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EXECUTIVE SUMMARY

The Minnesota Department of Transportation (MnDOT) authorized testing and demonstration of
an automated vehicle (AV) in February of 2017. MnDOT’s research into previous AV efforts in
other states indicated that testing had not been completed in winter weather conditions. MnDOT
also wanted to address the lack of exposure to the AV technology within the state, while
increasing Minnesota’s influence in AV development nationally. The testing and demonstration
goals included the following:

1. ldentify the challenges of operating automated vehicle technologies in snow/ice
conditions and test potential solutions through field testing.

2. Identify the challenges and strategies of having third parties safely operate automated
vehicles on the MnDOT transportation system.

3. Identify infrastructure gaps and solutions to safely operate automated vehicles on the

MnDOQOT transportation system.

Prepare transit for improving mobility services through automated vehicles.

Increase Minnesota’s influence and visibility on advancing automated & connected

vehicles.

6. Enhance partnerships between government and industry to advance automated &
connected vehicles in Minnesota.

7. Provide opportunities for public demonstrations of automated vehicles and obtain public
feedback.

o~

MnDOT tested an automated shuttle bus supplied by EasyMile at the MNROAD facility in
December 2017 and January 2018 under the direction of MnDOT staff with support from project
consultants. The testing methodology can be found in Chapter 2. Public tours and
demonstrations of the automated shuttle bus were held for select transportation professionals in
December 2017 and January 2018 at MNnROAD. This was followed by public demonstrations of
the automated shuttle bus between January 24" and January 28" in conjunction with community
activities that preceded Super Bowl LII in Minneapolis, Minnesota. Five additional
demonstrations were held between February and April of 2018 at 3M, the City of Rochester, the
University of Minnesota, Hennepin County, and Bismarck, North Dakota. The overview of
these additional demonstrations can be found in Chapter 5.7.
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Figure ES-1 Automated Shuttle Bustperation at MNnROAD Fé{cility

The results of the automated shuttle bus testing at MNROAD can be found in Chapter 3. The
findings of the winter weather testing indicated that

The automated shuttle bus operated well under dry pavement conditions with no
precipitation. The vehicle kept a safe operating distance from other vehicles, pedestrians,
bicycles and other roadway obstructions on the track, performing slowdowns and stops as
needed. Daytime and nighttime light conditions did not impact the shuttle performance.
Falling snow, blowing snow, or loose snow on the track was often detected as obstructions
by vehicle sensors, causing the vehicle to slow down or stop to avoid a collision.

Snow banks alongside the vehicle routes caused issues with pre-programmed paths. Snow
banks had to be removed at the Minnesota Capitol demonstration and the Hennepin County
demonstration was delayed a week from plan to allow the snow banks to melt.

At times, compacted snow and patches of ice or slush on the track caused the wheels to
slip, which in turn created issues with the bus not responding to its exact location on the
track.

Salt spray from treated sections of roadway that collected on the vehicle sensors did not
appear to significantly degrade performance. While some minor anomalies were observed,
the reason could not be confirmed. Cleaning dirt accumulation from the sensors due to
normal operations appeared to improve the automated shuttle bus performance.

Because of the rural nature of the MnROAD site, the vehicle required installation of
localization infrastructure. Signs posts were installed approximately every 100 feet around
the test loop.

As the core temperature of the battery dropped significantly, automated shuttle bus
operations were negatively impacted. Charging times during colder temperatures
increased compared to charging times during warmer temperatures.
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Based on survey data taken during the Super Bowl demonstration in downtown Minneapolis,
public opinion was favorable towards the Minnesota Autonomous Bus Pilot project. Over 1,300
participants rode the automated shuttle bus on Nicollet Mall from January 24" to January 28",
2018. Public concerns focused on vehicle safety and security of the automated shuttle bus
operating system. Full details of the public demonstration can be found in Chapter 5. Statewide,
a total of 3100 participants rode the automated shuttle bus at public demonstrations including the
Super Bowl, State Capitol, 3M, the University of Minnesota, Hennepin County, and the City of
Rochester.

The Autonomous Shuttle Bus testing and demonstrations was a good first step in understanding
the impacts of Minnesota’s winter climate on automated technology. Future steps for
Minnesota’s AV program will likely focus on the following:

1. Continue to test and assess how AV technology works in winter weather conditions.

2. Continue to grow partnerships with vendors of AV technology.

3. Work with transit partners to find opportunities to use AV technology to enhance transit
services, including full size buses.

4. Work with persons with disabilities on how AV technology can improve mobility.
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CHAPTER 1: INTRODUCTION

This chapter briefly describes the Minnesota Autonomous Bus Pilot Demonstration overview
and purpose.

1.1 Project Overview and Purpose

MnDOT and the statewide Minnesota stakeholder agencies procured an automated vehicle and
provided a testing and demonstration environment for the fast-emerging technology area of
automated vehicles. The testing and demonstrations conducted by the project team furthered
Minnesota’s Autonomous Bus Pilot project goals listed in section 1.2.

Minnesota cold and snowy winter weather conditions create several unique challenges for
automated vehicle operations. To better understand operations of an automated shuttle bus in in
Minnesota winter weather conditions, MnDOT conducted an Autonomous Bus Pilot project. A
key outcome of this project was to work with an automated vehicle technology vendor to
demonstrate the automated technology and identify roadway infrastructure improvements
necessary to operate an automated technology in Minnesota winter weather conditions. Three
phases of this project included:

1. MnROAD Testing — This phase provided a controlled environment in which to test the
automated shuttle in a variety of winter weather conditions.

2. Downtown Minneapolis Demonstration — This phase allowed the key stakeholders and
public to ride the automated shuttle and give feedback on their experience.

3. Additional Demonstrations — This phase allowed a wider variety of stakeholders to ride the
automated shuttle and demonstrate its capabilities in a variety of environments.

This report describes the observations made by project staff during the demonstration of the
vehicle’s operation at the MNROAD facility near Albertville, Minnesota. It also summarizes
details from stakeholder tours conducted at MNnROAD and the Super Bowl showcase conducted in
Minneapolis, Minnesota.

1.2 Project Goals

Autonomous Bus Pilot project efforts include the following project goals that have been discussed
with MnDOT project team members:

1. Identify the challenges of operating automated vehicle technologies in snow/ice
conditions and test potential solutions through field testing.

2. ldentify the challenges and strategies of having third parties safely operate automated
vehicles on the MnDOT transportation system.

3. Identify infrastructure gaps and solutions to safely operate automated vehicles on the

MnDOQOT transportation system.

Prepare transit for improving mobility services through automated vehicles.

Increase Minnesota’s influence and visibility on advancing automated & connected

vehicles.

ok~

Date: June 27", 2018 Page 9



6. Enhance partnerships between government and industry to advance automated &
connected vehicles in Minnesota.

7. Provide opportunities for public demonstrations of automated vehicles and obtain public
feedback.

1.3 Demonstration Scope

The demonstration of the automated shuttle bus was conducted by EasyMile, the vendor chosen
by MnDOT, and oversight of the demonstration was performed by WSB and AECOM staff.

In September 2017, WSB and AECOM prepared and shared a demonstration plan with EasyMile
for review and comment. The demonstration plan outlined various operational scenarios and
described automated shuttle bus behaviors that WSB and AECOM staff planned to observe in
various weather conditions at various times of the day. Previous documentation prepared for
MnDOT for further details.

The demonstration plan guided initial discussions between the EasyMile project team and WSB
and AECOM staff on how the automated shuttle bus would be tested and demonstrated at the
MnROAD facility.

1.4 Project Staff and Demonstration Participants

Several project team partners participated in the automated shuttle bus demonstrations. A list of
agencies and associated responsibilities is summarized in Table 1-1 below.

Table 1-1 Agencies and Responsibilities in Automated Shuttle Bus Demonstrations

Agency Responsibilities

MnDOT Lead Public Agency
e Provided overall project management and direction to all team
members

e Provided testing facilities at MNROAD for the demonstration
e Communicated project activities with media and the general public
EasyMile e Provided the automated shuttle bus for demonstrations
e Coordinated with MnDOT on the delivery and operation of the
automated shuttle bus
e Provided operations and maintenance troubleshooting to address
issues discovered during the demonstration
First e Operated the automated shuttle bus for demonstrations
Transit e Provided staff trained on the technical operation of the automated
shuttle bus
e Managed the operation of the automated shuttle bus at all
demonstrations
3M e Partnered with MnDOT on the automated shuttle bus demonstrations
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e Coordinated with EasyMile on delivery of the automated shuttle bus
to the 3M campus for custom vehicle wrap
e Coordinated with the project team during stakeholder tours and
demonstrations
e Provided Minneapolis demonstration support
e Provided connected vehicle demonstration technology
WSB and Project Consultants for the automated shuttle bus demonstration
AECOM e Coordinated weekly meetings with all project team members

e Provided oversight of all demonstration-related activities and
stakeholder tours
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CHAPTER 2: METHODOLOGY

This chapter briefly describes the methodology followed by agencies involved in the
demonstration.

2.1 Demonstration Site

Demonstration and observations of the automated shuttle bus operations occurred on a portion of
the 2.5 mile closed low volume loop at MNROAD. The total track distance utilized for testing
was 4,370 ft. (0.83 miles) as shown in Figure 2-1. The preprogrammed route established for the
automated shuttle bus allowed for movement in a counter-clockwise direction utilizing the right
travel lane. The test track consisted of pavement, except for a short gravel crossover path located
on the northwest end of the track between the programmed Intersection Stop and Platform Stop.

Figure 2-1 MnROAD Automated Shuttle Bus Test Track

The test track required vertical sign posts spaced every 100 feet, along with small blank sign
panels placed on the sign posts every 700 to 800 feet. This was necessary to enhance the
automated shuttle bus route localization in an environment that lacks buildings, trees, and other
vertical infrastructure along the test track. Previous identified infrastructure typically serves as
landmarks detected by the vehicle sensors. Orange cones were placed adjacent to the MNROAD
pond as safety indicators for the automated vehicle’s sensors to mitigate the risk of the
automated vehicle going off course into the pond. Figure 2-2 below presents the infrastructure
installed.
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Figure 2-2 MnROAD Infrastructure for Automated Shuttle Bus Demonstration

A preprogrammed route was created for stakeholder demonstrations. Stakeholders loaded the
shuttle bus at the MnROAD facility main entrance, rode the bus along the route to a
programmed stop at the rear of the building, and then returned to the main entrance to end their
tour. The route included programmed stop locations and is shown in Figure 2-3.

¥ .
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Programmed Stop
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Programmed Stop
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g . Q Programmed Stop
4 ;
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| %
;;\
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"\

Y./
Figure 2-3 MNROAD Route Diagram for Automated Shuttle Bus Stakeholder Tour

The automated shuttle bus required climate controlled storage with a minimum entrance height
of 9.2 feet and charging facilities. MNROAD provided garage space adequate for storage and
maintenance activities needed throughout the testing period as well as charging of the internal
batteries.
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2.2 Automated Shuttle Bus

The automated shuttle bus provided by EasyMile was the EZ10 model. This is shown in Figure
2-4 below. The vehicle is a driverless, electric shuttle bus (13.13 feet long) that can transport up
to 12 people (six people seated, six people standing) but could be equipped with different seating
allowing up to 15 people to be transported. It also includes an accessibility ramp for passengers
with reduced mobility. The EZ10 has no steering wheel or brake pedal and navigates
autonomously using pre-mapped routes. It has a maximum speed of 25 miles per hour, but the
typical operating speed is 12 to 15 miles per hour. For the MNROAD demonstration route,
variable speed settings were utilized, depending on the test scenario ranging from about 2 to 11
miles per hour. The vehicle has a Society of Automotive Engineers (SAE) Level 4 autonomy
classification.

The EZ10 is equipped with high-accuracy GPS and eight separate LIDAR sensors. The LIDAR
sensors include four 270-degree single-layer sensors mounted at each lower corner of the
vehicle. There are two sixteen-layer sensors, one in the front and one in the back of the vehicle,
designed to detect an obstacle in a cone-shaped zone in the front and back of the vehicle. Also,
two 180-degree roof-mounted sensors are designed to detect landmarks in the surrounding
environment for localization. See Figure 2-4. The localization system includes the GPS, LIDAR
sensors, odometry and inertial measurement unit allowing the automated shuttle bus to operate
accurately on the pre-programmed route. The EZ10 was equipped with four-wheel drive, winter
tires, and an interior heater.

1 Visible LIDAR Sensor 180° Angle Front and Rear
Locations Circled in Red Views on Roof Sensors

Cone-Shaped ,
Views on Vehicle |
| Mounted Sensors

270° Angle Views on Ground-Level Sensors

~

Figure 2-4 EasyMile EZ10 Full Electric Automated Shuttle Bus
2.3 Demonstration Procedures

The demonstration plan included conducting observations of the automated shuttle bus
performance by introducing test case scenario variables in a variety of weather conditions. Many
of the scenarios were an attempt to replicate the performance of the automated shuttle bus in a
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low-speed, low-volume public roadway environment. The conditions and variables are presented
in Table 2-1 below.

Table 2-1 Types of Demonstration Observations

Weather Conditions Variables
Clear Weather / Bare Pavement Automated Shuttle Bus Only
Uncontrolled Winter Weather Obstacles (Work Zone Barrel)
Controlled Winter Weather Other Cars, Pedestrians, Bicycles

Prior to vehicle testing, WSB and AECOM prepared a set of bus operator procedures. These
procedures were prepared for the First Transit staff who operated the vehicle and conducted test
scenarios. The procedures were derived from the operational scenarios included in the
demonstration plan. An example of the procedures is shown in Figure 2-5 below.
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Bus Operator Procedures

Scenario: 3.1.1 Clear Weather Operational Scenario 1 — Operation with no vehicles /
bicyclists / pedestrians

Date: Day 1 Start: 2:00pm (Shift 1)/ 5:30pem (Shift 2) | End: 2:45pm (Shift 1) / 6:15pm (Shift 2)
Test Purpose:

Observe autonomous bus operations in closed environment.

Test Description

The autonomous bus will Travel up to 15 MPH and operate autonomously by driving in both
directions within each lane of traffic around a portion of the 2.5-mile track. An operator will be
present in the vehicle at all times ready to assume control of the vehicle as needed, and to confirm
the autonomous operation of the vehicie. The operator will confirm acceptable operations prior 1o
proceeding 10 other operalional scenarnos on the track

Demonstration

Set origin and destination points along track for scheduling short trips. Travel! up to 15 MPH on
straight segments in both directions around the loop. Allow operator to take control of bus and tum
control over to the bus as needed. Operate in dry pavement/clear weather conditions. Demonstrate
the following behavioral competencies:

# Requirement
Detect and Respond to Static Obstacies In the Path of the Bus (Staff Person A/ B)
Perform Vehidle Stops at Designated Stations (Vehidle Operator)
Perform Whesichair Ramp Deployment (Vehicle Operator)
Nawvigate Intersectons and Perform Tums (Vehicle Operator)
Bus localization, kane keeping and path trajectory (Vehicle Operator)

O &N -

Figure 2-53 Sample of Bus Operator Procedures for Demonstration
2.4 Testing Observations

WSB and AECOM project staff followed the testing and demonstration procedures with project
team members at the MNROAD facility in December 2017 As WSB and AECOM staff members
made initial observations while following the procedures, they determined that it would be
beneficial to digitally record many of the numerical observations, such as temperature, wind, and
time of day among other measures for future analysis. A Google Forms survey application was
created to record the observations for review in a separate worksheet. Table 2-2 below shows
the types of observations recorded by WSB and AECOM staff.
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Table 2-2 Types of Observations Recorded During Vehicle Demonstration

Testing Notes Vehicle Events Weather Details
Time of Day Sensor Activated Slow General Observations
Date Emergency Stop Temperature
Person Completing Form Intersection Stop Feel Like Temperature
Lap Number Manually drove vehicle Wind
Testing Scenario Battery charging issue Dew Point
Start Time Planned Start Pressure
End Time Planned End Sky Conditions
Battery Temperature (in Planned Obstacle (i.e. vehicle, | Precipitation
Celsius) bicyclist, pedestrian, barrel,

etc.)
Battery Charge Level Planned stop Humidity
Heater On/Off Platform Stop Weather Source
Lights On/Off Other events Visibility

Digitally recording observations allowed for timestamps to be recorded of instances where the
automated shuttle bus stopped moving due to obstructions that the vehicle sensors identified.
Timestamps were recorded for the beginning and ending of many vehicle events, as noted in
Table 2-2 and for the start and end times of conducted test laps. WSB and AECOM project staff
also manually recorded the locations of sensor-activated slowdowns or emergency stops on pre-
printed route maps and could upload photos of the maps or other photos to the Google Forms
application.
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CHAPTER 3: RESULTS
This chapter describes the results observed by WSB and AECOM during testing at MNROAD.

3.1 Testing Dates

Testing at MNROAD was conducted on the dates and under the general types of conditions
described in Table 3-1. Testing began on December 1%, 2017 and ended on January 12, 2018.
During this time, vehicle tests were conducted at various times of the day in a variety of weather,
temperature, and pavement conditions as noted in Table 3-1. A more detailed summary of
conditions, testing, and observations for each test day is provided in Appendix A of this report.

Table 3-1 Types of Weather Conditions and Pavement Coverage During Testing

Day Time of Day Temps / Sky Conditions Pavement Conditions
12/11/17 Morning / Day ~ Low 30s (feels like 25) / 1” Snow on Pavement
Cloudy
12/18/17 = Afternoon / 36 (feels like 30) / Cloudy  Mostly Bare Pavement
Night
1/2/18 Afternoon / 13 (feels like -3) / Light Compacted Snow / Ice Patches
Night Snow, Cloudy
1/3/18 Afternoon / -3 (feels like -14) / Mostly ~ Compacted Snow / Ice Patches /
Night Clear Loose Snow
1/4/18 Morning / Day -4 (feels like -4) / Mostly ~ Pavement Plowed
Cloudy
1/5/18 Morning / Day -13 (feels like -23) / Sunny = Compacted Snow
1/8/18 Day 22 (teels like 14) / Cloud Snow Making
& Sun
1/9/18 Morning / Day 40 (feels like 33) / Sunny ~ Road Salt
1/10/18  Afternoon / 37 (feels like 30) / Misty Bare Pavement
Night Rain & Fog
1/11/18  Afternoon / 6 (feels like -10) / Wind Bare / Snow Drifts
Night Gusts 30
1/12/18  Day - 9 (feels like - 24) / Sunny = Snow Making

3.2 Testing Time Periods

Tests at MNROAD were conducted during morning, mid-day, and night-time periods as shown in
Figure 3-1. The background shading on the Time of Day Testing Performed graph reflects
periods of sunlight observed during the testing period.
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Time of Day Testing Performed
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Figure 3-1 Time of Day Testing Performed at MNROAD Facility
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Figure 3-2 Weather Condition Summary for MNROAD Facility
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Variation of Temperature During Testing Period

40F

30F

20F

OF

Temperature

-10F

-20F

30F
12/11/17 12/18/17 1/2/18  1/3/18  1/4/18  1/5/18  1/8/18  1/9/18  1/10/18 1/11/18  1/12/18

Test Date
a@us A\ ctual Temperature O=="Feels Like" Temperature

Figure 3-3 Temperature Condition Summary for MNROAD Facility

Testing speeds of the automated shuttle bus ranged from approximately 2 to 11 miles per hour,
depending on the testing scenario and conditions. A summary of automated shuttle bus testing
speeds is prese