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ABSTRACT

With fully autonomous vehicles coming in the near future, and highly auto-

mated vehicles being tested on public roads, it is imperative to study the be-

havior of operators of highly automated vehicles. Driver behavior is also sus-

ceptible to prolonged duration of monitoring the autonomous vehicle. In the

study presented here, we will investigate the changes in driver state and behav-

ior over multiple sessions of automated vehicle operation. We plan to employ

a longitudinal study design, with five driving sessions (of 20-30 minutes each)

conducted on five consecutive days. We will analyze the changes in driver state

and behavior over these five sessions using video data observations and physi-

ological data we collected through wearable measuring instruments. The study

was built on a Unity-based[15] full cab driving simulator. In a Unity-based full

car driving simulator, we implemented the function of waypoints following,

switch between the automated driving mode and the manual driving mode, in-

formation visualization on the digital instrument cluster and output data log

indicating participant behavior to support the entire process of the study.

A note about this report: This is the final report for the Specialization Project,

required for the Connective Media Master program. This project was a two-

person research project done under the advice of Srinath Sibi, David Goedicke

and Prof. Wendy Ju.



CHAPTER 1

PREVIOUS ACHIEVEMENT

Here we first summarize what we have achieved last semester. We also put the

paper we co-authored for last semester’s work in the Reference Section[11]. The

work we did inspired us to explore further about the autonomous car’s driver

behavior change over time in longitudinal study.

Last semester, our specialization project focus on the first-person perspective

user experience of autonomous intersection. It is designed to study the impact

of optimized traffic flow models of a fully autonomous intersection on the user

experience.

To illustrate the impact of an autonomous intersection, we conduct a driving

simulator experiment. We want to identify the critical experiential factors (e.g.

the number of lanes, traffic density) for modeling autonomous intersections that

are perceived as beneficial or detrimental for the future driver, by studying the

driver experience in terms of perception, feelings, and pleasure.

We put forward two hypothesis:1

H1: Habitation and User Adjustment: The longer the user is exposed to an au-

tonomous intersection the more positive the user evaluated the later conditions.

H2: Differences between Conditions: The higher the traffic density and the

larger the number of lanes, the more increases/decreases the feeling of safety,

comfort, stress, dizziness, confusion and perceived trust in the system. The two

independent variables (traffic density and number of lanes) have a significant

impact on the feeling of comfort and safety of the users.

For the technical development, the Cornell Tech Far Lab has developed an
1Krome Sven, Goedicke David, Matarazzo Thomas, Zhu Zimeng, Zhang Zhenwei,

Zamfirescu-Pereira J., Ju Wendy. (2019). How People Experience Autonomous Intersections:
Taking a First-Person Perspective. 275-283. 10.1145/3342197.3344520.
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Adam-ator[12] system to convert third-person intersection models to first-

person simulations. To create this immersive experience from the data out-

putted by our modified Autonomous Intersection Management(AIM) simula-

tion, we built a system using Unity 3D and a multi-projector full-vehicle chassis

driving simulator. Our Unity system uses a start-up script to read the data file

from AIM simulation and create in-memory representation of all activity in the

original AIM simulation. With the data file and for each time frame in Unity,

we update positions and orients 3D models of all the vehicles in the intersection

according to their position in the original AIM model, thus creating a 3D immer-

sive model of the overhead view. The first-person perspective is automatically

tied to different vehicles in the simulation. When the car with first-person per-

spective disappears the perspective gets moved to the next car that will spawn.

In order to enhance users’ feel of authenticity, we add sound track of car engine

to mimic the real experience of driving a car, we also implemented the feature

of animate the cars’ wheels so that the vehicle wheels will be turning when the

car is in motion.

We then conducted a mixed method driving simulator experiment with 16 par-

ticipants. Based on the two most critical factors on intersections, traffic density

and the number of lanes, we conducted a 2x2 factorial study, that is, a four con-

ditions study as shown, each with different combinations of traffic density and

the number of lanes, to explore the general user experience of an autonomous

intersection as well as the interaction between the two factors.

During the experiment these conditions were presented in randomized order. In

each conditions the participants were exposed to about 10 drive-through based

on traces from the AIM simulation. Right after each condition, the participants

were asked to rate their experience. The six experimental scales were the level
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of comfort, the feeling of safety, stress, trust in the system, dizziness and confu-

sion. In addition, the participants were asked to report personal preferences i.e.

how they would have dealt with this intersection based on three items: driving

speed, distance to other cars, and aggressiveness. Right after the exposure of

the four conditions, we conducted semi-structured interviews.

After finished the experiment with all participants, we then analysis the data

we collected from questionnaires and coded the response we got from semi-

structured interview. The data indicate that the traffic density and the number

of lanes only have a limited impact on the experience of an autonomous inter-

section. We could not identify a strong habituation effect from the four condi-

tion too. The interview result indicates that which way the car takes through

the intersection plays a critical role in the perception of the autonomous inter-

section. Some participant felt overwhelmed by the uncertainty of where the

car is going. Other participants dealt with the uncertainty through dissociating

from the situation. In order to understand more refined experiential factors of

an autonomous intersection, it is necessary to control the uncertainty of the path

of the car. This is conformed with the interviews data that indicate the impor-

tance of distance, speed and aggression as a dominating impact in comparison

to traffic density and size (i.e. number of lanes) of the intersection.

CHAPTER 2

INTRODUCTION

Autonomous vehicles are expected to be highly intelligent in the future. They

should be capable of perceiving the surrounding environment and operating

safely with little or no human input. The primary goal of autonomous cars is

to reduce unnecessary human input, eliminate human error and poor judgment
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for achieving driving safety[10]. SAE’s automation level definitions provide 6

levels of automation, in the definition, level 0 means no automation, level 6

means full automation, and every level in between is linearly increasing in au-

tomation level[13]. It is necessary to clarify the automation level to the driver

clearly, as any miscommunication might lead to deaths. Today’s autonomous

vehicle is not fully automated and requires drivers to constantly monitor the

autonomous vehicle’s surroundings. They need to observe the autonomous ve-

hicle’s decision and the actions it takes to ensure safety. Hence, we must study

the emotional and physiological state of drivers in autonomous vehicles.

The goal of this research is to develop better, safer and more reliable au-

tonomous vehicle interfaces and behaviors. Previous research has noted that

the drivers of autonomous vehicles often lose vigilance over time. Within 20-30

minutes of automated driving, they begin to exhibit sleepy or drowsy behav-

ior[1,2,3]. The goal of this study is to understand how the onset of this behavior

is impacted by the experience of failure. Do participants still lose vigilance?

Or do they mistrust automation and not use the automated system at all? We

study this by analyzing how drivers behave in simulated autonomous driving

situations. The data we will analyze includes video recordings, physiological

data collected through wearable measuring instruments, and Unity project data

logs. All these data sources would be complementary to each other and pro-

vide us with a well-rounded perspective. The research will be conducted in the

full car driving simulator at Cornell Tech’s Driving Simulation Lab. The goal

of the research proposed here is to study driver behavior and state over time,

from a first-person perspective. To do this, we use a longitudinal study design

with 5 driving sessions conducted on consecutive days. Each session contains

a driving task on the driving simulator that is approximately 25 minutes long,
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followed by a participant interview for 10 minutes. Each participant would ex-

perience all 5 sessions and we would analyze and compare the data collected

in the consecutive 5 days. During the driving task, we would incorporate au-

tonomous system failure at several randomized time points, in which case, we

would instruct the driver to take control of the autonomous car as if they are

driving a normal car. We can understand the driver’s behavior by analyzing

the video recording and Unity project datalog. Besides, the participants’ phys-

iological data will be gathered to better glean insight into his/her emotional

and cognitive state. The post-study interview also serves to give us a chance to

understand deeper about how participants feel during the entire session.

CHAPTER 3

RELATED WORK

Driver State

In automated cars, it is important to understand the driver state. This indicates

whether the driver is alert or distracted and if the car can safely transfer control

of driving. This issue deserves particular attention in the prolonged exposure to

autonomous systems, since it may lead drivers to adapt to these systems in ways

not anticipated by the designer, resulting in unintended safety consequences.

One experiment of the longitudinal study finds that after exposure to an au-

tonomous driving system for a period, drivers began to rely on automation for

support and experienced adverse effects when the system was removed. More-

over, drivers with higher self-reported trust in the autonomous system experi-

enced the largest reduction in performance and were associated with inherently

more risky driving habits[2]. This kind of study for understanding the driver

cognitive load and drive performance has been carried out by analyzing some
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physiological data[3], such as activation of the prefrontal cortex or eye gaze of

drivers in a simulated environment. Such physiological metrics could be used

with minimally intrusive and low-cost sensors to enable real-time assessment

of driver state.

Perspective Taking

In the domain of automotive simulation with human participants[4,5], in gen-

eral, the more similar the equipment, environment, timing, and perception is to

real-world driving, the more participants are likely to behave in the simulator

how they would behave in the corresponding situation in the real-world. First-

person perspectives in the driving simulation are a new thing in the automotive

UI community, so there have not been comparisons of how participants behave

in first vs. third-person simulation environments. However, research on navi-

gation aids in our domain indicates that navigation systems that use ego-centric

perspectives have a less negative impact on driving performance than standard

map-based views[6]. In the fields of psychology and cognitive science, many

studies have been performed to understand the effect of first versus third per-

son perspectives[7], for instance, that the cognitive signals of people presented

with first-person perspectives were more likely to correlate with the signals gen-

erated from self-produced actions from those generated by others, and that the

third-person perspective yielded the converse result. People with first-person

perspectives are better able to predict outcomes of their actions[8] and to un-

derstand the behavior, intent, and environment than people with third-person

perspectives[9].

CHAPTER 4

RESEARCH QUESTION
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The goals of the study are to answer the following questions:

1) Can we record the behavior and physiological data exhibited by Autonomous

Vehicle drivers over time?

2) How do the behavioral and state change over time and after the experience

of a failure in the autonomous vehicle?

3) How do the behavior change after being exposed to the system failure situa-

tion multiple times?

4) Do users still trust the autonomous car after experiencing system failure?

CHAPTER 5

TECHNOLOGY DEVELOPMENT

5.1 Autonomous Driving System Overview

Prior to this study, Far-Lab has already developed a system in Unity that simu-

lates autonomous car driving experience. While participants sit still at the oper-

ator seat in the real car, there is no need for the participant to execute any of the

regular driving operations. The Unity scene would update in real-time based

on the first-person perspective of the participant as the virtual car in the Unity

scene moves, which makes participants feel like they are being transported in

an autonomous car. Take this Unity system as a starting point, we made a se-

ries of adjustments and developed the Unity autonomous driving system for

our study. In the Unity driving system, we created 4 scenes. The driving route

and terrain differ from scene to scene. To make the autonomous car driving

experience close to the real-world driving experience, we incorporated compo-

nents such as traffic lights, intersections, road-side houses, and pedestrians. As
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this study is focusing on how people would feel or react when the autonomous

driving system is not working properly, we provided two modes, namely, Au-

tomated Driving Mode and Manual Driving Mode. Automated Driving Mode

is for simulating the situation when the autonomous car functions normally. In

this situation, the car would automatically follow waypoints on the road. We

would discuss the details about the waypoints in the following parts. Manual

Driving Mode is for the situation when the autonomous car stops working and

the participant is required to control the car manually, just as control the normal

vehicle.

Figure 5.1: Autonomous Driving Simulation in Unity

5.2 Function and Adjustment of waypoints

In the Unity system, we used waypoints to guide the way of the autonomous

car. The waypoints are a series of checkpoints that are set along the road. We

defined the waypoint behind the car as the current waypoint, the one ahead of
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Figure 5.2: Driving Simulator

the car as the next waypoint. After the autonomous car passes 70% of the gap

between the current waypoint and the next one, the car will change direction

and drive towards the next waypoint. Thus, the route of the autonomous car

can be determined by setting multiple waypoints on the road.

To further improve the autonomous driving system and make it similar to the

real-life driving experience, we attach speed parameters to each waypoint. We

pay particular attention to the waypoints at the crossings and set a lower speed

for each waypoint that is at the intersection. This allows waypoints to send

signals to control the speed of the car when the car passes through it.

At each left turn/right turn, we add three waypoints to the road: before the turn,

during the turn, and after the turn. The speed of the first and third waypoints

is set to 60mph while the second one is set to 20mph. Thus, the autonomous

driving car will slow down to 20mph when it is making the turn and will speed
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up immediately after it goes back to the straight road, which is more realistic

than turning with constant speed.

Figure 5.3: Waypoints at the intersection

5.3 Manual driving mode

Apart from the autonomous driving mode, we present the mode where par-

ticipants can manually control the vehicle. In this mode, we assume the au-

tonomous driving function is not working properly, thus, the autonomous car

just functions as a normal car, the participant would take control of it. To realize

the basic operations of driving a normal car, in the Unity project, we add sup-

port for the steering wheel in the real car as an input to the virtual autonomous

car. The virtual autonomous car’s direction is changed according to the steering

wheel angle information input from the real car. Apart from that, throttle pedal

and brake pedal’s functions are also implemented. By touching these two ped-

als in the real car, participants can control the speed of the virtual autonomous
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car accordingly. The input information from the real car component is trans-

ferred into the computer through an Arduino board.

5.4 Switch between Automated Mode and Manual Mode

Since this study is focusing on how people would feel or react when the au-

tonomous driving system is not working properly, we would switch between

the Automated Mode and Manual Mode back and forth during the experiment.

The car needs to be able to switch between Autonomous driving mode and

Manual driving mode smoothly. To mimic the nowadays cruise control feature

on most cars, we implemented multiple ways for the participant to interrupt

Autonomous driving. First, the + button on the steering wheel in the car sim-

ulator acts as the switch to turn on the Autonomous driving, and the - button

on the steering wheel in the car simulator acts as the switch to turn off the Au-

tonomous driving. Secondly, participants can also press the brake pedal during

the Auto driving mode to interrupt it and switch to manually control the car.

Furthermore, the switch of the two modes can also be controlled by an experi-

ment executor, by pressing the space bar on the keyboard of the main computer.

5.5 Instrument Cluster

Last year, we worked on a specialization project under the lead of Sven Krome

and published a paper called How People Experience Autonomous Intersec-

tions: Taking a first-person perspective. We noticed that it is much desirable

to provide participants some visual information about what the autonomous
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car’s status is. We concluded from the interviews with the last year’s exper-

iment participants that in-car interfaces will be critical to structuring people’s

expectations of autonomous car’s behavior. However, due to the time limita-

tion, we did not have the chance to develop the in-car visualization interface

that communicates information about the autonomous car.

Figure 5.4: Instrument Cluster

Using in-car interfaces to preemptively inform the participant about the sta-

tus of the autonomous car is possible to improve the experiences drastically.

Such an interface might help participants who were too overwhelmed by the

autonomous car to gain some sense of control. Based on the information above,

we decided to develop an in-car interface to display some basic information

about the autonomous car’s status to the participant. In the car that we are us-

ing to run the experiment, the instrument cluster is replaced by an in-car com-

puter’s display. This makes it possible for us to use a Unity Project to simulate
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the autonomous car instrument cluster.

Following the simplistic design principal, we make the instrument cluster

which includes 4 essential components. The left-most part is the engine temper-

ature indicator. It is a static image since the main Unity Project did not provide

dynamic information about the engine temperature. We include this image to

make the instrument cluster look more realistic. The needle points at the middle

point between “C” and “H”, which is a typical engine temperature of the car in

operation. The middle part is a speedometer. We implemented this part using

a speedometer dial as background and a speed needle. The needle would turn

based on the autonomous car’s speed. The speed range of the speedometer is

between 0 and 230, if the autonomous car’s speed exceeds the upper bound,

the needle would keep pointing at the 230, which corresponds to the real-world

experience. The right-most part is an icon panel. In this part, we use an image

to display the high-level status of the autonomous car. To name a few, the status

includes going straight, making the left/right turn, waiting for the traffic light.

In the bottom part, we put a text display indicating whether the autonomous car

is in automated driving mode or manual driving mode. The text display would

change based on user input. Drivers can change text display by pressing button

on the steering wheel or by touch the brake or press space bar on the keyboard

of main computer.

5.6 Information Communication between two computers

As mentioned above, the Unity project for the in-car instrument cluster is on

the in-car computer. There is another computer in the simulator room that we

used to run the main Unity project. The Unity project for the in-car instrument
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cluster needs to receive dynamic information input from the main Unity project

to adjust the degree of the speedometer needle and the driving mode text dis-

play content. To make the information communication function work, we used

a UDP socket. UDP is used to manage the connection between application layer

network protocols. UDP operates at the host-to-host layer in the IP communi-

cation model and provides host-to-host communication services for the appli-

cation layer protocol. This means an application layer protocol is on one IP host

connecting to an application layer protocol on another IP host. In most situa-

tions, these host-to-host connections have a server process running on one host

and a client process running on the other host. In our case, the Unity project for

the in-car instrument cluster receives the information, which receives the infor-

mation sent from the main Unity project in the other computer.

A port is a UDP connection point. When establishing an application server run-

ning on an IP host, we configure that server to be used (or bound to) a specific

UDP port. By associating the application layer server to use a specific port, we

have created a destination that a remote IP host can connect to. When the re-

mote IP host connects to an application layer server, the connection the host

makes is to a port operating on a specific IP host (identified by an IP address).

This pairing of an IP address and a port as a connection endpoint is a socket[14].

In the main Unity project, we designated one connection IP address and several

different ports for sending different information. The in-car computer and the

main computer in the simulator room needs to be connected to the same Inter-

net to enable the sending/receiving of information. Besides, we need to change

some security settings of the in-car computer to make sure the information route

is not blocked.

In the main project, we collected autonomous car’s speed data, autonomous
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car’s driving mode data, and autonomous car’s status data. The speed data is

a float type, the driving mode is indicated by a binary integer number, while

the status data is also an integer, each integer is used to represent a specific car

status. Then we write a script to send the list of data to the in-car instrument

cluster project. In the instrument cluster project side, we write code to receive

the data and use it for the corresponding component. That is, the speed data

controls the turning of the speedometer needle, the driving mode data controls

the text display, the status data controls the icon panel image display.

5.7 Datalog File

Based on the fact that we need to analyze a participant’s behavior, it is essential

to keep the record of a series of data that indicates the autonomous car’s status.

We choose to keep record of the time, car speed, car location, driving mode, ac-

celerator input, brake input, and steering wheel angle information. The time,

car speed, car location, driving mode information can be collected from the

Unity project, while the information of accelerator input, brake input, steer-

ing wheel angle is transferred into the computer through the Arduino board.

The data is collected every 0.02 seconds. Every time we run the Unity project,

there would be a new text file output named using time. In Automated Driving

Mode, participants do not need to do any operation, thus, there is no accelerator

input, brake input, steering wheel angle. In Manual Driving mode, the above 3

components are the ones we care about. The driving mode is a binary indicating

whether the car is in Automated Driving Mode or Manual Driving Mode. If it is

in Automated Driving Mode, the binary would be 1 (True). We output all data

into a text file, preparing for data analysis after the entire experiment has been
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executed.

CHAPTER 6

RESULTS

Since the actual research has not been conducted yet, we currently don’t have

any data analysis or conclusions from the research we can share. However, dur-

ing the past few months, we have built the whole environment for the study.

For one part, Zhenwei was in charge of developing and improving the auto-

mated driving system which is the backbone of the driving simulator. He also

implemented the feature that the user can switch between AI mode and Man-

ual Control Mode smoothly. Apart from that, he made it possible to change car

speed while turning thereby making the driving more natural. For Zimeng, she

created the instrument cluster which displays the speed and the state of the au-

tonomous vehicle to the user thereby allowing the user to perceive the state of

the car. She also implemented the feature of sending information between the

main computer and the in-car computer. In addition, she checked all waypoints

at the turnings and intersections along the routes and made sure that the speed

is set correctly.

We believe that these components and improvements pave the way for the suc-

cess of this study. Furthermore, what we have done here can also be applied

to other autonomous driving-related studies. For example, the instrument clus-

ter can be used in other studies to provide autonomous car status information

to participants, which is important for improving user experience. The way-

point feature can be applied to other studies that require predefined routes for

autonomous cars.
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CHAPTER 7

DISCUSSION

While autonomous cars receive tremendous attention, there is still a long way to

go to put them into daily usage. Currently, the testing of vehicles with varying

degrees of automation can be carried out either physically, in a closed environ-

ment or, where permitted, on public roads or in a virtual environment using

computer simulations. It is more difficult if we want to test out the feature in

real vehicles, the experiment is risky since it might lead to the injury of human

participants or the damage of the vehicle itself if the experiment execution pro-

cess encounters some unexpected failures. Besides, the real world experiment

would face more dynamic factors, such as the environment change, lighting

condition change. Moreover, in the real-world, resetting the entire experiment

and running it over again requires a lot of effort. Therefore, it is more suitable

to run the user experience experiment in a virtual environment in the case of

our study setting, as it is a longitudinal study which requires a large space for

running all experiment sessions. We developed the experiment in Unity for the

virtual part and make use of the real car in the simulator room to collect driver

operation behavior information. We did not develop the project from scratch, as

there are projects that already implemented the basic functions of autonomous

cars. However, the effort of refining the project to make it suit our experiment

requirement greatly exceeds what we expected. Before starting the develop-

ment process, we met with our advisor and listed out the features we think are

needed for the study. Then, we spent several weeks to work on the discussed

features by making use of the online tutorials and understanding the previously

developed Unity features. We thought we have considered everything carefully,

but as we developed all the discussed features and ran the test, we noticed there

17



are many improvements we can make to achieve a better version. It is a contin-

uous iterating process of refinement. One challenge every development in the

virtual environment would meet is to make the project more realistic. The re-

alistic sense is achieved from subtle changes. In the instrument cluster part,

we add the engine temperature indicator to improve the realistic feeling, while

in the main Unity project, we implemented the feature of an autonomous car

slowing down in the turnings or intersections, which matches the real-world

driving experience. It is helpful to think from a participant’s perspective, con-

sider the worst-case instead of assuming everything would work out just as the

developer expected.

7.1 Limitations

As mentioned above, we made several iterations to make the project feels more

realistic. However, there is still space to improve. For the instrument cluster

part, we currently only include the most essential parts, that is, three graphic

components, the speedometer, the icon panel and the engine temperature in-

dicator and one text component indicating the driving mode. If time permit-

ted, we would add more components to the instrument cluster as a real instru-

ment cluster contains more adequate information. Also, we would improve

the graphic design to make the digital instrument cluster looks more realistic.

For the main Unity project part, we would add more details to the environ-

ment, such as walking pedestrian, road-side warning boards, to replicate the

real world in the virtual environment. A higher level challenge in our develop-

ment process is how to make the development process more efficient. This can

be achieved by writing scripts to automate some manual work, for example, as
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we use a lot of waypoints along the route, it would be much more efficient to

generate waypoints automatically using scripts. If we were able to implement

this feature, we would not only be able to save a lot of time in adjusting the

waypoints but would also can solve the current problem that the autonomous

car takes a pretty long time to move back to the road when it is far away from

the main road as currently the waypoints are not distributed dense enough.

7.2 Future work

For the next steps, we plan to execute the experiment. First, we will verify that

the entire study process works properly by running through the entire process

by ourselves. Then, we will do a pilot study with one expert, ask about her

advice and try to figure out potential problems that we did not notice. Based on

the feedback, we will need to make some improvements to fix the problems to

achieve a better study setting. After that, we will start recruiting participants for

the study and then begin running the study, when running the study, we would

collect data from different sources. Finally, we need to analyze the data we

received to answer the research questions, draw conclusions and results based

on that.

CHAPTER 8

CONCLUSION

When conducting user experience study for autonomous cars, it is better to

run the study in a virtual environment using computer simulations, which

makes the experiment safer, more flexible and easier to control. There are al-
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ready autonomous car computer simulation development resources out there

we can make use of, which provide the backbone of the experiment basis. How-

ever, with a new experiment setting, the refinement of the computer simulation

project setting requires a lot of effort. The developers must have clear visions of

what is the overall experiment setting, what features need to be implemented

to achieve the experiment goal. As there is usually time limitation for the devel-

opment, the feature importance should be ranked and prioritized. Usually, the

project development would be iterated over several periods, as new thoughts

about the features might come up as the developer gained insights into the

project along the development process.
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