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Abstract — As eye tracking is becoming available in wearable 

or portable devices, eye movement (EM) analysis will be used to 
provide real time alerts, feedback, and/or assistive information 
for diversified objectives when performing tasks. However, we 
lack the methodologies to effectively analyze real time EM 
attributes including eye fixation numbers, durations, and 
especially visual scanpath sequences (i.e. time-ordered eye 
fixation sequences). Therefore, a systematic approach to analyze 
real time EM data is introduced through proposing the concepts 
of hierarchical areas of interest (HAOIs) and objective-based EM 
attribute thresholds. The framework will facilitate the automatic 
analysis of real time EM data with minimal human intervention 
or analysis efforts.  

Keywords – eye movement, eye tracking, gaze, scanpath, 
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I.  INTRODUCTION  

Eye movement (EM) analysis, also known as eye tracking 
or gaze analysis, will soon become ubiquitous in our everyday 
lives as low cost wearable and portable eye tracking devices 
are being delivered into the market. Furthermore, with the 
development of prototype devices that can track eye 
movements within wearable virtual reality (VR) devices, we 
will be able to explore how humans interact with other virtual 
humans or objects within the VR environment. Real time EM 
analysis in both real and VR environments can be used as an 
alerting method when the operators are involved in high risk 
related tasks. In addition, timely feedback or assistive 
information can be provided to the trainees who are struggling 
to perform complex tasks at hand or understand complex 
procedures or instructions.  

However, EM data analysis results can vary based on the 
EM research objectives when conducting tasks, and the results 
are affected by how we define the areas of interest (AOIs) on 
the display and how we configure the thresholds to extract the 
eye fixation numbers, durations, and visual scanpath 
sequences. We currently lack conceptual designs and 
methodologies to process and analyze real time EM data when 
considering those factors, therefore, a systematic and 
integrated framework to process and analyze real time EM 
data is required. Details are as follows. 

II. OVERVIEW AND ISSUES  

EM analysis has been applied to investigate human’s 
cognitive processes or human performance in diverse areas 

such as air traffic management [1-2], consumer behavior [3], 
driving behavior [4], and training/education [5-6]. Many EM 
analysis methods are based on post-processing of EM data, 
meaning that the EM data is analyzed after a task has been 
completed. A thorough literature review of the post-processing 
analysis methods and algorithms provided in [2] highlights the 
various approaches (e.g. string edit algorithm, Markov chain, 
vector-based approach, MTAHC) that we can apply to analyze 
complex EM data, but these methods are not yet tailored for 
real time analysis. Although there have been recent 
advancements in real time EM analysis [7-9], the analysis 
methods have been either geared towards using EMs as a 
control method (e.g. eye writing) [7] or applying EM data 
using a single threshold such as 250ms to detect an eye 
fixation [8] or using twelve recent eye fixations for real time 
analysis [9]. Furthermore, the researches explained above use 
nonhierarchical AOIs that are mapped one to one with the 
areas or objects on the display, and we might need to tailor the 
AOIs based on whether we need conduct the EM analysis in 
an aggregate level or a more detailed level.     

Therefore, when analyzing real time EM data, we need to 
(1) determine how to define the important areas of interest 
(AOIs) within the display or scenery based on the research 
objective(s), (2) utilize the EM data including multiple EM 
attributes, and (3) determine which recursive time frames or 
amounts of accumulated EM data should be applied for 
analysis. Some details to the challenging issues are as follows: 

 
• EM data only return pixel based spatial coordinates of the 

time-ordered eye fixations, and the analyst needs to define 
(i.e. plot) the AOIs around a data block or an object shown 
on the computer or VR display. During post-processing of 
EM data, the analyst can freely modify the shapes, sizes, or 
spatial locations of the AOIs to better investigate the EM 
characteristics; however, in real time, we need to have a 
systematic approach to minimize the intervention of the 
analyst. 

• Raw EM data are usually collected between 30hz (low-end 
devices) and 300hz (high-end devices), and the raw data 
have to be further processed through algorithms such as I-
VT or I-DT [10-11] to produce what we call “eye fixations.” 
However, there are no unified approaches to define the 
threshold when applying such algorithms, and thresholds 
such as 50ms [12], 100ms [13-14], or 250ms [8] have been 
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used based on the analyst’s discretion. Furthermore, EM 
research articles typically do not explain in detail why such 
threshold was applied. 

• For effective real time or near real time analysis, we need to 
determine the amount of EM data to analyze at hand. In [9], 
a single threshold of using twelve most recent eye fixations 
was applied, but it is possible to apply other thresholds to 
analyze most recent eye fixation numbers, durations, and/or 
scanpath sequences.  

III. PROPOSED FRAMEWORK 

In this work, a framework is introduced that can analyze 
the real-time EM data through multiple paths. The multiple 
paths are created through (1) creating hierarchical areas of 
interest (HAOIs) based on the task objectives and (2) 
controlling the thresholds of eye fixation numbers and 
durations over short time periods to sort out relatively more 
important EM data. The overall simplified process is provided 
in Fig. 1 followed by some detailed descriptions and examples 
in the following sub-sections. In Fig. 1, the minimum 
threshold is set based on the 30hz device, and Tc, Nc, and Sc 
refers to the duration times of each eye fixation, eye fixation 
numbers, and scanpath sequence length up to the current point 
in time, respectively. A scanpath sequence is be composed of 
at least two eye fixations. An example sequence can be 
“ABCDE” in which each letter indicates an eye fixation on an 
AOI (i.e. “A” through “E”). In some cases, if we do not 
consider consecutive eye fixations that occurred within the 
same AOI, we can use a “collapsed” scanpath sequence (e.g. 
“AABBBCCCCDEE” is transformed to “ABCDE”). 

 

 
Fig. 1. Simplified process of real time EM analysis. 

A. Designing hierarchical areas of interests (HAOIs) 

HAOIs refer to AOIs that have levels of meanings, and 
lower level HAOIs can only belong to single higher level 
HAOI (Fig. 2). The concept of HAOI is developed based on 
the objective(s), and can enable faster real-time EM analysis 
since only some necessary HAOIs can be used for a certain 
objective. For example, consider the overall display as the car 

driver’s front window view, the higher level HAOI as the 
pedestrian crossing the road, and the lower level HAOIs as the 
pedestrian’s head, torso, arms, and legs. We would be 
interested in whether the driver is paying attention to the 
pedestrian as a whole (i.e. higher level HAOI) rather than 
which lower level HAOIs were observed, therefore, real time 
analysis would be performed only using the higher level 
HOAIs (e.g. pedestrians).  

 
Fig. 2. HAOIs: Three important AOIs within the overall display is defined as 
“A,” “B,” and “C” that are higher level (or level 1) HAOIs. Within each 
higher level HAOI, lower level (or level 2) HAOIs are defined if more 
specific EM analysis is required. More levels can be created if needed. 

In some cases, we might need to analyze different HAOI 
levels based on multiple objectives within a single task. For 
example, when performing a reading task, we might be 
interested in which paragraph (level 1 HAOI), sentence (level 
2 HAOI), or word (level 3 HAOI) has been and/or is being 
read. As another example, for an air traffic control (ATC) task, 
we might be interested in (1) which areas within the radar 
screen (e.g. terminal, southwest approach, or north enroute 
areas) the specialist has been observed or interrogated, and (2) 
which aircraft pairs within a specific area has been 
interrogated. The framework will enable faster processing of 
the multiple objectives by only utilizing certain HAOI levels 
instead of utilizing all HAOI levels.  

B. Controlling thresholds to determine an eye fixation. 

Eye fixations based on small thresholds (50ms or 100ms) 
can show seemingly stochastic EMs due to involuntary jerking 
and/or adjusting movements that can occur when locating 
and/or reading a data block. By systematically increasing the 
threshold that defines an eye fixation, we can identify more 
important eye fixations and their durations, and furthermore 
obtain crisp scanpath sequences (Fig. 3). 

The threshold for a single eye fixation can be controlled 
based on the objective type and/or through a step-wise 
increase of the threshold. One of the many ways to control the 
threshold is to identify whether only the spatial location of the 
object was observed or whether specific information of the 
object was read. Within our visual sensory system, the spatial 
location of an object is governed by our dorsal stream (that 
process information of “where”) which is processed faster, and 
the content of the object is governed by the ventral stream 
(that process the information of “what” such as forms or 
words) which takes more time to process [15]. However, one 
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size does not fit all, meaning that even if we apply the above 
theory, each person should be applied with adjusted thresholds 
since the EM characteristics can be idiosyncratic among the 
individuals. Applying the stepwise threshold increase for each 
individual as part of a sensitivity analysis (as shown in Fig. 3) 
might address such an issue. 

 
          (a)               (b)                (c) 
Fig. 3. EM data output based on increasing the eye fixation threshold: The 
dots indicate the eye fixations, the size of the dots is proportional to the eye 
fixation duration, and the lines indicate the saccades among the eye fixations. 
(a) shows the case when all eye fixations are considered based on a 50 ms 
threshold. (b) shows a more refined EM data ouput when threshold is 
increased (i.e. 100ms). (c) shows a clear “Z”-type zigzag pattern and the four 
important longer duration eye fixations as the threshold is further increased 
(i.e. 200ms). 

For example, during driving, an objective is to only know 
the location of the pedestrians to avoid an accident, therefore, 
a shorter threshold should be applied. However, for a reading 
task, we might not be interested in the detailed reading pattern 
of each reader, but a simplified pattern of how certain groups 
of words or mathematical expressions that the reader has been 
and/or is gazing at for longer periods. For an ATC task, the 
specialists read detailed information on the radar display such 
as the altitude and/or speed of each aircraft while the spatial 
location of each aircraft is registered when reading such data, 
therefore a longer threshold will provide more pertinent EM 
data through filtering out short eye fixations.  

C. Controlling thresholds of EM attributes to determine the 
amount of accumulated data to analyze 

Which EM attribute to analyze and for how long is 
controlled based on the rules implemented according to the 
task objectives rather than using fixed values as in noted in 
section II. It is not necessary to use all the EM attributes, and 
only the necessary attributes can be used based on the 
objectives. Note that scanpath sequences can become complex 
even for a short time duration such as tens of seconds [2]. 

Fig. 4 shows an example of how we can control the 
amounts of EM data to analyze. The thresholds can be selected 
based on different rules. For example, if the objective is to 
identify the visual scanning pattern of the four larger regions 
within the display, the analysis starts once an eye fixation 
occurs at one of the regions until eye fixations occurred on all 
four regions and re-visited any other region. Note that this 
process is recursive. In the case shown in Fig. 4, the rule is 
applied using level 1 HAOIs, increased eye fixation threshold 
(200ms), and only the scanpath sequence. The collapsed 
scanpath sequence in Fig. 4 (b) transforms “ABBDDDDCC” 
to “ABDC,” therefore, returns an output of a circular (i.e. 
counterclockwise) scanning pattern. Similarly, if the objective 
is to identify the visual scanning pattern within only the region 
“D,” the analysis starts once the eye fixation occurs within 
“D” and ends when the eye fixation occurs on another level 1 

HAOI (i.e. “A,” “B,” or “C”). The collapsed scanpath 
sequence “D1D2D4D4,” therefore, returns an output of a “Z”-
type zigzag scanning pattern. 

        
             (a)                (b) 

Fig. 4. Scanpath sequence analysis example: (a) shows the scanpath outputs 
using a 50ms eye fixation threshold. (b) shows the cleansed scanpath based on 
the increase threshold (i.e. 200ms).  

To fulfill the objective of avoiding a pedestrian accident 
for a driving task, we would only need to analyze the eye 
fixations and/or durations when pedestrians are present within 
the projected location of the driver’s car. For a reading task, 
we would only need to analyze a few eye fixation numbers 
and/or durations to provide immediate assistance or feedback 
when a single difficult word or phrase is read, or analyze the 
visual scanning patterns to find out which words or phrases 
were heavily interrogated when a difficult paragraph is read. 
For a complex ATC task, multiple objectives (such as whether 
all aircraft within a certain region(s) were observed within a 
short time frame, whether certain aircraft pairs or groups 
within a region were heavily interrogated, or whether different 
scanning patterns were used to avoid tunnel vision) that will 
require the application of different rules and EM attributes.  

IV. CASE STUDY 

A representative output is provided for the more complex 
task, the ATC task, to verify some possibilities of the 
proposed framework. A training environment was assumed, 
meaning that an instructor would receive warnings that would 
trigger in real time as a trainee is performing an aircraft 
conflict detection task (i.e. detecting aircraft pairs or groups 
that will have a collision or near-collision in the near future). 
Therefore, the HAOIs, characterized trainee’s EMs, and the 
triggered warnings would only be shown/provided to the 
instructor. 

Real time simulated data was used to mimic a trainee’s 
EMs, and the simulated data was created from (1) analyzing 
the ATC specialists’ EM data collected from previous 
experiments used for post-processing analysis and (2) their 
identified EM characteristics (i.e. fixations, durations, and 
scanpaths) [1, 16]. The simulated real time EM data were 
processed through the prototype analysis software developed 
in JAVA. The simulated data were created based on the same 
settings that were used to collect the specialists’ data (i.e. 60hz 
sampling rate, 0.5o degrees of visual angle accuracy, I-VT 
algorithm). Two HAOI levels were created. Specifically, three 
dynamic regions (level 1 HAOIs) on the radar display were 
created based on the proximity and the convergence of 
multiple aircraft, and ten aircraft and their associated data 
blocks were assigned as level 2 HAOIs. The level 2 HAOIs 
were designed based on the convex area approach introduced 
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in [2]. The visualized output for a short period of 8 seconds is 
provided in Fig. 5.  

 
  (a)   (b) 
Fig. 5. Visualized EM data output: (a) shows the original scanpath with eye 
fixation threshold set at 50ms. (b) shows the scanpath when the eye fixation 
threshold was increased to 200ms (green) and 400ms (red).  

Two pertinent objectives out of the many possible 
objectives explained above were analyzed. The first objective 
was: “If an eye fixation enters a certain dynamic region (i.e. 
“A,” “B,” or “C”), then identify whether the trainee has 
interrogated all aircraft within the region (i.e. whether at least 
one data of each aircraft such as altitude has been read) before 
moving on to another region.” The rule was: “If the objective 
is not met, trigger a warning by indicating which aircraft was 
not interrogated.” In this case, only the level 2 HAOIs linked 
to the currently observed single level 1 HAOI were used. A 
200ms threshold was used to define an eye fixation based on 
the minimum threshold to read a data point such as 360 (or 
36,000 ft.). Only the eye fixation numbers (i.e. at least one eye 
fixation) were evaluated. Analysis started when an eye 
fixation first occurred within a region (e.g. HAOI “A”) and 
ended when it occurred in another the region (e.g. HAOI “B”). 
Warning was not triggered since all aircraft within the current 
region were interrogated before moving on to another region 
(Green and Red eye fixations in Fig. 5(b)). 

The scenario was developed to create a certain conflict, 
and the trainee’s task is to identify the conflict; therefor, the 
second objective was: “Identify whether the aircraft pairs that 
will have conflicts are heavily interrogated back and forth by 
the trainee.” The rule was: “If not heavily interrogated (i.e. if 
there are no back and forth EMs), trigger an alert.” In this 
case, only the conflicting pair within the level 2 HAOIs (i.e. 
C2 and C4) was used. The eye fixation threshold was set at 
400ms since at least two or more data such as altitude and 
speed need to be read, and only the collapsed scanpath 
sequences were analyzed. Analysis started when one of the 
two HAOI is visited and end when an eye fixation occurs on a 
third HAOI. Warning was not triggered as the collapsed 
sequence was “C2C4C2C4” (Red eye fixations in Fig. 5(b)).  

V. CONCLUSIONS AND FUTURE WORK 

The real-time EM analysis framework shows promise on 
timely application of appropriate EM attributes based on how 
we define the objectives rather than using all the EM attributes 
and fixed thresholds. Future work includes developing more 
detailed classification procedures for the objectives, HAOIs, 
and the EM attribute thresholds, and adapting post-analysis 
methods for real time analysis. The framework not only 
supports effective real time eye movement analysis, but can 

also serves as an integral part of the multimodal training 
methods. 
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