Innovations Deserving
Exploratory Analysis Programs

IDEA
\

Transit IDEA Program

SAFETY ASSESSMENT OF THE INTERACTION BETWEEN
THE AUTONOMOUS SHUTTLE BUS AND VULNERABLE
ROAD USERS

Final Report for
Transit IDEA Project 98

Prepared by:

Sungmoon Jung,

MohammadReza Seyedi, Md.
Mobasshir Rashid

FAMU-FSU College of Engineering

July 2022

NAT | O NAL Sciences

Engineering

AC/\ D EM | ES Medicine

TS TRANSPORTATION RESEARCH BOARD



Innovations Deserving Exploratory Analysis (IDEA) Programs
Managed by the Transportation Research Board

This IDEA project was funded by the Transit IDEA Program.
The TRB currently manages the following three IDEA programs:

e The NCHRP IDEA Program, which focuses on advances in the design, construction, and
maintenance of highway systems, is funded by American Association of State Highway and
Transportation Officials (AASHTO) as part of the National Cooperative Highway Research
Program (NCHRP).

e The Rail Safety IDEA Program currently focuses on innovative approaches for improving
railroad safety or performance. The program is currently funded by the Federal Railroad
Administration (FRA). The program was previously jointly funded by the Federal Motor
Carrier Safety Administration (FMCSA) and the FRA.

e The Transit IDEA Program, which supports development and testing of innovative concepts
and methods for advancing transit practice, is funded by the Federal Transit Administration
(FTA) as part of the Transit Cooperative Research Program (TCRP).

Management of the three IDEA programs is coordinated to promote the development and testing
of innovative concepts, methods, and technologies.

For information on the IDEA programs, check the IDEA website (www.trb.org/idea). For
questions, contact the IDEA programs office by telephone at (202) 334-3310.

IDEA Programs
Transportation Research Board
500 Fifth Street, NW
Washington, DC 20001

Engineering, and Medicine; or the sponsors of the IDEA Programs.

investigation.

The project that is the subject of this contractor-authored report was a part of the Innovations Deserving
Exploratory Analysis (IDEA) Programs, which are managed by the Transportation Research Board
(TRB) with the approval of the National Academies of Sciences, Engineering, and Medicine. The
members of the oversight committee that monitored the project and reviewed the report were chosen for
their special competencies and with regard for appropriate balance. The views expressed in this report
are those of the contractor who conducted the investigation documented in this report and do not
necessarily reflect those of the Transportation Research Board; the National Academies of Sciences,

The Transportation Research Board; the National Academies of Sciences, Engineering, and Medicine;
and the organizations that sponsor the IDEA Programs do not endorse products or manufacturers. Trade
or manufacturers’ names appear herein solely because they are considered essential to the object of the




SAFETY ASSESSMENT OF THE INTERACTION
BETWEEN THE AUTONOMOUS SHUTTLE BUS AND
VULNERABLE ROAD USERS

TRANSIT IDEA PROGRAM
Final Report

Transit IDEA Project T-98

Prepared for
IDEA Program
TRANSPORTATION RESEARCH BOARD
NATIONAL ACADEMY OF SCIENCES, ENGINEERING, AND MEDICINE

Sungmoon Jung, MohammadReza Seyedi, Md. Mobasshir Rashid
Department of Civil and Environmental Engineering

FAMU-FSU College of Engineering

July 2022






TRANSIT IDEA PROGRAM
COMMITTEE

CHAIR
JOHN C. TOONE
King County Metro

MEMBERS

MELVIN CLARK

LTK Engineering Services
SUZIE EDRINGTON

Capital Metropolitan Transit Authority
ANGELA K. MILLER

Cubic Transportation Systems
SANTOSH MISHRA

IBI Group

LOUIS SANDERS

Ayers Electronic Systems
DAVID SPRINGSTEAD
Metropolitan Atlanta Rapid
Transportation Authority
STEPHEN M. STARK

DAVID THURSTON Canadian
Pacific Railway

FTA LIAISON
RIK OPSTELTEN
Federal Transit Administration

APTA LIAISON
NARAYANA SUNDARAM
American Public Transportation
Association

TRB LIAISON
STEPHEN ANDRLE
Transportation Research Board

IDEA PROGRAMS STAFF

CHRISTOPHER HEDGES, Director, Cooperative
Research Programs

GWEN CHISHOLM-SMITH, Manager, TCRP
INAM JAWED, Senior Program Officer

VELVET BASEMERA-FITZPATRICK, Senior
Program Officer

DEMISHA WILLIAMS, Senior Program Assistant

EXPERT REVIEW PANEL TRANSIT IDEA
PROJECT 98

SANTOSH MISHRA, /BI Group

LOUIS SANDERS, Ayers Electronic System
RAY PONNALURI, Florida DOT

CHRIS GERACI, Jacksonville Transportation
Authority






GLOSSARY

AV
ADS
ASB
FMVSS
FTA
LIDAR
LSAV
JTA
NHTSA
PET
RADAR
SAE
TTC
VRUs
SFM

FE

HIC
IARV
AIS

PROJECT PERSONNEL

Proposer:

Academic Researchers:

Industry Collaborator:

Industry Team:

Expert Panel:

Autonomous Vehicles

Automated Driving Systems
Autonomous Shuttle Bus

Federal Motor Vehicle Safety Standards
Federal Transit Administration

Light Detection And Ranging
Low-Speed Automated Vehicle
Jacksonville Transportation Authority
National Highway Transportation Safety Administration
Post Encroachment Time

Radio Detection And Ranging

Society of Automotive Engineering

Time to Collision

Vulnerable Road Users

Social Force Model

Finite Element

Head Injury Criteria

Injury Assessment Reference Values
Abbreviated Injury Scale

FAMU-FSU College of Engineering
Sungmoon Jung, PI, sjung@eng.famu.fsu.edu

Professor, Department of Civil and Environmental Engineering
MohammadReza Seyedi, Co-PI, reza.seyedi@fsu.edu
Postdoc, Department of Civil and Environmental Engineering

Md. Mobasshir Rashid, Researcher, mrashid@fsu.edu
Graduate Student, Department of Civil and Environmental Engineering

Jacksonville Transportation Authority
William Frazer, wfrazer@jtafla.com
Director of Automation

Michael Feldman. msfeldman@jtafla.com
AVP of Automation

Santosh Mishra, santosh.mishra@ibigroup.com
Associate Director/Practice Lead for Mobility Technologies, IBI Group

Louis Sanders, lou@aFE.Solutions

Director, Business Development, Ayers Electronic Systems,
Raj Ponnaluri, Raj. Ponnaluri@dot.state fl.us

Connected Vehicles and Arterial Management Engineer,
Florida Department of Transportation

Chris Geraci, cgeraci@jtafla.com

Chief Safety Officer, Jacksonville Transportation Authority

1


mailto:sjung@eng.famu.fsu.edu
mailto:reza.seyedi@fsu.edu
mailto:mrashid@fsu.edu
mailto:wfrazer@jtafla.com%20sfeldman@jtafla.com
mailto:msfeldman@jtafla.com
mailto:santosh.mishra@ibigroup.com
mailto:lou@aE.Solutions
mailto:Raj.Ponnaluri@dot.state.fl.us
mailto:cgeraci@jtafla.com

PROJECT SUMMARY

Project Objectives

The objective of the project is to assess the safety of autonomous shuttle buses against vulnerable road users
(pedestrians/bicyclists). High-risk situations are analyzed to provide recommendations to improve safety.

Project Tasks

Nine tasks have been defined for this project. Based on the IDEA program instruction, these tasks are divided into
two stages. The first stage will take about 1 year and the second stage will take 9 months. Details of each task are
explained as follows:

Stage 1: Development of the Computer Models and Design the Simulation Plans
Task 1. Kick-off meeting

Task 2. Develop the PC-Crash Models (5 months): The comprehensive literature review will be conducted to find the
current body of knowledge regarding ASB’s safety and the 3D kinematic models of the ASB and VRUs. The details
of the vehicle, infrastructure, and VRUs parameters will be investigated their computer models will be developed
using PC-Crash software.

Task 3. Design of Simulation Plan (5 months): The details of the autonomous active safety system including
emergency brake algorithm and trajectory systems will be modeled to identify the high risk/ conflicting situations.
Our industrial partner’s input will be considered to define scenarios and the required field data will be acquired to
validate the simulation models and define the simulation process.

Task 4. Evaluate Transit Properties (3 months): At this stage, the operational design domain of ASB will be evaluated
considering multiple aspects such as:

e  Operational condition (considering the risk assessment for different weather conditions)

e Route selection (whether it is a fixed-route or flexible service between two or more points)

e Road specification (Speed limit, communication methods between road users and ASB, etc.)

e  Traffic condition

e Passenger/road user perspective
We will incorporate industrial partner’s inputs to identify the wide range of parameters that can affect the safe
operation bus and will document them to help transit agencies to make informed deployment decisions.

Task 5. Stage I Report: A Stage I draft report will be prepared and submitted by the investigator to the expert review
panel for review and comment. Following this review, a revised Stage I final report will be submitted to the Transit
IDEA Program, along with expert review panel comments and point-by-point investigator responses. The Stage |
report will detail the results and findings of this stage and identify strategies to address any project issues in Stage II.

Stage 2: Risk Assessment, Data Processing, and Safety Recommendations

Task 6. Collect the Simulation Results and Analyze the Data (6 months): Conduct series of simulations of ASB-VRU
scenarios considering different transit properties, ASB’s active safety systems, ASB’s speed, and directions,
infrastructural factors, and weather conditions. The high-risk scenarios will be identified, and a probabilistic risk
assessment will be conducted.

Task 7. Develop FE Models for Injury Assessment (4 months): For the cases that unavoidable crashes are more likely
to occur, the finite element (FE) model will be developed to quantify the details of injury risks using LS-DYNA
software. The FE model and multi-body model of the VRU’s will be used to assess the potential injuries that VRUs
sustain during those crashes. The results can be used to develop mitigation mechanisms.
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Task 8. Document Findings (2 months): In this task, the qualitative and quantitative risk assessment will be conducted
using simulation data (PC-Crash and Finite Element Analysis) and use-case tests to present a meaningful safety
assessment. Effective parameters in reducing the number of high-risk/conflicting situations regarding ASB-VRU
interactions will be highlighted and mitigation strategies to reduce the crash risks will be suggested. Finally, although
this project is primarily focused on the safety assessment of vulnerable road users, it will produce a document to assist
agencies in developing a robust safety evaluation of ASB implementation. The recommendations and research
findings resulted from this project can also be used in three different areas:

e Standards regarding the safe operation of ASB

e  Supporting infrastructure which involves local DOT and transit agencies

e Regional planning
In addition, we and our industry collaborator will actively reach out to the public and academia (seminar/ webinar/
videos) to increase the public awareness and understanding about the ASB’s technologies regarding safe operation.
These documents will be prepared to disseminate the findings of the research project to a broad community.

Task 9. Draft Final Report and Final Report: The project investigators will prepare and submit a draft final report
documenting the results of this project. The draft final report will include the results of all stages of this project,
statistical analysis, and potential recommendations. The project investigators will distribute the draft final report to
the expert review panel for review and comment. The investigator will address the review comments in a revised draft
report and submit the report, along with the point-by-point written responses to review comments, to the Transit IDEA
Program Manager no later than 60 days before the completion of the contract. The Transit IDEA Program Manager
will distribute the final report to the Transit IDEA Program Oversight Panel for review and comment. The project
investigators will provide a point-by-point written response to the review comments and submit a revised Final Report
to the Transit IDEA Program Manager. The IDEA programs office will distribute the Draft Final report to the Transit
IDEA Program Oversight Panel for balloting. The project investigators will address the Oversight Panel comments in
a revised final report and submit the report, along with written responses to review comments, to the IDEA programs
office.

TABLE 1: Summary of tasks

Stage 1: Development of the Computer Models and Design the Simulation Plans

Task Number Task Item Duration

2 Develop the PC-Crash Models (Completed)

Design of Simulation Plan

sypow 7

— W | W | W

3
4 Evaluate Transit Properties
5 Stage I Report

Stage 2: Risk Assessment, Data Processing and Safety Recommendations

Collect the Simulation Results and Analyze the Data

Develop FE Models for Injury Assessment

sypuout g

Document Findings

Nl el BN No)
il I I e

Final Report

Project Schedule

TABLE 2: Project schedule for Transit-98 project

Months Timeline Deadlines of Action Items

27-Oct-20 Project Started Kick-off meeting was held on Nov 6
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12

15

17

19

21

27-Jan-21
27-Apr-21
27-Jul-21

27-Oct-21
27-Jan-22
27-Mar-22
27-May-22

27-Jul-22

Progress Report Quarterly report was submitted on Jan

Progress Report

Quarterly report was submitted on

April

Progress Report Quarterly report was submitted on July

Stage 1 Report

Stage 1 report was submitted on

October

Quarterly report was submitted on

Progress Report January
Draft Report Draft report was submitted on March
Draft Final Report
Final Report

Stage 1 Report

3" Progress Report

2" Progress Report

1* Progress Report

4" Progress Report

Draft Report

Draft Final Report

/ Final Report

\ \ 2021
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FIGURE 1: Proposed project timeline
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1 EXECUTIVE SUMMARY

In recent years, there has been a growing interest in the deployment of autonomous vehicles (AVs) for public
transportation. In the US, transportation agencies are exploring the impacts of incorporating automation on safety or
mobility, especially for the low-speed automated vehicles (LSAV) (7). One of the challenges in deploying these
vehicles is the safety of vulnerable road users (VRUs). The objectives of this research project were to identify potential
safety issues regarding the LSAV-VRUs interactions, and to evaluate the performance of LSAV to provide practical
recommendations on improving the safety.

The completed tasks can be divided into three main parts (see FIGURE 2): 1) The close-track tests of
autonomous shuttle bus which were conducted by our industry partner JTA. The data were then analyzed qualitatively
and quantitively to build our safety risk assessment framework and improve our basic vehicle model; 2) The vehicle
and pedestrian models which represent the motion of the vehicle and crossing pedestrian; 3) Field crash data analysis
and safety assessment of LSAV to identify the characteristics of relevant transit crashes, transit properties, and
extracting contextual information.

One of the challenges of LSAV-VRUs interaction is to validate the safety performance of these vehicles for
high-risk scenarios (edge cases). Defining safety tests that could push the capability of LSAV’s systems to their limits
(while maintaining safety) and understanding their operational design domains (ODD) are the key factors in the safety
evaluation process. The goal of most test cases is to validate the basic performance of LSAV’s stacks such as
perception, planning, and control of the vehicle. Although this is a critical step towards a safe deployment, vehicle-
level testing alone would not be enough to ensure safety. The framework proposed in this research (see FIGURE 2)
includes the computer simulation, which enables exploration of safety-critical cases. The computer simulation consists
of modeling the overall motion and basic decision-making process of the vehicle and pedestrian. Minimum gaps that
pedestrians accept during road crossing were obtained from the MATLAB simulation model. A finite element
simulation model was developed to determine risk injury criteria for both head and chest if an unavoidable crash was
to occur. Using the simulation and field crash data we were able to identify scenarios that can lead to hazardous
situations regarding the pedestrians. The crossing, the bus station, and the roundabout were the most challenging type
of interactions that LSAV’s can have regarding pedestrian interaction. A systematic pedestrian safety analysis such as
the analyses conducted in this study can help improve safety of pedestrians. This research analyzed selected cases, but
the findings are case-specific and need to be repeated for new cases or different types of vehicles.

The main lessons learned in this research were as follows. First, the driver must have minimum interaction
with the vehicle for a fully automated low-speed vehicle. This means that the vehicle must be able to operate safely
in most traffic situations without requiring driver assistance. Second, for safe operation of LSAV, sufficient knowledge
and data on pedestrians are necessary far beyond what is covered in this research. This may require inter-jurisdictional
collaboration amongst state DOTs and other transit agencies. The knowledge and data can be shared to obtain critical
information about the safety performance of different LSAV types in different edge case scenarios and understand the
important key aspects of their ODD. Third, how road users feel safe when interacting with LSAV has a subjective

nature. For example, how far away an LSAV should stop when a pedestrian is crossing in front of the vehicle highly



depends on how closeness can affect the perception of comfort and safety for that specific road user. This is a

challenging aspect that the developers of these technologies must address. While road users may not experience actual

accidents, they can form negative opinions on the LSAV if they do not feel safe.
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FIGURE 2: The overall research flow for LSAV-VRUs interaction

2 CLOSE-TRACK TESTS

A series of close-track tests have been conducted by our industry partner Jacksonville Transportation Authority and

the shuttle performance was evaluated in different controlled scenarios. For the tested vehicle, since the autonomous



sensor stacks (Perrone Robotics) and the vehicle (GreenPower Motor Company) were manufactured by two different
companies, it required extra efforts to operate the vehicle in a driverless mode. The GreenPower Company Inc.
delivered the first fully autonomous EV Star transit bus to Jacksonville in collaboration with Perron Robotics on Dec

2020. The EV Star is a multi-utility vehicle capable of a range up to 150 miles (240 km).

FIGURE 3: Green Power EV Star Autonomous Shuttle Bus

The specifications of the bus are presented in TABLE 3. For developing the primary bus model, the data of
the EV star bus tested by Altoona Bus Research and Testing Center have been used (2). The bus operates in both
autonomous and manual modes. When the bus is operating autonomously, pressing one button puts the vehicle into
manual mode and the AV system will continue to run but it removes all control signals. The bus is retrofitted with a
set of sensors and actuators including a camera, three Radars and Lidars, and two Global navigation satellite system

(GNSS) antennas. FIGURE 4 shows the placement of each sensor on the bus.

TABLE 3: Bus Specification

Item Description
Length x Width x Height (m) 7.42x2x2.8
Wheelbase (m) 4.32
Battery Capacity (kWh) 118 with 4 Packs
Brake system ABS-Front disk/rear drum beak

McPherson independent front/
Suspension system Variable cross-section longitudinal
lead spring rear
Tire 215/75R17.5
Active Brake System + Electronic

ABS+EBS
Brake System
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FIGURE 4: Sensor placement on the EV Star Bus provided by PerronRobotic company



2.1 TEST DATA

A total of 21 tests that are related to pedestrians and cyclists were conducted. Due to the weather condition in Florida,

the heavy rain test was also conducted to have a primary evaluation on the bus performance in adverse condition. The

average operational speed due to the safety consideration was between 6 mph to 13 mph. All the tests were conducted

on an asphalt road and during the daytime. FIGURE 5 shows the schematic of the site that all tests were conducted.
The data of bus kinematics were recorded by two independent data acquisition systems (the VBOX provided

by JTA and sensor stacks of Perron Company). For this project we used only the VBOX data that recorded the speed,

acceleration, position, and orientation of the bus at each moment.

ROUTE 14

JTA BUS
{ STATIONw/

FIGURE 5: Testing site location at 3191 Armsdale Rd, Jacksonville, Florida

2.2 STATIONARY PEDESTRIAN

In the first series of tests, the basic pedestrian test using a stationary human mannequin was conducted at three different
pedestrian positions relative to the driving path. The schematic of the test scenario is shown in FIGURE 6. In all tests,
the nominal vehicle speed was 14.5 kph (= 9 mph). TABLE 4 shows the summary of the test results for each scenario.

The average stopping distance (Rs) was 3.8 m away from the pedestrian.

Brake Distance (Rb) Stop Distance (Rs)

v

P

FIGURE 6: Schematic illustration of stationary pedestrian test



TABLE 4: Summary of the test results

Test Roadway Vehicle Speed
Scenarios Stopping Distance (m; +0.1)
Number Surface (kph; £0.5)
Stationary Pedestrian in the middle M1 Asphalt/Dry 14.5 42
of the path M2 Asphalt/Dry 14.5 3.7
M3 Asphalt/Dry 14.5 4.0
Stationary Pedestrian on the left L1 Asphalt/Dry 14.5 4.1
side of the path L2 Asphalt/Dry 14.5 3.8
L3 Asphalt/Dry 14.5 3.7
Stationary Pedestrian on the right R1 Asphalt/Dry 14.5 3.7
side of the path R2 Asphalt/Dry 14.5 3.6
R3 Asphalt/Dry 14.5 3.7

FIGURE 7 shows the test location at the JTA Test & Learn facility. The starting point and the bus position

at the full stop are marked in the aerial map view. The average time for each test was about 16 s. The yellow points in

the map show the waypoints that are defined for the bus movement and the red lines are the actual bus path during

each test. The final position of the bus relative to the stationary pedestrian is also shown in FIGURE 7.
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FIGURE 7: Stationary pedestrian test conducted by JTA at the Test &Learn Facility



FIGURE 8 shows the time history of the vehicle speed from the first two series of tests. The average vehicle

deceleration from the tests was 0.15g and only in one case (the M3 test), the vehicle deceleration was 0.4g. To extract

the braking properties of the vehicle the average braking distance (Rb) was also extracted from data, and it was equal

to 5.4m.
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FIGURE 8: Vehicle speed time history for each test

TABLE 5 and TABLE 6 show the details of each test conducted by our industry partner during the third

quarter of the project. Each test was repeated at least three times to acquire more reliable data. Besides vehicle

performance, the ambient temperature, humidity, and wind speed at the beginning of each test were also recorded.

TABLE 5: Details of close-track test conditions and vehicle performance regarding pedestrian

. Vehicle
Scenario Test Env1ron.n}ental maximum Note
Name Condition
speed (mph)
As the vehicle approached the pedestrian the
SC1-1 _ vehicle made a lane adjustment and proceeded
Temperature =
Response to 91F pass at a reduced speed.
moving pedestrian Humidity = As the vehicle approached the pedestrian the
3ft away SC1-2 41% y 9 vehicle made a lane adjustment and proceeded
(pedestrian speed = i e = pass at a reduced speed.
3 mph) % As the vehicle approached the pedestrian the
SC1-3 vehicle made a lane adjustment and proceeded
pass at a reduced speed.
Pedestrian The vehicle detected a pedestrian slowed adjusted
Detection Test for SC6-1 positioning in its lane and came to a stop in the
different pedestrian crosswalk with the front bumper just passed the
positions Temperature = pedestrian.
(stationary): 70-72F The vehicle detected a pedestrian slowed adjusted
SC6-2 Humidity = 6 positioning in its lane and came to a stop in the
SC6: Existing 99% crosswalk. The vehicle came to a stop before it
Crosswalk Wind speed =5 reached the pedestrian.
mph Vehicle detected pedestrian slowed adjusted
SC6-3 positioning in its lane. The vehicle hesitated as it
approached the pedestrian but continued to
proceed through the crosswalk pass the pedestrian.




SC5: Mid-Lane

SC4: Entering
Crosswalk

SC5-1 Temperature = Detected pedestrian, adjusted positioning in its
72F lane slowed and came to a stop.
SC5-2 Humidity = 6 Detected pedestrian, adjusted positioning in its
91% lane slowed and came to a stop.
Wind speed =9 Detected pedestrian, adjusted positioning in its
SCs-3
mph lane slowed and came to a stop.
Vehicle detected pedestrian, reduced speed, made
SC4-1 lane adjustment, hesitated and then proceeded past
the pedestrian.
e = Vehicle? detected pedestrian, reduced speed, made
73F lane adjustment, hesitated and then proceeded past
SC4-2 Jsfrateby = the pedestrian. During the adjustment, the vehicle
13% 6 started to make the left turn before the actual
e gpeai = programmed turn was to oceur.
mph Vehicle detected pedestrian, reduced speed, made
lane adjustment, hesitated and then proceeded past
SC4-3 the pedestrian. During the adjustment, the vehicle

started to make the left turn before the actual
programmed turn was to occur.

TABLE 6: Details of close-track test conditions and vehicle performance for heavy rain and cyclist test

. Vehicle
. Test | Environmental .
Scenario o maximum Note
Name Condition
speed (mph)
As the vehicle approached the pedestrian the
SC1- . .
vehicle made a lane adjustment and proceeded pass
R1 Temperature =
73F at a reduced speed.
e As the vehicle approached the pedestrian the
. SC1- Humidity = . .
Rain Test R2 959 5 vehicle made a lane adjustment and proceeded pass
. ° at a reduced speed.
Wind speed = 6 - -
As the vehicle approached the pedestrian the
SC1- mph . .
vehicle made a lane adjustment and proceeded pass
R3
at a reduced speed.
Detect and The vehicle detected cyclist and adjusted its lane
Respond to SCs- position as it was approaching cyclists. The vehicle
Bicycle: B1 did not deviate from its projected path as it was
Temperature = passing cyclist. No speed change passing cyclist
70F The vehicle detected cyclist and adjusted its lane
SCs5- Humidity = 9 position as it was approaching cyclists. The vehicle
SC5: Cyclist at B2 57% did not deviate from its projected path as it was
Load-Side of Wind speed =9 passing cyclist. No speed change passing cyclist
Vehicle mph The vehicle detected cyclist and adjusted its lane
SCs- position as it was approaching cyclists. The vehicle
B3 did not deviate from its projected path as it was
passing cyclist. No speed change passing cyclist
‘ SC8- Temperature = Vehicle slowed as it was passing cyclist and then
SC‘& Cyc.:hst at Bl 70F continued route at normal speed
Dr1\<er-Slde of SC8- Humidity = 9 Vehicle slowed as it was passing cyclist and then
Vehicle B2 57% continued route at normal speed
SC8- | Wind speed =9 Vehicle slowed as it was passing cyclist and then
B3 mph continued route at normal speed




According to the test results, no unexpected behavior or deviations from normal driving situations was
observed during the tests. The purpose of these tests was to evaluate the basic performance of the LSAV, but not
validating or verifying the automated systems or expanding the ODD of the automated shuttle bus. For the moving
pedestrian test, in all three scenarios, the vehicle behaves similarly and passed the pedestrian at the safe distance. The
test parameters were limited to only one pedestrian speed and direction. No changes in vehicle performance were
observed for the same set of tests. For the stationary pedestrian tests, three positions of the pedestrian have been
defined, and only when the pedestrian was located in the middle of the road the bus came to a full stop. In the two
other scenarios where the pedestrian enters or exits the crosswalk, the vehicle adjusts its speed and passed the
pedestrian at a specific distance.

The test environment was designed in a very conservative framework due to the safety restriction. Therefore,
the safe performance of the bus during the tests does not guarantee the safe operation in another set of environments.
To establish the operational design domain boundaries for this vehicle, rigorous validation tests for different safety
cases are required. Currently, this can be achieved by using different techniques including a close-track site, on-road
test, and modeling simulation. Each technique offers a multifaceted testing architecture with varying degrees of test
control and fidelity and must be conducted at a different level of development and deployment (3). For example, the

company that provided the sensor stacks must ensure the functional and operational safety of those systems.

3 COMPONENTS OF THE SIMULATION FRAMEWORK

The simulation process consisted of the following four major components: 1) The vehicle dynamics model that
replicates the longitudinal vehicle motion; 2) The pedestrian model that simulates the pedestrian trajectory and
crossing decision; 3) The planning algorithm that determines the actions that vehicle must take at each moment based
on relative distance, speed, and acceleration of vehicle and road users; 4) The control module that specifies the exact
amount of acceleration or deceleration that vehicle can have based on its dynamic characteristics. FIGURE 9 shows
the modeling part that will be used in this project for a different set of parameters. Each of these components has been
developed in MATLAB software using a set of assumptions and simplifications due to many different reasons such
as data availability and computational cost. MATLAB Simulink software was used to integrate all four modules and
visualize the LSAV-VRU interaction. In the proposal stage PC-Crash software was considered, but it was changed to
Matlab due to the better suitability for this project.

Each component consisted of certain input and output ports and predefined parameters within each block
which interact with each other within a loop. At the beginning of the simulation (t = 0s), the required pedestrian and
vehicle model uses the initial conditions such as initial position and speed. As the simulation goes forward, the vehicle
dynamic model sends the vehicle position and speed to the pedestrian block at each time step (0.01s - 0.001s). The
pedestrian model then uses these parameters and predefined parameters such as destination point and type of the
pedestrian (reckless or cautious) to predict the pedestrian position and speed for the next time step.

The planning algorithm uses the information of relative position and speed of vehicle and pedestrian to make

proper decisions in order to avoid any collision/conflict, and then set the proper command for the control module. The
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controller will then use the new reference speed, and the current speed of the vehicle to apply proper

acceleration/deceleration to the vehicle block.

‘Simulation Module|

Vehicle Dynamic (Bicycle Model)

Control Module (PI) FwF Info
RefVelocity xdot
AccelCmd FwR | ydot
Currelocity | ongitudinal * | psi
Controller -

Drsotion Stanley X0 r
DecelCmd F2F

Reset
- xdot_o FzR

Ego
Pedestrian Model
px_0
Vpx py_0
cont
cary
Vx|
— Lvpy
g g
Planning Algorithm vy
1 V_ref dx 1R destx/
2 s 2 1 pedestrian_model
1 3 Vpx. 3 desty
L TTCp
4 long_alg P 4 Xp
5 - v 5 2 Vpx_0
1 TTCv v
Vpy_0
M
\_ Yp simulation_time
p_typs
MATLAB Funclion?

FIGURE 9: The framework of the MATLAB simulation for the LSAV-VRU interaction

To account for the variability of sensor stacks in different LSVs, the level of simulation complexity of LSAV
has been adjusted accordingly. For example, the sensor stack for the currently tested LSV has been provided by
PerrornRobotic which has different sensor architecture and detection algorithms than other types of LSAV such as
Olli (Local Motors). In our simulation process, we defined the pedestrian detection error that was associated with
these detection modules ranging from 2 to 5 % (4). The detection accuracy of the system also depends on
environmental factors and traffic conditions such as time of the day, weather conditions (rainy, fog etc.), the reflection
of the road surface, and occlusion of other vehicles. In this project, since the LSAV was only tested in a controlled set
of environmental conditions, it was not feasible to obtain information about the actual performance of the detection
system under actual operational conditions. Therefore, we implemented the results of previous studies to some extend
(5). Additionally, the pedestrian behavior model was developed to have a more realistic assessment. The details of the

simulation process for each component are explained in the following sub-sections.

11



3.1 VEHICLE DYNAMIC MODEL

In this section, the vehicle model used for simulating vehicular motion is discussed. The most widely used models are
the bicycle dynamic model and bicycle kinematic model (see FIGURE 10). TABLE 7 shows their application, the
assumptions for each model, and their limitations. The vehicle data extracted from the actual test was used to check

which model performs well in our application.

YA.O

FIGURE 10: The bicycle model of the vehicle (6)

TABLE 7: Vehicle Models for path planning and motion control (6)

Item Kinematic Bicycle Model Dynamic Bicycle Model (take mass, inertia,
(based purely on vehicle’s geometric tire stiffness, and road friction into
relationships) consideration)

Equations x=vcos(y + B) ¥ =Yy + a,

y =vsin(y + )

. 2
. y = =Yy +—(F, rcosé; + F,,
§ = sin(g) m oy 0507 ¥ For)
T

.2
v=a 1/J=E(lch,f_lch,r)
— tan- X = xcosy — ysiny
B = tan™'(—— tan(§ .
lr+ 1 @) Y = xsiny — ycosy
Notations x and y: coordinates of the center of mass, m and I,: vehicle’s mass and yaw inertia
% and y: longitudinal and lateral speeds Ffand F.,: lateral tire forces for front and rear
U: inertial heading angle wheel
v: vehicle speed Oy steering angle

l¢ and 1,: distances from rear and front axles
B: angle of the current velocity
a: vehicle acceleration

Assumption | Vehicle does not slip (true for low-speed

vehicles)
Limitation — Steering change can be unrealistic and | — The tire model becomes singular at low speed
needs to be constrained using steering | — Computationally expensive,

angle change rate

Application | — Path planning at low speed where inertial | — Design control systems
effects is small
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FIGURE 11 shows the general information that was used for the vehicle dimension, weight distribution,

and suspension properties.

Suspension Properties

| EV GreenPower Fully Autonomous Bus ‘ Weight: 2335.0 kg O s @n | Osof
I orma 0
Driver l:l Distance of C.G. from front axle:
;1 0.100 i
No. of axles: 2163 m max. susp. travel: m [Juse roll stiffness
E D Roll stiffness:
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° ¢ ) (381773 |[[a2049 |  [19088.6 | N/m
Width: 2.000 Moments of Inertia: ‘38177.3 “4294-9 ‘ | T ‘ \m
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Roll: | 2852.7 kgm~2
Front overhang: m pitch: | 9509.1 kgm~2
15.
m
m

Steeringratio: []ABS 0.1 sel

a

place on slopes automatically

Track - Axle 1:
Track - Axle 2: m

Wheelbase 1-2: 4.325 m

FIGURE 11: Vehicle properties used for simulation

3.2 PLANNING AND CONTROL

FIGURE 12 illustrates the safe distance that a vehicle must keep at all operational situations from the pedestrian. The
space around the vehicle is divided into two regions: 1) A collision zone that has the highest of crashes and the
pedestrian cannot enter in this region to ensure traffic safety; 2) A conflict zone where the pedestrian may feel unsafe
to be around. The vehicle speed before it enters the active region is kept as constant. When the vehicle enters the active
region, it adjusts speed to keep the safe distance from the pedestrian. A safe zone around the pedestrian is used which
is circular in shape. The length of active region depends on the speed of the car and time to collision (TTC). TTC is

one of the surrogate safety parameters that has been used widely to evaluate safety performance (7).

Active Region
AL

88 Collision zone (R=2m); £__! Conflict zone (R=3.5m); {22! Pedestrian safe zone (R=0.35m)

FIGURE 12: The vehicle and pedestrian boundaries

The collision zone, conflict zone, and active region are the parameters that can be varied depending on the

type of safety algorithms used in LSAVs design. Also, the lateral safe distance of the vehicle has another constraint
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that is related to its driving path width. This means that the vehicle can only deviate from its original path within
certain range and if the maneuver causes a risk of crash for other agents, the vehicle must slow down and come to full
stop. Therefore, different traffic conditions and roadways can change the vehicle path to minimize the risk of any
conflict with the pedestrian. These are considered as edge cases that the vehicle systems must be tested and validated
against to ensure the safety of vehicle operations.

The maximum allowable acceleration and deceleration for the LSAV must also be defined in the control
module. Due to the lack of access to this information the average value that a typical vehicle can have for these two
parameters has been selected. The maximum deceleration of —5 m/s? and maximum acceleration of 6 m/s? were used
for simulations. The controller was implemented as a discrete Proportional-Integral (PI) controller with integral anti-
windup.

For addressing the detection error of sensors in the autonomous vehicle, three types of sensors are used.
Based on the error percentage of detection, the dynamics of vehicle can be changed such as variation of speed,
acceleration or deceleration to avoid hitting the pedestrian. The error percentage of different types of sensors are
shown in TABLE 8.

TABLE 8: Types of sensors

Sensor type Percentage of error (%)
1 0-3
2 0-5
3 0-10

3.3 PEDESTRIAN MOTION MODEL

3.3.1 INTRODUCTION

Pedestrians are considered as vulnerable road users because they are directly exposed in the road network to vehicles
and chances of collision and injury risk are very high. In a road network, vehicle motion is restricted in the longitudinal
direction inside traffic lanes, and it cannot move suddenly in the lateral direction. Unlike the trajectory of vehicles,
pedestrians can change their moving direction frequently and they can make their own decision while interacting with
vehicles. FIGURE 13 shows the factors that influence pedestrian behavior which is classified into two main categories

of pedestrian and environmental factors (8).
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FIGURE 13: Factors influencing pedestrian behavior (§)

Behavior of pedestrian has been studied and intention estimation has been conducted to predict the

pedestrian's motion in the short-term (1-2.5 seconds) and long-term (final destination or path following) (9). For the

short-term approach, researchers are using the pedestrian's head orientation, body movement, and the potential impacts

of social factors. In the long-term approach, researchers usually draw information from static cameras or lidars (10).

They have mostly used questionnaires or interviews to obtain the information needs of VRUs who encounter LSAVs

(11). Some of the findings of recent studies have been highlighted as follows:

People prefer to have separate path/pavement in the driverless environment (based on a
questionnaire) (12)

On average, cyclists do not expect to be recognized better by the LSAVs (based on photo
experiments) (13)

Pedestrians feel less safe when approaching a driver-less car (based on field experiment) (14)
People tend to cross the street at the vehicle’s deceleration phase, rather than after it had come to a
full stop (based on virtual reality-based simulation) (75)

Prediction of waiting was harder than a prediction of crossing behavior (based on experimental and

real-traffic data) (16)

15



Researchers have studied the application of smart infrastructure, external human-machine interfaces, and the
potential of augmented reality to overcome these challenges (77). They have found the key role of smart infrastructure
in solving this challenge and suggested the LSAV-VRUs segregation might be also needed for future urban areas.
However, they were concerned about corresponding costs and maintenance requirements (77).

Walking speed is one of the main characteristics of the pedestrian that depends on various contextual and
individual variables. There have been several studies to quantify the walking speed and how parameters influence the
rate of speed. These studies have used field observation, manual video, and semi-automated video analysis methods
to characterize the kinematics of pedestrians (18). The average walking speed resulted from those studies ranged from
0.7 m/s to 1.3 m/s in different traffic conditions.

Predicting pedestrian trajectory while interacting with a surrounding vehicle can help in developing
algorithms for the autonomous vehicle. To simulate the pedestrian trajectory, several motion models have been used.
Among them, the social force model (SFM) uses differential equations by combining different attractive and repulsive
forces acting on pedestrians. This model was proposed initially for pedestrian-pedestrian interaction by Helbing and
Molnar (19). Since then, it has been modified by several researchers to integrate pedestrian-vehicle interaction for the

development of autonomous vehicle algorithms.

3.3.2 INTERACTION SCENARIOS

Two scenarios were considered for the simulation of LSAV-VRU interactions. The first scenario is the crossing at a
crosswalk and the second scenario is the crossing at a roundabout. FIGURE 14 and FIGURE 15 illustrate the scenarios
that were used to conduct the simulation of interaction framework. In the scenarios we analyzed, a pedestrian was
trying to move into a continuous space while interacting with an autonomous vehicle. SFM was applied to this
pedestrian (referred to as ‘ego pedestrian’). Ego pedestrian will go from starting point to a fixed destination and try to
use the shortest available path without deviating too much. The goal is to predict the trajectory of ego pedestrians
without colliding with AV. According to SFM, an attractive force known as destination force will be used which
guides ego pedestrian towards the destination. During navigation, ego pedestrians will also face repulsive forces

coming from AV.

FIGURE 14: Crosswalk scenario



FIGURE 15: Roundabout scenario

3.3.3 SOCIAL FORCE MODEL (SFM)

A microscopic social force model was used to simulate pedestrian trajectory while interacting with a vehicle. In the
following, the equations given in Anvari et al. (20) for pedestrian motion simulation by SFM are summarized. Three
types of forces act on a single pedestrian, and they are added together to produce the pedestrian trajectory. These
forces can be referred to as a destination force, a repulsive force from a vehicle, and random fluctuation force shown
in Eq. 1.

Fiora(t) = Fo(t) + Fy(t) + F.(t) 1

Here, F, is a destination force that drags a pedestrian from a starting point towards the destination point, F, is a
repulsive force coming from a vehicle that enables pedestrians to keep a certain distance away from the vehicle for

safe navigation, and F, is a random fluctuation force. Destination force can be expressed by Eq. 2.
0,0_
Fa(t) = = — @)
Here, v° is a comfortable walking velocity that motivates the pedestrian to move in the desired direction €° within a

certain relaxation time 7. The desired direction e® is a unit vector that points from a pedestrian current location to a

fixed destination point and v is pedestrian speed. The repulsive force coming from a pedestrian is shown in Eq. 3.

ry+rp—dyp

F,(t) = A,exp B e"PF, 3)
Here, A, and B, are constants, 7, is the radius of vehicle, 7, is the radius of pedestrian, d,,, is the distance between a
pedestrian and a vehicle, e? is a unit vector that denotes the direction of a repulsive force coming from the vehicle to
the ego pedestrian and F,, is used to denote the effective field view of pedestrian towards the vehicle. The shape of
the vehicle used in the SFM is considered as an ellipse with a radius 7;,. The value of 1;, is dependent on the angle
(@, between the walking direction of the pedestrian and a line that connects the center points of both pedestrian and

vehicle. The equation to calculate r, is shown in Eq. 4.
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Here, 21, and 2w, are the length and width of the vehicle respectively. FIGURE 16 shows the diagram that is used

for calculating the radius of vehicle 7,.

W, Center of pedestrian

Direction towards destination

Radius of the vehicle, 1,

FIGURE 16: Radius of the elliptical shape of the vehicle

The equation for calculating the effective field of view F,, is shown in Eq. 5. Here, 4 is a constant that

influences the field of view.

Fop = A4 (1 - 2) x 1) )
The random fluctuation force is expressed by Eq. 6.
F () = dot(e°(t), Frorar(t))X "™ (1) (6)
norm

Here, X is a random variable that follows a normal distribution with a mean of 0 and a standard deviation of 1. e
is a unit vector tangential to the desired direction €°. After calculating the total force acting on the ego pedestrian, the
velocity and position are calculated and updated for each time step and the pedestrian trajectory is formed.

To address the crossing decision behavior, a gap acceptance model is used. Time to collision (TTC) can be
used as a benchmark for deciding whether an allowable time gap is accepted by a pedestrian before crossing. Based
on the initial position of both vehicle and pedestrian, a conflict point is selected if both agents start moving and do not
deviate from their trajectories. The time required to reach the conflict point is calculated for both agents by using
initial conditions of the first-time step of simulation. For calculating the TTC, the distance between pedestrian and
vehicle is used because the distance influences the gap acceptance behavior of the pedestrian (21). If the time to reach
the conflict point for pedestrian is less than the time required for the vehicle, the pedestrian starts to cross the road and

vice versa. The equations used for TTC of both pedestrian and vehicle is given in Eq. 7 and Eq. 8 respectively.

Ypedestrian~ Yvehicle
TTC, an = |5 (M
edestrian
P Vy,pedestrian
x. Lo x .
_ pedestrian™ *vehicle
TTCvehicle - | | (8)

Vx,vehicle

Here, TTCpegestrian can be varied based on individual pedestrian characteristics that reflects the risk acceptance level

(22). According to Das et al. (23), the minimum accepted time gap before crossing is two seconds and the mean
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accepted time gap is eight seconds. For this project, three types of pedestrians were considered based on the time to
collision to reflect the difference in risk-taking attitude during crossing. TABLE 9 shows the types of pedestrians used
in the simulation framework and their accepted TTC. A distracted pedestrian does not stop during crossing; for
example, a person who is using cellphone and does not look at road. Risk-taker pedestrian tries to cross the road before
vehicle arrives unless it is too risky to cross and accepts the TTC of two seconds. A cautious pedestrian considers the
vehicle position before starting to cross and maintains a safe distance greater than the risk-taker pedestrian and a TTC
value of five seconds is selected for the cautious pedestrian.

TABLE 9: Types of pedestrians considered for simulation

Pedestrian type Accepted time to collision (TTC)
Distracted 0Os
Risk-taker 2s
Cautious 5s

3.34 VALIDATION OF SOCIAL FORCE MODEL

For validating the simulated trajectory obtained from the social force model, we use the Control and Intelligent
Transportation Research (CITR) dataset collected by Yang et al. (24). They conducted controlled experiments in a
parking lot at the Ohio State University. The layout of their experiment area is shown in FIGURE 17. The researchers
used a DJI Phantom 3 SE Drone with a down-facing camera for video recording. The video resolution is 1920x1080

with a fps of 29.97. During the experiments, participants were instructed only to walk from one small area (starting

points) to another small area (destinations). They used an EZ-GO Golf Cart that interacts with surrounding pedestrians,

as shown in FIGURE 17.

FIGURE 17: Layout of controlled experiment area of CITR dataset and EZ-GO Golf Cart (24)

We consider two cases for the pedestrian trajectory simulation from the CITR dataset: vehicle yields to a
crossing pedestrian and vehicle does not yield to a crossing pedestrian. Trajectories of the pedestrian and vehicle were
extracted from the CITR dataset and used in simulation. TABLE 10 shows the initial speed of the pedestrian and

pedestrian number for each scenario. The vehicle trajectory is extracted from the CITR dataset.
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TABLE 10: Summary of input parameters

Scenario Number 1 2
Pedestrian Number P1 P2 P3 P1 P2 P3
Pedestrian Initial Speed (m/s) 1.4 0.8 0.6 1.1 1.5 1.25

FIGURE 18 and FIGURE 19 show the pedestrian trajectories from the actual dataset and our simulation
models for scenario 1. The results indicate that the pedestrian model was able to predict the trajectory. Although the
pedestrian motion prediction is a very complicated task that requires the physical and phycological information of

each individual, for this project the model can provide sufficient results. Similarly, FIGURE 20 and FIGURE 21 show

the pedestrian trajectories for scenario number two where the vehicle did not yield to the pedestrian.

Trajectory from CITR dataset of scenario 1
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Trajectories extracted from the CITR dataset (24): scenario 1
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FIGURE 19: Trajectories resulted from simulation: scenario 1
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Trajectory from CITR dataset of scenario 2
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FIGURE 20: Trajectories observed from the CITR dataset (24): scenario 2
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FIGURE 21: Trajectories resulted from simulation: scenario 2

Further simulations were conducted to illustrate the trajectory of a single pedestrian trying to cross. The input
parameters used for simulation are provided in TABLE 11. We have selected 1.5 m/s initial velocity as it is average
pedestrian crossing velocity found in study in Florida (25). We divided the total time of simulation (T) into 5 sub-
divisions (0, 0.25T, 0.5T, 0.5T, and T). Total time of simulation is denoted as T. We added another timestep called
‘stop time’ to demonstrate pedestrian stopping position when the vehicle did not stop (scenario 2) as shown FIGURE
23. The pedestrian paused for a brief time when the time gap between the pedestrian and the vehicle was less than the
critical time gap. A timestep called ‘stop time’ was added to demonstrate the position of both pedestrian and vehicle
when the pedestrian paused but the vehicle was moving. After the time gap value became higher than the critical gap,
the pedestrian started crossing again. In FIGURE 22, the vehicle stopped to let the pedestrian cross (scenario 1). The

SFM was able to generate realistic pedestrian trajectories during the crossing.
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TABLE 11: Input parameters for simulating the pedestrian trajectory at different timesteps

Scenario Pedestrian Pedestrian Vehicle Vehicle
Pedestrian Vehicle
Number Initial Initial Speed Initial Initial Speed
Destination Destination
Position (m/s) Position (m/s)
1 18.35,11 18.95,2.95 1.5 29.65, 8.38 23.84,8.15 1.96
2 17.12,12.06 17.74, 1.82 1.5 31.09, 8.58 9.58, 7.78 2.19

Y position (m)

FIGURE 22:

Y position (m)

FIGURE 23: Simulated trajectory with pedestrian velocity 1.5 m/s: scenario 2
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3.4 SIMULATION RESULTS

34.1 INPUT PARAMETERS
For simplicity, the initial position of vehicle and pedestrian were fixed for each simulation. A total of 1000 simulations
were conducted for the crosswalk scenario with different initial input parameters to account for the variability of
pedestrian behavior. Among the 1000 simulations, 200 was done for cautious pedestrian, 400 was done for risk-taker,
and the remaining 400 was done for distracted pedestrians. For the roundabout scenario, a total of 200 simulations
were conducted where 32 was done for cautious pedestrian, 90 was done for risk-taker and 78 was done for distracted
pedestrians. The focus of this simulation work was to simulate more risky interactions between AV and pedestrian,
and as a result fewer simulations were conducted for cautious pedestrians than other two types of pedestrians.
According to Knoblauch et al. (25), the average crossing speed for a young pedestrian was 1.51 m/s and they
found an average crossing speed of 1.25 m/s for older pedestrians through a field survey conducted in Florida. Chandra
and Bharti (26) also found an average pedestrian crossing speed of 1.5 m/s in a unidirectional crossing facility in India.
For our project, the range of pedestrian crossing speed was selected from 0.5 — 2.5 m/s with an average value of 1.5
m/s. Time to collision (TTC) is an excellent indicator for pedestrian safety and length of active region depends on
TTC. Jeong et al. (27) used a value of 2 s for TTC. For this simulation work, we used TTC values from 1.7 — 3 s for
active region time. Regarding the vehicle speed, the maximum vehicle speed should be within a range of 25 — 35 mph
or 11 — 15 m/s and cruising speed should be 12 mph or 5.4 m/s approximately (28). The range of vehicle speed was
selected from a range of 1 — 15 m/s in this project. The initial input parameters were selected based on existing studies
and their values are provided in TABLE 12. Simulation results were generated based on selected combinations of
input parameters mentioned above. Based on the data generated by the integrated simulation framework, qualitative
and quantitative evaluations were conducted.

TABLE 12: Initial input parameters and their range of values

Parameters Values Distribution
Pedestrian initial speed 0.5-2.5m/s Normal
Vehicle initial speed 1-15m/s Normal
Time of active region 1.7-3s Normal
Pedestrian type 1 (cautious), 2 (risk-taker), 3 (distracted) N.A.
Sensor type 1,2,3 Uniform

342 QUALITATIVE EVALUATION

Three types of sensors were used for pedestrian detection, and they were classified based on the percentage of detection
error. Three simulations were done where all initial input parameters were kept the same except sensor types to
visualize the variances in pedestrian detection process by the ASB. The noise around the position of pedestrian was

found higher for type 3 sensors. FIGURE 24 illustrates the noises around pedestrian position for three types of sensors.
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FIGURE 24: Detection error for different types of sensors

For comparing the crossing behavior for different types of pedestrians, another set of three simulations were
conducted by changing the pedestrian types while keeping the other initial parameters as constants. Cautious
pedestrian kept a maximum safe distance from the autonomous vehicle from starting of the simulation. On the
contrary, distracted pedestrian came very close to the vehicle during crossing. Risk-taker pedestrian tried to cross the
road from beginning of simulation but paused its movement if distance from the ASB decreased and the situation was

unsafe for crossing. FIGURE 25 shows the variations of crossing behavior for different types of pedestrians.

Cautious pedestrian Risk-taker pedestrian
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Distracted pedestrian

FIGURE 25: Crossing behavior of pedestrians at the crosswalk scenario

Another set of three simulations were conducted for evaluating the LSAV-VRU interaction pattern for the
roundabout scenario. Only pedestrian type was changed while other input parameters were kept as a constant. The
results were similar to the crosswalk scenario. Cautious pedestrian kept a certain distance from the beginning while
risk-taker pedestrian came very close to the ASB and stopped for safety. Distracted pedestrian crossed the road in an

unsafe manner. FIGURE 26 shows the crossing pattern of different types of pedestrians at the roundabout scenario.

Cautious pedestrian Risk-taker pedestrian

X position (m)

X position (m)

FIGURE 26: Crossing behavior of pedestrians at the roundabout scenario

25



From the qualitative evaluation, variations in crossing behavior were found for different types of pedestrians.
Both cautious and risk-taker pedestrians avoided collision with the ASB by letting the vehicle pass before them. The
vehicle also changed its speed accordingly when the pedestrian came very close to it. A successful negotiation was

developed between road agents without compromising the traffic safety.

34.3 QUANTITATIVE EVALUATION

For the quantitative evaluation of simulation platform, a series of simulations were conducted for analyzing the
variations in pedestrian/vehicle speed, AV’s acceleration/deceleration to avoid colliding with the pedestrian, minimum
safe distance between road agents, etc. All simulations were done with pedestrian initial speed 2 m/s, vehicle speed
7.5 m/s, risk-taker pedestrian type, type 2 sensor and active region time 2.2 s respectively. After generating the results
of these simulations, the values were plotted for further analysis and discussions.

A contour plot was generated for demonstrating the change in speed of both pedestrian and vehicle during
navigation for the crosswalk scenario. The initial speed of vehicle was set at 7.5 m/s at the beginning of simulation.
As time of simulation progressed, the vehicle velocity decreased after detecting the approaching pedestrian. After
