (0, 1] Add

"

-

1.20

-

1.50

1.50

1.00 = Delete

In particular, users need to change the “Simulation Step” to be 0.1s in order to allow the ACC/CACC control
module to work properly. Furthermore, users need to choose “Reaction Time Settings” to be “Variable
(Different for Each Vehicle Type)” to allow different vehicle types to have different reaction times. As an
example, below are the reaction time settings for four vehicle types: Car, Car CAV, Truck, Truck CAV.

e (Car

o Reaction time: 0.8s

o Reaction time at stop: 1.2s

o Reaction time at traffic light: 1.6s
e (Car CAV

o Reaction time: 0.4s

o Reaction time at stop: 0.8s

o Reaction time at traffic light: 1.0s

o Reaction time: 1.5s

o Reaction time at stop: 2.0s

o Reaction time at traffic light: 2.5s
e Truck CAV

o Reaction time: 1.0s

o Reaction time at stop: 1.5s

o Reaction time at traffic light: 2.0s

For other parameters, users can change the settings according to their simulation requirements/settings.

81



3.5 Discussion

In this section, we provided a tutorial on how to build an integrated microsimulation platform for mixed
traffic with CAVs in Aimsun. In particular, we used the newly-developed ACC/CACC and V2X modules
in Aimsun to build such a platform. In Section 3.1, we first provided detailed steps to install required
software components, which mainly include the core Aimsun Next 20 software, the V2X SKD and
Framework, Visual Studio, and Qt. Next in Section 3.2, we provided a summary of the ACC/CACC module
implemented in Aimsun. Especially, we focused on the available ACC/CACC control modes as well as the
decision chart on how these modes switch between each other. Then in Section 3.3 we introduced the key
components in the V2X module implemented in Aimsun, which include Messages, Channels, OBUs, RSUs,
and TMCs. We discussed the properties of these components and provided detailed steps on how to create
and set them up properly in microsimulation.

However, given that the two modules, ACC/CACC and V2X, are developed separately, there exists
inconsistency in vehicle assignments if both modules are used with the current software design for mixed
traffic, e.g., with 10% CAVs. Therefore, in Section 3.4 we provided a practical solution that bridges the
gap between these two modules so as to build the integrated microsimulation platform for mixed traftic
with any percentages of CAVs. In particular, we provided detailed steps on: (i) how to create new vehicle
types of CAVs, (ii) how to create new OD matrices for CAVs with different penetration rates, and (iii) how
to create demand profiles and dynamic simulation scenarios for mixed traffic with different penetration
rates of CAVs.

In the rest of this report, we will use this integrated microsimulation platform to evaluate system-level
impacts of CAV applications on different transportation networks. For freeways, we will evaluate the
performance of different freeway speed harmonization algorithms with CAVs. For arterials, we would like
to understand how traffic light optimal speed advisory algorithms can help improve traffic. For corridor
networks, i.e., with both freeways and arterials, we would like to know how route guidance using CAVs
can help mitigate congestion caused by non-recurrent traffic incidents on freeways. Moreover, users can
use this integrated microsimulation platform to develop their CAV applications and evaluate their
corresponding performance.
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4. Simulation results of CAV applications in small networks

In Section 3, we have developed an integrated microsimulation platform in Aimsun that can mimic the real-
world mixed traffic environment with CAVs. More specifically, this microsimulation platform integrates
the ACC/CACC module with the V2X module in Aimsun and has two levels of functionalities:

e At the vehicle control level: the ACC/CACC module is used to control CAV’s longitudinal
movements.

e Atthe communications level: the V2X module is used for V2I/I2V and V2V communications with
standard message formats, e.g., SPaT (SAE J2735-201603), MAP (SAE J2735-201603), CAM
(ETSI TS 302 637-2), and DENM (ETSI 302 637-3) messages.

In this section, we would like to demonstrate how to apply this integrated microsimulation platform to
evaluate network-level impacts of CAV applications. In particular, three applications with CAVs are
selected for demonstration purposes: (i) freeway speed harmonization with CAVs, (ii) route guidance with
CAVs for traffic incident management, and (iii) traffic light optimal speed advisory with CAVs. For each
application, we have implemented the required workflows to enable the communications between RSUs
and CAVs as well as algorithms to regulate CAV’s driving behaviors and route choice decisions. In order
to assess their performance, we have generated three different subnetworks from the original I-210 network:
(i) a Freeway-Only subnetwork for the application of freeway speed harmonization with CAVs; (ii) a
Freeway-and-Arterial Combined subnetwork for the application of route guidance with CAVs for traffic
incident management; and (iii) an Arterial-Only subnetwork for the application of traffic light optimal speed
advisory with CAVs. In the rest of this section, we will provide detailed descriptions on the implementation
of these CAV applications as well as some simulation results in the subnetworks.

In Section 4.1, we first provide detailed parameter settings in the ACC/CACC module, which include the
settings of simulation time step, vehicle reaction time, parameters in the ACC and CACC control modes,
and road types. These settings will be kept the same for all simulation studies in this project (both in this
section and Section 5).

In Section 4.2, we present the system architecture and the communications workflow for the application of
freeway speed harmonization with CAVs. For demonstration purposes, we select three different algorithms
with minor revisions to incorporate CAVs, which are the rule-based algorithm in (Talebpour et al., 2013),
the VSL-VSA algorithm in (Lu et al., 2015; Hale et al., 2016), and the C-VSLS in (Grumert et al., 2015).
Then we describe the network settings in the Freeway-Only subnetwork and conduct various simulation
scenarios under different demand levels and percentages of CAVs to assess the performance of these three
algorithms.

In Section 4.3, we present the system architecture and the communications and incident management
workflows for the application of route guidance with CAVs for traffic incident management. In order to
mimic CAV’s route choice decisions when new detour routes are available, we revise and implement the
route choice algorithm in (Samimi Abianeh et al., 2020) to consider the impacts of lane index (inner lanes
vs. shoulder lanes) and vehicle types (car vs. truck) on the decision-making step. Next, we describe the
network settings and scenario design in the Freeway-and-Arterial Combined subnetwork. In particular, we
consider two traffic accidents occurring at the same location but with different levels of severity: (i) a major
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traffic accident in the AM peak between 7AM and 8AM; and (ii) a minor traffic accident in the PM peak
between 4PM and SPM. Under these settings, we conduct simulations with 30% and 50% CAVs to evaluate
how this type of information sharing can help mitigate congestion when traffic incidents occur.

In Section 4.4, we present the system architecture and the communications workflow for the application of
traffic light optimal speed advisory. For demonstration purposes, we revise and implement the Green Light
Optimal Speed Advisory (GLOSA) application proposed in (Katsaros et al., 2011). Then we describe the
network settings in the Arterial-Only subnetwork and conduct various simulation scenarios under different
time periods (e.g., 7AM—8AM and 4PM—5PM), demand levels (e.g., 80% -- 120%), and percentages of
CAVs (0% — 100%) to assess the performance of the GLOSA algorithm.

In Section 4.5, we summarize our findings with some future research directions.

4.1 Parameter settings in the ACC/CACC module

In order to activate the ACC/CACC module during simulations and generate reasonable results, we need to
properly configure some key model parameters in Aimsun. More detailed settings are provided in the
following subsections. Note that these settings are kept the same for all simulation scenarios in the rest of
this report.

4.1.1 Simulation time step and reaction time settings

As implemented in Aimsun, we need to set the simulation time step to be 0.1s in order to see the impact of
AVs/CAVs. Meanwhile, considering a CAV can receive more traffic information from nearby CAVs and
RSUs, we can have different “Reaction Time Settings” for different vehicle types. In particular, there are
three reaction times considered in Aimsun: Reaction Time, Reaction Time at Stop, and Reaction Time at
Traffic Light. In Table 1, we list the reaction time settings for the vehicle types used in the [-210 network
and the subnetworks.

Table 1. Reaction time settings for different vehicle types.

Vehicle Type Reaction Time | Reaction Time at Stop Reaction Time at Traffic
Light
Car 0.8s 1.2s 1.6s
Car CAV 0.4s 0.8s 1.0s
Car HOV 0.8s 1.2s 1.6s
Car HOV CAV 0.4s 0.8s 1.0s
Truck Medium 1.5s 2.0s 2.5s
Truck Medium CAV 1.0s 1.5s 2.0s
Truck Heavy 2.0s 2.5s 3.0s
Truck Heavy CAV 1.5s 2.0s 2.5s

Here “Truck Medium” stands for “Truck — Medium Duty” with an average length of 30 ft in Aimsun, and “Truck
Heavy” stands for “Truck — Heavy Duty” with an average length of 60ft in Aimsun.
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4.1.2 Settings of ACC/CACC control modes

As shown in Figure 3, the ACC mode is embedded in the CACC mode for CAVs. Therefore, for a selected
CAV vehicle type, e.g., “Car CAV”, we need to set the percentage of ACC-enabled vehicles (i.e., AVs) to
0% but the percentage of CACC-enabled vehicles (i.e., CAVs) to 100%. Example of parameter settings for
the vehicle type “Car CAV” in Aimsun is provided in Figure 6.

In addition, more parameter settings in the ACC/CACC control modes are listed in Table 2. Refer to Figure
6 for the corresponding parameter names.

@ Vehicle Type: 18060405, Name: Car CAV {acTdebf1-0493-46ba-a3el-38a35f0bIaed) 7
Main Drynamic Models Microscopic Model Attributes VZX OBU Usage
Main Articulated and Doars 20 Shapes 30 Shapes Environmental Models
Mean Deviation Minimum Maximum
Mazx Acceleration 9.84 fr/s2 0.66 ftfs2 8.53 ftfs2 11.15 fe/s2
MNormal Deceleration 12,12 ft/s2 0.82 ftfs2 B.48 ft/s2 14.76 ft/s2
Mazc. Deceleration 19.68 ft/s2 1.64 ftfs2 16.40 ft/s2 22.97 ft/s2
Safety Margin Factor  1.00 0.00 1.00 1.00
Lateral Clearance 1.64 ft 0.00 ft 1.64 ft 1.64 ft
Car-Following Model  Lane-Changing Model ~ Two-Way Overtaking Model
PMain ACC CACC
Vehicles Equipped with ACC:  |0.0000% 3
Speed Gain Fres Flow: [o.9000 5 ] Lower Clearance Threshold:  |328.0840 ft
Speed Gain Folowing: bomos B Upper Clearance Threshold:  [393.7008 ft
Distance Gain: |0-2300 /52 2]
Mean Deviation Minimum Maximum
Desired Time Gap  1.2000 secs 0.4000 secs 1.1000 secs 2.2000 secs
CarFollowing Model Lane-Changing Modal Two-Way Overtaking Model
Main ACC CACC
Vehicles Equipped with CACC: [ 100,0000% =
Speed Gain: [o.0125 & Lowear Gap Threshold: 120005 =
Distance Gan: |0.4500 5 = Upper Gap Threshold: [1.8000 5 =
Time Gap Leader: |1. 2000 5 :;j.i| Time Gap Follower: |0.GUEH] s :|

Figure 6. Example of parameter settings for the vehicle type “Car CAV” in Aimsun.
4.1.3 Road type settings

When a vehicle is equipped with ACC/CACC, it will only be functional on the roads that allow it.
Meanwhile, the CACC-equipped vehicles can form platoons with smaller time gaps between consecutive
members. For a given road type, we can configure whether it allows ACC/CACC-equipped vehicles as well
as the maximum platoon size for CACC-equipped vehicles.
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In our simulation setting, we enable ACC/CACC for all road types which include freeway, arterial, on/off
ramp, etc. For simplicity, we also apply the same value, i.e., 10, to all road types as the maximum platoon
size for CACC-equipped vehicles.

Table 2. Parameter settings in the ACC/CACC control modes.

ACC

Parameters Value

Speed Gain Free Flow 0.400/s (Default)

Speed Gain Following 0.0700/s (Default)

Distance Gain 0.2300/s? (Default)

Desired Time Gap 1.200 secs (Default)

Lower Clearance Threshold 100m (Default)

Upper Clearance Threshold 120m (Default)

CACC

Parameters Value

Speed Gain 0.0125 (Default)

Distance Gain 0.4500/s (Default)

Time Gap Leader Car CAV: 1..2s Car HOV CAV: 1.2s
Truck Medium CAV: 1.5s  Truck Heavy CAV: 2.0s

Time Gap Follower Car CAV:O_.6s Car HOV CAV: 0.6s
Truck Medium CAV:1.2s  Truck Heavy CAV: 1.5s
Car CAV:1.2s Car HOV CAV: 1.2s

Lower Gap Threshold Truck Medium CAV: 1.5s  Truck Heavy CAV: 2.0s
Car CAV:1.8s Car HOV CAV: 1.8s

Upper Gap Threshold Truck Medium CAV: 2.0s Truck Heavy CAV: 2.5s

4.2 Application: Freeway speed harmonization with CAVs

In this subsection, we demonstrate how to apply the integrated microsimulation platform to the application
of freeway speed harmonization with CAVs. More details are provided below.

4.2.1 System architecture

In Figure 7, we provide the system architecture of freeway speed harmonization with CAVs. In this system
architecture, V2I/I2V communications between RSUs and CAVs and V2V communications among CAVs
are enabled. We also consider RSUs can receive real-time detector measurements within the targeted speed
harmonization zone either from local controllers or from the TMC.

4.2.1.1 Communications workflow
In this application, the communications workflow is described as follows:

e RSUs are enabled to collect traffic measurements of vehicle counts, occupancies, and speeds from
loop detectors installed inside the speed harmonization zone, either directly from local controllers
or from the TMC.
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In the downstream section of the speed harmonization zone, e.g., the section after the on-ramp
merging gore in Figure 7, CAVs are sending CAM messages with their current speeds to the
connected RSUs at a user-defined interval, e.g., 0.1 second.

Meanwhile, RSUs are collecting CAV speeds from the received CAM messages. At a user-defined
interval, e.g., 10 seconds, they will use the collected CAV speeds as well as traffic measurements
from the detectors as inputs into the selected speed harmonization algorithm to generate new speed
limits.

At a user-defined interval, e.g., 0.1 second, the RSUs will broadcast DENM messages with the
most up-to-date recommended speed limits to the CAVs in the upstream section of the speed
harmonization zone, e.g., the section before the on-ramp merging gore in Figure 7.

For the CAVs in the upstream section of the speed harmonization zone, they will receive the DENM
messages and parse the information inside. Once they get a new recommended speed limit, they
will apply it as the desired travelling speed. Whether they can successfully update their speeds with
the speed limit depends on whether the surrounding environment allows them to do so. Once they
manage to update their speeds, they will keep the recommended speed limits for a user-defined
interval, e.g., 1 second, unless other triggers, e.g., emergency takeover, are activated.

In addition, a variable called “Time-To-Live” (TTL) is included in the DENM messages, which is
used to allow the number of “hops” that a DENM message can be propagated upstream. If TTL is
greater than 1, a CAV which receives a DENM message will subtract the TTL by 1 and then
broadcast the message to other CAVs within its communications range.

Figure 7. System architecture of freeway speed harmonization with CAVs.

The CAM messages sent from CAVs to RSUs contain the following attributes:

Current road link ID;
Current vehicle speed;
Vehicle type.
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For the DENM messages sent from RSUs to CAVs or from CAVs to CAVs, it contains the following
attributes:

e Recommended speed limit;
e Road link IDs which the recommended speed limit is applied to;
e TTL.

4.2.1.2 Selected algorithms

In our current deployment, we have implemented the following speed harmonization algorithms: (i) a rule-
based speed harmonization algorithm in (Talebpour et al., 2013); (ii) a variable speed limit (VSL) and
advisory (VSA) algorithm in (Lu et al., 2015; Hale et al., 2016); and (iii) a cooperative variable speed limit
system (C-VSLS) in (Grumert et al., 2015).

4.2.1.2.1  Arule-based speed harmonization algorithm

The rule-based speed harmonization algorithm is the one proposed in (Talebpour et al., 2013) with some
minor revisions. Basically, the logit can be summarized below:

® A high speed limit will be recommended when both flow and density are low or when both flow
and speed are high.

e A low speed limit will be recommended when traffic is congested with low speeds.

e Medium speed limits will be recommended when traffic is in the transition regime, which is
between the free-flow and congested regimes.

The decision tree revised from the one in (Talebpour et al., 2013) is illustrated in Figure 8.

< Thresholdy,,,

= Thresholdy,,,

Average Speed

< Viow mediu Bidin i 2 Vnedium,?

< Threshold goneey

= Threshold gensiey

Average Speed

Figure 8: Decision tree of the rule-based speed harmonization algorithm.
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4.2.1.2.2 A variable speed limit (VSL) and advisory (VSA) algorithm

The VSL-VSA algorithm implemented in our framework is the one proposed in (Lu et al., 2015; Hale et
al., 2016). The proposed algorithm aims to delay traffic breakdown and improve throughputs for heavy
traffic through two different operations: (i) in the upstream of a bottleneck, recommend lower speed limits
to reduce the ingress flow, but (ii) at the bottleneck location, recommend higher speed limits to increase the
egress flow. Therefore, at a bottleneck location mm, the recommended speed limit is calculated as:

bbs(tt) = o, 1n24(tt) (39)
aag € [1.1,1.5]; default value: aag, = 1.3

where 1z, (tt) is the measured speed at freeway section mm.

At the immediate upstream, the recommended speed limit is calculated as:

Wrrrrrr ﬁm s (tt) S%
H§s+1(tt) :0
Bz, D) iiii O () > it (40)
BBss € [0.7,0.9]; default value: BBss = 0.8

where OQrc@cc® is the measured occupancy at the bottleneck location 7um, and 00ccccygss is the occupancy threshold
at which traffic is close to the capacity flow.

4.2.1.2.3 A cooperative variable speed limit system (C-VSLS)

The cooperative variable speed limit system (C-VSLS) implemented in our framework is the one proposed
in (Grumert et al., 2015) with some minor revisions to incorporate 12V/V2I communications. This algorithm
was an extension to the existing variable speed limit system (VSLS) (van Toorenburg and de Kok, 1999)
and aimed to harmonize traffic flow and reduce vehicle emissions. Through 12V/V2I communications,
information about the variable speed limit will be received at an earlier point in time in the C-VSLS. For
each CAYV, its future speed will be determined by the speed limit recommended by the VSLS as well as its
current speed and position.

In the VSLS, the mean speed Vg sgrqaii at detector dd is calculated as:

1 1
= T M 41
Wdissnmii(tt + 1) dessr'raassrmm‘mid dessrmau(tt) ( )

where Wy ssraassmmrrrrad 18 the measured speed at detector dd, and aa is a smoothing parameter between 0 and 1.

If the mean speed YWy ssrraqii 0€8 ELOW Wigh rrrrssh daypedd, s s » €-&-» 45kmv/h, the closest variable speed limit sign
near the detection point is set to be My yadss, €.8., 60 km/h, while the upstream two variable speed limit
signs are set to MWy ssrrddimms s » €-&-» SOkm/h, and Wyppwwp ien » €.8., 100 km/h, respectively. In contrast, if the
mean speed Vg ssrraqii InCreases back t0 Wig, rrssh ddgad hiitth » €-&-» SSkm/h, all related variable speed limit signs
are updated to YUy, €.2., 120km/h.

Instead of using variable speed limit signs, we have implemented a different approach for CAVs by dividing
the speed harmonization zone into multiple sub-zones. As shown in Figure 9, the speed harmonization zone
is divided into three sub-zones according to a user-defined distance threshold ddsg, rrprssh dayed - A CAV is in Zone

1 when its distance to the downstream reference detectors dd is smaller than ddsg, rrrssh ddydd> @and the speed limit
VW, aas s 18 applied. When the distance dd satisfies the condition, ddsg, rrrrssh dayaa < dd < 2% Adsgy rrrressh deyid> the CAV
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is in Zone 2 and the speed limit MWhyyyyy; ssrradioms s 15 applied. When the distance dd satisfies the condition, dd >
2 A, rrrrssh dyads the CAV is in Zone 3 and the speed imit viyyyyyy pijesn, 1 applied.

v
VSL,S vVSL,Z vVSL,i

Zone 3 1 Zone 2 i Zone 1 1
1 1 1
i ' i
T *}; ' i
] 1 1
1 | 1

L
fuix o

s

Figure 9. Settings of speed harmonization zones in the C-VSL algorithm.

Then the recommended individual speed limit vv; jyyyyy for CAV ii is calculated as follows:

n: - - u?
_ W @

o 2y 42)
Wy =W +ag T
Wz =W 0K oo Wi}
where
vWyyyyyy,j: Tecommended speed limit for the speed harmonization Zone jj € {1,2,3},
ddy; - distance to the downstream end of Zone jj when CAV ii receives a recommended speed limit,
VV ssaamm: maxinum speed on the road,
TT: time interval to update the speed limits,
wy; : CAV’s current speed.

Once vwyyyyyy;; 1s calculated, CAV ii will use it as the desired speed to adjust its current speed.

4.2.3 Freeway-Only subnetwork

4.2.3.1 Network settings and scenario design

As shown in Figure 10, the selected Freeway-Only subnetwork for the application of speed harmonization
with CAVs is a 5-mile-long freeway portion at the [-605/I-210 interchange. It consists of 274 sections/links
and 182 nodes, with a total of 102 lane miles. Inside the network, there are three RSUs installed at the
following weaving sections:

e [-210 WB @ Irwindale Ave
e [-210 WB @ Vernon Ave
e [-210 EB @ Azusa Ave
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These three locations are selected because traffic is generally congested in the AM peak period, especially
in the WB direction.

s i /

T /! 1-210 WB @ Irwindale Ave

1-210 WB @ Vernon Ave

1-605

1-210 EB @ Azusa Ave

Figure 10: Freeway-Only subnetwork for the application of speed harmonization with CAVs.

In Figure 11, we show the settings of the speed harmonization zone at the weaving section at [-210 WB @
Irwindale Ave. The circle stands for the communications range of the RSU, which is set to be 1640 feet
(500 meters) in this network. For simplicity, we consider an ideal case with zero latency and zero package
loss rate for the RSU to collect/distribute messages from/to CAVs within its communications range.

Irwindale Ave
RSU Communications
Range

Downstream
Detectors

Upstream Portion

I
1| Downstream Portion :
! fl

Speed Harmonization Zone

Figure 11. Settings of the speed harmonization zone at the waving section at [-210 WB @ Irwindale Ave.

In our system design, we divide the speed harmonization zone into two different portions according to the
merging gore location at the weaving section: (i) a downstream portion which is after the merging gore,
and (ii) an upstream portion which is before the merging gore. In the downstream portion, CAVs will send
CAM messages with their speeds to the RSU, and the RSU will use this information as one of the inputs
into the speed harmonization algorithm. In the upstream portion, the RSU will broadcast DENM messages
with a recommended speed limit, and the CAVs will use it as the desired speed to adjust their current speeds.
In addition, downstream and upstream detectors on the freeway mainline are connected to the RSU to
provide 1-minute vehicle count, occupancy, and speed data as inputs into the speed harmonization
algorithm.
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The selected simulation period is 1 hour, from 7AM to 8 AM. During this period, traffic in the Freeway-
Only subnetwork is congested, especially in the WB direction of I-210. To further evaluate the performance
of the speed harmonization algorithms, we consider additional scenarios with heavier traffic congestion by
increasing the original traffic demand level to 110%.

For each RSU, the interval to send DENM messages is 0.1s, and the TTL is 1. The interval to collect CAM
messages from CAVs and update the speed limit is 10s. For each CAV, it will check whether it connects to
an RSU at the frequency of every ls. Once connected, it sends out CAM messages with speed information
every 0.1s and updates its speed limit every 1s. After the CAV disconnects from an RSU, it will stop sending
CAM messages and keep its speed limit for an additional interval of 1s.

In the downstream portion of the speed harmonization zone, we use the following weighted function to fuse
the speed data from CAVs with the speed measurement from the detectors:

Widdssii = ee* Wyrgmaane T (1 —€8) * Wy (43)
where
ee: coefficient which ranges between 0 and 1;
Veccaw, aanr: average speed of the CAV;
vy, measured speed from the detectors.

However, in the upstream portion of the speed harmonization zone, if speed information is needed in the
speed harmonization algorithm, only the measured speeds from the detectors will be used.

Table 3: Parameter settings of the three speed harmonization algorithms in the Freeway-Only subnetwork.

Speed Harmonization Algorithm | Parameter Value
T gy 1500 veh/hr/In
T e 15 veh/km/In
Rule-Based w’mﬁm 3; gﬁ
Whnnikititnmz2 90 km/hr
Wnithr 108 km/hr
n 14
VSL-VSA B 0.9
Oy 25%
(04 0.5
W Ty f 45 km/hr
Wammmmme meaHT 55 km/hr
Wiy mmyf 60 km/hr
C-VSLS Ly —— 80 kmv/hr
W methir 100 km/hr
Wmmr 120 km/hr
A 300 meters
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4.2.3.2 Results

For the simulations in the Freeway-Only subnetwork, we have activated the above three speed
harmonization algorithms with the parameter settings listed in Table 3. In addition, the coefficient ee is the
same across all three speed harmonization algorithms, which is set to be 0.2.

We have conducted various simulation scenarios under different congestion levels and penetration rates of
CAVs. For each scenario, e.g., 100% demand level and 20% CAVs, the random seed in each simulation
replication is the same across the baseline model and the three selected speed harmonization algorithms.
Here, the baseline model is the one without speed harmonization, but the ACC/CACC module is activated.

Table 4: Vehicle delays under different speed harmonization algorithms in the Freeway-Only subnetwork.

Demand CAV Delay (sec/km)
. Diff Diff Diff
Level % - - -
v 0 Baseline | Rule-Based %) C-VSLS %) VSL-VSA %)
0% 40.04
20% 32.22 32.68 -1.43 32.05 0.53 33.15 -2.89
L00% 40% 26.91 26.66 0.93 26.46 1.67 26.67 0.89
° 60% 22.62 22.7 -0.35 22.48 0.62 22.43 0.84
80% 22.67 22.18 2.16 22.84 -0.75 22.02 2.87
100% 24.85 24.8 0.20 24.74 0.44 24.25 2.41
0% 51.96
20% 50.35 50.75 -0.79 50.12 0.46 51.66 -3.07
110% 40% 43.68 43.24 1.01 43.79 -0.25 44.39 -1.63
° 60% 35.94 36.01 -0.19 36.65 -1.98 35.91 0.08
80% 31.91 31.5 1.28 32.06 -0.47 30.08 5.73
100% 29.03 28.69 1.17 28.85 0.62 27.69 4.62

Note: in the above table, the “Green” means the delay was reduced while the “Red” means the delay was
increased.

In Table 4, we provide vehicle delays under different speed harmonization algorithms in the Freeway-Only
subnetwork. According to the results in the table, we find that none of the speed harmonization algorithms
can beat the baseline model in all scenarios. Each speed harmonization algorithm can only perform well
under certain traffic conditions and CAVs percentages.

e For the baseline model, significant delay reduction is achieved as the percentage of CAVs
increases, which indicates that the ACC/CACC model is the major contributor to the delay
reduction in the network. However, we do notice that when the demand level is 100% and the
percentage of CAVs is greater than 60%, traffic delay slightly increases as the percentage of CAVs
increases. This indicates two things. First, the Freeway-Only subnetwork reaches its best
performance when the percentage of CAVs is about 60%. Second, the settings in the ACC/CACC
model are more conservative than those in the default car-following model. Therefore, it is less
“efficient” under normal free-flow traffic conditions.
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For the Rule-Based speed harmonization algorithm, it seems it only can perform well under high
CAYV percentages, e.g., at 80% or higher. However, even with this high percentage of CAVs, the
delay improvement is small, which is between 1% and 2%. In addition, the results also show that
the performance of the Rule-Based speed harmonization algorithm degrades as the percentage of
CAVs reaches 100%.

For the C-VSLS speed harmonization algorithm, results indicate that it only works well under
relatively light traffic congestion and low CAV percentages, e.g., at 100% demand level with 40%
CAVs. However, as shown in the table, its improvement on vehicle delay is small, which is below
2%.

For the VSL-VSA speed harmonization algorithm, results show that it only works well with high
percentages of CAVs, e.g., at 80% or higher. Overall, the improvement on vehicle delay is larger
than 2% and is more obvious when traffic is more congested. For example, when the demand level
is 110% and the percentage of CAVs is 80%, the improvement can reach 5.73%.

In summary, the results in Table 4 only represent the settings in the speed harmonization zones and the
parameters in Table 3, which may not be optimal. To better access the performance of the speed
harmonization algorithms, in the future we need to conduct thorough analysis to understand where, when,

and how to activate speed harmonization with the consideration of the following factors:

Road geometry: Different road geometries will require different settings in the speed harmonization
zones as well as different parameters in the speed harmonization algorithms. For example, a
freeway section near a freeway interchange will be different from a freeway section with multiple
on-ramps and off-ramps.

Existing detector placement and control settings: In field deployment, detector placement varies a
lot among different weaving sections. Some weaving sections have both sets of upstream and
downstream detectors, while other sections may only have one set of the detectors, either the
upstream ones or the downstream ones. As a result, we need to choose the right speed
harmonization algorithms that can fit into the detector placement at the study network. In addition,
when ramp metering exists, the metering rate may also impact the performance of the speed
harmonization algorithms.

Traffic demand and OD patterns: As shown in Table 4, traffic demand is a key factor that will lead
to different levels of congestion and therefore impact the performance of the speed harmonization
algorithms. Besides that, sometimes even with the same traffic demand, different OD patterns will
lead to significantly different levels of traffic congestion. For example, at a weaving section near a
freeway interchange, a substantial number of lane-changing vehicles will negatively reduce the
capacity in the downstream and create a traffic bottleneck with heavy congestion. However, this
may not occur when the same traffic demand is applied to other weaving sections. Therefore, this
difference in OD patterns, for sure, will impact the performance of the speed harmonization
algorithms.

Settings of speed harmonization zones: The settings of speed harmonization zones are closely
related to the road geometry as well as the upstream and downstream detector locations. Different
coverage of the upstream and downstream portions will impact the collection of speed information
and the broadcasting of speed limits, which will lead to different performance in the speed
harmonization algorithms.

95



e Settings in the RSU: Besides the communications range of the RSU, other parameters such as
latency and package loss rate may also impact the performance of the speed harmonization
algorithms.

e Settings in the V2I/I2V communications: In particular, how frequent an RSU collects speed
information and broadcasts speed limits would impact CAVs’ decisions and therefore the
performance of the speed harmonization algorithms.

e Parameter settings in the speed harmonization algorithms: Each speed harmonization algorithm has
its own set of parameters to adjust. These parameters may need to be updated if other factors like
road geometry, speed harmonization zones, and RSUs are changed.

4.3 Application: Route guidance with CAVs for traffic incident
management

In this subsection, we demonstrate how to apply the integrated microsimulation platform to the application
of route guidance with CAVs for traffic incident management. More details are provided below.

4.3.1 System architecture

In Figure 12, we show the system architecture of route guidance with CAVs for traffic incident
management. In this application, we are interested in how we can detour CAVs to designated arterial routes
to mitigate congestion caused by freeway incidents.
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Figure 12. System architecture of route guidance with CAVs for traffic incident management.
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4.3.1.1 Workflows

This architecture consists of two separated workflows, i.e., incident management workflow and
communications workflow, the details of which are provided below.

4.3.1.1.1 Incident management workflow

Consider a traffic incident occurs at a certain location on a freeway at time tt. The current design of the
incident management workflow is described as below:

e  The workflow will kick off when this incident is reported to the TMC with a delay time Att, i.e.,
at time tt + Att1.

e After a decision period Atts, i.e., at time tt + Att; + Attz, the TMC generates a response plan that
includes detour routes and new signal timing plans at the intersections and ramp meters involved
in the detour routes. CMSs are currently not included in the workflow but will be considered in
future development. The TMC will send out control commands to activate the new timing plans at
the involved intersections and ramp meters along the detour routes.

e Suppose it takes A tf; to clear the incident since it is occurred. Then at time tt + Atts, a new update
is sent to the TMC to indicate the incident is cleared.

e Then the TMC will respond and generate a termination plan with all involved intersections and
ramp meters back to Time-Of-Day (TOD) control. A delay time of Atts will be used to make sure
the majority of detoured vehicles have enough time to get back to the freeway from the detour
routes. That means at time tt + Atts + Atts, the TMC will send out control commands to the involved
intersections and ramps to change back to TOD control.

Here we have Att; + Att, < Atts . Note that the current incident management workflow is a simplified
version for demonstration purposes as it considers no updates, e.g., changes in number of lanes blocked or
in detour routes, during the incident period. In the future, we will develop a more comprehensive incident
management workflow that considers multiple incident updates or even multiple incidents on the freeway.

4.3.1.1.2 Communications workflow

In the design of the communications workflow, we only consider the communications between RSUs/TMC
and CAVs. Also, the messages sent from RSUs/TMC to CAVs are DENM messages which contain the
following major attributes:

e Incident link ID, which tells where the incident is located;

e Recommended detour route ID;

e List of link IDs involved in the recommended detour route;

e Current number of detoured CAVs within the communications range of the RSU;
e Allowed number of detoured CAVs within the communications range of the RSU;
e Number of lanes on the freeway mainline.

The first three attributes contain necessary information regarding the incident and the detour routes, while
the last three are extended attributes designed for CAVs to determine the probability to take the detour route
or not.
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In addition, in our current implementation, once a CAV updates its path with the recommended detour
route, it will start to send confirmation messages (via CAM messages) with the detour route ID to its
connected RSU(s) at a user-defined interval, e.g., 1s. RSUs will receive these CAM messages and update
the corresponding number of detoured CAVs in each route within their communications ranges. Through
controlling the number of detoured CAVs inside the coverage of the RSUs, we can avoid unexpected
congestion along the detour routes.

The detailed procedures of the communications workflow are described below:

e  Once the TMC generates a response plan, it will immediately share the recommended detour routes
with the RSUs in the upstream of the incident location.

e If the number of detoured CAVs does not reach the allowed number within its communications
range, the RSUs will then broadcast DENM messages with detour route information to the CAVs
at a user-defined interval, e.g., 1s.

e For a CAV receiving the DENM messages, it will parse the information inside and determine
whether its route is impacted or not. If yes, it will further determine whether to update its route with
the recommended one according to the route choice algorithms.

e In addition, V2V communications is enabled as an optional choice. A variable called “Time-To-
Live” (TTL) is used to calculate the allowable number of “hops” that a DENM message can be
propagated upstream. If TTL is greater than 1, a CAV will subtract the TTL by 1 and broadcast the
DENM message to other CAVs within its communications range.

e For CAVs that have applied the recommended detour route, they will send CAM messages with
the detour route id to their connected RSUs at a user-defined interval, e.g., 1s. For RSUs, they will
receive and parse these CAM messages and update the current number of detoured CAVs for the
corresponding detour route within their communications ranges. Once a CAV disconnects from the
RSUs, they will stop sending these CAM messages.

4.3.1.2 Selected route choice algorithm

Once a CAV is informed via the DENM messages that its current route is impacted by a downstream traftic
incident, it has the option to determine whether to take the recommended detour route or not. In (Samimi
Abianeh et al., 2020) drivers of connected vehicles are informed about the traffic congestion and can
determine whether to take the new route or not. To model driver’s willingness to change routes, the
following normal distribution function is used:

nt
m s WXGM (44)
V2mrx oo
where

aa: a constant to adjust the probability function;
nn: number of rerouted vehicles on each link;
oo standard deviation of the normal distribution.

Note that the above equation implies the following two modeling considerations:
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e The variable ax can be used to simulate the case that vehicles on inner lanes will have a lower
probability to reroute.

e The variable nn implicitly models the case that a higher number of rerouted vehicles will result in a
lower probability to choose the alternative route.

Besides the above two modeling considerations, we further consider the following cases:

e A global compliance rate (between 0% and 100%) is chosen to consider not all vehicles are willing
to detour.

e Compared with passenger cars, trucks have a lower probability to detour.

Therefore, in our current modeling framework, we propose the following algorithm to mimic driver’s
decision on whether to take the detour routes or not.

Btimssr :IIMaiirr Xl grrmatidc XUtrsstinmr <8,

(-1
Ilmaim:l‘ffT:
- itttk (43)
Wél aithmeeiism
Maprsetbm>

Dprsstrnr =1= 00— N
where
PPy: global compliance rate for all vehicles, which takes values in [0%, 100%];
ll: current lane ID of the CAV, which is numbered from the rightmost (i.e., 1) to the leftmost (i.e., L);
LL: number of lanes on the road link where the CAV is located at;
&&: smoothing factor for lane impacts, which takes values in [0, 1];
B: reduction factor for trucks, which takes values in [0, 1];
Mgdrrssddmmer NUMber of detoured CAVs in the communications range of an RSU;
NNrrssddmmr- maximum number of CAVs in the communications range of an RSU that are allowed to detour.

4.3.2 Freeway-and-Arterial Combined subnetwork
4.3.2.1 Network settings and scenario design

As shown in Figure 13, the selected Freeway-and-Arterial Combined subnetwork mainly consists of: (i) a
freeway section starting from SR-134@Orange Grove Blvd to I-210@Rosemead Blvd; (ii) five major
paralleled arterial streets, including Walnut St, Corson St, Maple St, Villa St, and Foothill Blvd. There is
an RSU installed at the weaving section at I-210E@Lake Ave with a communications range of 2462ft
(approximately 750 meters), which is denoted as the black circle in Figure 13. Note that the communications
range in this network is of a reasonable setting and is longer than the one in the Freeway-Only subnetwork
just for demonstration purposes and to cover enough area to detour traffic.
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Figure 13: Freeway-and-Arterial Combined subnetwork for the application of route guidance with CAVs
for traffic incident management.

During the AM peak, traffic is more congested in the WB direction than in the EB direction. However, it is
oppositive during the PM peak: traffic is more congested in the EB direction than in the WB direction.
Therefore, as shown in Figure 13, in our scenario design, we consider two traffic accidents at the same
location, i.e., at -210EB @ Allen Ave, but with different levels of severity:

e A major traffic accident in the AM peak between 7AM and 8AM,;
e A minor traffic accident in the PM peak between 4PM and 5PM.

Note that the AM and PM peak periods are longer than 1 hour. But due to long simulation times when the
V2X module is activated in this study network, we only conduct simulations for 1 hour for demonstration
purposes.

The settings of the major traffic accident in the AM peak are described below:

e At 7:05 AM, a car accident occurs at [-210EB @ Allen Ave and blocks three left lanes (i.e., Lane
1 to Lane 3) for about 20 minutes.

e At 7:25AM, two lanes (i.e., Lane 2 and Lane 3) are opened and only the leftmost lane (i.e., Lane
1) is still blocked for another10 minutes, till 7:35AM.

e At 7:35AM, the accident is cleared and no lane is blocked.
The settings of the minor traffic accident in the PM peak are described below:

e At 4:05PM, a car accident occurs at [-210EB @ Allen Ave and blocks two left lanes (i.e., Lane 1
and Lane 2) for about 15 minutes.

e At4:20PM, one lane (i.e., Lane 2) is opened and only the leftmost lane (i.e., Lane 1) is still blocked
for another 15 minutes, till 4:35PM.
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e At 4:35PM, the accident is cleared and no lane is blocked.

The incident management workflow is described below:

e  We consider there is a delay of 2 minutes when the TMC receives the accident report and generates
a response plan, e.g., a new detour route and new signal control plans for intersections and ramp
meters involved in the detour route. That means, the TMC will kick off the response plan at 7:07AM
for the major traffic accident in the AM peak and at 4:07PM for the minor traffic accident in the
PM peak.

e We also consider there is a delay of 2 minutes to terminate the response plan after the accident is
cleared. That means, the TMC will terminate the response plan at 7:37AM for the major traffic
accident in the AM peak and at 4:37PM for the minor traffic accident in the PM peak.

e After the response plan is terminated, the signal control plans along the detour route will switch
back to their normal TOD control plans.

As shown in Figure 13, the detour route used in this scenario is a short one, which takes the following
sequence of links: [-210EB @ Wilson Ave = Off-ramp = Corson St @ Hill Ave = Corson St @ Sierra
Bonita Ave = Corson St @ Allen Ave 2 On-ramp = [-210EB @ Craig Ave. Along this detour route,
three signalized intersections are involved: Corson St @ Hill Ave, Corson St @Sierra Bonita Ave, and
Corson St @ Allen Ave. Therefore, new signal timing plans are used to accommodate the eastbound
detoured traffic. For simplicity, despite the very different traffic demand patterns in the AM and PM peaks,
we apply the same detour route and the same new timing plans for the two aforementioned traffic accidents.
An example of the new timing plan at the intersection of Corson St @ Hill Ave is provided in Figure 14,
which shows longer green times are provided to the EB through traffic (Phase 5).

Timing plan for nermal traffic

70 80 0 10 20
Barrier 1 Barrier 2

235 45

Timing plan for eastbound through traffic

I 90 100 |110 |0 10 20

" Barrier 1 Barrier 2

Corson St @ Hill Ave || [V

Figure 14: New timing plan for the detoured traffic at the intersection of Corson St @ Hill Ave.
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Considering potential impacts on the neighboring intersections, especially those connected to the [-210WB,
new timing plans to accommodate the westbound through traffic are used. Therefore, new timing plans are
used for the following three intersections: Maple St @ Hill Ave, Maple St @Sierra Bonita Ave, and Maple
St @ Allen Ave. An example of the new timing plan at the intersection of Maple St @ Hill Ave is provided
in Figure 15, which shows longer green times are provided to the WB through traffic (Phase 5).

Timing plan for normal traffic

======
.........................................
Barrier 1 Barrier 2

Maple St

Timing plan for westbound through traffic

|?D ISU |'3E| [100 |lIU |U 0
podvd B i el oo

Barrier 1 Barrier 2

545 55 55

Figure 15: New timing plan for the westbound through traffic at the intersection of Maple St @ Hill Ave.

Regarding the ramp meter at [-210EB@Craig Ave, the metering rate is set to be 1200 veh/hr/In to
accommodate the detoured traffic, which is constant during the whole simulation period.

For the aforementioned major and minor traffic accidents, the communications workflow is described
below:

e Once the TMC generates a response plan, we consider the RSU in the upstream of the accident
location will immediately receive the detour route information and start to broadcast it to the CAVs
within its communications range. That means, the RSU will start to broadcast DENM messages
with detour route information at 7:07AM for the major traffic incident in the AM peak and at
4:07PM for the minor traffic incident in the PM peak.

e Similarly, when the TMC terminates the response plan, the RSU will stop broadcasting DENM
messages immediately. That means the RSU will stop broadcasting DENM messages at 7:37AM
for the major traffic incident in the AM peak and at 4:37PM for the minor traffic incident in the
PM peak.

e  When the response plan is still active, the RSU will broadcast the DENM messages to the CAVs
within its communications range at a user-defined interval and meanwhile keep track of the number
of CAVs which have decided to take the detour route.

e For CAVs first entering the communications range of the RSU, they will receive the detour route
information from the RSU via the DENM messages. They will decide whether to take the detour
route or not based on two conditions: (i) the number of detoured CAVs does not reach the maximum
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number; and (ii) the route choice algorithm allows them to take the detour route. Once a CAV has
decided to take the detour route, it will send CAM messages to its connected RSUs to confirm the
detour route it takes. If the CAV have decided not to take the detour route, it will ignore the
following DENM messages unless a new detour route is proposed. Once the CAV disconnects
from the RSUs, it will stop sending the CAM messages.

4.3.2.2 Results

In the Freeway-and-Arterial Combined subnetwork, we have activated the selected route choice algorithm
with parameter settings listed in Table 5. For the RSU, the time interval to broadcast DENM messages is
0.1s, the time interval to check the number of detoured CAVs within its communications range is 1s, the
time interval to check active detour routes is 60s, and the TTL is 1. For CAVs, the time interval to send
CAM messages is 0.1s.

Table 5: Parameter settings in the Freeway-and-Arterial Combined subnetwork.

Parameter Value
Global compliance rate for all vehicles: PPy 100%
Smoothing factor for lane impacts: &€ 0.5
Reduction factor for trucks: B8 25%
Maximum number of CAVs allowed to detour: NVymiahmar 30 vehicles

Due to long simulation times when the V2X module is activated in the Freeway-and-Arterial Combined
subnetwork, we only conducted simulations for two different percentages of CAVs, i.e., 30% and 50%, for
demonstration purposes. In Figure 16, we provide the speed heatmaps with and without route guidance for
the major traffic accident in the AM peak period with 30% CAVs. As shown in the figure, the case without
route guidance has a long vehicle queue in the EB direction at the end of simulation, i.e., at 8AM, while
traffic is relatively uncongested in the case with route guidance. Similar patterns can be found in the speed
heatmaps with and without route guidance for the minor traffic accident in the PM peak period with 50%
CAVs, which is shown in Figure 17. Note that with 50% CAVs, traffic in the EB direction is not very
congested in the PM peak period, and therefore, it is as expected that the minor traffic accident will not
generate a long residual queue at the end of simulation, i.e., at SPM, for the case without route guidance.

In Table 6, we summarize the delay and speed improvement with route guidance for the AM and PM traffic
accidents. According to the simulation results, we do find that better improvement can be achieved with
higher percentages of CAVs. For the case of 50% CAVs, the network-level delay reduction is over 3%,
while the network-level speed improvement is over 1.5%, for both the AM and PM traffic accidents.
Considering the size of the network and the fact that only a short detour route is used, this delay and speed
improvement is promising. However, we also notice that the case with 30% CAVs in the PM traffic accident
does have lower delay reduction and speed improvement. That is because in the PM peak, traffic in the EB
is still congested with 30% CAVs. Even with a small traffic accident, a long vehicle queue will form quickly
on the mainline freeway. It is very possible that the vehicle queue is so long that it prohibits the detoured
CAVs to exit the freeway freely. As a result, it significantly degrades the performance of route guidance
with CAVs.
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At 8:00AM & 30% CAV & w/o Route Guidance

Uncl@ﬁred vehicle queue at
the end of the simulation.

At 8:00AM & 30% CAV & w/ Route Guidance

Figure 16. Speed heatmaps w/ & w/o route guidance for the AM major traffic accident with 30% CAVs.

At 5:00PM & 50% CAV & w/o Route Guidance

=2 Lid
ficleargd vehicle queue at

the end of the simulation.

At 5:00PM & 50% CAV & w/ Route Guidance

Figure 17. Speed heatmaps w/ & w/o route guidance for the PM minor traffic accident with 50% CAVs.
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Table 6. Delay and speed improvement with route guidance for the AM and PM traffic accidents.

Major traffic accident in the AM peak (7AM — 8AM)
CAV Delay Delay Improvement | Harmonic Speed Harmonic Speed | Improvement
(%) w/o Route | w/ Route (%) w/o Route w/ Route (%)
Guidance | Guidance Guidance Guidance
(sec/km) (sec/km) (km/hr) (km/hr)
30% 73.81 71.33 3.36% 24.67 25.12 1.82%
50% 66.97 64.66 3.45% 2591 26.36 1.74%
Minor traffic accident in the PM peak (4PM — 5PM)
CAV Delay Delay Improvement Harmonic Speed Harmonic Speed | Improvement
(%) w/o Route w/ Route | (%) w/o Route w/ Route (%)
Guidance Guidance Guidance Guidance
(sec/km) (sec/km) (km/hr) (km/hr)
30% 74.01 73.24 1.04% 24.31 24.45 0.58%
50% 64.13 62.16 3.07% 26.09 26.49 1.53%

In summary, the above examples demonstrate the potential of integrating CAVs into existing ICM systems
to help mitigate traffic congestion. Especially, it reveals the benefits of sharing detour route information
with road users, which is not limited to CAVs but should include those who can receive real-time traffic
information, e.g., navigation app users. In the future, we will extend the current framework to study policies
and schemes of information sharing with navigation app users so as to manage traffic incidents more
efficiently and effectively. Also, we will improve the current framework with more complete features to
handle multiple traffic incidents and detour routes.

4.4 Application: Traffic light optimal speed advisory with CAVs

In this subsection, we demonstrate how to apply the integrated microsimulation platform to the application
of traffic light optimal speed advisory with CAVs. More details are provided below.

4.4.1 System architecture

In Figure 18, we show the system architecture of the application of traffic light optimal speed advisory with
CAVs. In this application, 12V communications is enabled. Therefore, an RSU can get real-time signal
information from the connected intersection signal controller and broadcast this information via SPaT and
MAP messages to the CAVs within its communications range. CAVs will receive this real-time traffic
signal information via the SPaT and MAP messages and adjust their approaching speeds according to the
optimal speed advisory algorithms. With this framework, we would like to understand whether intersection
performance can be improved if CAVs can dynamically adjust their speeds according to the real-time traffic
signal information.

105



B )

“‘“‘“

Figure 18. System architecture of traffic light optimal speed advisory with CAVs.

4.4.1.1 Communications workflow
In this application, the communications workflow at a signalized intersection is described as below:

e An RSU is connected to the intersection controller and is able to receive real-time signal
information.

e The RSU has the MAP information of the intersection. Therefore, it can construct the MAP
message according to the SAE J2735-201603 standard and broadcast it to the CAVs within its
communications range at a user-defined interval, e.g., 1s.

e The RSU can also construct the SPaT message according to the SAE J2735-201603 standard and
broadcast it to the CAVs within its communications range at a user-defined interval, e.g., 0.1s.

e CAVs within the communications range of the RSU will receive and parse the SPaT and MAP
messages and obtain the intersection signal phase and map information. In this study, since CAVs
are allowed to form platoons on arterial streets, only the leader of a CAV platoon or individual
CAVs will use this real-time signal phase and map information as inputs into the optimal speed
advisory algorithms and adjust their speeds according to the advised speeds.

4.4.1.2 Selected optimal speed advisory algorithm

According to (Guo et al., 2019), advanced traffic control at arterial intersections under connected and/or
autonomous vehicles can be divided into the following three categories:

e Cl1: Driver guidance control systems based on signal and vehicle data. Such systems provide
instructions to drivers/AVs to properly operate vehicles so as to minimize fuel consumptions,
reduce travel delays, etc.

e (C2: Optimization of signal timings and phases based on data from CAVs. Such a category
includes actuated signal control, platoon-based signal control, and planning-based signal control.

e (C3: Signal-vehicle coupled control (SVCC) systems with CAVs. Such systems aim to optimize
both vehicle and signal timings/phases to achieve better performance at intersections.
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Considering the readiness of the above control categories as well as the scope of our study, we focus on the
studies in the first category C1. For demonstration purposes, we implement the Green Light Optimal Speed
Advisory (GLOSA) application proposed in (Katsaros et al., 2011) in the Arterial-Only subnetwork with
minor revisions.

In our implementation of the GLOSA algorithm, RSUs attached to traffic lights will periodically broadcast
SPaT and MAP messages to nearby vehicles. For each CAV, it receives these SPaT and MAP messages
and determines its actions based on the predicted traffic light status when it reaches the intersection.

e  When the predicted traffic status is green, it should continue with the goal to reach the maximum
speed limit.
e When the predicted traffic status is red, it calculates its speed so as to reach the next green phase.

Attime tt, a CAV will calculate the projected time to reach the traffic light through the following equation,

O tiVestiptbor
—  — eehmmaa=0
T . _ uy
it w u;o 2d] (46)
- +€Q Y+ " cchmmmz0
k aa ak aa

where
vvy: vehicle speed averaged over [tt — ATT gapues tt];
aa: vehicle acceleration averaged over [tt — ATT yqpte tt].

Meanwhile, the CAV can calculate the current signal status It ;i aapcimmrrmiiss (1-€., GREEN or RED) and the
remaining time TT,,,55qq:; fOr its movement (i.e., left turn, through, and right turn) according to the latest
SPaT and MAP messages. Using the following logit, it will determine whether it can cross the intersection
ornot, i.€., Uggrradssss = {YYYYSS, NNoo}. If yes, it will calculate the expected time TT,mypprrddssrrad 1 cross the intersection.

*  When Mgyt cppatimommiiss 18 CREEN
o I TTyprragjjrrddssrrdd < TTrrrrssaaiiii the CAV can cross the intersection within the remaining green
o Else the traffic light will turn red when the CAV reaches the intersection. Therefore, we
the actual expected time should be longer than that.
o When Hgirtii agctimmmmiiss 18 RED
o W Thpmigjjmddssrdd <Thrssuaii» the - traffic light remains red when the CAV reaches the
Intersection. T}ﬂ‘Cf(l'e, we set Hdd,-,ddgsss = NNOO, arﬂTTWWM = TTTTTTSSMZiiii'
o Else, the traffic light turns green when the CAV reaches the intersection. Therefore, we
&t et =YYYSS @0 1Tttt =T ettt

When the CAV calculates a set of {{Lugrddsssss T rrmmpprrddssrrdd §» it Will adjust its speed according to the following
logit:

107



o If Il 4aassss 18 NO, it will keep its current speed since it is not able to cross the intersection without
stopping.
e Elsethe CAV will apply the following advised speed Wy uggmiissrrdd a8 its desired speed.
Wenddiissmad ZMWW' %uz} &mwmttrm’rdrl' wmm}
*
Wyttt = —m————— — W}
Fhmgsmit

where Vg;;; and VWgsaqmm are the permitted min and max speed limits.

(47)

In addition, to avoid any potential conflicts with other vehicles when a CAV is too close to the intersection,
the CAV is only allowed to perform the GLOSA algorithm when its distance to the stopbar is greater than
a certain distance threshold, i.e., ddssddVVssddppbbam > ddeg, rrrrssh ddypdd, ssssddppbbaar - Also, the GLOSA algorithm does not
consider the case when it is too close to its leader if it exists, which will make the advised speed invalid and
might even cause unexpected collisions. Therefore, we only allow the CAV to perform the GLOSA
algorithm when its distance to the leader is greater than a certain threshold, i.e., ddsuamvrraaddrmr >

iy rmnseh gt et

4.4.2 Arterial-Only subnetwork
4.4.2.1 Network settings and scenario design

As shown in Figure 19, the selected Arterial-Only subnetwork consists of 13 arterial intersections along
Orange Grove Blvd in the City of Pasadena, CA, from Orange Grove Blvd @ Raymond to Orange Grove
Blvd @ Martelo Ave with a total of 21 lane miles. As indicated in the figure, ten of the intersections are
signalized, while the rest three are stop-controlled. There are four RSUs installed at the following four
intersections: Orange Grove Blvd @ Los Robles Ave, Orange Grove Blvd @ Lake Ave, Orange Grove
Blvd @ Hill Ave, and Orange Grove Blvd @ Allen Ave. We consider these RSUs have a communications
range of 985ft (300 meters) with zero latency and zero package loss rate.

Los Robles Ave Lake Ave Hill Ave Allen Ave
|

/ \ ’ f \ / Martelo Ave
. g & g N el I
!E K /{f Ora ng&@yy K j @ |

Figure 19. Arterial-Only subnetwork for the application of traffic light optimal speed advisory.
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For the above four intersections equipped with RSUs, the coordinated traffic direction is the north-south
direction. That means we may expect long vehicle delay in this Arterial-Only subnetwork as traffic in the
east-west direction may experience frequent stops at the intersections. Regarding the signal settings, the
left-turn settings vary a lot among these four intersections and are listed below:

e Orange Grove Blvd @ Los Robles Ave
o Northbound & southbound: permitted left turns; coordinated
o Eastbound & westbound: protected-permitted left turns
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e Orange Grove Blvd @ Lake Ave
o Northbound & southbound: protected-permitted left turns; coordinated
o Eastbound & westbound: protected-permitted left turns
¢ Orange Grove Blvd @ Hill Ave
o Northbound & southbound: permitted left turns; coordinated
o Eastbound & westbound: permitted left turns
e Orange Grove Blvd @ Allen Ave
o Northbound & southbound: permitted left turns; coordinated
o Eastbound & westbound: permitted left turns

In order to assess the performance of the GLASO algorithm, we select two simulation periods in this study:
one is from 7AM to 8AM while the other is from 4PM to 5SPM on Weekdays. In addition, we change the
traffic demand level by +£10% and +20% to evaluate the performance of the GLOSA algorithm under
various traffic conditions. We also vary the percentage of CAVs in the network so as to see how the network
performance is changed as the percentage of CAVs increases.

4.4.2.2 Results

In the Arterial-Only subnetwork, we have activated the GLOSA algorithm with parameter settings listed in
Table 7. For each RSU, it constructs the SPaT and MAP messages according to the SAE J2735-201603
standard. The interval to send the MAP messages is 1s, while the interval to send the SPaT messages is
0.1s. For each CAV, the interval to perform the GLOSA algorithm and maintain the advised speed is 2s.

We have conducted various simulations under different time periods, demand levels, and percentages of
CAVs. Results in the AM period from 7AM to 8 AM are provided in Table 8, while results in the PM period
from 4PM to 5PM are provided in Table 9. Here the baseline scenarios are those with only ACC/CACC
enabled.

As shown in the tables, we find that even though the GLOSA algorithm provides better performance for
most of the scenarios, the improvement is very minor. The delay reduction is less than 1% for most of the
cases, with a few exceptions over 1%. There are several factors that may lead to this low performance
improvement, which are explained below.

e Uncoordinated intersections in the Arterial-Only subnetwork. In the Arterial-Only subnetwork, the
coordination at the four signalized intersections equipped with RSUs are in the north-south
direction, which means traffic in the east-west direction is being interrupted with frequent stops
which contributes to the network-level vehicle delay. Meanwhile, this low performance
improvement indicates it is difficult to reduce vehicle delay caused by poor signal timings through
adjusting the speeds of CAV leaders and thus the vehicles behind.

e Settings of permitted left turn movements. At the four intersections equipped with RSUs, only the
four left-turn movements at the intersection Orange Grove Blvd @ Lake Ave and the eastbound &
westbound left turn movements at the intersection Orange Grove Blvd @ Los Robles Ave are
protected-permitted. When a left-turn movement is permitted, it makes the green time information
inside the SPaT messages unreliable since a left-turn CAV may not be able to cross the intersection
due to the conflicting traffic in the opposite direction when it reaches the stopbar. Unfortunately,
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this situation is unavoidable at the current moment since the implemented GLOSA algorithm
doesn’t explicitly handle this issue.

Existence of vehicle queue at the intersections. In the GLOSA algorithm, the calculation of the
expected time to the stopbar doesn’t consider the existence of vehicle queues at the intersection
approach. Therefore, even though the algorithm predicts the CAV can cross the intersection without
stopping, the CAV may have to stop due to the existence of vehicle queues.

Impacts from other traffic movements at the intersection approach. At an intersection approach,
one traffic movement is often impacted by other traffic movements, especially when traffic is
congested or when lane blockage occurs. For example, left-turn lane blockage often occurs with
insufficient green times or inappropriate signal settings (e.g., permitted left turns) for high left-turn
flows. In this case, it not only significantly degrades the performance of the GLOSA algorithm for
the left-turn vehicles, but also negatively forces other vehicles to slow down or even stop.

Table 7: Parameter settings in the Arterial-Only subnetwork.

Parameter Value

Time interval to average speed and acceleration MITyp,, | 0.5s

Distance threshold to the stopbar d{gmmmmemarssaar 50 meters
Distance threshold to the leader dgmmmmeymestmr 15 meters
Minimum speed Wy 5m/s
Maximum speed W LT Wymmymmyy

Table 8. Vehicle delay under different demand levels and percentages of CAVs in the AM period.

7AM -- 8AM
CAV 80% Demand 90% Demand 100% Demand 110% Demand 120% Demand

% Method | pelay | Diff | Delay Diff Delay Diff Delay Diff Delay Diff
(sec/km) | (%) (sec/km) (%) (sec/km) (%) (sec/km) (%) (sec/km) (%)

0% Baseline 49.14 50.41 55.78 59.96 69.25

20% Baseline 47.86 50.31 54.86 58.54 64.43
GLOSA 4791 -0.10 50.05 0.52 54.85 0.02 58.60 -0.10 63.97 0.71

0% Baseline 46.85 49.55 51.04 57.32 64.16
GLOSA 46.74 0.23 49.34 0.42 50.82 0.43 57.39 -0.12 63.67 0.76

60% Baseline 45.48 47.60 50.16 55.23 59.36
GLOSA 45.45 0.07 47.56 0.08 50.34 -0.36 54.98 045 60.18 -1.38

80% Baseline 44.12 45.84 49.63 52.58 57.88
GLOSA 43.93 0.43 45.98 -0.31 49.23 0.81 53.01 -0.82 57.01 1.50

100% Baseline 43.11 45.06 47.63 49.49 54.86
GLOSA 42.91 0.46 44.99 0.16 47.24 0.82 49.07 0.85 55.04 -0.33

Note: in the above table, the “Green” means the delay was reduced while the “Red” means the delay was
increased.
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Table 9. Vehicle delay under different demand levels and percentages of CAVs in the PM period.

4PM -- 5SPM

CAV 80% Demand 90% Demand 100% Demand 110% Demand 120% Demand
% Method Delay Diff Delay Diff Delay Diff Delay Diff Delay Diff
(sec/km) (%) (sec/km) (%) | (sec/km) | (%) | (sec/km) | (%) | (sec/km) | (%)

0% Baseline 50.70 54.06 56.34 61.78 74.36

20% Baseline 49.23 52.52 55.27 58.01 66.81
GLOSA 49.17 0.12 52.64 -0.23 54.93 0.62 57.80 0.36 66.69 0.18

0% Baseline 49.27 50.73 53.13 56.86 63.38
GLOSA 49.11 0.32 50.72 0.02 53.37 -0.45 56.35 0.90 62.51 1.37

60% Baseline 47.21 49.74 52.99 55.35 59.46
GLOSA 47.16 0.11 49.36 0.76 52.98 0.02 55.37 -0.04 59.36 017

80% Baseline 46.33 48.67 50.50 52.45 57.44
GLOSA 46.20 0.28 48.53 0.29 50.47 0.06 51.87 1.11 57.21 0.40

100% Baseline 44.82 46.02 48.79 50.88 54.63
GLOSA 44.69 0.29 45.83 041 48.49 0.61 50.46 0.83 53.79 1.54

Note: in the above table, the “Green” means the delay was reduced while the “Red” means the delay was
increased.

Therefore, the factors mentioned above should be considered when we develop new algorithms/methods to
use CAVs to improve intersection performance. If methods in the first category “Driver guidance control
systems based on signal and vehicle data” are not able to provide satisfactory outcomes, we need to proceed
to the next levels to develop methods in the second “Optimization of signal timings and phases based on
data from CAVs” or third “Signal-vehicle coupled control (SVCC) systems with CAVs” categories.

4.5 Discussion

In this section, we demonstrated how to apply the integrated microsimulation platform to study the network-
level impacts of CAV applications. In particular, we implemented the following three applications with
CAVs: (i) freeway speed harmonization with CAVs; (ii) route guidance with CAVs for traffic incident
management, and (iii) traffic light optimal speed advisory with CAVs. We have successfully implemented
the required workflows for each of the applications using the functions provided by the V2X and other
modules in Aimsun. To help evaluate the performance of these three applications, we generated three
different subnetworks from the original 1-210 network: (i) a Freeway-Only subnetwork for the application
of freeway speed harmonization with CAVs, (ii) a Freeway-and-Arterial Combined subnetwork for the
application of route guidance with CAVs for traffic incident management, and (iii) an Arterial-Only
subnetwork for the application of traffic light optimal speed advisory with CAVs.

For the application of freeway speed harmonization with CAVs, we implemented three different algorithms
for demonstration purposes, which are the rule-based algorithm in (Talebpour et al., 2013), the VSL-VSA
algorithm in (Lu et al., 2015; Hale et al., 2016), and the C-VSLS in (Grumert et al., 2015). We tested their
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performance in the Freeway-Only subnetwork under different combinations of demand levels and
percentages of CAVs in the morning peak period from 7AM to 8 AM. Simulation results showed that these
three algorithms have very different performance. The rule-based algorithm and the VSL-VSA algorithm
tend to have better performance when the percentage of CAVs is high, e.g., 80% or higher, while the C-
VSLS tends to have better performance with a relatively low percentage of CAVs, e.g., about 40%, and
under light traffic congestion. Regarding the level of improvement, the rule-based algorithm and the C-
VSLS can only achieve a relatively small delay reduction between 1% and 2%, while the VSL-VSA
algorithm can achieve a relatively large delay reduction between 2% and 6%. Note that these conclusions
are drawn based on the particular settings in the Freeway-Only subnetwork. In reality, many factors may
impact the performance of the speed harmonization algorithms. These factors include, but are not limited
to: road geometries, existing detector placement and control settings, traffic demand and OD patterns,
settings of speed harmonization zones, settings in the RSU, settings in the V2I/I2V communications, and
parameter settings in the speed harmonization algorithms. Therefore, in the future, more analysis is required
in order to fully understand where, when and how to activate speed harmonization with CAVs.

For the application of route guidance with CAVs for traffic incident management, we have implemented
two different workflows: (i) an incident management workflow to manage different stages of a traffic
incident and the activation and termination of response plans; (ii) a communications workflow to manage
the information exchange between RSUs and their connected CAVs. We also revised the algorithm in
(Samimi Abianeh et al., 2020) to mimic CAV’s route choice decisions with considerations of potential
impacts from lane index (e.g., inner lanes vs. shoulder lanes), vehicle types (e.g., car vs. truck), and number
of detoured vehicles. We tested the performance of the revised algorithm in the Freeway-and-Arterial
Combined subnetwork with two different traffic accidents at the same location: (i) a major traffic accident
in the AM peak between 7AM and 8AM, and (ii) a minor traffic accident in the PM peak between 4PM and
5PM. Simulation results with 30% and 50% CAVs showed that the revised algorithm can achieve
satisfactory performance with delay reduction above 3% for most of the scenarios. This demonstrates the
potential of integrating CAVs into existing ICM systems to help mitigate traffic congestion. Especially, it
reveals the benefits of sharing detour route information with road users, which is not limited to CAVs but
should include those who can receive real-time traffic information, e.g., navigation app users. In the future,
we are interested in improving the current framework with more complete features to handle multiple traffic
incidents and detour routes. Also, we will use this framework to study policies and strategies of information
sharing with navigation app users so as to manage traffic incidents more efficiently and effectively.

For the application of traffic light optimal speed advisory with CAVs, we have implemented the
communications workflow that enables an RSU connected to a signalized intersection to broadcast real-
time SPaT and MAP messages to nearby CAVs. CAVs will receive this information and use it as one of
the inputs into their optimal speed advisory algorithm to generate advised speeds to follow. In this study,
we implemented the Green Light Optimal Speed Advisory (GLOSA) application proposed in (Katsaros et
al., 2011) with some minor revisions. Four RSUs were installed at four different intersections in the
Arterial-Only subnetwork for demonstration purposes. We tested the performance of the revised GLOSA
algorithm in the Arterial-Only subnetwork under different time periods, demand levels, and percentages of
CAVs. Simulation results showed that the GLOSA algorithm generally provides better performance, but
the improvement is minor with delay reduction below 1% for most of the scenarios. However, it is not
surprising to see this low performance improvement in the Arterial-Only subnetwork for the following
reasons: (1) traffic in the eastbound-westbound directions is uncoordinated, which makes it hard for CAVs
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to cross the intersections without stopping; (ii) most of the left-turn movements at the four intersections
equipped RSUs are permitted, which makes CAVs hard to make left turns due to conflicting traffic in the
opposite direction; (iii) the GLOSA algorithm doesn’t consider the existence of vehicle queues and lane
blockages at the intersection, which may make the advised speed invalid as the predicted travel time to the
intersection is no longer reliable. Therefore, in the future, we will devote efforts to addressing the
aforementioned issues while developing new algorithms/methods to use CAVs to improve intersection
performance. If methods in the first category “Driver guidance control systems based on signal and vehicle
data” are not able to provide satisfactory outcomes, we will proceed to the next levels to develop methods
in the second “Optimization of signal timings and phases based on data from CAVs” or third “Signal-
vehicle coupled control (SVCC) systems with CAVs” categories.
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5. Network-level impacts of Adaptive Cruise Control (ACC)
and Cooperative Adaptive Cruise Control (CACC)

In Section 4, we have demonstrated how to use the integrated microsimulation platform in Aimsun to
evaluate the performance of CAV applications in small networks. Three CAV applications, i.e., freeway
speed harmonization with CAVs, route guidance with CAVs for traffic incident management, and traffic
light optimal speed advisory with CAVs, have been implemented and tested in three different subnetworks,
i.e., Freeway-Only, Arterial-Only, and Freeway-and-Arterial Combined subnetworks, under various traffic
conditions and CAV percentages.

As a next step, it would be ideal if we could enable both ACC/CACC and V2X modules at the same time
for simulations in large-scale networks, e.g., the 1-210 network. However, we find that Aimsun becomes
extremely slow (>1 week) and drains physical memories (>100 GB) quickly for each simulation replication
in the 1-210 network if the V2X module is enabled. Therefore, we only enable the ACC/CACC module in
this section and focus on the evaluation of how ACC/CACC can help improve transportation network
performance, e.g., reducing vehicle delay and improving vehicle travel speed.

In our scenario design, we consider the following factors that may impact simulation results:

(1) Road network geometry: The performance of ACC/CACC may be closely related to road
geometries. For example, potential improvement on freeway networks may be different from
that on arterial networks since they have significantly different road characteristics. Therefore,
in this study, we generate three subnetworks from the original I-210 network to address this
issue: Freeway-Only subnetwork, Arterial-Only subnetwork, Freeway-and-Arterial Combined
subnetwork.

(i1) Vehicle routing/travel patterns: For a given network, bottlenecks can occur at different
locations and times since vehicle routing/travel patterns change overtime. Especially for
commute routes, we can see significant differences between AM and PM peak periods. When
coupled with specific road geometries, these differences may also impact the performance of
ACC/CACC. Therefore, in this study, we consider three different time periods: AM peak
(TAM—9AM), PM peak (4PM—6PM), and Off peak (12PM—2PM).

(ii1) Travel demand: Variations in travel demand may also impact the performance of ACC/CACC.
For example, with lower travel demand, the existing bottlenecks may not occur. However, if
travel demand is increased by a certain percentage, e.g., 10%, new bottlenecks may occur at
other locations. Therefore, to better assess the performance of ACC/CACC, we consider
scenarios with a 10% demand increase for the Freeway-Only and Arterial-Only subnetworks.
We do not apply the 10% demand increase to the Freeway-and-Arterial combined subnetwork
and the 1-210 network since they are already very congested during peak periods.

(iv) Penetration rates of CAVs: When the penetration rate of CAVs is low, the improvement with
ACC/CACC may not be that significant. As the penetration rate increases, we may be able to
see significant delay reduction as well as speed improvement. However, there may also be the
case that this improvement becomes minor after the penetration rate reaches a certain threshold.
Therefore, in this study, we consider scenarios with different penetration rates of CAVs, e.g.,
0%, 10%, 20%, ..., 100%.
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v) Random seeds in microsimulation: Even for the same OD demand, different random seeds in
microsimulation will yield different results as they will be used to determine the randomness
in some internal processes, e.g., vehicle assignments. Therefore, we perform 10 replications
for each scenario in the Freeway-Only and Arterial-Only subnetworks, and 5 replications for
each scenario in the Freeway-and-Arterial Combined subnetwork and the I-210 network.
Simulation results will then be averaged over these replications to reduce randomness caused
by the random seeds.

Given the above scenario design, we have conducted a significant number of simulation scenarios to
evaluate potential benefits that ACC/CACC can bring. Detailed results are provided in the following
subsections.

5.1 Study networks and demand settings
5.1.1 Study networks

To evaluate the impact of ACC/CACC on transportation network performance, in this study we focus on
the I-210 network, which is developed in Aimsun and well calibrated with 24-hrs traffic demand profiles
on Weekday, Saturday, and Sunday. Furthermore, we generate three different subnetworks, e.g., Freeway-
Only, Arterial-Only, and Freeway-and-Arterial Combined, from the original I-210 network to consider the
performance difference related to road geometries.

5.1.1.1 The I-210 network

As shown in Figure 1, the I-210 network is located on the 1-210 freeway in the San Gabriel Valley in Los
Angeles County. It covers the freeway segment from the SR134/1-210 interchange to the 1-605/1-210
interchange, with major arterial roads located in the cites of Pasadena, Arcadia, Monrovia, and Duarte. This
study site is well instrumented with roadway sensors and the freeway is congested during morning and
evening commute hours. This network has been built in the microsimulation software, Aimsun, and has
been well calibrated using 24-hrs demand profiles on Weekday, Saturday, and Sunday. In addition, detour
plans and signal timing plans have been developed to handle traffic incidents occurring at any place along
the [-210 freeway segment.

5.1.1.2 Generation of subnetworks

To consider the performance difference related to road geometries, we further generate three different types
of subnetworks for this study: (i) Freeway-Only subnetwork, (ii) Arterial-Only subnetwork, and (iii)
Freeway-and-Arterial Combined subnetwork.

5.1.1.2.1 Freeway-Only subnetwork

As shown in Figure 20, the selected Freeway-Only subnetwork is a 5-mile-long freeway portion at the I-
605/1-210 interchange. It consists of 274 sections/links and 182 nodes, with a total of 102 lane miles.

116



Figure 20. Freeway-Only subnetwork.

5.1.1.2.2  Arterial-Only subnetwork

As shown in Figure 21, the selected Arterial-Only subnetwork consists of 13 arterial intersections along
Orange Grove Blvd, from Orange Grove@Raymond to Orange Grove@Martelo Ave with a total of 21 lane
miles.
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Figure 21. Arterial-Only subnetwork.

5.1.1.2.3  Freeway-and-Arterial Combined subnetwork

As shown in Figure 13, the selected Freeway-and-Arterial Combined subnetwork mainly consists of: (i) a
freeway section starting from SR-134@Orange Grove Blvd to [-210@Rosemead Blvd; (ii) five major
paralleled arterial streets, including Walnut St, Corson St, Maple St, Villa St, and Foothill Blvd. There are
725 sections and 333 nodes in this subnetwork, with a total of 182 lane miles. This subnetwork contains
several bottlenecks on the I-210 freeway and is very congested during the AM and PM peak periods.

Figure 22. Freeway-and-Arterial Combined subnetwork.
5.1.2 Demand settings

In order to comprehensively evaluate the impact of CAVs on transportation network performance, we
consider three different demand periods: AM peak, Off peak, and PM peak. A detailed list of selected time
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periods for each network/subnetwork is provided in Table 10. Note that, for the Freeway-and-Arterial
Combined subnetwork, the Off-peak period is different from those in other networks/subnetworks since the
“Generate Dynamic Traversal” function provided in Aimsun repeatedly failed for the period 12PM — 2PM
because of unknown issues. Also, we reduced the number of time periods in the 1-210 network, e.g.,
excluding the PM peak, due to the constraint of long simulation time to finish one scenario replication.

Table 10. Selected time periods for the study networks.

Selected Networks Selected Time Periods
AM Peak 7:00AM-9:00AM
Freeway-Only subnetwork PM Peak 4:00PM-6:00PM

Off Peak 12:00PM-2:00PM
AM Peak 7:00AM-9:00AM
Arterial-Only subnetwork PM Peak 4:00PM-6:00PM
Off Peak 12:00PM-2:00PM
AM Peak 7:00AM-9:00AM
Freeway-and-Arterial Combined subnetwork PM Peak 4:00PM-6:00PM
Off Peak 1:00PM-3:00PM
AM Peak 7:00AM-9:00AM
Off Peak 12:00PM-2:00PM

The 1-210 network

In this study, we generate OD demand profiles for four targeted vehicle types: Car, Car HOV, Truck
Medium, and Truck Heavy. In order to use both the ACC/CACC and V2X modules at the same time during
simulation, the solution is to create a new type with 100% CAVs for each vehicle type, e.g., “Car CAV”
for “Car”. Therefore, in a mixed traffic environment, e.g., with 10% Car CAVs and 90% Cars, we need to
adjust the OD demand profiles for both.

For example, let’s assume the original demand matrix for the Vehicnlren type “Car” is ©}p9%. For the case of
2% CAVs, we need to split ©100% into two: @(100-m% (j.e., (1 - ") * ©100%) for (100 — % vehicles
diar dior

100
of “Car”, and @™  (i.e.,™ x @100%) for the other xx% vehicles of “Car CAV”. This applies to any
percentage of CAVs as well as other vehicle types, e.g., Car HOV, Truck Medium, and Truck Heavy. In

Figure 23, we provide an example of adjusted OD demand profile for a traffic simulation with 10% CAVs.

In order to explore the impact of CAVs from 0% to 100%, we expect to create many adjusted OD demand
matrices for the targeted vehicle types. In our simulations, our evaluation interval of CAV percentage is
10%, which means we only consider the following 11 CAV percentages: 0%, 10%, 20%, ..., 100%.
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Name: [Traffic Demand 0700-0900 - 10%CAV | External 10: | |
Initial Times [7:00:00 AM_[3] Duration: [02:00:00 2] Type: [Matrices ~| Factor: [100 | % Total: 103054 veh
Bt cononn (R inmen o 0o e (s iomsnen ooma Fosasnn monmen | (eninsm oond oo oo [ERmueingmn nendbn tesotn pensen (B i o iartiasn oo (e tinmn b
Car
Car HOV

Truck - Medium Duty (SU)

Truck - Heavy Duty (WE-60)

Car CAV

Car HOV CAV

Truck - Heavy Duty (WB-60) CAV

Truck - Medium Duty {SU) CAY

Figure 23. Example of adjusted OD demand profile for a traffic simulation with 10% CAVs.
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5.2 Simulation results

In this subsection, we conducted various simulation scenarios in different sizes of networks/subnetworks
under different time periods, e.g., AM peak, PM peak, and Off peak, and different demand levels, e.g.,
100% vs. 110%. Detailed simulation results are provided below.

5.2.1 Results in the Freeway-Only subnetwork

In Figure 24, we provide a snapshot of AM peak speed heatmap in the Freeway-Only subnetwork at 7:20
AM. As shown in the figure, both cases show the same bottleneck at the merging junction between [-210EB
and [-605NB, which is caused by the ramp meter. For other locations, we do see the differences in
congestion levels. Especially along the [-210WB, traffic is less congested when 50% of vehicles are CAVs.

. f\’\

Ly}

e

(a) At7:20AM with 0% CAVs and 100% demand level

IS

(b) At7:20AM with 50% CAVs and 100% demand level

Figure 24. Snapshot of AM peak speed heatmap in the Freeway-Only subnetwork.

We further conducted many simulation scenarios to investigate the performance improvement under
different penetration rates (percentages) of CAVs in the AM peak period with 100% demand level. As
shown in Figure 25, we can achieve a delay reduction of 38.7% for all vehicles with 100% CAVs. The drop
is significant as the percentage of CAVs increases to about 50%. After that, the gain is very minor. We even
see the delay slightly increases as the percentage of CAVs increases to 100%. This phenomenon may be
caused by more conservative parameter settings in the ACC/CACC module. Besides the significant delay
reduction, as shown in Figure 26, the speed improvement is also significant, which is 22.3% when all
vehicles are CAVs.
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Figure 25. Example of delay reduction with different CAV percentages in the Freeway-Only subnetwork.
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Figure 26. Example of speed improvement with different CAV percentages in the Freeway-Only
subnetwork.

In addition, we conducted extra simulation scenarios under different traffic conditions, e.g., AM peak, PM
peak, and Off peak. We also tried simulations with increased demand levels, e.g., 110%, to have more
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congested traffic in the network. These simulation results are summarized in Table 11. As shown in the
table, delay reduction and speed improvement vary under different traffic conditions. On average, the delay
reduction is about 40% and the speed improvement is about 22% in the Freeway-Only subnetwork.

Table 11. Summary of delay reduction and speed improvement under different time periods and demand
levels in the Freeway-Only subnetwork.

Time Period Demand Level Delayll;(e;zi/llc(tjlxzwnh Sgﬁgfhlﬁgﬁzvgsl t
7TAM—9AM 100% 38.7% 22.3%
TAM—9AM 110% 40.5% 28.8%
12PM—2PM 100% 35.0% 14.2%
12PM—2PM 110% 25.9% 12.9%
4PM—6PM 100% 52.4% 25.1%
4PM—6PM 110% 46.0% 28.7%
Average 39.75% 22%

5.2.2 Results in the Arterial-Only subnetwork

In Figure 27, we provide a snapshot of PM peak speed heatmap in the Arterial-Only subnetwork at 4:45PM.
As shown in the figure, the Arterial-Only subnetwork is not very congested in the baseline scenario with
0% CAVs and 100% demand level. Therefore, no significant improvement is observed when there are 50%
CAVs assigned in the network.

| i
It ! I I I | o | It I I

(a) At4:45PM with 0% CAVs and 100% demand level

I [ | I . I -

| || I |
It i I | I

| i I [ [ I
(b) At 4:45PM with 50% CAVs and 100% demand level
Figure 27. Snapshot of PM peak speed heatmap in the Arterial-Only subnetwork.

We further conducted many simulation scenarios with different penetration rates (percentages) of CAVs
and 110% PM peak demand in the Arterial-Only subnetwork. As shown in Figure 28, delay reduces as the
percentage of CAVs increases. However, compared to the Freeway-Only subnetwork, the delay reduction
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is much less, which is only 16.4% with 100% CAVs. Similarly, as shown in Figure 29, the corresponding
speed improvement is lower than that in the Freeway-Only subnetwork, which is only 7.2% with 100%
CAVs.
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Figure 28. Example of delay reduction with different CAV percentages in the Arterial-Only subnetwork.

ARTERIAL & 4PM -- 6PM & 110% DEMAND LEVEL
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Figure 29. Example of speed improvement with different CAV percentages in the Arterial-Only
subnetwork.

Similar to the Freeway-Only network, we conducted extensive simulation scenarios under different traffic
conditions, e.g., AM peak, PM peak, and Off peak, and different demand levels, e.g., 100% and 110%.
Simulation results are summarized in Table 12. According to Table 12, we find that:
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(1) On average, the delay reduction is 15% and the speed improvement is 6.25% with 100% CAVs
in the Arterial-Only subnetwork. This improvement is much lower than that in the Freeway-
Only subnetwork. That is as expected because arterial signals play an important role in vehicle
delay. Without V2I/I2V communications with intersection controllers, it is very difficult to
further reduce vehicle delay even with 100% CAVs.

(i1) The improvement is more significant when traffic is more congested, which is true for the case
of 110% demand level in the Arterial-Only subnetwork. This is probably related to the fact that
traffic is not very congested with the original demand level (100%). Therefore, with a 10%
increase in travel demand, traffic gets more congested and thus the improvement is more
obvious.

Table 12. Summary of delay reduction and speed improvement under different time periods and demand
levels in the Arterial-Only subnetwork.

Time Period Demand Level Delayll;(e;zi/llcctllzgwnh Speed Iil(l)l())ﬁzvgz?t With
TAM—9AM 100% 14.3% 5.9%
TAM—I9AM 110% 19.1% 8.5%
12PM—2PM 100% 12.5% 4.7%
12PM—2PM 110% 13.9% 5.4%
4PM—6PM 100% 13.8% 5.8%
4PM—6PM 110% 16.4% 7.2%
Average 15% 6.25%

5.2.3 Results in the Freeway-and-Arterial Combined subnetwork

In Figure 30, we provide a snapshot of PM peak speed heatmap in the Freeway-and-Arterial Combined
subnetwork at 4:20PM. From the figure, it is clear to see that traffic is much less congested when 50% of
the vehicles are CAVs. This improvement is network-wide, on both freeway and arterial road links.

We further conducted various simulation scenarios with different penetration rates of CAVs in the PM peak
period with 100% demand level. As shown in Figure 31, the delay reduction is significant, which is 26.9%
when the penetration rate is 100%. The corresponding speed improvement is also significant, which is 16%
with 100% CAVs in Figure 32. Though this improvement is less than that in the Freeway-Only subnetwork,
it is still much higher than that in the Arterial-Only subnetwork.

In addition, we conducted extra simulation scenarios under different traffic conditions, e.g., AM peak, PM
peak, and Off peak. Due to the size of the network and a small simulation time step (0.1s) to enable
ACC/CACC, the simulation time is very long for each scenario replication. Therefore, we only simulate
the scenarios with 100% demand level. Simulation results are summarized in Table 13. On average, the
delay reduction is about 26.6% and the speed improvement is about 15.7% with 100% CAVs. As we can
see, this improvement is not as high as in the Freeway-Only subnetwork but is much higher than that in the
Arterial-Only subnetwork. Because the study network consists of both freeway and arterial road links, it is
expected to see the improvement is between those in the Freeway-Only and Arterial-Only subnetworks.
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(b) At4:20PM with 50% CAVs and 100% demand level

Figure 30. Snapshot of PM peak speed heatmap in the Freeway-and-Arterial Combined subnetwork.
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Figure 31. Example of delay reduction with different CAV percentages in the Freeway-and-Arterial
Combined subnetwork.
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Figure 32. Example of speed improvement with different CAV percentages in the Freeway-and-Arterial
Combined subnetwork.

Table 13. Summary of delay reduction and speed improvement under different time periods in the
Freeway-and-Arterial Combined subnetwork.

Time Period Demand Level Delayll;(e;zi/llcctllzgwnh Speed Iil(l)l())l;zvgxsl t With
TAM—9AM 100% 28.4% 18.0%
1PM—3PM 100% 24.5% 13.0%
4PM—6PM 100% 26.9% 16.0%
Average 26.6% 15.7%

5.2.4 Results in the 1-210 network

In Figure 33, we provide a snapshot of AM peak speed heatmap in the I-210 network at 7:55AM. As shown
in the figure, traffic performance is significantly improved with 50% CAVs in the network. This
improvement is network-wide with fewer congested spots on both freeway and arterial road links.

We further conducted many simulations with different penetration rates of CAVs in the I-210 network
during the AM period. As shown in Figure 34 and Figure 35, the delay reduction is 15.3% and the speed
improvement is 9.4% when the penetration rate of CAVs reaches 100%. Compared with the three
subnetworks, this level of improvement is as expected. As demonstrated in the Arterial-Only subnetwork,
the overall improvement is relatively low even with 100% CAVs. Since there is a significant portion of
arterial road links in the I-210 network, the overall improvement should be lower than that in the Freeway-
and-Arterial Combined subnetwork.
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The simulation time for each scenario replication is very long in the [-210 network when ACC/CACC is
enabled. Therefore, we only ran simulations for two selected time periods: AM peak and Off peak.
Simulation results are provided in Table 14. Overall, the averaged delay reduction is 14.6% and the
averaged speed improvement is 8.3% with 100% CAVs. These results are consistent with those in the above

three subnetworks.

(b) At 7:55AM with 50% CAVs and 100% demand level

Figure 33. Snapshot of AM peak speed heatmap in the 1-210 network.

Table 14. Summary of delay reduction and speed improvement under different time periods in the I-210

network.

. . Delay Reduction With 100% | Speed Improvement With
Time Period Demand Level CAV 100% CAV
7AM—9AM 100% 15.3% 9.4%
12PM—2PM 100% 13.9% 7.2%

Average 14.6% 8.3%
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Figure 34. Example of delay reduction with different CAV percentages in the I-210 network.
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Figure 35. Example of speed improvement with different CAV percentages in the [-210 network.

5.2.5 Summary

The above simulation results demonstrate that ACC/CACC has great potential to improve transportation
network performance. When ACC/CACC is enabled, it is interesting to find that significant improvement
can be achieved when the penetration rate of CAVs reaches 50%. However, after that threshold, the
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improvement is minor even when the penetration rate keeps on increasing up to 100%. This is true for all
simulation scenarios in the I-210 network and its subnetworks.

Meanwhile, we find that due to the presence of signal control, improvement on arterials is generally lower
than on freeways for the same penetration rates of CAVs. With 100% CAVs, the overall delay reduction is:

®  40% in the Freeway-Only subnetwork;

® 15% in the Arterial-Only subnetwork;

e 27% in the Freeway-and-Arterial Combined subnetwork;
e 15% in the [-210 network.

This finding demonstrates the need of V2I/I2V communications on arterial road links if we want to further
reduce vehicle delay. With real-time signal phase information from a downstream intersection, CAVs can
decide whether to stop like other regular automobiles or speed up to cross the intersection, which in return
will reduce travel delay caused by the signal control.

In addition, we would like to emphasize that the parameter settings in the ACC/CACC module seem to be
more conservative than the ones in Aimsun’s default car-following model. Therefore, sometimes we do see
delay slightly increasing as the penetration rate of CAVs increases from 50% to 100%. We believe better
performance can be achieved if we have more aggressive settings in the ACC/CACC module.

5.3 Discussion

In this section, we focused on the evaluation of network-level impacts of ACC/CACC. We first introduced
our study networks as well as our scenario design. To consider potential impacts of road geometry on the
performance of ACC/CACC, we generated three different subnetworks from the original 1-210 network,
i.e., Freeway-Only subnetwork, Arterial-Only subnetwork, and Freeway-and-Arterial Combined
subnetwork. Furthermore, we generated OD demand profiles for AM peak, PM peak, and Off peak periods
to consider potential impacts of vehicle routes. Meanwhile, we created scenarios with traffic demand
increased by 10% for the Freeway-Only and Arterial-Only subnetworks to consider potential impacts of
travel demand when coupled with specific road geometries. In addition, we sampled the CAV penetration
rate from 0% to 100% with an interval of 10% to assess the relationship between penetration rate of CAVs
and the corresponding performance improvement. To reduce noise generated by the random seeds in
microsimulation, we performed 10 replications for each scenario in the Freeway-Only and Arterial-Only
subnetworks and 5 replications for each scenario in the Freeway-and-Arterial Combined subnetwork and
the I-210 network. Based on the simulation results, we find that:

)] The implementation of ACC/CACC can improve network performance. However, this
performance improvement varies in different networks. The most significant improvement
occurred in the Freeway-Only subnetwork, in which vehicle delay can be reduced by 40% and
vehicle speed can be improved by 22% with 100% CAVs. The Arterial-Only subnetwork
achieved the lowest performance improvement, with 15% delay reduction and 6.25% speed
improvement for 100% CAVs. This difference makes sense since vehicle delay in arterial
networks is mostly caused by traffic signals. Without V2I/I2V communications between
signalized intersections and CAVs, it is hard to further reduce vehicle’s travel delay.
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(i1) There exists a threshold of CAV penetration rates, above which performance improvement is
marginal. In our case, it seems this threshold is about 50%. When the penetration rate is
between 0% and 50%, we do see significant performance improvement. However, when the
penetration rate is above this value, the performance improvement is not obvious.

Meanwhile, we find that our parameter settings in the ACC/CACC module tend to be more conservative
than those in the default car-following model in Aimsun. For some simulation scenarios, we do see delay
slightly increases when the penetration rate of CAVs increases from 50% to 100%. Therefore, the
performance of ACC/CACC may be more significant when we have more aggressive parameter settings in
the ACC/CACC module.

In the future, with potential improvement in the software design of the V2X module in Aimsun, we are
interested in evaluating the performance improvement with the implementation of both ACC/CACC and
V2X in large-scale networks, e.g., the I-210 network. Also, it is worth analyzing potential impacts of
parameter settings in the ACC/CACC module on model stability as well as network performance.
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6. Future research plans

In this project, we have developed an integrated microsimulation platform in Aimsun for mixed traffic with
CAVs. This platform consists of two levels of functionalities. At the vehicle control level, it uses the
ACC/CACC module to control the longitudinal movements of AVs/CAVs. At the communications level,
it uses the V2X module to enable communications among ITS elements, for example, RSUs, CVs/CAVs
with OBUs, and TMCs. To demonstrate how to apply this integrated platform to study network-level
impacts of CAV applications, we have implemented the following three applications and tested their
performance in different subnetworks generated from the original 1-210 network: (i) freeway speed
harmonization with CAVs, (ii) route guidance with CAVs for traffic incident management, and (iii) traffic
light optimal speed advisory with CAVs. Furthermore, we have activated the ACC/CACC module in the I-
210 network and evaluated its network-level impacts under various settings of road geometries, vehicle
routes, demand levels, and percentages of CAVs.

In the future, we would like to apply this integrated microsimulation platform to the following studies:

¢ Guidance on RSU placement in the network.
In the application of freeway speed harmonization with CAVs, we do find it is critical to address
the following question: where should we install RSUs in the network so as to achieve desired
performance while staying within the budget? This is not a simple question since the performance
of a CAV application may be impacted by various factors which include but are not limited to:
road geometries, traffic demand, vehicle routes, existing sensing and control settings, RSU
settings, and parameter settings in the CAV application.

Fortunately, we can address this question with the help of the integrated microsimulation platform
and the well-calibrated [-210 network. On the one hand, we can implement required workflows as
well as algorithms in the integrated microsimulation platform for the CAV applications of
particular interest. We also can have different settings in the communications channels to take into
account some practical issues like package latency and loss caused by channel congestion and
attenuation effect caused by buildings. On the other hand, the I-210 network is comprehensive
enough that enables us to generate various subnetworks with different road geometries, traffic
demand patterns, and control settings. We can test different strategies on the placement of RSUs,
e.g., at traffic bottlenecks or evenly in the network, to see which one achieves the best performance
across selected subnetworks and CAV applications. Eventually, all these efforts can lead to a
guidance document on how to place RSUs in the transportation network to help future deployment
of CAVs.
e Applications to the California CV Testbed.

In the California CV Testbed (https://caconnectedvehicletestbed.org/index.php/about.php),
currently 16 intersections are equipped with RSUs to broadcast real-time SPaT and MAP messages.
This testbed recently has been used to demonstrate two CV applications in the Multi-Modal
Intelligent Traffic Signal System (MMITSS): (i) CV-based traffic signal control and signal priority

for transit, freight, and pedestrians, and (ii) Environmentally-Friendly Driving.
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The integrated microsimulation platform developed in this project perfectly meets the needs of the
California CV Testbed for future enhancement and development as it can create a mixed traffic
environment similar to the real-world case. We can create and calibrate a microsimulation model
in Aimsun for the testbed. We also can install RSUs at the same intersections in the testbed and
adjust the parameters (e.g., latency, maximum range, and package loss rate) accordingly. Then we
can connect to the MMITSS to evaluate the performance of available CV applications under
different settings of traffic demands and penetration rates of CVs. Furthermore, it can be used as a
testing platform before field deployment if new applications are developed in the MMITSS.
Extension to more V2X applications for multi-modal traffic.

In the V2X module in Aimsun, we can assign OBUs to various transportation modes, such as car,
bus, truck, train, pedestrian, taxi, and cyclist. Therefore, we can further improve the current
integrated microsimulation platform with communications capabilities for the aforementioned
transportation modes and create a more realistic multi-modal traffic environment for analysis.
Once such an environment is created, we can develop and evaluate more V2X applications for
multi-modal traffic, for example, those listed in (5G Automotive Association, 2019; 5G
Automotive Association, 2020).

Information sharing policies and strategies with navigation app users for traffic incident
management.

As shown in the application of route guidance with CAVs for traffic incident management,
significant improvement can be achieved if timely detour route information is shared with CAVs
in the upstream of the incident location. However, this information sharing should not be limited
to the CAVs but should include road users who have capabilities to receive real-time traffic
information, e.g., navigation app users.

Since more and more drivers are using navigation apps for their daily travels, their uncoordinated
responses when traffic incidents occur may significantly degrade the effectiveness of the detour
routes recommended by the TMCs. Therefore, it is of great importance to study how to share this
detour route information with navigation app users so as to manage traffic incidents more
effectively and efficiently.

Development of optimal signal control strategies with CAVs.

As shown in the application of traffic light optimal speed advisory with CAVs, even though the
GLOSA algorithm generally performs better than the baseline model, the delay improvement is
very minor, which is less than 1% for most of the scenarios. This low performance improvement
may be caused by various factors, for example, traffic coordination settings, permitted left turn
settings, and existence of vehicle queues and lane blockages at the intersection approach.

Therefore, more efforts are needed to evaluate existing or even develop new optimal signal control
strategies with data from CAVs. In the [-210 network, we are able to generate different Arterial-
Only subnetworks with various signal phase and coordination settings, which are perfect to be
used as test networks. According to (Guo et al., 2019), we will first implement and evaluate
existing driver guidance control systems based on signal and CAV data. If they cannot offer
satisfactory performance, we will proceed to implement and evaluate existing methods/algorithms
that optimize signal timings and phases based on data from CAVs or even signal-vehicle coupled
control (SVCC) systems with CAVs.
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7. Conclusion

In this project, we successfully developed an integrated microsimulation platform for real-world mixed
traffic using the ACC/CACC and V2X modules in Aimsun. We first provided a literature review on recent
development of CAVs. In particular, we focused on the review of the following topics related to cooperative
traffic efficiency: (i) co-operative adaptive cruise control and platooning, (ii) freeway speed harmonization,
(iii) traffic light optimal speed advisory, and (iv) route guidance. Besides that, we also reviewed the car-
following model implemented in Aimsun to help better understand how it controls the longitudinal
movements of regular vehicles.

Next, we listed the available control modes in the ACC/CACC module and explained the decision chart on
how these modes switch between each other. We also introduced the key elements and their properties in
the V2X module. Given the fact that the ACC/CACC and the V2X modules were developed separately, we
resolved this issue by introducing a new CAV type equipped with 100% CACC and 100% OBUs for each
vehicle type, e.g., “CAV Car” for “Car”, and adjusting the demand matrix according to the penetration rate
of the new CAYV type.

To demonstrate how to apply this integrated microsimulation platform to evaluate network-level impacts
of CAV applications, we implemented the following three applications in this project: (i) freeway speed
harmonization with CAVs, (ii) route guidance with CAVs for traffic incident management, and (iii) traffic
light optimal speed advisory with CAVs. To test their network-level performance, we generated three
subnetworks from the original I-210 network: (i) a Freeway-Only subnetwork, (ii) an Arterial-Only
subnetwork, and (iii) a Freeway-and-Arterial Combined subnetwork.

For the application of freeway speed harmonization with CAVs, we implemented the required workflow to
enable V2I/I2V communications between RSUs and CAVs and V2V communications between CAVs. We
also implemented three different speed harmonization algorithms, which are the rule-based algorithm in
(Talebpour et al., 2013), the VSL-VSA algorithm in (Lu et al., 2015; Hale et al., 2016), and the C-VSLS in
(Grumert et al., 2015). We tested their performance in a Freeway-Only subnetwork under various traffic
demands and percentages of CAVs. Simulation results showed that the these speed harmonization
algorithms have very different performance. The rule-based algorithm and the VSL-VSA algorithm tend to
have better performance when the percentage of CAVs is high, e.g., 80% or higher, while the C-VSLS
tends to have better performance with a relatively low percentage of CAVs, e.g., about 40%, and under
light traffic congestion. In terms of the level of improvement, the rule-based algorithm and the C-VSLS can
only achieve a relatively small delay reduction between 1% and 2%, while the VSL-VSA algorithm can
achieve a relatively large delay reduction between 2% and 6%. However, we do find that many factors can
impact the performance of the speed harmonization algorithms with CAVs. These factors include, but are
not limited to, road geometries, existing detector placement and control settings, traffic demand and OD
patterns, settings of the speed harmonization zones, settings in the RSUs and the V2I/12V communications,
and parameter settings in the speed harmonization algorithms.

For the application of route guidance with CAVs for traffic incident management, we implemented two
separate workflows. The first is the incident management workflow which mimics the incident management
process in the ICM system. The second is the communications workflow which enables the 12V
communications between RSUs and CAVs and the V2V communications between CAVs to share the
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detour route information from the TMCs. We further revised the algorithm in (Samimi Abianeh et al., 2020)
to mimic CAV’s route choice decisions with considerations of potential impacts from lane index (e.g., inner
lanes vs. shoulder lanes), vehicle types (e.g., car vs. truck), and number of detoured vehicles. We tested the
performance of this application in the Freeway-and-Arterial Combined subnetwork under the settings of
two different traffic accidents occurring at the same location but with different levels of severity. Simulation
results with 30% and 50% CAVs showed that this application can achieve satisfactory performance with a
delay reduction above 3% in the test network. This demonstrates that with timely information sharing with
CAVs, we can better utilize the proposed detour routes and thus manage traffic accidents more efficiently.
However, we want to emphasize that this information sharing should not be limited to CAVs but should
include road users who have the capability to receive real-time traffic information, e.g., navigation app
users. It is important to consider navigation app users in the decision making process in the ICM system
since uncoordinated decisions of navigation app users may significantly degrade the response plans
recommended by the TMCs and even make them invalid.

For the application of traffic light optimal speed advisory with CAVs, we have implemented the
communications workflow to enable 12V communications between RSUs and CAVs so that RSUs can
broadcast real-time SPaT and MAP messages to the CAVs. For demonstration purposes, we also
implemented the Green Light Optimal Speed Advisory (GLOSA) application proposed in (Katsaros et al.,
2011) with some minor revisions. We tested the performance of the revised GLOSA algorithm in the
Arterial-Only subnetwork under different time periods, demand levels, and percentages of CAVs.
Simulation results showed that the GLOSA algorithm generally performs better than the baseline model.
However, the improvement is minor, with delay reduction less than 1% for most of the scenarios. This is
not surprising since many factors can impact the performance of the revised GLOSA algorithm. These
factors include, but are not limited to: coordination settings among the signalized intersections, permitted
left turn settings at individual intersections, and existence of vehicle queues and lane blockages at individual
intersection approaches.

When we wanted to enable the V2X module in the I-210 network, we found that Aimsun becomes extremely
slow and drains physical memory very quickly. Therefore, we only activated the ACC/CACC module in
the I-210 network and focused on the impact of ACC/CACC on corridor networks. We conducted various
simulation scenarios under different network sizes, time periods, demand levels, and percentages of CAVs.
Simulation results showed that ACC/CACC can significantly reduce network vehicle delay and improve
network vehicle speed when the percentage of CAVs is over 50%. This improvement is more obvious in
freeway networks with delay reduction over 40% and speed improvement over 22% for 100% CAVs.
However, compared to that in freeway networks, the improvement in arterial networks is much lower, with
only 15% delay reduction and 6.25% speed improvement for 100% CAVs. This is not surprising since
vehicle delay in arterial networks is mostly caused by traffic signals. Without 12V/V2I communications
between signalized intersections/RSUs and CAVs, it is hard to further reduce vehicle’s travel delay.
Meanwhile, we do notice that there exists an optimal threshold of CAV percentages, above which the
performance improvement is marginal. According to our simulation results, it seems this threshold is about
50% in our study networks.

With the integrated microsimulation platform developed in this project and the well-calibrated 1-210
corridor network, in the future we would like to devote our efforts in the following directions:
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(i)

(iif)

(iv)

V)

A guidance document on RSU placement for future deployment of CAVs. In this topic, we
would like to utilize the integrated microsimulation platform as well as the I-210 network
to develop a general guideline on how to install RSUs in the network so as to achieve
desired performance for CAV applications of particular interest while staying within the
budget.

Applications to the California CV Testbed. In this topic, we would like to create a
microsimulation network in Aimsun for the California CV Testbed and install RSUs to the
same intersections in the field. Then we can connect the integrated microsimulation
platform to the Multi-Modal Intelligent Traffic Signal System (MMITSS) in the testbed so
as to test the performance of various CV applications.

Extension to more V2X applications for multi-modal traffic. In this topic, we would like
to enhance the features in the integrated microsimulation platform with additional
communications capabilities for other transportation modes, such as bus, train, pedestrian,
taxi, and cyclist. With this improved microsimulation environment, we can implement
more V2X applications for multi-modal traffic, e.g., those listed in (5G Automotive
Association,2019; 5G Automotive Association, 2020), and evaluate their performance.
Information sharing policies and strategies with navigation app users. As demonstrated in
the application of route guidance with CAVs for traffic incident management, traffic
congestion can be significantly reduced if timely detour route information is shared with
CAVs. However, this information sharing should not be limited to CAVs but should
include other road users who have the capability to receive real-time traffic information.
As navigation apps become more and more popular for daily travels, it is important to study
potential policies and strategies to share detour route information with navigation app users
so as to have better utilization of detour routes when traffic incidents occur.

Optimal signal control strategies with CAVs. As demonstrated in the application of traffic
light optimal speed advisory with CAVs, it is hard to reduce vehicle’s travel delay by solely
adjusting CAV’s approaching speeds at signalized intersections. Many factors which
include traffic coordination settings, permitted left turn settings, and existence of vehicle
queues and lane blockages at the intersection approach need to be considered when we
develop optimal signal control strategies with CAVs. Therefore, in the future, we would
like to use the integrated microsimulation platform to evaluate existing or even develop
new optimal signal control strategies with data from CAVs.
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