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Abstract

The following paper provides information about eye-tracking techniques and methodology. It is focused on
introducing eye movement metrics in human factor research in maritime domain, explaining basic methodo-
logy and describing the types of data analysis, thus providing the background and guidelines for simple eye-

tracking studies.

Introduction

In the recent years, the human factor has become
increasingly important in many different areas,
including shipping. Although there is a set of meth-
ods successfully used in this field, eye-trackers are
rarely used to measure and evaluate bridge envi-
ronment and officer’s behaviour.

The following paper presents how the video-
based eye-trackers can be used for improving the
safety of navigation, and introduces the basics of
eye-tracking methodology.

Eye-trackers

Eye-tracking, as the name suggests, focuses on
tracking the position and movement of an eye.
In general, we can distinguish two types of eye
movement monitoring techniques: those that meas-
ure the position of the eye relative to the head; and
those that measure the orientation of the eye in
space (or Point of Regard, POR). For human factor
studies, it is very important to understand the con-
nection between eye movement and the visual
scene, which allows to measure where, and for how
long, the subject was focusing his/her attention, and
how often certain areas in visual field were revis-
ited, etc. Such an approach is widely used in usabil-
ity studies, interface design, marketing, ergonomic
evaluation of a workspace and in many other fields
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where subjects need to acquire information from
specific areas in the visual field.

Video based eye-trackers

This type of eye-trackers uses video camera that
constantly records the eye to provide information
about the eye’s position and movement. The most
common method to estimate the point of regard
(or point of gaze) is based on pupil and corneal
reflection tracking.

Pupil is the most distinguishing feature of
a human eye and it is relatively easy to extract from
the recorded image information about its size and
the location of its centre. The corneal reflections of
the light source (typically infrared) are known as
the Purkinje reflections, or images [1]. Four such
images are formed on a human eye, each one on
a different layer. Most of the modern eye-trackers
determine the location of the first Purkinje image;
the one that is formed directly on the outer surface
of the cornea, relatively to the pupil centre. Techni-
cally, it is possible to use only the pupil-tracking
but information about corneal reflection offers an
additional reference point that allows for the com-
pensation for the smaller head movements.

A crucial part of every eye-tracking system
is the software used. It is directly responsible for
the pupil and corneal reflection detection, for calcu-
lating the point of regard, and, most importantly,

Scientific Journals 36(108) z. 1



Application of eye-tracking techniques in human factor research in marine operations. Challenges and methodology

for the proper identification and classification of the
recorded eye movement events. The quality of the
gathered data highly depends on the type of algo-
rithm used for raw data processing and it is advised
to know the general characteristics and the limita-
tions of the algorithm used for data analysis. More
information about the most common algorithms can
be found in [2, 3].

Stationary eye-trackers

This type of eye-tracker is perfect for working
with a single monitor screen. Most often, it is
asmall piece of equipment with infrared light
source and a camera that is attached below the
screen. It is very easy to set up and does not require
any additional equipment to be worn by the subject.
Its calibration procedure is also fairly easy and reli-
able. Such eye-trackers are used in studies where
stimuli are displayed directly on the screen, and it is
very simple to map recorded events on the stimuli
picture. From the point of view of the navigator,
such an eye-tracker can only be used in a situation,
where a subject remains stationary and works on a
single screen. For this reason, it is highly difficult
to introduce this type of equipment on the naviga-
tion bridge, or anywhere else, where the subject is
moving. Still, it can be very useful in studies of
a single interface, like, for example, a radar screen,
ECDIS or for VTS operators.

Mobile eye-trackers

Modern mobile eye-trackers are pieces of head-
mounted equipment with two cameras that record
eye movements, and one additional camera that
records the visual scene in front of the subject.
In the most advanced solutions, such an eye-tracker
has a form of lightweight glasses that are comfort-
able to wear and do not restrict head movements.
It is widely used in studies where the subject is not
stationary. It has already proven useful in studies
on a navigation bridge simulator [4, 5]. Its main
disadvantage is the time consuming and laborious
analysis that requires mapping of every fixation
from a video recording onto a static image of the
stimulus.

h:‘u-

Fig. 1. Example of mobile (left picture) and stationary (right
picture) eye-trackers [6]
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Eye movement events and their values
in human factor researches

From several types of eye movement events
(Table 1), two are the most common in human fac-
tor studies: the fixations and the saccades. The most
recent studies suggest that also microsaccades can
be used as a measure for mental workload [7] but to
detect microsaccades, which have the duration of
10-20 milliseconds, an eye-tracker with very high
sampling rate needs to be used. Most mobile eye-
trackers, which are the only practical option to use
on-board, have a sampling rate of not more than
30 Hz (with the exception of SMI eye-tracking
glasses 2.0, which were presented in September
2013 and have the sampling rate of 60 Hz) and are
simply not capable of detecting microsaccades.

Table 1. Types of eye movements and their characteristics
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Type Duration [ms] | Amplitude | Velocity
Fixation 200-300 - -
Saccade 30-80 4-20° 30-500°/s
Glissade 1040 0.5-2° 20-140°/s
Smooth pursuit - - 10-30°/s
Microsaccade 10-30 10-40' 15-50°/s
Tremor - <1 20'/s
Drift 200-1000 1-60' 6-25'
Fixations

A fixation is one of the most basic events related
to movement of the eye and it occurs when the eye
remains still over a period of time (it is fixating on
a specific point in the visual field). During a fixa-
tion, three distinct types of eye movements occur:
tremor, microsaccades and drifts [8] but those are
mainly used in studies of human neurology and
have not yet found any application in human factor
research. Fixation itself, as an event during which
visual information is acquired, is strongly con-
nected to cognitive processing. Thus, the distribu-
tion of fixations in space: shows the main sources
of navigation information for an officer; allows for
identification of the main distractors, both on the
bridge and in the manoeuvring area; helps to under-
stand how the navigational and the hydro-
meteorological situations influence the behaviour of
an officer; and shows differences in the decision-
making process between experienced and inexperi-
enced crew [4].

The duration of fixations is directly related to
mental workload. Subjects tend to fixate longer on
the areas that are critical for a given task but also
when the visual information is more complex or
requires additional mental tasks (e.g. calculations).
Also, experienced subjects show shorter fixations in
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the same task, compared to novices. Initial studies
showed the same relation between captains, junior
officers, and students [4].

Some researchers point out that shorter fixations
can also indicate high mental workload, due to the
stress level and the complexity of the task [2].

Saccades

A saccade is a rapid motion of an eye between
one fixation and another one. It is the fastest
movement that the body can produce and it is
assumed that visual information is not acquired
during this movement.

Since a saccade takes place between two fixa-
tions, the number and proportions of both events
are strictly connected. Saccadic measures are
widely used, mainly in the studies with a static
stimuli. It is unclear, how exactly saccadic rate
should be interpreted for a mixed stimuli (i.e. stim-
uli with both static and dynamic items, e.g. real
world) [2].

A visualization of saccades and fixations on
a stimuli picture creates the so called scanpath,
which helps to identify information-seeking pat-
terns and is very useful for the initial inspection
of data. Observing a dynamic scanpath from a re-
cording with a mobile eye-tracker, allows for quick
evaluation of an officer and his performance, for
example by showing when exactly and basing on
which information, a risk of collision situation has
been identified properly.

Pupil diameter

The changes in pupil diameter are a very popu-
lar measure for a variety of cognitive and emotional
states. Increased pupil dilatation is positively corre-
lated with difficulty level of a given task. Both
complex calculations and tasks that require memo-
rizing a large quantity of data result in significant
increase of pupil diameter when compared to basic
tasks. Additionally, pupil diameter is reported to
decrease with increased drowsiness and fatigue.

At the same time, the pupil is highly sensitive to
any changes in the luminance level. Even during
studies in a closed simulator, with constant light-
ning conditions, radar, conning, and radar screens,
introduced enough luminance changes to make
pupil dilatation an unrealizable measure [4].

Blink rate and duration

Blink rate, defined as a number of blinks per
second or minute, has proven to be a reliable meas-
ure of mental workload. Studies of drivers and air
traffic controllers have shown an increased blink
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rate during more complex tasks [9, 10]. However, it
is crucial to remember that there are many factors
that can influence this measure as well, e.g. air pol-
lutants, dry eye, time of day or age [2].

At the same time, the duration of a single blink
is reported to be positively correlated with drowsi-
ness and loss of vigilance [11, 12]. That can poten-
tially help to identify moments during navigational
watch when officer’s level of concentration is the
lowest.

Data analysis

When dealing with eye-tracking data, it is im-
portant to consider both, statistical analysis and
visualisation of the data. It poses a problem when
a dynamic scene is studied, if a mobile eye-tracker
is used and the subject is not stationary.

Semantic gaze mapping

A function called semantic gaze mapping, of-
fered by one of the manufacturers, allows mapping
(transfer) every single fixation from a video re-
cording acquired with mobile eye-tracker, onto
a prepared static stimuli. Video stops automatically
on every fixation and waits until a point is selected
on static stimuli area and proceeds to next fixation
(Fig. 2). It is reported that this piece of software can
increase the efficiency of analysis by factor 10-50,
compared to conventional frame-by-frame coding
[13].

Having in mind that the average number of
fixations for an 11 minutes-long simulator trial is
around 1000 [4], it results in over 1000 mouse
clicks for a single subject. Such approach would
make an analysis of a full 4-hour navigational
watch extremely time-consuming. This is one of the
reasons why automated data analysis is so impor-
tant for future eye-tracking studies.

Graphic visualizations

The two most commonly used methods for
graphic representation of the eye-tracking data are
focus maps and heat maps. A focus map alters
transparency of the image basing on the amount of
attention paid — the number and the time of fixa-
tions. It shows in the simplest way which areas
have drawn the subject’s attention and which were
omitted. Heat maps use colour coding to add infor-
mation about the number of fixations on the stimuli
(Fig. 3). Both functions allow for a quick evalua-
tion of the subject’s performance, showing informa-
tion that was missed; how the subject’s attention
was distracted; and what the preferred sources of
information were.
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Fig. 2. Sematic Gaze Mapping function. The right side shows a recorded video stimulus; the left side shows static stimulus — image
of tested interface. The red dot on both sides is the recorded fixation point

Fig. 3. Focus map (left) and heat map (right) created from eye-tracker data

Fig. 4. Defined (left image) and gridded (right image) Areas of Interests
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Data distribution: Areas of Interests

Focus and heat maps give a very general over-
view of the subject’s performance. Analysing the
behaviour of an officer of the watch can show how
long it took to acquire relevant information from
navigational equipment; what the primary sources
of information were; how often certain data was
compared between different sources; how much the
officers relayed on their own observations; how
long it took to notice events relevant to safety of
navigation, etc. To obtain such information, it is
necessary to define those areas in the visual scene,
for which additional analysis is made. In the eye-
tracking studies they are generally called Areas of
Interests — AOIs. On a navigational bridge we can,
for example, define separate areas for ECDIS, ra-
dar, conning display, controls, GPS unit or specific
ships in the visual field. For each one of such AOI,
a set of eye-tracking metrics, like: the number of
fixations; the dwell time; the per cent of all fixa-
tions; the average fixation time, is calculated sepa-
rately. Additionally, gridded AOIs that divide
whole stimuli evenly into small rectangle areas can
be used (Fig. 4).

Conclusions

Eye-tracking techniques are widely used in
many fields and have proven to be valuable in stud-
ies focused on usability, ergonomics and human
factor [7, 14]. So far, very a few studies focused on
measuring the eye movements of an officer of the
watch. Additional research could help to improve
both, the bridge design and the usability of ECDIS
and radar interfaces contributing to safer naviga-
tion. Solving the problem of automated data analy-
sis would provide a chance for a wide study of offi-
cers on different types of vessels and in different
bridge layouts.
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