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ABSTRACT

This is a specialization study under the research that aims to understand the

differences between driving behaviors across different cultures. In the previ-

ous work, we used a VR driving system to record people’s movement and car

motion. After conducting this study with 32 participants, we start processing

collected data with the expectation of identifying driving behaviors through

data analysis and visualization. In this project, we focus on the hand data col-

lected in our experiments. We use these data to identify the changes of hands

position and validate them using corresponding videos. This report discusses

our current analysis and implications for improving a driving study with VR

simulation in the future.



CHAPTER 1

INTRODUCTION

Previous studies show that cultural and social norms can drive the types of hu-

man interactions with technology [1]. This effect can also apply in the area of

autonomous vehicles. While the self-driving car is becoming a significant tool

in our future traffic, there are many factors that people need to consider in driv-

ing environments. However, current autonomous vehicles are tested in limited

places, so it is important to understand how cultural norms can influence peo-

ple’s driving habits in different countries. To study driving behaviors, we have a

VR simulator and a designed experiment to conduct driving simulations study

with participants in pairs, which collect various data of people and vehicles.

The end of this research is to identify the differences between the driving be-

haviors of people from different regions.

As for our own progress in this specialization project, we conduct VR diving

study for participants in the U.S., trying to explore American drivers’ situa-

tional awareness and behaviors such as signaling and stopping. In a controlled

setting with VR car simulators, the study has recorded 32 participants’ behav-

iors in pairs of 10 designed driving scenarios.

With the data of car simulation and videos of participant’s reactions, we analyze

the relationship between two participant’s speeds of some interesting scenarios

last semester and focus on the analysis of the hand data this semester. From the

hand data analysis, we want to identify different typical movements of hands,

such as holding still, making turns, then classifying anything else as interest-

ing movements that we want to look into further. Having identified people’s

driving behaviors, this project can help design the cars of the future.
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CHAPTER 2

RELATED WORK

Validity of VR Driving System

Our study is carried out in VR environments, with steering wheels, pedals, and

headsets to simulate driving experiences. To measure the driving situation,

many studies use physical measurable variables to determine driving styles,

such as speed, acceleration, number of offenses, steering speed, and additional

aspects like bio measures of drivers [2]. Therefore, in our data, we get these driv-

ing information as much as possible for analysis in the future. There are also

many pieces of research demonstrate the validity of driving simulator, which

can well represent a driver’s performance [3]. Research also shows that for

accessing driving ability, there is not much difference between using real cars

and simulators [4], which shows the feasibility of our study’s driving environ-

ment. Also, researchers show the possibility of using mathematical models with

drivers’ interactive behaviors and suggest to use simulation and computer for

research [5].

Hand Motions

Observing hand motion in vehicles can provide patterns in driving behaviors

such as maneuvering the car, interacting with other drivers, and performing

secondary tasks [6]. To analyze hands, researchers demonstrate that they can

track the hand trajectories in real-time with a camera, and can recognize and

categorize the motion trajectory [6]. Therefore, it is also feasible for us to an-

alyze the hand data from the VR system and identify driving patterns in this

setting.
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Meanwhile, body parts motion tracking has been an active area of research,

and there are mature vision-based approach to track hands in three dimensional

space [7]. In this project, we use existing tools, such as Leap Motion, a sensor

device with development libraries to track hands in the VR driving simulation,

providing relatively stable records of hand activity.

CHAPTER 3

APPROACH-METHOD-IMPLEMENTATION

This study uses a VR driving simulation to have participants in pairs drive in

10 different scenarios of intersections. We use a questionnaire to understand

their situational awareness and collect raw driving data to analyze their driving

patterns, and record videos to see their reactions and behaviors.

3.1 Apparatus

For each round of study, there will be two participants join in pairs and drive

in the VR environment. The simulator is built with a 3D program in Unity

containing cars and roads. In this setup, we use Oculus VR headsets to provide

VR environment and Leap motion to track hand motion. We also use steering

wheels and pedals from Logitech as basic equipment to simulate a real car. The

screens of laptops running Unity program and participant’s real-time behaviors

are also recorded by a Go Pro camera.
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3.2 Participants

For our part of this project, we are responsible for studying the driving behav-

iors of U.S. participants. The recruiting criteria is that people need to have at

least three years of driving experience in the U.S. with a U.S. driver’s license.

The main samples come from graduate students at Cornell Tech. Their de-

mographic information and driving histories are also well-recorded and can be

taken into consideration for further analysis.

3.3 Procedure

At the beginning of each study, two participants should fill out their consent

forms and demographic questionnaires. These include the place where they

learned driving and the number of years of driving experience. Another impor-

tant process is to let them understand that they cannot talk to each other during

the study, but they are allowed to make other forms of interactions, such as eye

contact and hand gestures in the VR world. They will enter into the simulated

environment simultaneously with VR headsets, steering wheels, and pedals.

Research assistants will give them instructions on what to do before start driv-

ing. Once they drive, they should follow the sign on the GPS, which indicate the

direction they should go at intersections. After two participants confront each

other, there will be a questionnaire pops up asking their opinions on this inter-

action. Example questions are like “how do you feel about the other driver’s

driving skill?”, “Did you make any eye contact?”, “Who cut off at the intersec-

tion?” etc. There are 10 different scenarios and we will play them randomly to

minimize interfering factors. The 10 simulations include possible situations in
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real life, such as one car behind overtaking the road, two cars confront at inter-

sections, etc. Participants’ actions will be video-recorded during their driving.

Their answers and environment data are carefully recorded in log files.

3.4 Analysis

Since the data we collected from the VR simulation scene contains various parts

of interactions of participants in the experiments, there are multiple different

directions to start with the data analysis. In this semester, we focus on analyzing

the hand data collected by Leap Motion, which is a sensor device to track hand

and finger motions as input, using data science and statistical method approach,

and we also plan to use qualitative analysis and open coding for the videos and

questionnaires.

3.5 Data Overview

Every time we run the study, various information about the participant such as

their car position, car rotation, car velocity, head position in the virtual environ-

ment and also hand data collected by Leap Motion are recorded in the backend

of our Unity simulation program. They are saved as a CSV file for each partici-

pant after the end of the study. Figure 3.1 is a part of the data we collected, the

first column indicates the active state of the participant. In the READY state,

participants can not drive the car and all the apparatus are not reactive. In the

DRIVE phase, participants can drive the car in the virtual driving simulation

scene and interact with another participant. Since we want to study partici-
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pants’ behaviors when they are driving, we need to extract the data collected in

the DRIVE state for our analysis purpose.

Figure 3.1: Part of the data collected in the study(1)

The dand data comes from Leap Motion. In the system, it is encoded as

base64 format and recorded during running time. As shown in Figure 3.2, left-

hand and right-hand data’s base64 format information is recorded separately in

the CSV file.

Figure 3.2: Part of the data collected in the study(2)
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3.6 Data Pre-Processing

Since the hand data is encoded during running time, we need to decode the

data to use the decoded data to do further analysis. With the help of Hillas

and David, we can get the pre-processed data into CSV files for the left and

right hand individually. Besides the hand data, we also keep the real time as

the first column in this hand data file, since we want to trace back to the data

that is related to the virtual environment such as car position and car velocity.

From Figure 3.3, there are 473 kinds of values collected by Leap Motion, such

as palmWidth, palmPosition, palmOrientation and wristPosition. Having these

pre-processed files, we are ready to do data analysis.

Figure 3.3: Example of pre-processed hand data

CHAPTER 4

RESULTS
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4.1 Data Analysis

We analyze data using Python. In this part, we mainly focus on the palm’s posi-

tion of the participant, which indicates the relative position of the participant’s

hand in a global coordinate. Furthermore, we want to use the hand’s position

to identify three different situations: 1. Hands stay stable 2.Hands make turns

3. Unusual interesting movement, e.g. Waving. If we can identify the first two

situations and clarify all the others as something that we need to get back to the

recording and see, it will exponentially decrease our work in identifying the in-

teresting time points that we need to look into in long videos that we recorded

for participants.

We choose one valid study as the first analysis, since it provide robust data.

Among all the scenarios, we use Yielf-BBegins. This is a scenario that partici-

pant 25 is asked to stop his car in the road, and yield for the other car behind.

Another driver, participant 26 behind participant 25 may try to wait and bypass

25. Then, participant 25 can drive again.
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Figure 4.1: Right palm position versus time of participant 25 in scenario
Yield BBehind(1)

We first simply use the decoded hand data to generate Figure 4.1, which is

the right palm position versus the time in scenario Yield-BBehind for partici-

pant 25. Then we find that the change of plamPosition-z is too big to make

sense compared to plamPosition-x and plamPosition-y, which is quite abnor-

mal. Since the Y-axis is based on meters, we start to think about some possible

reasons that may have caused this behavior. After discussion, we find the graph

we plot as Figure 4.1 is very similar to the car position versus time graph plotted

as Figure 4.2, which indicates that the palm position might also contain the car

position offset in global coordinate. After studying more about how Leap mo-

tion records hand data, we become certain about the reason and decide to sub-

tract the car position offset from the origin palm position to get a fine-grained

look of the palmPosition.
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Figure 4.2: Car position versus time of participant 25 in scenario Yield BBe-
hind

After dealing with the car position offset, we get Figure 4.3, which is shown

below. It looks much better than the previous one, which is Figure 4.1, however,

there are three parts in the graph where we can see tremendous fluctuations of

the data. Fluctuations also cause inconvenience to analyze data in these parts.

Therefore, we decide to just plot a small portion of the palm position data point

to look at the details closer. We use 10 data points in the fluctuating area to plot

a graph (Figure 4.4). We find the palmPosition-z will decrease at the same rate

after 3 times frames, which makes us think about a possible variable in our vir-

tual environment, the car speed. So we look at the graph(Figure 4.5), where we

plotted the speed versus time of the two participants in Pair 12 last semester. As

we can see in Figure 4.5, the red line indicates participant 25, whose slope can
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align with the slope of the outer curve of palmPosition-z in Figure 4.3 perfectly.

This means that there might be something inconsistent in recording hand data.

After talking to more people who are involved in this study, we find only when

the participant changes his hand position, will the Leap motion record the data,

while any intervals in between are filled with the previous hand position. Also,

checking with the encoded hand data, we can find the encoded values of some

time points are the same. Therefore, after identifying the reason, we decide to

use the first palm-position for all the time points whose encoded hand data are

the same.

Figure 4.3: Right palm position versus time of participant 25 in scenario
YieldBBehind(2)
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Figure 4.4: Right palm position versus time of participant 25 in scenario
YieldBBehind plotted by 10 data points

Figure 4.5: In this image, red line indicates participant 25

After solving the above problem, we are able to get final graphs for both
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hands for participant 25, as shown in Figure 4.6 and Figure 4.7. Although there

are some outliers due to the precision of tracking, these two graphs are precise

and direct illustrations of how participant 25 is moving his hands in scenario

Yield BBehind.

Figure 4.6: Right palm position versus time of participant 25 in scenario
YieldBBehind(3)
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Figure 4.7: Left palm position versus time of participant 25 in scenario
YieldBBehind)

4.2 Video Validation

For each pair of participants, we have videos that record their driving behav-

iors. Examining these videos, we can easily identify some driving patterns and

validate the plots generated from previous hand data.

4.2.1 Stable Maneuvering

As shown in Figure 4.8, participant 25 is asked to drive on a strait road and

stop to wait. During the stop, he keeps his hands stable on the steering wheel.

Therefore, in the Figure 4.6 above, there is a relatively flat line in the middle of

the plot. Also, before this waiting stage, he performs normal driving, so there

is slightly movement of hands to control the steering wheel. The line in graph
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shows there some fluctuations in the beginning. This is a typical pattern of hand

motion in a normal driving.

Figure 4.8: Participant25 in red is driving

4.2.2 Turn

In Figure 4.7, we can see a clear pattern of increase in both X and Z values,

which means the left hand is rotating the steering wheel to make a right turn.

In the video, we can clearly see this activity of participant’s hands. Figure 4.9

demonstrates this trajectory of hand position at that moment. In our VR driving

simulation, if the driver is making a left turn, the right hand’s Z and X values

will go large and small respectively, and at the same time the left hands’ Z and

X will go small and large. As for the right turn, the X and Z values of the right

hand will decrease simultaneously, but the left hand’s values will increase. This

changes in coordinates values are universal to all turns in this VR system.
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Figure 4.9: Participant25 in red - left hand make turn and right hand is
under table

4.2.3 Special Pattern

In Figure 4.6, there is a dramatic change of X and Z values at the end of the

graph, which is hard to explain by his driving behaviors, since the participant

is just making a right turn, and his right hand is supposed to have X goes small

and Z goes large. By carefully looking at the video, in Figure 4.9, we find out

the reason is that participant 25’s hand goes under the table when he is making

the turn, and the leap motion on his headset cannot trace his hand anymore. In-

stead, his leap motion is pointing to the right side, which may recognize another

participant’s hand and record that, which makes the data abnormal. This situ-

ation is something that can be improved in the future VR experiment, that we

can make two participants stay far away from each other so that their individual

data will not interfere with others.
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Moreover, there are other special patterns such as waving and making hand

sign. They are crucial in driving behavior and provide strong indication in peo-

ple’s driving interaction. The video we recorded also capture many of these be-

haviors. Figure 4.10 is an example when the woman confront a car on the road

and unconsciously uses a hand sign to notify the other driver. The intention of

the behavior is unclear, but this can be an interesting form of hand motion to

look at.

Figure 4.10: Participant26 in black - using a hand sign

CHAPTER 5

DISCUSSION

After a series of data cleaning, we can visualize hand data correctly to match

participants’ activities in the video. In this process, we should pay attention to

the coordinate systems of Unity and Leap Motion, and we also should know

how each data is logged and updated, so that the values from each data file can

be consistent. According to these plots, it is easy to tell the various patterns
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among stable driving, making turns, and special motions. We demonstrate that

these data are valid to use for deeper analysis in the future. Also, there may

be abnormal data due to the problem of leap motion that sometimes it cannot

detect hands or it detects wrong hands, which obfuscate the data. In these sit-

uations, we can find an explanation when looking back at the original videos

recorded. Also, by examining these small problems, we can improve the study

design in the future to reduce errors in the experiment.

5.1 Limitations

One limitation of the current analysis is that we have not applied the same pro-

cedure on all the data files yet. Also, we already find some files that may need

more steps to clean. For example, some timestamps of hands data have small

errors that are different from the Unity system data, which makes the data anal-

ysis hard to process. This might be a problem from the Leap Motion when we

are setting it. Meanwhile, there are cases that Leap Motion could not track the

hands correctly, which also lead to difficulty in analyzing the overall data. Fur-

thermore, although in this analysis, we only focus on palm position, there are

hundreds of variables in the dataset that relates to hands, so future approach

can try to include the movements of fingers and arms.

5.2 Future work

We can continue analyzing the data with more scenarios and find consistent

behaviors among participants. To make classification, we discuss the possibil-
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ity to use a machine learning model to classify different types of movements of

hands, such as holding still, making turns, and then classify anything else as

interesting movements that we want to look into further. We can use the hand

palm position data collected from the pilot study as our training data for our

model. Then, hand data will be cut every 5s and we can label the delta palm po-

sition as STABLE, TURNING and then try to find the lists of delta positions with

low probabilities as special movements. Once we have identified all the special

movement related to a participant, we can go back to the video recordings to

analyze participants’ behaviour.

If possible, we may conduct more driving studies in VR to get more data

and improve the experience for participants, such as preventing them to feel

sick. More importantly, we need to carefully find the correlation among data

and examine the video of participants’ behaviors. We can continue the study on

robot’s interactions and autonomous vehicles at Far Lab and hope to find some

other related aspects that we can further study.

CHAPTER 6

CONCLUSION

After analyzing participants’ hand motions based on the data we collected from

the previous cross-culture driving study, we find hand behaviors can give us

interesting information after processing and classifying. In real life, it is not

uncommon to use hand gestures to interact with other drivers and this is also

what we find in conducting the study.

Looking ahead, being able to classify the hand data and then use video

recording to validate interesting behaviors will help our goal to understand the
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interactions between drivers and how one driver’s gestures will affect the driv-

ing choices of the other driver.

CHAPTER 7
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