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Abstract

This thesis aims to compare gaze concentration metrics from the literature using a
remote and a wearable eye tracking system. Drivers’ gaze direction has been seen to
narrow, also referred to as gaze concentration, for different driver states. These driver
states could either be temporary such as cognitive distraction or lasting longer such as
intoxication by drugs or alcohol. Gaze concentration can thus be used as an indication
of these states. A small data collection was performed, including 5 test participants
using both eye tracking systems at the same time. The participants were subjected to
cognitive task during the drive to experience cognitive load. The gaze concentration
metrics percent road center (PRC), percent area of interest (PAl), stationary gaze
entropy (SGE), transitional gaze entropy (TGE), standard deviation of radial gaze
(SDRG), standard deviation of horizontal gaze (SDHG), and standard deviation of
vertical gaze (SDVG) were selected for analysis based on a literature review. The
metrics were analyzed both for longer and shorter time windows. Results showed that
SGE and TGE, which both uses area division of the gaze dispersion, were highly
sensitive measures to the size and number of areas chosen. TGE also showed a large
variation across participants and between the two systems, suggesting that it is not a
robust metric. SDVG was shown to be less sensitive than the other metrics, suggesting
that this metric was not suitable to capture gaze concentration during cognitive load.
PRC, PAI, SGE, SDRG, and SDHG all showed similar trends, indicating that these
metrics captured similar types of gaze behavior during cognitive load. Due to the
small dataset used in this study, stating which metric was most sensitive in capturing
gaze concentration was not possible. The analysis showed that there is a notable
difference between the two eye tracking systems, indicating that comparing results
from different studies should be done with care unless the same eye tracking system
has been used.

Key words: Gaze concentration, Cognitive distraction, Eye tracking system, Metrics,
Driver state
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1 Introduction

A driver’s visual behavior tends to change characteristics when drivers’ experience
different type of distractions. An introduction to previous research and the study of
eye movements during cognitive distraction is presented in this chapter. Finally, the
aim and the two main research questions for this thesis are presented.

1.1 Background

Drivers are attentive and alert most of the time, and safely perform the driving task.
However, drivers may occasionally be impaired due to for instance fatigue,
intoxication, or distraction, leading to an increased risk of crash involvement. In the
United States over 3000 people were killed and over 400 000 people were injured in
vehicle crashes due to distraction in 2019 (National Center for Statistics and Analysis,
2021). Moreover, the 100-Car Naturalistic Driving Study, a large naturalistic data
study performed in the USA, indicated that nearly 80% of crashes and 65% of near-
crashes involved an inattentive driver. This included inattentions such as secondary
task engagement, fatigue, driving-related inattention to the forward roadway, and non-
specific eye glances away from the forward roadway (Neale et al., 2006).
Additionally, the Swedish National Road Administration announced that in 2021,
22% of the fatal crashes in Sweden involved an intoxicated driver (Trafikverket,
2023). These numbers indicate the need to prevent crashes caused by impaired
drivers.

Tracking driver’s eye patterns enables the understanding of driver states and visual
behavior. Since several driver states influence the driver’s gaze behavior (Nilsson et
al., 2020), eye tracking may be used to detect when the driver is no longer
concentrated on the driving task. Therefore, in recent years in-vehicle eye tracking
sensors have started to be applied in production vehicles. In 2022 Volvo Cars
Corporation (VCC) launched the EX90, their first vehicle equipped with a system for
driver understanding which uses eye tracking cameras, capacitive steering wheel,
along with other vehicle signals to understand the driver’s state (Volvo Cars, 2022).

The eye tracking system that the EX90 is equipped with is a vehicle-integrated two
camera system (Volvo Cars, 2022). However, in research today, multi-camera
systems are frequently used to measure gaze behavior (Abbasi et al., 2022, Pillai et
al., 2022), typically varying between two and four cameras used. Other types of
measurement systems such as wearable eye trackers have also been used for research
studies (Nilsson et al., 2020, Niezgoda et al., 2015).

While several measurement techniques can be used to measure eye movements, the
most widely used method is the optical approach. The method relies on light, typically
infrared (IR), that is reflected from the eye and captured by a camera or other type of
optical sensor. The changes in the reflections are analyzed to extract eye movements
(Gonzalez-Sanchez et al., 2017).

An eye tracking system can capture a driver’s visual behavior, such as gaze direction,
saccades, number of fixations and blinks. Gaze behavior tends to have certain
characteristics for specific traffic environments. On motorways and rural roads with
low traffic density, drivers’ gaze tends to mostly be fixated on a target point, 1-2
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seconds of lead time on the road ahead, and on more future target points (so called
look-ahead fixations) (Lehtonen et al., 2013). On the other hand, the gaze tends to
move over a larger area when driving in intersections or urban environments where
drivers need to be aware of more things such as other road users, traffic signs and
other surrounding objects (Land., 2006).

Gaze behavior can change characteristics when a driver has an altered physical or
mental state. Several studies (Hammel et al., 2002, Niezgoda et al., 2015, Victor et al.,
2005) have studied cognitive distraction while driving, by subjecting drivers to non-
driving related tasks. The results showed that the drivers’ gaze tend to narrow towards
a future target point while reducing their attention towards peripheral objects and
events. Some argue that this visual behavior, typically referred to as gaze
concentration, is a potential risk to traffic safety due to lack of situational awareness
(Victor et al., 2015). Others highlight that gaze concentration leads to a driver’s gaze
being concentrated to the road center and that the driver therefore have a greater
chance to detect threats in the forward roadway (Victor et al., 2015).

Previous research has found a link between gaze concentration and cognitive
distraction in drivers (Shiferaw et al., 2019, Nilsson et al., 2020, Ahlstrom et al.,
2009, Victor, 2005). In addition, other driver states have been studied regarding gaze
concentration. During alcohol intoxication about a third of the drivers had gaze
concentration while this was not present in sober baseline driving (Tivesten et al.,
2023). Drivers who crashed while using highly reliable assisted automation and were
faced with a conflict where they needed to interfere, showed at least one of the
following three behaviors: low level of visual attention to the road, delayed visual
response times, or high levels of gaze concentration (Tivesten et al., 2019).

Furthermore, previous literature have used several different metrics to measure gaze
concentration as well as to investigate their correlation to different driver states
(Shiferaw et al., 2019, Nilsson et al., 2020, Ahlstrom et al., 2009, Victor, 2005). It is
however not clear how the different metrics compare in results to one another or how
they compare in results between eye tracker systems. The focus of this thesis is
therefore to compile the different metrics, collect gaze data by performing a small
study using two different eye tracker systems, and investigate how well the metrics
and eye trackers capture gaze concentration.

1.2 Purpose

The aim of this master thesis is to identify and compare gaze concentration metrics
and eye tracking systems that can be used to study or detect driver states. The results
will contribute to the understanding of how drivers’ visual patterns can be reliably
assessed to detect if drivers are not attentive or alert.

CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2023 2



1.3  Research questions

The research questions that will be answered in this thesis are:

1. What metrics are used today and how well do they capture gaze
concentration during cognitive load?

2. How large of a difference can be seen in gaze concentration metrics when
using data from eye tracking glasses compared to a vehicle-integrated 2-
camera system?

- Are there similar trends in both systems?
- Is there a difference in the amount of missing and invalid data?

CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2023 3



2 Theory
2.1 Eye movements

When studying visual behavior, it is important to clarify some of the terms for eye
movements. In this thesis the used terms are gaze, glance, fixation, and saccade, and
these terms are described in relation to drivers’ visual behavior.

The direction of gaze defines as the orientation of the eye in space (International
Organisation for Standardization, 2020). The orientation of the eye refers to a specific
area or point which the eyes are directed towards.

While driving, the gaze is directed to several areas of interest (AOI), which are pre-
determined areas that are located within the visual field (International Organisation
for Standardization, 2020). AOI can be larger areas such as the front windscreen,
moveable targets such as oncoming traffic, or smaller stationary areas such as the
rear-view mirror. The size of the AOI does not have an upper limit, but the lower limit
needs to be larger than the resolution of the eye-measurement system being used
(International Organisation for Standardization, 2020). When referring to AOI in
vehicles, areas such as left- and right-hand side mirrors (LSM and RSM), rear view
mirror (RVM), left and right exterior (LE and RE), center front (CF), right front (RF),
information cluster (IC), center stack display (CSD) etc. are often used, see Figure 1.

A fixation is defined as a short temporal hold of movement that maintains direction of
the eyes to a particular point within an AOI while a saccade is a fast movement of the
eyes that occurs when the gaze changes the fixation point within an AOI or between
different AOI (International Organisation for Standardization, 2020).

Glances can be defined as a scientific construct that sums up fixations and saccades
that creates a temporal maintaining of the gaze within an AOI (International
Organisation for Standardization, 2020). A glance is a coarser unit of measure
compared to a single fixation since a glance is summing up several continuous
fixations that are spatially proximal in an AOI.

2.2  Eye trackers

Eye tracking measurements can be done using several techniques and measurement
equipment to gather information about a driver’s visual behavior. Remote and
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wearable eye tracking are two main types of eye tracking systems that use different
techniques. Remote tracking requires measures of head and eye movement to be done
independently (Duchowski, 2007). These systems use multiple ocular features, such
as the pupil and corneal reflection, to separate head movement and eye rotation.
Wearable tracking requires measures of the orientation of the eye in space
(Duchowski, 2007). By fixating the eye tracker to the head, these systems measure the
eye’s direction relative to the head.

Video-oculography (VOG) is used for many eye trackers and uses IR light to contrast
the pupil in relation to the eyeball (Fredriksson & Wallin, 2020). There are two ways
of measuring gaze direction with the use of VOG, bright pupil tracking and dark pupil
tracking. Bright pupil tracking uses a placement of the IR-light source on the same
axis as the camera. This allows most of the light to be reflected back to the camera
and shows a bright pupil (Hansen & Ji, 2010). Dark pupil tracking uses an offset
placement of the camera in relation to the IR light source, resulting in that no light
passes through the pupil and is not reflected to the camera. The camera can then
measure the position of the pupil to get an estimate of the gaze direction (Fredriksson
& Wallin, 2020). Remote and wearable eye trackers using dark pupil tracking are
presented in this section.

2.2.1 Multi-camera systems

A remote multi-camera system can be mounted in the vehicle where each camera
module contains a camera and IR LED lights which illuminates the driver’s face. The
remote multi-camera system that was used in this thesis contains two camera modules
and will hereby be referred to as 2-camera system.

The placement of the cameras enables multiple angles of the driver’s eyes to be
captured. One camera module is placed under the instrument panel behind the steering
wheel, capturing the eyes of the driver from a direct forward view. The other camera
module is placed on top of the dashboard in the middle of the vehicle, facing the
driver.

The 2-camera system use a so called “online calibration”, where each frame is
calibrated in real-time. The output data is defined in the vehicle-coordinate system
and the data is sampled at a frequency of 60 Hz.

2.2.2 Eye tracking glasses

The wearable eye tracking system that was used in this thesis was the Tobii Pro
Glasses 3, hereby referred to as Tobii glasses. The glasses use cornel reflection and
measures the orientation of the eye in space (Tobii, 2023). The set-up consists of a
head unit (glasses), a recording unit, and a controller application on an external
computer or smartphone.

The head unit consists of (1) two eye tracking cameras for each eye, (2) a nose pad
that can be changed with additional sizing to ensure the user’s eyes being positioned
in the middle of the glasses, (3) a head unit cable that is connected to the recording
unit, (4) a front facing HD scene camera, (5) a microphone, and (6) eight IR
illuminators for each eye, see Figure 2 (Tobii AB, 2023). A head strap is attached to
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the head unit to minimize movements of the unit during data collection and ensure a
good fit on the user’s head. The head unit samples data at a frequency of 50 Hz and is
also equipped with a gyroscope and an accelerometer sampling at 100Hz.

Figure 2: The Tobii glasses head unit (Tobii AB, 2023).

Each new user and new recording start with a calibration to ensure accurate data
collection. The user holds up a calibration card facing themself 0,5-1 m away from
their face, in the gaze direction that the user wants to collect the most accurate data.

2.3 Description of the different metrices

In existing literature, previous studies have used several different metrics to measure
gaze concentration. This section presents the identified metrices found in the literature
review for this thesis.

Gaze concentration can be described as a decrease in gaze movement that occurs
when a driver concentrates their gaze on a smaller area in the visual field. This results
in the driver spending more time directing their gaze to the forward path (Wang et al.,
2014) while decreasing their time on other AOI such as mirrors and more peripheral
areas or the road environment.

2.3.1 Percent Road Center

One way to measure gaze concentration for a driver is to calculate the percentage of
data within a defined road center area during a set time interval, so called percent road
center (PRC). The data can be defined as the percentage of fixations (fixation-based
PRC) but also as the raw collected gaze data (gaze-based PRC) (Ahlstrém et al.,
2009).

Gaze based PRC is a simple and robust choice of measure since the data does not
need to be sectioned into fixations before analysis (Ahlstrém et al., 2009). Gaze-based
PRC is highly correlated with fixation-based PRC where Ahlstrom et al. (2009)
showed a correlation coefficient of 0,95 between these measures.

The road center area can be defined in multiple ways. Victor et al. (2005) defines a
road center point as the most frequent gaze angle and uses a diameter of 16° or a
rectangle of 20° horizontal and 15° vertical for the road center area. Ahlstrom et al.
(2009) uses a central gaze-based PRC where the road center point is defined in the
same way as Victor et. al. (2005) but using an 8° diameter for the road center area. A
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test study performed on a highway, compared different diameters for central gaze-
based PRC. The result showed that a diameter of 8° is not optimal for computing PRC
and it should be opted for larger angles such as 12°-16° for increased sensitivity
(Wang et al., 2014).

PRC is calculated over a moving time window, where the window size can vary. For
instance, Ahlstrom et al. (2009) calculated PRC over a moving window of four
seconds, with increments of one second. Victor (2005) used a moving window of 10,
30 and 60 seconds to detect both visual and cognitive distraction using PRC. Using
longer time windows for PRC analysis creates issues that should be noted (Victor &
Larsson, 2004). When using a 60 seconds time window, even short non-driving
related tasks, such as changing settings on the center console will affect the PRC
metric one minute after the action has stopped and the driver has resumed driving
without visual non-driving related tasks.

For example, Victor and Larsson (2004) showed that the PRC value fell below 58%
when using a time window of 60 seconds while the drivers were distracted by a
demanding visual-manual task, such as when dialing a phone number or changing
console settings. Victor and Larsson (2004) also showed that drivers who are
cognitively distracted show a PRC value of above 92%, a threshold limit used to
define gaze concentration. Tivesten et. Al. (2019) also found that drivers that
developed overreliance during assisted driving during a complete drive, either had a
lot of gaze concentration (PRC > 92% over a 60 second moving window), a lot of
visual distraction (PRC < 30% over a 4 second moving window), and/or delayed
response times to attention reminders.

2.3.2 Percent Area of Interest

Gaze concentration can also be measured as percent area of interest (PAI). In a
previous study that analyzed drivers gaze behavior in roundabouts, PAI was used to
measure how much the driver was looking at certain areas (Abbasi et al., 2022). In the
study by Abbasi et al. (2022) the driver’s field of vision was divided into areas such
as the windshield, side windows, mirrors, and interior areas such as speedometer,
center screen etc. Gazes that fell in the windshield were categorized as on-road
glances while the other areas were categorized as off-road.

When measuring gaze concentration, a variant of PAI can be used, called percent
on/off-road. It is a simpler measure to apply as there is only one AOI, an estimated
forward road. Some eye tracking systems have defined static gaze areas, see Figure 1,
that can more easily be used to estimate the driver’s gaze direction. This allows the
gaze to be classified as for example in the forward on-road AOI, below the forward
AOI (e.g., at a mobile phone) or in other off-road AOI (Abbasi et al., 2022).

In cases where static areas are used, the classification of on-road gaze is typically
determined by considering all gaze points within the forward windscreen area. It is
important to note that this definition of on-road also includes gaze points towards road
signs and the roadside area. Furthermore, some eye tracking systems use post-
processing tools that enable the definition of a smaller and more precise AOI for on-
road (Tobii, 2022). This allows for a more accurate assessment of gaze concentration
specifically related to the road ahead.
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PAIl is calculated much like PRC and measures the percentage of gaze points in the
AOI during a defined time interval. The distinct difference between the two metrics is
the size of the AIO as the PRC looks at a smaller road center area.

2.3.3 Gaze entropy

Gaze entropy measures are divided into stationary gaze entropy (SGE) and
transitional gaze entropy (TGE) and has been used in several studies to measure gaze
concentration (Pillai et al., 2022, Shiferaw et al., 2019, Krejtz et al., 2014).

SGE is a measure of the disorder of the gaze distribution in a defined visual area, for a
set timeframe. The visual area could be the driver’s whole visual field or a smaller
defined area. The visual area can either be split into a grid which contains a defined
number of equally sized bins, or that the areas are AOI-based, meaning a non-uniform
division of the areas size and position (Shiferaw et al., 2019). The level of SGE is a
measure of the distribution of the gaze across the bins. The highest SGE is achieved
when the gaze is equally divided over the bins and will decrease when the gaze is
limited to fewer bins. An indication of gaze concentration can therefore be found by a
decrease in SGE (Pillai et al., 2022). SGE is calculated using the Shannon’s entropy
equation (Shannon, 1948), see Equation 1.

SGEG) == ) p(i)log, p(D) 1

Number of fixations in i* bin

p(i) =

Total number of fixations 2

SGE(x) is the entropy value of the set timeframe x. p(i) is the probability distribution
of a fixation in the i bin see Equation 2. n is the total number of bins. To normalize
the entropy value, it is divided by the maximum entropy. The maximum entropy is
equal to logz(n) (Krejtz et al., 2014).

In the studies presented previously in this section, it is shown that the number of bins
and thereby the size of each bin affect the result of entropy. Shiferaw et. al. (2018)
used a varying number of bins depending on the visual scenario being analyzed,
where more and smaller bins were used when the gaze was more centrally distributed
(Shiferaw et al., 2018). Similarly, Pillai et al. (2022) evaluated SGE using four
different bin sizes and calculated a signal-to-noise ratio (SNR) to compare the
accuracy of the metric. The results showed that using the largest number of bins (100
x 100) resulted in the highest SNR, indicating a more accurate result.

The length of the set timeframe varies between previous studies. Shiferaw et al.
(2018) used a one-minute timeframe for analysis of centrally distributed gaze
scenarios while five-minute timeframes were used for a total visual field analysis,
correlated with the number of bins chosen. Another study used a time window of 10
minutes when studying secondary task (Schieber & Gilland, 2008). Furthermore, a
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study detecting alcohol-induced driver impairment, used a time window of 20 minutes
(Shiferaw et al., 2019).

TGE is a measure of the disorder of the gaze transitions, meaning how randomly the
gaze will transit to a new location, given the current position (Shiferaw et al., 2019).
The number and size of bins are defined in the same way as for SGE, where TGE then
measures the probability of transitions from one specific bin to another bin. A higher
TGE means a more random pattern of gaze transitions, which means a lower TGE
refers to increased gaze concentration (Krejtz et al., 2014). To calculate TGE, the
conditional entropy equation, Equation 3, is used (Shiferaw et al., 2018).

TGEG) = - ) p®| ) plil)log,p Gl |i # 3
i=1 j=1

TGE(x) is the transitional gaze entropy value for a set timeframe x. n is the number of
bins and p(i|j) is the transition matrix containing the probability of a gaze point
transition from i" bin to j bin.

TGE calculates complexity in gaze shift relative to the overall spread of gaze, while
SGE is limited to calculate the overall spatial dispersion of gaze. This limitation of
SGE entails that a change in SGE may depend on the type of task rather than a change
in gaze distribution due to the difficulty of the task (Shiferaw et al., 2019). Shiferaw et
al. (2019) discusses therefore that since the two metrics are measuring different
aspects, a calculation of both SGE and TGE may generate a more complete evaluation
of gaze behavior.

One limitation of calculating TGE is the chosen number of bins. If a small data set
with few transitions is used with many bins, the values in the rows in the transition
matrix may equal zero. Additionally, if p(i|j) is equal to one, which occurs when all
the transitions in a row go from one specific bin to another specific bin, the inner sum
in Equation 3 will be equal to zero (Krejtz et al., 2015). The entropy value will then
show a result of no transitions while in fact multiple transitions occurred.

In one study by Shiferaw et al., (2018) both SGE and TGE were measured on sleep
deprived drivers. The result showed an increase in SGE for the sleep deprived drivers
compared to the rested drivers. In the same study, TGE did not show a notable
increase for the sleep deprived condition (Shiferaw et al., 2018).

Another study by Shiferaw, et al. (2019) used gaze entropy to detect alcohol-induced
driver impairment. Alcohol affected the gaze behavior by increasing SGE and
decreasing TGE compared to when the drivers were not intoxicated. It was concluded
that alcohol reduces the top-down regulation of gaze control which leads to a less
structured visual scanning behavior, thereby more gaze concentration (Shiferaw et al.,
2019).
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2.3.4 Standard deviation of gaze

Standard deviation of gaze (SDG) is a measure of the spatial variability of gaze. SDG
is a collective name for three different variants for measuring the standard deviation
of gaze: standard deviation of radial gaze (SDRG), standard deviation of horizontal
gaze (SDHG) and standard deviation of vertical gaze (SDVG). Several studies have
used the three variants of SDG to evaluate gaze concentration (Reimer et al., 2012, Li
etal., 2018, Wang et al., 2014). However, SDG has been calculated in different ways
across studies, either using gaze vectors in a 2D plane, or gaze angles which are
divided in horizontal (yaw) and vertical (pitch) angles. A lower SDG means an
increased concentration on the road center and thereby an increased gaze
concentration.

SDRG is a combination of the horizontal and vertical gaze angle or gaze coordinates,
using the Pythagoras theorem. The radial gaze vector is calculated by the square root
of the sum of squared horizontal and squared vertical angles (Victor et al., 2005).

A simplified metric of SDRG is SDHG, which only considers the horizontal position
(yaw) of the gaze. Conversely, SDVG is exclusively considering the vertical position
(pitch) of the gaze.

According to Li et al. (2018) the SDHG metric show a notable change under added
cognitive demand, which Wang et al. (2014) likewise has showed. Furthermore,
Reimer et al. (2012) discussed that the combined angles of vertical and horizontal
gaze dispersion, SDRG, does not result in a more sensitive measure. In the study from
Wang et al. (2014) it was shown that SDHG was more sensitive to measuring driver’s
cognitive workload than SDRG. Additionally, Wang et al. (2014), discussed that SDG
is an efficient metric, because it is straightforward to measure, not relying on a
defined arbitrary road center area.

Reimer et al. (2012) found that SDHG increased in response to added low to moderate
cognitive demand. Nevertheless, this effect was not observed at the highest level of
demand. These findings suggest that there was a bottom out effect at the highest level
(Reimer et al., 2012). Furthermore, SDHG has in previous studies, only been used to
evaluate cognitive demand. Therefore, it is uncertain whether the metric can
accurately detect other forms of impairment.

In the presented studies using SDG to measure gaze concentration, different time
intervals have been used. The study from Reimer et al. (2012) calculated SDHG and
SDVG for three different events (baseline, cognitive demand, and recovery) and used
a time interval of 2 minutes for each event. Another study calculated SDHG with a
moving window of 20 seconds with an increment of one second for each event. (Li et
al., 2018).

2.3.5 Related measures

In addition to the metrics presented in sections 2.3.1-2.3.4 , there are other visual
behaviors that can be captured by an eye tracker and used to detect different driver
states. These measures are briefly explained in this section with the purpose of
presenting measures that, in addition to gaze concentration, can capture different
driver states. However, they were not further analyzed in this thesis.
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Glance-based metrics, including glance duration, frequency, and total glance time, are
commonly used measures when analyzing visual and attentional demands from
information systems in vehicles (Victor, 2005). These measures can be used in
analyses when comparing the gaze behavior between different AOI in the vehicle. An
indication of gaze concentration to the forward roadway can be fewer and longer on-
path glances, as shown in (Victor et al., 2005) where the glance duration increases
with increased cognitive load.

The glance durations for looking away from the road center and looking at peripheral
objects typically varies between 0,6 to 1,6 seconds, while the glance durations when
looking at driver information sources such as the speedometer, clock, etc., typically
varies between 1,2 to 1,85 seconds (Victor, 2005)

Another measure used to detect different driver states is the driver’s blink frequency.
A study by Liang et al. (2007) stated that when drivers are faced with a visual task the
blink frequency tends to reduce as the eyes need to process more visual information.
The opposite was seen when the drivers were faced with cognitive tasks, where the
blink frequency increased from 0,31 Hz, which was baseline, up to 0,49 Hz. This
indicates that blink frequency can also be used to detect cognitive load. Increased
blink frequency has been identified in other driver states as well. Driver drowsiness
has also shown an increased frequency and blink duration (Shiferaw et al., 2018).
Previous studies show that blink frequency differs between different types of non-
related driving tasks but results also vary between individual drivers (Radlmayr et al.,
2019).
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3 Methods

This chapter presents the methods of data collection and analysis used in this thesis
work. Data was collected through a small study conducted on public roads in northern
Gothenburg. For the study, a test vehicle and two eye tracking systems were used to
collect gaze data, while the participants were subjected to several secondary tasks to
increase the cognitive load. The methods of how the metrics were calculated for each
system is presented at the end of the chapter.

3.1 Data collection
3.1.1 Participants

Participants were recruited by a voluntary registration sent out to employees at the
two departments: Safety Centre and Personal Driving Experience Centre at VCC. The
requirements to participate were that they had a T2 license (an internal level of
driving education at VCC that allows driving prototype development vehicles) and
that they did not need prescription glasses while driving. Six participants were
selected. The small number of participants would ensure meeting the time plan of the
project while still collecting data from multiple participants. One participant was
excluded from the analysis due to issues with the measurement equipment resulting in
missing data. All five resulting participants were male, and the average age was 49
years (min = 39, max = 58). On average, the participants held a driver’s license for 31
years (min = 23, max = 40) and drove 14750 km (min = 5000, max = 30000) per year.

3.1.2 Cognitive load tasks

The participants were subjected to two secondary tasks to increase cognitive load
during the test drive. Both tasks were provided to the participant through a pre-
recorded auditory message that explained the task and was thereafter followed by the
actual task.

The first task was a 1-back task where a sequence of numbers was read out and the
participant was instructed to repeat the previously stated number, see Figure 3. The
task consisted of ten numbers between 0-9 presented in a sequence with 2,25 seconds
apart (Wang et al., 2014). After a sequence, there was five seconds of pause before
the next sequence started. In total there were four sequences, with a duration of two
minutes in total.

1-back Countback

[ 7]9]6]o]s]s]3] pom |318
[2]7]9]6lofs]s]

Prompt: | 1 ‘ 4

| 2
Response: 14|27 60| 8|5] Response: [311|304]207 290 ... |

Figure 3: Illustration of the two cognitive tasks. An example of a 1-back task shown to
the left, where the participant is instructed to repeat the number that was presented
one-back. One sequence is presented but a full task consists of four sequences. An
example of a countback task shown to the right, where the participant is instructed to
count back towards zero in steps of seven.
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The second task was a countback task where a three-digit number was read, and the
participant was asked to count backwards to zero in steps of seven (Kountouriotis et
al., 2016). After approximately one minute the participant was instructed to stop the
task.

The order of the tasks varied between participants. Task 1 and Task 3 were countback
tasks while Task 2 and Task 4 were 1-back tasks for three participants, and the
opposite for two participants. See Table 1 for the variation of tasks.

Table 1: Variation of order for the different tasks for each participant.

Participant Task 1 Task 2 Task 3 Task 4
1 Countback 1-back Countback 1-back
2 1-back Countback 1-back 1 Countback
3 Countback 1-back Countback 1-back
4 1-back Countback 1-back Countback
5 Countback 1-back Countback 1-back

3.1.3 Experimental setup

The test vehicle was a modified Volvo XC90 provided by VCC. The vehicle was
equipped with a 2-camera system used for research purposes. In addition, Tobii
glasses were used for four participants but not for the fifth participant due to technical
issues. As the two eye tracking systems operate at different wavelengths, it is possible
to use them simultaneously. A portable speaker was mounted to the right of the
steering wheel and played the pre-recorded cognitive tasks to the participant while
driving. See Figure 4 for the complete experimental setup inside the vehicle.

Additional cameras, two GoPro Hero 11, were placed in the vehicle and were used as
reference cameras. The first GoPro was mounted on the right side of the rear-view
mirror to capture the forward-facing road and the surrounding environment. The
second GoPro was mounted on the dashboard, behind the steering wheel, facing the
participant, capturing the participant’s face and upper body. The GoPro cameras also
collected audio that was used to evaluate the participant’s responses to the cognitive
tasks.

Two reference markers were placed inside the vehicle used to facilitate post-
processing of gaze data for the Tobii glasses (see Section 3.2.1). One marker was
placed at the base of the left A-pillar and a second marker was placed to the right of
the steering wheel by the center console. The positions were chosen so that at least
one marker was expected to always be in view of the Tobii glasses forward facing
camera.
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Figure 4: Image showing interior of the test vehicle with complete experimental setup.

3.1.4 Route

The test study was performed on public roads north of Gothenburg, Sweden. The
complete test route is shown in Figure 5. The route started with rural road with
alternating 1-2 lanes in the direction of travel, with a speed limit of 50-70 km/h before
entering the highway with 2-3 lanes in each direction with a speed limit of 80-110
km/h. When reaching the most northern part of the drive (the halfway point), the
participants exited the highway and re-entered the highway in the opposite direction
and the test drive continued. The trip was approximately 68 km, of which 40 km was
driven on the highway. Traffic density during all test drives ranged from low to
moderate. The first part of the drive on the rural road allowed the test participants to
get familiar with the vehicle before entering the highway and starting the cognitive
tasks. For safety reasons, the cognitive tasks were carried out on the highway, to
avoid interactions and fewer distractions in the surrounding area compared to rural
and city roads.
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Figure 5: Map showing the test route. The orange line marks country road, the blue
line marks highway, the white circle marks the start and end position of the test drive,
and the red markings represent the task activation areas.
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3.1.5 Procedure

The drive lasted approximately one hour and 45 minutes for each participant. Prior to
the study, the participants received written information about the drive. When
arriving, the participants were once again briefed about the study aim, data collection,
risks, a description of the cognitive tasks, and the driving rules and route. Participants
were told to; drive manually (for example not to use any assisted driving systems such
as pilot assist), stay in the right driving lane of the highway and only overtake
vehicles if the test leader gave permission, and follow the traffic rules. They were also
informed that the test leaders would only speak to give directions or, if needed,
answer questions related to the test during the drive. The participants could then ask
questions about any uncertainties about the test procedure before they signed a
consent form. Before the start of the drive, example sounds of the two cognitive tasks
were played through the speaker and the participants rehearsed the tasks until they felt
confident with them.

If the Tobii glasses were being used, the participants put on the glasses before the
drive and were able to change the fitting with purpose of eye alignment with the
center point of glasses, as well as comfort. The eye fit was done by changing the nose
pads of the glasses, see Figure 2.

Two test leaders were present in the vehicle during the drive. One test leader was
seated in the front passenger seat and gave instructions about the route and when the
participants were allowed to overtake other vehicles. The other test leader was seated
in the left back seat, monitored the data collection, and initiated the cognitive tasks.

A small stop was made outside VCC grounds to calibrate and start the measurement
equipment. The participants had the opportunity to change position of the seat,
mirrors, steering wheel, and the Tobii glasses a final time before the calibration
started. Calibration of the Tobii glasses was done using the calibration card. Each
participant was then told to blink four times as a marker for synchronization of all
camera recordings during post processing.

For similar driving conditions for all participants during the tasks, the areas of
activation of the cognitive tasks were predetermined, see red markings in Figure 5.
The activation areas were placed during parts of the highway where there was no
entry or exit lane present, nor a change of speed within the first minute of the task.
When entering the highway, there was approximately three minutes of driving before
the activation of Task 1. Between the activation of each task, approximately five
minutes of baseline driving occurred. The traffic situation was assessed as safe by the
test leader in the back seat before the cognitive task was initiated when entering the
activation area. During the task, the participants kept driving in the right driving lane
for safety reasons. If the participants were following a lead vehicle that drove at a
speed below the posted speed limit, the participant maintained vehicle-following until
the task was completed. The test leader allowed the participants to overtake once the
task was completed.
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3.2 Data analysis

In this section, the steps in post-processing of the Tobii glasses as well as chosen
thresholds for similarity and confidence of the data for the two systems are presented
and motivated. Furthermore, methods for calculations of gaze concentration metrics
on the data for both systems are explained in detail.

3.2.1 Post-processing of data from the Tobii glasses

Post-processing of the eye tracking data recorded by the Tobii glasses was done in
Tobii Pro Lab, a visual user interface made for analysis of recordings from Tobii
glasses (Tobii, 2022). The output gaze data uses information from the collected video
from the integrated front facing camera. The gaze data is expressed in a local
coordinate system, called Head unit coordinate system (HUCS), where the origin is in
the center of the front facing camera, see Figure 6. To be able to analyze the data in a
coordinate system that does not move, the data needs to be post processed. By
selecting a still frame, hereby referred to as snapshot, from the video recording, Tobii
Pro Lab uses a built-in Real World Mapping software, so-called assisted mapping, to
map the gaze data on to the snapshot.

Figure 6: Head unit coordinate system (HUCS) for the Tobii glasses, (Tobii AB,
2023).

The assisted mapping algorithm uses the snapshot from the video recording to place
the gaze data points from the video frame on to the snapshot, and thereby expressing
the gaze point in a coordinate system based of the snapshot. A similarity score
between 0-100% is created for each point, showing the similarity between the
snapshot image and the frame image from the video recording. The similarity score
therefore represents the amount of information that the assisted mapping could base
the mapping upon. A low score indicates that the point’s placement is based on less
information. Points that had a score of less than 60%, as well as points that were not
detected at all by the assisted mapping, were placed using manual mapping. Using a
score higher than this resulted in many data points needing manual mapping but that
could be accurately placed by the assisted mapping algorithm. Manual mapping was
done by observing the gaze point from the video frame, and manually placing it on to
the snapshot. The output gaze data from the assisted mapping are expressed in the unit
pixels and are expressed in the relation to the pixels in the chosen snapshot the data
was mapped upon.

As light and road conditions may differ in the two driving directions during the test

drive, two snapshots were used for each participant. A snapshot from the north bound
stretch of the highway was used for mapping data points from the first stretch of the
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drive, and a snapshot from the south bound stretch was used for mapping data points
from the second stretch of the drive.

For extraction of data for analysis within an AOI, a manual AOI polygon tool in Tobii
Pro Lab was used for each snapshot to define the road area, see Figure 7. Gaze points
that were within the participants’ field of view but that don’t fit in the snapshot were
given designated areas in the snapshot used for manual mapping and can also be seen
in the figure. This includes gaze points to the LSM, LE, RSM, and RE, areas that are
not found or partially hidden in the snapshot.

Figure 7: Snapshot from Tobii Pro Lab. AOI is showed in purple and is classified as
the area for on-road. Pre-defined areas for mirrors and exteriors are shown in red
and yellow.

Data points that were not registered by the Tobii glasses, such as when the participant
was blinking or when the system for some other reason did not register any gaze
direction, were regarded as missing data. Occurrence of these instances were seen
during the post-processing as well as in the output data.

3.2.2 2-camera system

The video data recorded by the 2-camera system generated head and eye tracking
output signal values, including head position and gaze direction expressed in both
angles and AOI. The processed data was measured in the local coordinate system of
the vehicle, with the origin at the midpoint of the rear axle.

Each data point has an assigned confidence level ranging from 0-100%, indicating the
level of certainty that the correct gaze angle had been determined. A threshold was set
where data points with less than 10% confidence were deemed too uncertain and were
set as invalid. Data that would indicate that the participant was blinking, or their head
was not found by the system (yaw and pitch of 0° and a confidence level of zero)
would therefore also be classified as invalid data. The chosen confidence level was
selected based on manual analysis consisting of comparison between the video
recording and data.
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3.2.3 Calculation of metrics

Data synchronization and analysis

Localization of the four blinks that each participant had made in the beginning of the
test drive was found in the video recordings from the Tobii glasses, 2-camera system,
and GoPro cameras. This allowed synchronization of the video recordings and
collected data. A comparison was made between the eye movement of the participants
observed in the videos and the data from the 2-camera system to determine if the gaze
data showed similarities to the true gaze dispersion.

Events

Ten events were defined along the test drive: Baseline 1-6 and Task 1-4, named in
chronological order. The events' start and end points were determined by manual
analysis of video and audio data. The 1-back task started when the participant heard
the first number of the first sequence, and the countback task started when the three-
digit number was presented. The end point for both tasks was after the participant had
answered verbally the last number. Baseline 1, 2, 4, and 5 had the same duration as
the tasks that occurred after the baseline, while Baseline 3 and 6 had the same
duration as the task that has occurred before the baseline. The baseline segments were
chosen to mimic the traffic environment of their corresponding task. Takeovers or
periods that had higher traffic density were, if possible, avoided in the baseline events.

Percent road center

The most frequent gaze angle was calculated from the start of the first event to the end
of the last event for each participant. This created a single most frequent gaze angle
representing the entire driving session. For each participant wearing the Tobii glasses,
two most frequent gaze angles were calculated, one for each snapshot used in post-
processing. The angle was defined as the most frequent gaze angle between the start
of the first event to the end of the last event for each of the snapshots.

A diameter of 16° centered around the most frequent gaze angle was used for the PRC
calculations in accordance with Wang et al. (2014) to define the road center area for
the data recorded by the 2-camera system. As there was to the authors’ knowledge no
known way of converting the unit from angle to pixels for the Tobii glasses data, a
ratio estimation from the gaze points was made where 16° is assumed to be equivalent
to 700 pixels. This ratio was calculated using the distance between the most frequent
gaze angle and the center of the LSM.

The calculations were made using a moving time window of four seconds with
increments of one second to determine the next time window, to compare the PRC
over time. This was done for PRC > 92% as well as for an in-depth analysis
comparing only one baseline to one task. The PRC was also calculated as one value
for each event and participant.

Percent area of interest

For the PAI (on/off-road estimations) all gaze points through the center front
windscreen were used as a rough estimate of on-road for the 2-camera system, see
Figure 1 that shows the center front area. Gaze points within the defined AOI for each
snapshot, see Section 3.2.1, was classified as on-road for the Tobii glasses. The PAI
was calculated as one value for the entire event. For an in-depth analysis calculations
were made using a moving time window of four seconds with increments of one
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second to determine the next time window, to compare the percentage of on-road over
time.

Gaze Entropy

SGE was calculated using Equation 1. The chosen AOI was the visual field of the
driver. For the 2-camera system data this implied a range of 120° in yaw and 80° in
pitch. From analysis of the gaze data, no gaze points were distributed outside of these
limits. The size of the snapshots used in post-processing for the Tobii glasses varied
slightly in size. Therefore, the largest size of resolution out of all snapshots was used,
resulting in 3744 pixels in yaw and 1879 pixels in pitch. The stationary distribution
matrix, N, was created using a 2D histogram of the gaze data, often referred to as a
density plot. Multiple different sizes of the bins used in the histogram were compared
to each other before a final bin size was chosen. N was used to compute the
probability matrix of the stationary distribution, p(i), describing the probability of a
fixation in each bin. p(i) was calculated as the number of fixations in the bin divided
by the total number of fixations. In certain instances, p(i) will result in the value zero
from the probability matrix. As log2(0) is undefined, the assumption that 0*log2(0) is
equal to zero was applied.

SGE was calculated as one value for each event when comparison of all participants
was made. For an in-depth analysis, the same calculations were done but over a
moving window with a time window size of ten seconds. These calculations did not
use any increments of time, but rather used a new sample of the next ten seconds of
data points for the next time window.

The same stationary distribution matrix, p(i), calculated for SGE was used for TGE.
The transition matrix p(i|j) was calculated using the following steps:
1. A sequence of the bins representing the order in which the gaze points
occurred chronologically was created.
2. The frequency of transitions between specific bins in the sequence was
counted to create a frequency matrix.

- The bin where the gaze started represents the row number of the
matrix, the bin that the gaze transitioned to represents the column
number, and the value of the matrix in that specific row and column
represents the frequency of transitions.

3. The frequency matrix was normalized to get a probability distribution.

- The matrix was normalized for each row separately. Each value in a
row was divided by the sum of transitions for that specific row.

4. The values from probability distribution were put in the transition matrix.

Using an example, see Table 2, a 3x3 transitional matrix has been created. In bin (1,2)
the value is the probability that the gaze transitions from bin number 1 to bin number
2. The diagonal, for example bin (1,1), represents the gaze staying in the same bin.
Since this is not defined as a transition, these probabilities are not regarded in the
TGE calculations.
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Table 2: Example of a transitional matrix

i p(il])

1 2 3
1 - 0.2 10.8
2 | 0.7 - 103
310505 -

TGE was calculated as one value for each event when comparison of all participants
was made. For an in-depth analysis the same calculations were done as for SGE, using
a moving window with a window size of ten seconds. Lastly, the calculated SGE and
TGE were normalized, by dividing the calculated entropy with the maximum entropy
value. The maximum entropy value is equal to log2(number of bins).

Standard deviation of gaze
Pythagoras theorem was used to calculate the radial gaze vectors used for the
calculations of SDRG, see Equation 4.

Radial gaze vector = \/yaw? + pitch? 4

Calculation of SDHG was done by using the yaw angles of the event, and for SDVG
by using the pitch angles of the event. These calculations of SDG resulted in one
value for each event for each of the three metrics. To analyze the change of the
driver’s gaze during each event, the same calculations were done but over a moving
window with a window size of 10 seconds. Like SGE, these calculations did not use
any increments of time, but rather used a new sample of the next ten seconds of data
points for the next time window.
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4 Results
4.1 Task performance and data quality

A large amount of data was collected by each eye tracking system, but not all was
determined as valid. In this section the type of data and amount that was used in the
analysis is presented. All the data except the data from the Tobii glasses data for
Participant 1 during Baseline 3-6 and Task 3 and 4, were possible to analyze. This
was due to that no data was recorded by the Tobii glasses. These events were therefor
removed from further analysis for this specific participant. These events are also
disregarded in the scatter plots, showing comparison between the two eye tracking
systems.

4.1.1 Task performance

The participants performance of the two cognitive tasks showed a response accuracy
of 95% for the 1-back task, and a response accuracy of 98% for the countback task.
Consequently, the participants accurately performed the tasks while driving on the
selected roads.

During certain events, the participants maintained in vehicle-following due to slow
vehicles ahead resulting in slightly different driving conditions for these events. The
traffic amount and environment conditions for each event and participant is presented
in Appendix AEnvironment conditions during the test study .

4.1.2 Data with low quality

For the 2-camera system data, the percentage of data points used for the analysis is
presented in Table 3. The percentage of data points that was classified as invalid due
to being below the 10% confidence threshold are presented in the table as well. These
data point also included missing data. Results shows that an average of 10% of all
data points could not be used.

Table 3: Percentage of gaze points above threshold level (T) and gaze points below
the threshold level (X) for each participant (P) and event (B = Baseline, T = Task).

B1 T1 B2 T2 B3 B4 T3 B5 T4 B6
T X T X T X T X T
89 11 94 6 96 4 90 10 96
12 90 10 82 12 91

85 15 90 10 93 7 83 17 7
95.4 4.6 96 4 92 8 90 10 92
83 17 89 11 89 11 83 17 90
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The percentage of gaze points from the Tobii glasses data that was determined using
assisted mapping by Tobii Pro Lab is presented in Table 4 as well as the percentage of
manually mapped gaze points. Two types of gaze points are included in the
percentage for manually mapped gaze points; assisted mapped gaze points that were
below the similarity threshold, and gaze points that the assisted mapping algorithm
could not place. Results shows that an average of 27% of all data points were
manually mapped and that 5% of all data points were missing.
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Table 4: Percentage of assisted mapped gaze points (A), manually mapped gaze
points (M) and missing data (X) for each participant (P) and event (B = Baseline, T =

Task).
Bl Tl B2 T2 B3 B4 T3 B5 T4 B6
A A A A A A A A A A
P M X M X M X M X M X M X M X M X M X M
70 49 30 46 42
! % | ° a3 | 8 6 | 6 2 | © 5 | * - - - - -
2 68 4 66 4 72 5 7 2 76 5 74 2 7 4 71 4 64 5 78

28 30 23 19 19 22 19 25 31 18

85 63 71 7 80 72 7 88 74 79
9 28 22 14 15 22 16 7 17 17

78 81 62 67 72 66 61 65 37 58
19 13 35 30 25 30 34 28 53 37

Comparison between data and video was done to evaluate the two eye tracking
systems’ interaction with each other. The data from the Tobii glasses showed no sign
of deteriorated signal quality when the 2-camera system was used in parallel. In the
video data from the 2-camera system, reflections from the IR LEDs could be seen in
certain instances in the Tobii glasses. This led to a decrease in the level of confidence
of the gaze angles when a reflection covered the participants pupil, see Figure 8.

Figure 8: Video images from the 2-camera system showing the reflection in the Tobii
Glasses from the IR LEDs.

4.2 Calculated metrics

The results from the metrics described in Section 3.2.3 are presented in this section.
The results include these metrics for all participants during all applicable events.

4.2.1 Percent road center

Firstly, the PRC was calculated for a moving window of four seconds. The result
presented in Figure 9 shows the percentage of PRC for each four seconds period
during each event that is above 92%, the threshold for gaze concentration. A value of
0% means that no four seconds period had a PRC above 92%, meaning that no gaze
concentration occurred during the event.

Comparing the two systems, it is the same order of magnitude of the PRC calculated
from the two systems. In addition, for Participant 2, 3, and 4, the trend through the
events is similar in the two plots in Figure 9. PRC is lower during the baseline events
compared to the task events, indicating that the driver is concentrating the gaze
towards the road center more during the tasks. However, the change in magnitude
between the different events is not equal comparing the two systems. PRC calculated
from the Tobii glasses shows slightly larger changes between the events. In contrast to
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Participant 2, 3, and 4, Participant 1 did not show the same trend for the two systems.
The PRC can be seen decreasing from Baseline 1 to Task 1 for the 2-camera system
but has the opposite results for the Tobii glasses. The expected outcome of an
increased PRC during the task compared to the previous baseline was observed in 11
out of 20 (55%) instances for the 2-camera system and in 10 out of 14 (71%)
instances for the Tobii glasses.

2-camera system Tobii glasses
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Figure 9: Percentage of PRC above the gaze concentration threshold of 92%.

The events in the two plots in Figure 9 are illustrated in a scatter plot, see Figure 10. If
PRC values for each event were equal for the two systems, all data points would be
placed diagonally. Most points are placed above the diagonal which shows that PRC
> 92% calculated based on data from the Tobii glasses are higher than from the 2-
camera system. There is no clear clustering of the baselines or tasks for any
participant.

100
.
1]
L 80r °
0
o .
o
S 60t .
= L ]
=
g '// ¢ Participant 1 - Baseline
& 40t o e ® Participant 1 - Task
C: ¢ . / ¢ Parﬁcipant 2 - Baseline
O KA - 74 ® Participant 2 - Task
. e

T oo . N Participant 3 - Baseline
o + Participant 3 - Task

L) + Participant 4 - Baseline

® Participant 4 - Task

0 20 40 60 80 100
PRC > 92% [%] 2-camera system

Figure 10: Scatter plot of the percentages of PRC above the 92% threshold for both
systems. Data points representing the baseline are marked with a diamond and data
points for the task are marked with a circle.

Secondly, the PRC was calculated as a total percentage of all data points within the
road center area for each event. As can be seen in Figure 11, the PRC tends to vary
between the span of 50-80% for the 2-camera system and 70-90% for the Tobii
glasses. The expected outcome of an increased PRC during the task compared to the
previous baseline was observed in 10 out of 20 (50%) instances for the 2-camera
system and in 10 out of 14 (71%) instances for the Tobii glasses. Comparing the two
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systems, they are not following the same trend through the events, to the same extent,

as they did for the PRC above 92% presented in Figure 9.
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Figure 11: Total PRC for each event.

The scatter plot for the total PRC shows that the values calculated from the Tobii

glasses shows higher values compared to the 2-camera system as all points are placed

above the diagonal line, see Figure 12.
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Figure 12: Scatter plot of the total PRC for both systems.

4.2.2 Percent area of interest

The PAI results are presented in Figure 13 and represent the PAI for each event and
each participant. PAI for the Tobii glasses shows notable lower values ranging from

25-85% while the results from the 2-camers system range between 75-85%. The
magnitude between the different events was also remarkably larger for the Tobii
glasses than for the 2-camera system. The expected outcome of an increased PAI

during the task compared to the previous baseline was observed in 13 out of 20 (65%)

instances for the 2-camera system and in 9 out of 14 (64%) instances for the Tobii

glasses.
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Figure 13: PAI for each event.

The difference in PAI between the systems can also be seen in the scatter plot, see
Figure 14. Results show a cluster of PAI for the 2-camera system while a larger
spread of PAI for the Tobii glasses.
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Figure 14: Scatter plot of the PAI for both systems. The 2-camera system is on the x-
axis and the Tobii glasses is on the y-axis.

4.2.3 Stationary gaze entropy

To determine the number of bins used in the histogram to calculate SGE, comparison
between 11 different bin sizes were performed, see Figure 15. Results for the 2-
camera system showed that for bin sizes from 25x25 up to 70x70 the difference in
SGE between the baseline and the task remains similar, except for 40x40 for the Tobii
glasses. An assumption was made that the choice of bin size was unlikely to have a
considerable impact on the comparison of SGE values between the events, within this
range. Based on this assumption, a bin size of 30x30 was selected for further analysis,
see Figure 36 in Appendix B Density plots with grid size.
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Figure 15: Comparison between different grid sizes with 2-camera system to the left
and Tobii glasses to the right.

A pattern of lower SGE during task execution in comparison to the previous baseline
was observed in 13 out of 20 (65%) instances for the 2-camera system and 10 out of
14 (71%) for the Tobii glasses, see Figure 16. A low SGE indicates more gaze points
within the same bin and can be an indication of gaze concentration. The range of SGE
values tends to be the same for both systems, with the 2-camera system showing
slightly higher values for some events, for example Baseline 3, 4 and 5. Although
they are within the same range, the calculated SGE values can be seen varying in
pattern between the two systems for Participants 1, 3, and 4. For example, Participant
4 Baseline 4 show a higher SGE than Baseline 2 in the left plot in Figure 16 compared
to the right plot where the opposite can be seen.
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Figure 16: SGE for each event.

A scatter plot of the SGE can be seen in Figure 17 showing similar results from the
two systems. As stated in previous paragraph, the results for the 2-camera system
were higher while still showing the same trends as the Tobii glasses. There was no
distinct difference between results in baseline and task for either system.
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Figure 17: Scatter plot of SGE for both systems.

4.2.4 Transitional gaze entropy

As for SGE, an evaluation was conducted to determine the optimal grid size for
calculating TGE. Figure 18 shows a comparison of ten different grid sizes for both
systems. For the 2-camera system, the baseline and task events exhibit a similar trend,
and the difference in magnitude between the two events remains relatively constant.
Conversely, the Tobii glasses show a more arbitrary trend between the two events.
The results from both systems indicate that the disparity in TGE between the two
events reduces when the grid size exceeds 6x6 bins. A bin size of 4x5 was selected for
further calculations, see Figure 37 in Appendix B Density plots with grid size.
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Figure 18: Comparison between different grid sizes with 2-camera system to the left
and Tobii glasses to the right.

Much like SGE, a lower TGE represents less transitions of gaze points between the
bins and can indicate gaze concentration. The results presented in Figure 19 shows
that the magnitude of TGE is similar for the two systems. Participant 5 showed a
much lower value in comparison to the other participants for the 2-camera system,
and the same could be seen for Participant 1 for the Tobii glasses. Additionally,
comparing the two systems, no trends are seen across the different events. As an
example, Participant 2 shows for the 2-camera system a lower TGE for Baseline 1 and
2 compared to Task 1, which is the opposite for the Tobii glasses. A pattern of lower
TGE during task execution in comparison to the previous baseline can be seen in 9
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out of 20 (45%) instances for the 2-camera system and 9 out of 14 (64%) for the Tobii
glasses, see Figure 19.
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Figure 19: TGE for each event.

The scatter plot for TGE for the two systems is shown in Figure 20, showing a
noticeable difference between the four participants. Participant 3 shows similar values
of TGE for both systems, while no distinct difference between baseline and task. On
the other hand, there was a clear distinction between baseline and task for Participant
4, where most of the baseline values were higher than the task values.
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Figure 20: Scatter plot for TGE
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4.2.5 Standard deviation of gaze

The results for calculation of standard deviation are presented for SDRG, SDHG and
SDVG repeatedly. A pattern of lower SDRG during task execution in comparison to
the previous baseline was observed in 10 out of 20 (50%) instances for the 2-camera
system and 7 out of 14 (50%) for the Tobii glasses, see Figure 21. As the units
measured for the two systems differ, a comparison of magnitudes could not be done.
Participant 2, 3, and 4 shows similar trends in results between the two systems,
indicating that the systems are similar for SDRG.
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Figure 21: SDRG for each event.

The results from the SDRG scatter plot, see Figure 22, show a similarity in ratio
between the systems. Comparison between baselines with tasks shows no clear
separation between the two types of events for any of the participants.
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Figure 22: Scatter plot of SDRG

For the SDHG, there were similar patterns for the two systems across the events and
participants, see Figure 23. A decrease in SDHG for the task in comparison to the
previous baseline was observed for 11 out of 20 (55%) instances for the 2-camera
system and for 7 out of 14 (50%) instances for the Tobii glasses.
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Figure 23: SDHG for each event.
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The scatter plot of SDHG for the two systems, see Figure 24, shows a similar result
between the two systems as the points are close to the diagonal line. The plot also
shows that there was no clear separation between the baselines and the tasks.
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Figure 24: Scatter plot of SDHG

A clear decrease in range can be seen for SDVG in Figure 25 compared to the other
standard deviation metrics. The SDVG never reaches above a deviation of 8° and 260
pixels. A decrease in SDHG for the task in comparison to the previous baseline was
observed for 14 out of 20 (70%) instances for the 2-camera system and for 10 out of
14 (71%) instances for the Tobii glasses. A majority of the events follow the same
trend for both systems with a few exceptions, such as Participant 4 Task 2 for the 2-
camera system and Baseline 5 for the Tobii glasses.
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Figure 25: SDVG for each event.

The scatter plot in Figure 26 clearly shows the decrease of range as mentioned in
previous paragraph. While the range of values are lower and more clustered for
SDVG, a similar pattern can be seen comparing the result to SDRG and SDHG. All
three scatter plots follow the horizontal line distinctly.
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Figure 26: Scatter plot of SDVG

4.3  Comparison between baseline and task regarding gaze

concentration

For analysis of how well each metric could capture gaze concentration, Participant 2
was selected for a more in-depth comparison. Using data from both the 2-camera
system and the Tobii glasses, comparison was made between one baseline (Baseline
2) and one task (Task 2). During video and data plot analysis, the baseline showed a
good example of when the participant had a large distribution of gaze, and the task
showed a good example of when the gaze distribution decreases and centers around
the road center area. The analysis of this specific segment indicated that the driver
exhibited gaze concentration during the task.

Figure 27 and Figure 28 illustrates how the gaze is distributed over the visual field
during the two events. These figures shows that the gaze is more concentrated to the
road center area during the task, compared to the baseline where there is a larger
distribution of the gaze. The color bar demonstrates a higher concentration of gaze
point within the road center area for the task event compared to the baseline.
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Figure 27: Density plot of gaze angle data from the 2-camera system. The baseline

can be seen to the left and the task to the right with the road center area of 16°
represented by the red circle.
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Figure 28: Density plot of the Tobii glasses. The baseline can be seen to the left and
the task to the right with the road center area of 700 pixels represented by the red
circle.

4.3.1 Percent road center

The PRC represents the percentage of all gaze points that occurred within the 16-
degree or 700-pixel road center area, as shown in Figure 27 and Figure 28. The results
showed that the percentage of PRC above the 92% threshold for the baseline was 12%
and for the task 58% for the 2-camera system. The same analysis for the Tobii glasses
resulted in a PRC above the threshold for 13% of the baseline points and 72% for the
task points. Comparison of the systems during the baseline show that during the
interval of 0-25 seconds, the 2-camera system exhibits a lower PRC (10-60%) in
contrast to the Tobii glasses which shows a higher PRC (32-85%). After this they
both exhibit the same trend. During the same interval, the 2-camera system shows a
gradually increase in PRC, a behavior which is not shown for the Tobii glasses.
During the task, both systems showed similar trends with one exception during the
period of 10-20 seconds where a decrease in PRC is seen for the 2-camera system but
not for the Tobii glasses.
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Figure 29: PRC for the 2-camera system. Each point in the figure represents the PRC
value of a four second period. Baseline is presented in the left figure and task in the
right figure.
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Figure 30: PRC for the Tobii glasses. Each point in the figure represents the PRC
value of a four second period. Baseline is presented in the left figure and task in the
right figure.

Video analysis of the two events showed that during the baseline, the participant
looked more towards oncoming traffic and surroundings in the first half of the event
in comparison to the second half. During the task, the participant directed their gaze
forward during the first half of the event in comparison the second half where
multiple glances were made to the left-side mirror explaining the decrease in PRC.

4.3.2 Percent area of interest

The PALI for the two systems are presented in Figure 31 and Figure 32. A significant
difference could be seen between the baseline and the task for both systems.
Throughout the baseline, the PAI reached higher values for the 2-camera system,
reaching up to 100% for multiple instances compared to the Tobii glasses which never
resulted in a PAI above 85%. The same trend can be seen for the task, where PAI
never reaches 100% for the Tobii glasses. While the Tobii glasses show a lower PAI,
the difference in size between data points are often the same for the two systems.
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Figure 31: Percentage on-road for the 2-camera system. Each point in the figure
represents the PRC value of a four second period. Baseline is presented in the left
figure and task in the right figure.
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Figure 32: Percentage on-road for the Tobii glasses. Each point in the figure
represents the PRC value of a four second period. Baseline is presented in the left
figure and task in the right figure.

4.3.3 Stationary gaze entropy

When analyzing the SGE over time, significant differences could be seen between the
two events for the 2-camera system, see Figure 33. While the two systems exhibit
similar trends during both events, the Tobii glasses have a slightly larger change in
absolute values between data points.
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Figure 33: SGE calculated over time, 2-camera system to the left and Tobii glasses to
the right.

4.3.4 Transitional gaze entropy

The calculated TGE using a moving time window showed that clear differences could
be seen from the two events for the 2-camera system, see Figure 34. A clear
difference could also be seen between the two systems, where multiple TGE points
reach zero bits for the 2-camera system during both the baseline and the task, while
the Tobii glasses fluctuate steadily around a TGE of approximately 0,12 bits. The
expected results of a lower TGE during the task was seen for the 2-camera system but
not for the Tobii glasses.
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Figure 34: TGE calculated over time, 2-camera system to the left and Tobii glasses to
the right.

4.3.5 Standard deviation of gaze

SDRG, SDHG and SDVG were all calculated using a time interval of 10 seconds for
the whole event, see Figure 35. For the 2-camera system, similar trends were seen for
SDRG and SDHG comparing the baselines as well as the tasks. The same trend was
not seen for SDVG. Similar tendencies could be seen for these two metrics for the
Tobii glasses, but SDHG show larger differences in results for both the baseline and
the task.
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Figure 35: Comparison of standard deviation for the 2-camera system to the left and
Tobii glasses to the right.
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5 Discussion

Gaze concentration may be an indication of cognitive distraction and other types of
driver impairments (for example intoxication and fatigue). In this chapter, gaze data
that was collected from the test study using two eye tracking systems; an in-vehicle 2-
camera system and Tobii glasses is discussed. The metrics that are commonly used in
literature to indicate gaze concentration are discussed and compared in terms of
reliability and accuracy. The data availability of the 2-camera system and the Tobii
glasses was compared in terms of invalid and missing data as well as how well the
different metrics show gaze concentration. Suggestions for future work includes
discussion on how these metrics can be applies in real-time eye tracking as well as
how larger research studies can explore areas that were limited in this thesis.

5.1 Data availability in different systems and metrics

The 2-camera system’s confidence level is the only indication of how accurate the
measured gaze data was. As mentioned in Section 4.1.2, a decrease in confidence
level, was observed in the data from the 2-camera system when reflections from the
IR lights in the Tobii glasses covered the participants’ pupils. However, the in-depth
comparison of these segments revealed that despite the decrease in confidence, the
gaze direction remained accurate for these segments. Hence, the confidence level does
not explain why the data was still reliable even though the confidence level was low.
This shows that data points with zero confidence could still be used in certain
instances, and that excluding all data points below a confidence threshold will lead to
inaccuracy of the true gaze direction. As explained in Section 3.2.2, angles that has a
yaw and pitch of 0° in combination with a confidence level of zero, was treated as
missing data and excluded from the analysis. Failing to exclude these values would
then also lead to skewed results.

When averaging the amount of missing and invalid data across all participants and
events for the two systems, the 2-camera system classified twice the amount of gaze
data as invalid (10%) compared to the missing data from the Tobii glasses (5%).
Although the percentage of invalid data was higher for the 2-camera system, the data
from the 2-camera system does not need post-processing, a crucial step that was
needed before any metrics could be derived from the data from the Tobii glasses. For
the Tobii glasses, an average of 27% of the gaze points for each event were manually
mapped, indicating that almost a third of the gaze data would have uncertain
positioning if no post-processing were done. It can be argued that a similarity
threshold of 60% was not high enough. Analysis of the gaze data showed that
arbitrary gaze points with a similarity threshold over 60% were still mapped
incorrectly, meaning that uncertainty in accuracy of the data remains. Additionally,
due to the design of the snapshot, see Figure 7, gaze points that fall within the
designated areas for the side mirrors will not show the true positions or transitions of
the gaze that occurs. Since the sequenced gaze points are manually mapped to the
designated area they will not match in distance to the actual mirror.
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5.2 Comparison of trends and magnitudes between the 2-
camera system and Tobii glasses

Each metric has been compared in terms of trends and values from the results in
Chapter 4. In this comparison, the term “trend” refers to whether the result shows the
same patterns, such as an increase or decrease in value for an event. These trends have
been compared between the two systems as well as discussed in terms of how well
they show indication of gaze concentration.

5.2.1 Percent road center

The calculation of PRC > 92% showed similar trends across the events for both the 2-
camera system and the Tobii glasses. However, the scatter plot, Figure 10, showed
that PRC > 92% calculated from the Tobii glasses tends to yield higher values
compared to the 2-camera system. Moreover, the PRC calculated over the whole
event, show values with less of a range when using the Tobii glasses, as seen in
Figure 12. The higher values for the Tobii glasses may be due to the different
definitions of the road center area used by the two systems.

Furthermore, when comparing PRC between baseline and task in Section Fel! Hittar
inte referenskalla., similar results were observed. It was noted that when the driver’s
gaze was focused on the road center for a longer duration during the task (20-40
seconds in Figure 29 and Figure 30, both systems exhibited a PRC of 100%. This
would imply that the road center area captures similar visual field for the two systems.
Additionally, variations in PRC could be attributed to the amount of invalid data. The
discrepancies observed between the systems during the 10-20 seconds interval of the
task, see Figure 29 and Figure 30, could potentially be explained by differences in the
amount of missing data during that time.

5.2.2 Percent area of interest

For the results of the PAI calculations, the 2-camera system consistently shows a
higher PAI for all participants and events compared to the Tobii glasses, see Figure
13. The reason for this difference is the definition of the on-road area. The 2-camera
system uses the entire front center windshield area, and the PAI will therefore not
distinguish between gaze points the driver has on the road or on traffic signs, for
example. The Tobii glasses on the other hand has a much more narrow definition of
the on-road in the snapshot and gives high accuracy when the gaze shifts between
defined AOI.

Analysis of the range in Figure 13 shows that the Tobii glasses has a larger difference
(25-85%) between events than the 2-camera system has (75-85%). This would
indicate that a PAI calculated using a smaller defined area of on-road, would show a
greater difference between normal driving and driving with additional cognitive load.
Hence, the Tobii glasses is the preferred system for PAI calculations to ensure more
reliable indication of when gaze concentration occurs.

Comparing the result of the Tobii glasses in Section Fel! Hittar inte referenskalla.

and Fel! Hittar inte referenskéalla., PAI show similar trends but lower values than
PRC. This decrease in value is mostly due to the definition of the road area which
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does not capture the horizon above the road, an area close to where the driver
frequently places look-ahead-fixations (Lehtonen et al., 2013). However, comparison
of the same results for the 2-camera system shows that PAI have higher values than
PRC, an expected outcome because of the larger AOI for the PAL.

5.2.3 Stationary gaze entropy

The bin comparison in Figure 15 showed that using different grid sizes on the same
data set results in different values of SGE, which is also showed in (Pillai et al.,
2022). Another aspect when comparing SGE across data sets, is the fact that the
entropy values are normalized with respect to the maximum entropy, calculated by the
number of bins used. There is no natural maximum of entropy and hence it can be
argued that normalized entropy will not show a representative result when comparing
results between data sets without taking the number of bins into consideration
(Shiferaw et al., 2019). There is no known threshold of SGE that would indicate gaze
concentration, showing the difficulty of establishing how the metric can identify this
visual behavior.

Although the same number of bins were applied to both systems, the visual field
which the bins were distributed over was different. Figure 36 in Appendix B

Density plots with grid sizeillustrates how the gaze points were distributed
for Participant 2, showing a larger distribution of gaze points across the visual field
from the Tobii glasses compared to the 2-camera system. The difference in data units
from the systems results in gaze points being distributed across the bins differently.
This division of data points will affect the SGE results since the percentage of data
points in each bin and the number of bins that contain data points differs. The density
plots show that a significant portion of the data points was concentrated over a small
number of bins. SGE results will change whether these points are counted in a single
bin or divided among multiple bins, explaining why the SGE between the systems
varies.

Outliers in the data, such as falsely measured gaze points, may contribute to more bins
filled with gaze points than the true case. Considering this factor in combination with
the difference in bin distribution mentioned in previous paragraph, the slightly higher
SGE values for the 2-camera system indicate that the gaze was more evenly
distributed over the bins and/or that the gaze points were distributed across more bins.
Although higher values, the two systems show similar trends of results for all
participants in Figure 16, indicating that there is no distinct difference when applying
the metric to the two types of gaze data.

5.2.4 Transitional gaze entropy

The results of the bin size comparison revealed that the chosen number of bins
significantly affect the values and range of TGE between the two events. Moreover,
the large variety in TGE values results in a challenge comparing TGE across different
datasets with different number of bins. The noticeable variations and stochastic trends
in the analysis of different grid sizes, particularly observed in the Tobii glasses,
suggest that TGE is not a robust metric.
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Since TGE is a measure of how often the gaze moves across the defined visual field
and to what position the gaze is moving, the placement and size of each bin directly
impacts the result. For instance, the road center area being divided into one bin or
multiple bins, will change the outcome of the number of transitions between the bins.
The conventional definition of TGE in the literature divides the visual field into a grid
of bins with equal size (Krejtz et al., 2014). However, an alternative approach for
SGE and TGE is to define the bins as different AOI within the visual field (Shiferaw
et al., 2019). In this case, the road center area would be represented in one AOI, while
for example the side mirror would be defined in another AOI. The results of TGE
would then be independent of where the edges of each bin are placed, which can
otherwise affect the outcome. Since small gaze transitions are not of interest for this
measure, using AOI as bins may yield more relevant results. Furthermore, this
definition could serve as a more robust metric when comparing different data sets or
data from different measurement systems, as each AOI is customized to the data set.

In Section 4.3.4, the results show that TGE measured for a time window of 10
seconds yielded a value of zero for several measurement points. As explained by
Krejtz et al. (2015), having too many bins in relation to the data may lead to situations
where no transitions occur to certain bins. This would result in that some rows in the
transition matrix sum up to zero. Moreover, when there are few transitions, the gaze
may consistently move between specific bins. This situation results in a probability
equal to one, as there is no uncertainty regarding the gaze transitions. These two
scenarios will result in an entropy value of zero, regardless of the presence of gaze
transitions.

5.2.5 Standard deviation of gaze

SDRG and SDHG show the same trend across the events and participants, for both
systems, see Figure 21 and Figure 23. The deviation is larger for SDHG compared to
SDRG for all events and participants, confirming the same findings as Wang et al.
(2014). Furthermore, Wang et al. (2014) found that SDVG is not a sensitive measure
for cognitive demand, in line with the results in this thesis. The range of values is
smaller and much more clustered than the other measures, indicating that SDVG is
not the preferred metric to calculate SDG.

While the Tobii glasses showed slightly higher values for SDRG, the same could not
be seen for SDHG where a more equal result was presented between the two systems.
Equivalent results could be seen in Figure 33 for all SDG metrics. It can be noted
from the in-depth comparison that both SDRG and SDHG show value close to zero
when the driver gets gaze concentration, studying the first half of the selected task
event. This highlights that both metrics are sensitive measures of gaze concentration.

5.3 Comparison of metrics

While many previous research studies have used the metrics presented in this thesis,
they most often have one factor in common. The studies tend to only examine one or
two metrics for the same dataset. It is therefore difficult to know if the result of
previous studies would have similar findings of gaze concentration if they selected a
different metric.
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Considering all participants and events, PRC, PRC > 92%, PAI and SGE present
similar trends in terms of indicating gaze concentration. Furthermore, for one
participant, TGE yielded similar trends as previously stated metrics, but this was not
seen for the other participants. This may indicate the one participant was an outlier
and that TGE in fact has little similarities with the other metrics.

The SDRG and SDHG showed remarkably similar results, where the results aligned
with PRC, PRC>92%, PAI and SGE. However, the similarity in trends were not as
clear for the SDRG and SDHG. Additionally, SDVG displayed small variations
between the events and does not follow the same trend suggesting that this is a metric
that is not sensitive to gaze concentration.

Comparing the metrics regarding the sensitivity of the correct gaze placement, SGE,
TGE, SDRG, SDHG and SDVG all consider the gaze points placements and
movements in a world coordinate system. Therefore, these metrics are more
dependent on the exact placement of all gaze points in comparison to PRC and PAl,
which only consider whether the gaze is placed in the defined area or not. Therefor
PRC and PAI are also less sensitive to gaze points subjected to variations in the
peripheral visual field, which the other metrics mentioned in this paragraph are highly
sensitive to.

5.3.1 Application of the metrics in real-time analysis

If the metrics in this thesis are to be used in real-time eye tracking systems to identify
gaze concentration, certain conditions must be met. The eye tracking system needs to
be capable of collecting, filtering, and computing gaze metrics in real-time while
driving. Due to the need for post-processing of data, the Tobii glasses cannot be used
as a real-time eye tracking system.

All metrics analyzed in this thesis were calculated based on multiple data points
within a set time window. Therefore, the metrics cannot be computed from the
instance of start of the drive but rely on data with the same duration as the time
window used for analysis. However, the amount of data required for calculating each
metric varies.

PRC relies on a defined road center area, which needs accumulated gaze data to
calculate the most frequent gaze angle. Due to the definition of the most frequent gaze
angles of being calculated for each new participant and each new drive, it would need
to be calculated dynamically while driving. Challenges with calculation of PRC
include the road design, individual behavior of the driver, and changes of the
environment such as weather and road slopes, that all have impact on where the most
frequent gaze angle would be placed. In such cases, PRC may be incorrect due to
discrepancies between the actual road center and the calculated road center. More
extensive research is needed to investigate how sensitive PRC metrics are to different
road geometries and how important an accurate classification of the road center is.
This would include whether the road center should be fixed or dynamic as well as the
shape and size of the road center area.

PAI, however, does not require as much previous collection of gaze data as PRC. If
the eye tracking system being used has pre-defined AOI, such as forward center, the
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system can define the gaze as on- or off-road. The time span of previous gaze data
needed will then be defined as the chosen time window for the calculation of the
metric.

When calculating SGE and TGE, longer time windows of collected gaze data is
needed to avoid unreliable results due to few data points, as discussed in section 5.2.4.

Standard deviation of gaze metrics (in other words SDRG, SDHG, SDVG) only
requires the amount of data equal to the chosen time window of analysis. This makes
them fast and reliable metrics in terms of real-time application as the time window
can be set and adjusted while also directly applied on the collected gaze points.

The duration of the moving time window depends on the specific metric and the
driver state being analyzed. For instance, visual distraction is a transient driver state
that requires a relatively short time window to be able to observe a change in the gaze
behavior. If using longer time windows, the chance of not capturing the driver state in
time may occur. For example, if a cognitive task lasts for 60 seconds, using a time
window of the same length would then only capture gaze concentration at the very
end of the task. On the other hand, a non-transient driver state such as sleepiness or
overreliance in assisted driving gradually increases over time, leading to gradual
change in gaze behavior. Driver states that last for longer periods of driving will
therefore require the metrics to be applied to longer time windows.

5.4 Future work

As invalid or missing data occurred for both systems, it would be of interest to
understand when the loss of data occurs. This thesis did not include an investigation
whether both systems experienced loss of data at the same time or occurred
arbitrarily. Comparing this type of analysis with collected video data would allow for
a better understanding of the eye tracking system’s limitations.

To the authors' knowledge, there is currently no prior research studying the
comparative performance of metrics applied to data from different systems. This
presents an opportunity for conducting research studies which compare and evaluate
various measurement systems using the presented metrics. Furthermore, this study
only assessed the metrics' performance during cognitive load, suggesting the need for
future research to explore their performance in other types of transient and non-
transient states. To draw statistically significant conclusions about the metrics and eye
tracking system performance, future research should include more participants
resulting in more datasets that can be used for analysis.

An in-depth comparison was only done for one baseline and one task as presented in
Section 4.3. Results show both similar and opposite trends compared to the remaining
participants, suggesting that the results may vary if other events had been analyzed.
To analyze if differences between participants were present in the data, statistical tests
should be performed on the data. This should be done to see if any random or
individual differences between participants are present and minimize the risk of
possibly neglecting fixed and random effects. Application of an in-depth comparison
and the use of a mixed-effect model should be done to find outlying participants and
results in the metrics.
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5.5 Limitations

The test study only included a small number of participants, all employees within two
departments at VCC. Therefore, the range of variation among different volunteers (for
example age, gender, occupation etc.) were limited, and the selection was not entirely
random. The dataset used for evaluating the selected metrics is too small to draw any
statistically significant conclusions, and the observed differences could not be
generalized to a population of drivers. The test study only subjected the participants to
cognitive distraction, and other driver states such as intoxication and fatigue were not
tested.

It remains uncertain how accurate the collected gaze data was, or which of the two
eye tracking systems that has collected data closest to the true gaze directions.
Comparison between metrics and systems should therefore be interpreted with
caution. To be able to truly compare the eye tracking systems, a ground truth should
be used as a baseline for all metric calculations. This could include collection of gaze
date from a high precision eye-tracker used simultaneously.

As stated in Section 3.2.3, the authors are not aware of any method for converting the
unit of pixels to angles. No analysis was made to confirm that the assumption that 16°
corresponds to 700 pixels was correct. Therefore, a true comparison of PRC using the
same road center areas, as well as normalization of the SDG values from the systems
could not be made.

A method that could be implemented to compare data more easily from the two
systems would be to include the raw data from the Tobii glasses. This data is
expressed in gaze direction based on the Head unit coordinate system in combination
with gyroscope data, to express the data from the two systems in the same coordinate
system. It was found that the gyroscope data was missing for participant, resulting in
that this method was disregarded. To be able to use the raw data, integration of the
gyroscopes angle velocity is needed to express the data in angles. An offset error in
the angle velocity for the Tobii glasses was found during analysis and must be
regarded carefully if using the gyroscope data. This is due to small errors during
integration will gradually increase and result in large errors.

Whether the cognitive task resulted in gaze concentration or not, has not been proven
in this thesis. As a large difference in results was observed between participants for
the cognitive task events and the previous baseline, the metric and eye tracking
system that is used may influence how well gaze concentration is apparent in the
results. Other types of cognitive tasks that would lead to higher levels of cognitive
demand may have resulted in more events with obvious gaze concentration.
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6 Conclusions

This thesis analyzed and applied seven of the most common gaze concentration
metrics. The chosen metrics, PRC, PAI, SGE, TGE, SDRG, SDHG and SDVG, were
applied to gaze data from both a 2-camera system and Tobii glasses while yielding
slightly different results.

Analysis of the amount of missing data of the two eye tracking systems showed that
the 2-camera system had 10% missing and invalid data compared to Tobii glasses that
had 5% missing data. The amount of missing data can affect the results of the metrics
when the calculations use a shorter time window.

The results from this thesis work showed that there were distinct differences between
the 2-camera system and the Tobii glasses for PRC, PAl and TGE. However, a similar
pattern was shown between the two systems for SGE, SDRG, SDHG, and SDVG.
This demonstrates that comparing results between different research studies should be
done with care unless the same eye tracking system is used.

PRC (percent road center) is a robust metric applicable to any type of gaze data if a
road center area can be defined as it classifies gaze data as either within the road
center area or not. Similarly, PAI (percent area of interest) is also easily applied to
various types of gaze data but may not capture gaze concentration in all instances.
This thesis work showed that an eye tracking system that enables a more precisely
defined AOI for on-road glances is preferred for indicating gaze concentration.

Both SGE (stationary gaze entropy) and TGE (transitional gaze entropy) metrics
require consideration of the type of gaze dispersion the metrics will be applied on.
The size and number of bins used significantly impacted the entropy value, making it
necessary to conduct a thorough analysis rather than applying the size and number of
bins arbitrarily to any gaze data set. Both metrics were sensitive to outlying data and
may produce misleading results when high uncertainty in gaze positions is present.
Also, using a grid pattern of equally sized bins may not effectively capture gaze
concentration in TGE, whereas an AOI-based definition of the bins could possibly
yield more realistic results.

SDRG (standard deviation of radial gaze) and SDHG (standard deviation of
horizontal gaze) both exhibit similar characteristics. These are robust metrics
applicable to any type of gaze data. However, skewed results may occur when applied
to eye tracking systems where gaze points are not accurately positioned such as
manually mapped peripheral gaze points for the Tobii glasses. SDVG (standard
deviation of vertical gaze) was shown to be a less sensitive metric, consistent with
previous literature, and it was thus concluded that this metric was not suitable to
capture gaze concentration.

No conclusion can be drawn regarding which metric is the best for capturing gaze
concentration, since the true gaze directions were unknown. However, PRC, PAI,
SGE, SDRG and SDHG show similar trends which indicate that they all capture the
same gaze behavior at some level. Due to the small size of the dataset, it is difficult to
state which metric that are more sensitive capturing gaze concentration compared to
the others.
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Table 5

[Event

|weather

Wet with snow on the

One overtake by ego vehicle at
start of event, two overtaking

\Weather

[Traffic environment
[Three overtaking PC, two overtaking
buses in the right side bus-lane

Baseline 1 Cloudy, light snow fal sides of the road PC Cloudy, moderate rain_[wet traffic
Wet with snow on the
Task 1 Cloudy, light snow fal sides of the road Two overtaking PC Cloudy, moderate rain_|wet [Two overtaking PC
Wet with snow on the
Baseline 2 Cloudy, light rain sides of the road Cloudy, moderate rain |wet -
[Two overtaking PC Lead
Wet with snow on the |vehicle: double decker bus
Task 2 sides of the road approximatly 100m ahead Cloudy, moderate rain_|wet [Two overtaking PC
Long overtake at start of event
Wet with snow on the (Lead vehicle: double decker
Baseline 3 Cloudy, light rain sides of the road bus approximatly 100m ahead [Cloudy, moderate rain _|wet One overtaking PC
Wet with snow on the
|Baseline 4 Cloudy, light rain sides of the road Three overtaking PC Cloudy, moderate rain_|Wet Four overtaking PC
Wet with snow on the
Task 3 Cloudy, light snow fal sides of the road Four overtaking PC Cloudy, moderate rain_|wet Two overtaking PC
Wet with snow on the |Two overtaking PC, moderate
|Baseline 5 Cloudy, moderate rain/snow_|sides of the road amount of traffic Cloudy, moderate rain_|wet | Two overtaking PC
Four overtaking PC, one overtaking bus
Wet with snow on the theright side bus-lane. A truck
Task 4 Cloudy, light snow fal sides of the road Three overtaking PC Cloudy, moderate rain|wet driving closely behind ego vehicle
Five overtaking PC, one overtaking
Wet with snow on the truck. Lead vehicle: truck appracimatly
Baseline 6 Cloudy, light rain sides of the road Three overtaking PC Cloudy, moderate rain _|wet 60m ahead
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Test participant 4

Test participant 5
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\Weather
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Cloudy with slight light at the

[ Traffic environment

Weather
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Road conditions

 Traffic environment

[Weather
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[Traffic environment
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ane, moderate amount of

horizon Wet/drying [Two overtaking PC distributed clouds Dry Two overtaking PC |shining through Dry ltraffic
[ Three overtaking PC, one One overtaking PC with trailer,
Cloudy with slight light shining overtaking PCin the right side |Sunny with small Two overtaking PC, one PCentering  [Cloudy with slight light a minibus entering highway
Task 1 through Wet/drying bus-lane distributed clouds Dry highway from right side lane shining through Dry [from the right side lane
One overtake by ego vehicle of [Two avertaking PC, one PC
Cloudy with slight light shining PC travelling in the righ exit  [Sunny with small Long overtaking by ego vehicle, passing |Cloudy with slight light entering highway from right
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Eight overtaking PC Leading
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Four overtaking PC. Ongoing
(Ongoing overtaking by ego vehicle in overtaking by ego vehicle in
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through Wet/drying one overtaking PC distributed clouds Dry trucks shining through Dry Overtaking one truck
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through Wet/d: One overtaking PC Sunn Dry One overtaking PC shining through Dry [Three overtaking PC
One overtaking PC, one PC
Cloudy with slight light shining One overtaking PC, several PC entering |Cloudy with slight light entering highway from right
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Sun changes from
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B Density plots with grid size
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Figure 36: Illustration of grid size 30x30. Density plot for Participant 2 - Baseline 2.
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Figure 37: Illustration of grid size 4x5. Density plot for Participant 2 - Baseline 2.
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