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The Effects of Data Density, Display Organization,
and Stress on Search Performance: An Eye
Tracking Study of Clutter

Nadine Marie Moacdieh

Abstract—Display clutter can cause breakdowns in visual search
performance, which can compromise system safety and efficiency.
The differential contributions of the two main aspects of clutter—
data density and display organization—to these breakdowns are
not well understood. Moreover, it is not clear how these factors
interact with stress, another factor that can degrade performance
in data-rich domains. The aim of this study was to ascertain the
effects of data density, display organization, and stress on visual
search performance and associated eye movements (obtained via
eye tracking). To this end, participants performed visual search
tasks in a simulated graphics program. Data density (number of
icons), organization (grouping of icons), and stress (presence of
a time limit) were manipulated. Response time (RT), error rate,
eye tracking data, and subjective ratings of clutter and stress were
collected. Results confirmed that high data density and poor or-
ganization increase RT and error rate. Furthermore, poor organi-
zation worsened the effects of high data density on RT. Stress did
not negatively affect performance but significantly decreased RT.
Eye tracking metrics provided insight into the effects of the two
clutter aspects and stress. In particular, these metrics helped ex-
plain how changes in attention allocation resulted in the observed
performance effects of long RT and high error rate. The results of
this research can be used to inform the design of data-rich displays
and trigger display adaptations in real time.

Index Terms—Display clutter, visual

search/scanning.

eye movement,

I. INTRODUCTION

ISPLAY clutter is considered a problem in many complex,
data-rich domains, such as aviation [1] and medicine [2].
It has been cited as the source of delayed visual search [3],
degraded object recognition [4], confusion [5], and increased
memory load [6], all of which can compromise system safety
and efficiency. Despite the reported negative effects of clutter,
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there is still disagreement among researchers as to the defini-
tion of the phenomenon. The most prominent view is that of
clutter as the presence of a high density of items on a display
[7]. The items may be symbols or marks on a map [8], [9],
sensor readings in an infrared display [10], icons on an airplane
cockpit display [11], or the point sources in a radar display [12].
The view of clutter as the density of discrete display items [13]
extends the traditional notion of the set size effect, which is de-
fined as the increase in search time as the number of items—or
set size—increases (i.e., the slope of search time versus set size
is positive [14]). Instead of the traditional simple shapes and
blank backgrounds that are used in the classical set size experi-
ments, clutter expands the definition to more real-life images and
displays [15].

However, the view of clutter as display density is also some-
what oversimplified and incomplete. Increasing the number or
density of items may increase clutter, but good organization
may mitigate the performance effects of density, whereas poor
organization exacerbates it [16]. Display organization is thus a
critical contributor to clutter, albeit a less prominent one [17]-
[19]. Display organization can be defined as the presence of
logical or conceptual grouping of items [20]. For instance, Peng
etal. [21] refer to clutter as “a disordered collection of graphical
entities” or “the opposite of structure.”

From a human factors standpoint, the interest in clutter stems
from concerns about the negative effects of high data density and
poor display organization on performance, most notably in the
context of visual search tasks [9], [15], [22]. However, exactly
how and to what extent data density and organization contribute
and interact to bring about these performance decrements re-
mains unclear. In addition, the role of top-down factors, such as
user and contextual factors, needs to be examined in addition
to bottom-up, display-based factors as these may influence the
effects of clutter [23]. For example, a display may be cluttered
to a novice user but not to an experienced one. Moreover, stress,
which is known to cause significant performance decrements in
complex domains [24], may interact with clutter to exacerbate
its effects on information acquisition. In this research, we define
stress as the interaction between physical and/or psychological
demands, a person’s perception of how well they can cope, and
their perception of how important these demands are [25]. This
definition highlights the importance of motivation in bringing
about the feeling of stress. In other words, a condition can be
termed stressful when factors such as time pressure, combined
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with motivation to perform to the best of one’s abilities, bring
about negative physical and cognitive effects.

Furthermore, to fill these gaps in our knowledge of clutter, it
is necessary to collect and analyze not only image processing
measures [15] or subjective measures [26], but also process
measures, such as eye movements. In combination, performance
and process measures can help designers identify and address the
most significant problems in their displays. Also, establishing
the link between performance and eye movements makes it
possible to detect early signs of performance decrements in real
time. In turn, this can support display adjustments in advance
of, and thus preventing, major performance breakdowns.

The overall goal of this study was therefore to explore the
main and interaction effects of data density, display organi-
zation, and stress on performance and eye movements during
visual search. Eye tracking was used as the main tool in order
to obtain a fine-grained account of the effects of density and
organization on eye movements.

1. BACKGROUND

The building blocks of eye tracking are fixations, or spa-
tially stable gaze points during which visual processing takes
place [27]. Eye tracking has proven to be extremely useful for
capturing the effects of various display design problems, in-
cluding clutter [3], [28]-[32]. However, to date, relatively few
and simple eye tracking metrics have been used to study this
phenomenon. These metrics focus primarily on where users are
looking at on the display and how long they look at that lo-
cation/display element. For example, as a measure of clutter,
researchers have calculated the total number of fixations on a
display [28]-[30], the number of fixations within certain areas
[33], the number of fixations on search targets versus those on
distractors [28], or the locations of the first fixation [31]. Mean
fixation duration has also been extensively used as a measure of
how long users need to extract information [28], [29], [32]. One
other less-used metric is the final saccade length before target
recognition [3]. Yet, these commonly used eye tracking metrics
are lacking in three respects.

The first limitation is that these metrics have not been dis-
tinctly linked to data density and/or display organization, since
studies on clutter have largely focused on data density only. This
emphasis on data density has been seen for different types of
displays, such as maps [3], websites [30], and TV screens [33].
As aresult, it is not clear which eye tracking metrics can be used
to assess the effects of the poor organization aspect of clutter.
In some cases, research has moved beyond data density, most
notably in the work of [28] that investigated clutter in navigation
maps, but in this case what was analyzed was color variation,
not logical grouping.

The second limitation is that the metrics focus on where users
are looking and how long they are looking there, with little re-
gard to the sequence of transitions between areas. In the studies
mentioned before, the researchers were primarily interested in
determining 1) whether or not participants were looking at im-
portant information, and for how long; and 2) whether they were
distracted by additional, irrelevant data, and for how long. To

achieve our goal of capturing and differentiating between the
effects of data density and display organization, it is necessary
to examine how these two factors affect not just the location
and duration of fixations, but also the sequences of fixations,
or how users transitioned between areas. In other words, the
three main aspects of eye movements that we want to investi-
gate are spread (location), directness (sequence), and duration
[34]. Spread metrics are based on fixation location alone and
capture the dispersion and clustering of eye movements. Direct-
ness metrics take into account the sequence of fixations, which
is lacking in previous studies on clutter. In other words, these
metrics capture how efficient the target search is. Finally, dura-
tion metrics indicate how long a person looked at a particular
area and relate primarily to the difficulty in extracting informa-
tion from the display. Table I shows the complementary metrics
that were selected to represent each of these categories. Based
on the reported detrimental effects of clutter on response time
(RT) [34], it is expected that an increase in clutter will lead to
more spread, less directness, and longer duration of fixations.

The third disadvantage of the commonly used eye tracking
metrics is their dependence on the location of the target on the
display. This means that the target needs to be known and an
area needs to be defined around it to perform any analysis. The
metrics in Table I, on the other hand, are independent of the
location of the search target. The advantages of such metrics are
that they are more robust to shifts in the location of fixations,
which often occurs with eye trackers. In addition, these metrics
can be applied to various types of displays, regardless of target
location.

Thus, the overall goal of this study was to obtain evidence
of the negative effects of high data density and poor display
organization, together with stress, on visual search performance
and determine which eye tracking metrics are best suited to
reflect and differentiate between the performance effects of the
two clutter aspects. The main hypotheses of this study were as
follows:

1) high data density, poor organization, and stress would
degrade search performance (i.e., increase RT and error
rate);

2) the negative effects of data density and organization on
performance would be reflected by significant differences
in eye tracking metrics, namely, increases in spread (for
high data density) and less directness and longer durations
of fixations (for poor organization); and

3) the effects of stress would be most pronounced in the high
data density and poor organization conditions, and this
would be reflected in more significant differences in the
eye tracking metrics as well.

III. METHODS

A. Participants

The participants in this experiment were 20 engineering stu-
dents from the University of Michigan (12 male and eight fe-
male). Their average age was 22.5 years (standard deviation
(SD) = 5.4). Participants were asked to rate their experience
with Adobe Photoshop on a scale from 1 (no experience) to 5
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TABLE I

OVERVIEW OF THE EYE TRACKING METRICS USED IN THIS STUDY

Eye tracking metric

Definition

How this was calculated in MATLAB (if applicable)

Spread metrics

Convex hull area
(pixelsz)

Spatial density

NNI

Minimum convex area (an area where no line between two points
on the boundary can ever go outside the area) that contains the
fixation points [35].

Spatial density is the number of grid cells containing gaze points
divided by the total number of cells [35], [36].

The ratio between 1) the average of the observed minimum
distances between fixations and 2) the mean random distance
between fixations expected if the distribution were random,

Delaunay triangulation was performed on the coordinates of the
fixations using the function DelaunayTri, and then the convex
hull area was found using the function convexHull applied to
the triangulation form obtained.

Grid cells of size 65x45 pixels were created to cover the whole
display (each cell was approximately the size of one icon group, as
detailed later).

The numerator was calculated by finding the nearest neighbor for
each fixation using the nearestNeighbor function and then
finding the average of these distances. The denominator equates to

calculated as half the square root of display area divided by the

number of fixations [37].

0.5 4/ %, where A is the area of the region and N is the number of
fixation points.

Directness metrics

Mean saccade
amplitude (pixels)
Rate of transitions (/s)

Mean of all the saccade amplitudes.

Backtrack rate (/s)

Rate of transitions between grid cells (grid cell size is the same as
for spatial density), where a transition is a saccade to another cell.

A grid of cells was placed on the display and the cells that
contained at least one transition from another cell were marked.
The number of such cells divided by the total number of saccades
within the search period was calculated as the number of
transitions. The rate of transitions was then calculated as the
number of transitions divided by the RT.

A backtrack is defined as an angle between two saccades that is

greater than 90° [35], representing a change in the direction of

search.

Duration metric

Mean fixation duration Mean duration of all fixations.

(s)

(expert), and the average response was 3.0 (SD = 0.83). All
participants had some experience with Photoshop (i.e., the low-
est rating given by any participant was 2). All participants also
had self-reported normal or corrected to normal vision. All par-
ticipants gave informed consent and received $15 for completing
the experiment. This study was approved by the University of
Michigan Institutional Review Board (ID: #HUMO00078246).

B. Simulated Graphics Program

We created a mock graphics program that consisted of icons
used in familiar graphics packages (for a similar approach, see
[35]). Specifically, icons from different Adobe graphics suites
were arranged in various configurations on the grayscale display
(see Fig. 1). The icons were all assigned to a unique group based
on their function (e.g., write, align, and color).

C. Experiment Setup

The simulated program was displayed on a 19-in monitor with
a resolution of 1280 x 1024 pixels. An Applied Science Lab-
oratories D6 desktop-mounted eye tracker was used (sampling
rate: 60 Hz; accuracy: less than 1°visual angle; precision: 0.5°
visual angle; range of head motion: 1 ft*). This eye tracker was
placed in front of the computer monitor such that the aperture
was approximately 5 cm from the screen. The participants were
seated at a distance of around 70 cm from the eye tracker. No
chin or head rest was used, but participants were asked to keep

their heads as steady as possible throughout the experiment in
order to ensure that they remained within the allowed range of
head motion. The calibration procedure, which took around 5
min at the start of the experiment, was accomplished using a
nine-point grid.

D. Experiment Design

The three independent variables in this study were data den-
sity, display organization, and stress. These variables were ma-
nipulated as follows.

1) Datadensity (low, high): Data density was manipulated by

varying the number of icons within the display (see Fig. 1).
The high data density displays included the complete set
of 119 icons, whereas low data density displays contained
between 38 and 45 icons. This range in the low data density
displays reflects the fact that not all icon groups consisted
of the same number of elements. The groups contained 3,
4, 6, or 8 icons, depending on the icons available in the
Adobe suites.

2) Organization (good, poor): In the good-organization dis-
plays, the icons were placed in their respective groups,
surrounded by a thin outline box. The sequence of the
icons within these groups was always the same, and
the group name was provided at the top of each group.
The locations of the groups were also varied across
experiment trials. In contrast, in the poor-organization
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Fig. 1. (a) Low data density display with good organization and (b) high data

density display with poor organization.

display, the icons were randomly distributed across the
display.

3) Stress (no stress, stress): For the no-stress trials, partici-
pants were told to be as accurate as possible in their search
for the target. However, for the stress trials, participants
were also told to try to answer as quickly as possible. To
increase participants’ motivation to do well, they were in-
formed that they could collect points based on how quickly
they answered, and the three participants with the high-
est total points would receive an additional $75, $50, and
$25, respectively. Participants could get 20 points if they
responded within 1 s, 19 points for responding within
2 s, etc., up until 20 s, after which they would lose 1 point
per second. At the same time, participants were cautioned
against compromising accuracy; they were informed that
incorrect answers would result in losing 20 points. During
the stress trials, there was also an auditory count from 1
to 20 to let participants know the number of seconds that
had elapsed. The 20-s value was selected based on pilot
studies.

The three independent variables were varied within partici-
pants, leading to a2 x 2 x 2 full-factorial design. Each trial had
a corresponding unique display that participants had to search
through for a target. Based on a previous experiment [34] that

had shown that search for multiple instances of a target was af-
fected by clutter more significantly than the search for just one
occurrence, participants were told to search the entire display to
establish whether the target appeared more than once. In total,
participants had to go through 40 trials, divided into 24 exper-
iment trials and 16 “dummy” trials. The 24 experiment trials
corresponded to three instances of each experimental condition
(8 experimental conditions x 3 instances). In the 24 experiment
trials, there was always exactly one instance of the target. As
for the 16 “dummy” trials, the target was either absent, shown
in the middle section of the display, or repeated (i.e., there were
two or three instances of the target). These trials ensured that
participants always searched the entire display for multiple tar-
gets; however, the performance data from these trials was not
taken into consideration in the analysis.

Two different targets were used for each set of eight exper-
imental conditions, making for a total of six icons used in the
experiment. Participants underwent training before the experi-
ment to make sure they were familiar with all the target icons and
their groups. All of the targets were located in one of the three
eccentricities in the perimeter of the display (at 20°, 25°, and
28° of visual angle from the center of the screen). Eccentricity
of the target was counterbalanced such that each experimen-
tal condition was performed in each of the three eccentricities.
These eccentricities were picked so as to make the experiment
relatively difficult (there were no targets in the center of the top
panel, for example). Apart from that, we were not interested in
analyzing the effects of eccentricity and did not consider a range
of eccentricities.

The presentation order of the experimental conditions was
counterbalanced by dividing participants into two groups, each
of which did the experiment in a randomly assigned but fixed
order. The order of the second group was the inverse of the first,
and the stress condition was varied in blocks of eight. In other
words, participants did sets of eight low-stress or high-stress
trials, with a total of four alternating sets. There was one trial
of each experimental condition within each block. There were
no significant differences in age or experience between the two
groups.

E. Experiment Procedure

Participants were first asked to read and sign the consent
form. Next, they underwent a 20-min training session. After
being informed of the goals and rules of the experiment, par-
ticipants were shown the different icon groups. All of the tar-
get icons (i.e., the subset that they would have to find later)
were highlighted and named. Then, participants had to complete
three practice tests. Participants could repeat each test until they
achieved the required 100% accuracy needed to proceed. First,
they were shown only the target icons and asked to provide
the name of that icon. Second, they were shown all of the icon
groups without their names and asked to provide the name of
each group. Finally, they were shown the name and image of
the target icons and had to identify the group that each icon
belonged to.
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Fig. 2. Interaction effects between (a) data density and organization and
(b) data density and stress.

Next, participants had to complete a set of four practice tri-
als. The instructions and controls for these trials were identical
to those of the actual experiment. For each trial, participants
were first presented with the target icon (name and image) that
they needed to look for. Participants could look at that target
icon as long as necessary. A message on the screen also indi-
cated whether points could be collected (stress condition) or not
(no-stress condition). When they were ready to start the search,
participants pressed the right arrow key. The experiment dis-
play appeared, and the RT counter started. In case participants
thought there was no target or multiple instances of the tar-
get, they pressed the “down” arrow key. They pressed the “up”
arrow key when they found one and only one instance of the
target. Finally, participants had to use the mouse to click on the
(supposed) location of the target.

Following the training session, the eye tracker was calibrated,
and participants proceeded with the 40 trials (24 experiment
trials and 16 dummy trials). After completing all trials, partici-
pants filled out a debriefing questionnaire where they rated the
amount of clutter in eight sample displays from the experiment.
These sample displays were shown to participants in turn on the
computer screen, and they had to rate each one on a scale from
0 (low clutter) to 10 (high clutter). Participants also provided
NASA Task Load Index (TLX) [38] ratings for the stress and
no-stress conditions as a means of evaluating our manipulation
of stress. The NASA-TLX ratings ranged from 0 (low) to 20
(high) across four scales of interest: mental demand, tempo-
ral demand, performance, and effort. Although NASA-TLX is
not directly a measure of stress, we selected it given that the
scales of mental demand, temporal demand, performance, and
effort closely aligned with our definition of stress. The experi-
ment session (i.e., all the trials and questionnaires) took around
20 min to complete.

In addition to the eye tracking metrics, the main dependent
variables were the RT and error rate. An error or incorrect trial

0.2
Z0.16 T
é 0.12 1/- Low data
'aT_E 0.08 — = density
:-;. 0.04 - High data
0 : : density

Good Poor
organization organization

Fig. 3. Interaction effect on spatial density between data density and
organization.

was defined as either 1) a participant pressing the “down” arrow
key to (incorrectly) indicate either the absence of a target or the
presence of multiple targets, or 2) participants clicking on the
wrong target with the mouse. In the experiment, only the former
case occurred.

IV. RESULTS

The eye tracking metrics were all calculated in MATLAB (see
Table I). Unless otherwise specified, the data were analyzed
using a three-way repeated measure ANOVA. The normality
assumption of the repeated measures ANOVA was satisfied, as
evidenced using a Shapiro—Wilk test. The sphericity condition
was met as there are only two levels of each independent vari-
able. Listwise deletion was adopted, which resulted in the loss
of one participant’s eye tracking data; this participant had miss-
ing data points due to eye tracker discrimination issues after the
experiment had begun. On two other occasions, eye tracking dis-
crimination was unsuccessful from the start, and no eye tracking
data were collected. However, these participants still completed
the experiment, and their performance data (RT and error rate)
and subjective data are included here. Thus, for the performance
and subjective data analysis, the data of 20 participants were an-
alyzed, whereas for the eye tracking data analysis, the data of 17
participants were analyzed. Error bars on all graphs represent
the standard error of the mean.

A. Subjective Results

The mean clutter ratings across all participants were 3.0
(SD = 1.4) for low data density and good organization,
4.7 (SD = 1.5) for low data density and poor organization,
6.2 (SD = 2.0) for high data density and good organization,
and 8.5 (SD = 1.3) for high data density and poor organization
(see Fig. 3). The mean clutter ratings significantly increased as
a result of high data density, with a mean of 3.8 (SD = 0.87)
in low data density to a mean of 7.6 (SD = 1.3) in high data
density (F'(1, 19) = 239, p < 0.001, 773 = 0.85). Similarly,
the ratings significantly increased as a function of poor orga-
nization, from a mean of 4.6 (SD = 1.6) in good organiza-
tionto 6.8 (SD = 2.1) in poor organization (F'(1, 19) = 53.8,
p < 0.001, 72 = 0.73).

Results showed significant effects of stress on all relevant di-
mensions (see Fig. 4). For the mental demand scale, the ratings
increased from a mean of 9.5 (SD = 4.2) in low stress to 14.1
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Fig. 4. Data-stress interaction for (a) spatial density and (b) NNI.

(SD = 3.3) inhighstress (F(1, 19) = 211,p < 0.001,7) =
0.53). For temporal demand, the ratings increased from 8.8
(SD = 4.7)t0 17.3(SD = 1.7; F(1, 19) = 714,p < 0.001,
77[% = 0.78), whereas for performance, the ratings increased
from 6.3 (SD = 3.3) to 9.2 (SD = 2.8; F(1,19) = 9.21,
p = 0.007, TIZ = 0.32). Finally, for effort, the ratings increased
from 10.3 (SD = 4.1) in low stress to 14.0 (SD = 3.5) in high
stress (F'(1, 19) = 31.9,p < 0.001, 7712, = 0.62).

B. Performance Results

1) Response Time: Only correct answers were considered in
the calculation of RT. As expected, high data density resulted
in a significant increase in mean RT, from 4.7 s (SD = 0.72)
in low data density to 9.9 s (SD = 1.9) in high data density
(F(1,19) = 88.2,p < 0.001,1712, = 0.82). Poor organization
also resulted in a significant increase in RT, from 6.1 s (SD =
2.1) in good organization to 8.4 s (SD = 3.2) in poor organi-
zation (F'(1, 19) = 23.2, p < 0.001, nf) = 0.55). Stress, on
the other hand, resulted in a significant overall decrease in RT,
from 7.8 s (SD = 3.4) in the no stress condition to 6.7 s (SD
= 2.3) in the stress condition (F'(1, 19) = 10.6, p = 0.004,
771% = 0.35).

There were also significant interaction effects between data
density and organization (F(1, 19) = 6.9, p = 0.017, 5} =
0.26), as well as between data density and stress (F'(1, 19) =
11.2, p = 0.003, 7712, = 0.37; see Fig. 2). In both the good
(F(1, 19) = 109.1, p < 0.001, 72 = 0.85) and poor organi-
zation (F'(1, 19) = 53.8, p < 0.001, 77;2) = 0.73) conditions,
the mean RT was significantly longer in high data density [see
Fig. 2(a)]. However, this effect was more pronounced in the
poor-organization condition (an increase of 6.0 s in high data
density), as opposed to the good-organization condition (an in-
crease of 4.2 s in high data density). In addition, in both the high

data density (F'(1, 19) = 29.2,p < 0.001,7712, = 0.6) and low
data density (F(1, 19) = 16.3, p = 0.001, 772 = 0.46) con-
ditions, the mean RT was higher in the case of poor organi-
zation. Also, the decrease in RT due to stress was larger in
the high data density (2-s decrease) as opposed to low data
density (0.10-s decrease) condition [see Fig. 2(b)]. In both
the no-stress (F(1, 19) = 62.3, p < 0.001, 7712, = 0.76) and
stress (F'(1,19) = 111.3,p < 0.001, 77 = 0.85) conditions,
though, the RT in high data density was significantly longer than
in low data density.

2) Error Rate: In each of the four low data density condi-
tions, only two participants made one error each. In the high data
density and good organization conditions, only one participant
made one error, and this was in the stress condition. As for the
two high data density and poor organization conditions, there
were seven participants with one error each in the no stress con-
ditions, and 11 participants with errors in the stress condition
(nine participants had one error each and two participants had
two errors each, for a total of 13 errors). In the four low data
density conditions, the mean error rate was 0.10 (SD = 0.30).
On the other hand, in the high data density conditions, the mean
error rate was O in the high data density, good organization,
and no stress condition; 0.05 (SD = 0.21) in high data density,
good organization, and stress condition; 0.35 (SD = 0.47) in
high data density, poor organization, and no stress condition; and
0.65 (SD = 0.65) in the high data density, poor organization,
and stress condition.

Results were analyzed using a mixed model binary logistic re-
gression with data density, organization, and stress as the fixed
effects and participants as the random effect. Results showed
that data density (odds ratio (OR) = 5.46, p = 0.013, 95%
confidence interval (CI) = [1.43, 20.71]) and organization
(OR = 7.05,p = 0.009, 95% CI = [1.62, 30.53]) were sig-
nificant predictors of misses. However, there was no significant
effect of stress on the error rate or any significant interaction
effects.

C. Eye Tracking Results

Overall, there was a significant main effect of data
density on all metrics, except the rate of transitions
(see Table II for the statistical results). The spread metrics all
significantly increased in high data density. Convex hull area
increased from 10 400 (SD = 2400) pixels2 in low data den-
sity to 19200 (SD = 4500) pixels? in high data density, spatial
density increased from 0.063 (SD = 0.012) to 0.13 (SD =
0.034), and nearest neighbor index (NNI) increased from 0.44
(SD = 0.092) to 0.62 (SD = 0.079). On the other hand, the
directness metrics (except rate of transitions) and duration met-
rics decreased significantly. Mean saccade amplitude decreased
from 55 (SD = 9.4) pixels to 42 (SD = 7.8) pixels, backtrack
rate decreased from 0.12 (SD = 0.078) backtracks/sec to 0.053
(SD = 0.038) backtracks/sec, and mean fixation duration de-
creased from 0.26 s (SD = 0.040) to 0.24 s (SD = 0.034).

Organization significantly affected all metrics except back-
track rate. For two spread metrics—convex hull area and
spatial density—as well as for mean fixation duration, poor
organization caused a significant increase. Convex hull area
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TABLE II

MAIN EFFECTS FOR THE EYE TRACKING METRICS

Main Effects

Eye tracking metrics

Effect of data
Low data density mean (SD)
High data density mean (SD)

Effect of organization
Good organization mean (SD)
Poor organization mean (SD)

Effect of stress
Low stress mean (SD)
High stress mean (SD)

Spread metrics

Convex hull area (pixels?)

Spatial density

NNI

Low: 10 400 (2400)
High: 19 200 (4500)
F(1,16) = 335,p < 0.001,

2 _
n, = 0.9
Low: 0.063 (0.012)
High: 0.14 (0.034)
F(1,16) = 288,p < 0.001,
7]5 = 0.9
Low: 0.44 (0.092)
High: 0.62 (0.079)
F(1,16) = 304,p < 0.001,

+

Good: 14 300 (5300)
Poor: 15 300 (5900)
F(1,16) = 8.1,p = 0.012,
n2 =03
Good: 0.093 (0.039)
Poor: 0.12 (0.051)
F(1,16) = 43,p < 0.001,
'r]f, = 0.7
Good: 0.56 (0.11)
Poor: 0.50 (0.12)
F(1,16) ? 16,p = 0.001,

— 4

Low: 14 366 (4926) +
High: 15 357 (6305)
F(1,16) = 5.1,
p = 0.038,72 = 0.2
Low: 0.106 (0.054) +
High: 0.098 (0.04)
F(1,16) = 6.4,
p = 002272 =02
Low: 0.53 (0.107)
High: 0.54 (0.139)
F(1,16) = 1.13,

n2 = 0.9 n: =05 p = 03,72 = 0.06
Directness metrics
Mean saccade amplitude Low: 55 (9.4) - Good: 50 (11) Low: 47.3 (11.37)
(pixels)
High: 42 (7.8) Poor: 46 (11) High: 48.84 (10.84)
F(1,16) = 246,p < 0.001, F(1,16) = 22,p < 0.001, F(1,16) = 1.72,
n2 = 0.9 n2 =05 p =027 = 0.09

Rate of
transitions (/s)

Backtrack rate (/s)

Low: 1.80 (0.34)
High: 1.80 (0.37)

F(1,16) = 0.002,p = 0.966,

m =0
Low: 0.12 (0.078)
High: 0.053 (0.038)
F(1,16) = 37,p < 0.001,
72 =06

Good: 1.85 (0.36)

Poor: 1.73 (0.34)
F(1,16) = 5.1,p = 0.037,
773 = 0.2
Good: 0.095 (0.074)
Poor: 0.082 (0.067)
F(1,16) = 1.9,p = 0.186,
n = 0.11

Low: 1.77 (0.33)
High: 1.80 (0.37)
F(1,16) = 0.28,
p = 06,72 = 0.017
Low: 0.088 (0.073)
High: 0.089 (0.068)
F(1,16) = 0.027,
p = 08,72 = 0.002

Duration metric

Mean fixation duration (s)

Low: 0.26 (0.040)

Good: 0.25 (0.032)

Low: 0.261 (0.037)

High: 0.24 (0.034)
F(1,16) = 17,p = 0.001,
nE =05

Poor: 0.26 (0.043)
F(1,16) = 5,p = 0.029,
n}% = 0.2

High: 0.252 (0.0393)
F(1,16) = 2.11,
p =017y =011

All mean values and SDs (in parentheses) are reported. For each metric, the larger value is highlighted and the significant main effects of high density, poor organization, and stress are

indicated (increase (+), decrease (), or no significant effect).

increased from 14 300 (SD = 5300) pixels? in good organi-
zation to 15 300 (SD = 5900) pixels? in poor organization,
spatial density increased from 0.093 (SD = 0.039) to 0.12
(SD = 0.051), and mean fixation duration increased from 0.25
s (SD = 0.032) t0 0.26 s (SD = 0.043). Conversely, for NNI
(a spread metric), mean saccade amplitude, and rate of tran-
sitions (all directness metrics), poor organization resulted in a
significant decrease. NNI decreased from 0.56 (SD = 0.11) in
good organization to 0.50 (SD = 0.12) in poor organization,
mean saccade amplitude decreased from 50 (SD = 11) pixels
to 46 (SD = 11) pixels, and the rate of transitions decreased
from 1.85 (SD = 0.36) to 1.73 (SD = 0.34).

There was also a significant data density organization inter-
action for spatial density (F(1, 16) = 22, p < 0.001, i} =
0.50; see Fig. 3). Poor organization resulted in a larger in-
crease in the high data density condition (a 0.03 increase in
poor organization) compared to the low data density condi-
tion (a 0.008 increase in poor organization). The spatial den-
sity was always significantly higher in the high data density
condition (F(1, 17) = 205, p < 0.001, n; = 0.94 for good

organization and F'(1, 17) = 266, p < 0.001, 17[2) = 0.90 for
poor organization). In addition, spatial density was significantly
higher in the poor organization condition (F'(1, 17) = 19.9,
p < 0.001, 2 = 0.54 for low data density and F(1,17) =
42.8,p < 0.001, 72 = 0.71 for high data density).

As for stress, it had a significant effect on two metrics, con-
vex hull area (F(1, 16) = 5.13,p = 0.038, 72 = 0.243) and
spatial density (F'(1, 16) = 6.404, p = 0.022, n2 = 0.266).
There was a significant increase in the case of convex hull area,
from 14 366 (SD = 2936) in low stress to 15 357 (SD = 6305)
in high stress, whereas there was a significant decrease in the
case of spatial density, from 0.106 (SD = 0.054) in low stress
to 0.0985 (SD = 0.0408) in high stress.

There was also a significant data density stress interaction
for spatial density (F'(1, 16) = 12,p = 0.003, 7712, = 0.4) and
NNI (F(1, 16) = 7.8, p = 0.013, 772 = 0.3; see Fig. 4). Spa-
tial density was significantly higher in high data density as
compared to low data density both in the low stress (F(I,
17) = 233, p < 0.001, 7]2 = 0.9) and high stress conditions
(F(1,17) = 231,p < 0.001,7712, = 0.9). It was the same case
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for NNIin low stress (F'(1, 17) = 194,p < 0.001,7; = 0.9)
and high stress (F/(1, 17) = 170,p < 0.001, 77 = 0.9).

V. DISCUSSION AND CONCLUSION

The overall goals of this research were to assess the perfor-
mance effects of data density and display organization, in com-
bination with stress, and identify the eye tracking metrics that
best reflected and differentiated between data density and orga-
nization. To this end, we recorded participants’ performance on
visual search tasks in a simulated graphics program. We also col-
lected eye tracking data to determine how various eye tracking
metrics are affected by variations in density and organization,
and to what extent they can explain the observed performance
effects.

A. Effects of Data Density and Display Organization on
Performance

Our first hypothesis posited that high data density and poor
display organization would degrade performance. Results fully
supported this hypothesis, as evidenced by the significantly
longer RTs and higher error rates in both the high data den-
sity and poor display organization conditions. In addition, poor
organization exacerbated the effects of high data density for RT.
Moreover, both high data density and poor display organization
resulted in significantly higher ratings of clutter than low data
density and good display organization, respectively, providing
further evidence that both factors contribute to the phenomenon.
While previous studies on clutter focus more on the data den-
sity aspect [3], [28], [29] , our finding highlights the important
role of poor organization [16]. This suggests that good organi-
zation may be a promising means of mitigating the effects of
excess data density, which cannot always be avoided in complex
domains, such as aviation and process control.

B. Effects of Data Density and Display Organization on Eye
Movements

Our second hypothesis suggested that the negative effects of
data density and organization on performance would be reflected
by significant differences in eye tracking metrics, namely, in-
creases in spread (for high data density) and less directness and
longer durations of fixations (for poor organization). While we
did find significant effects of clutter on several eye tracking met-
rics, the type of metrics that were affected and the direction of
the effect did not all match our hypothesis.

In the case of high data density, we observed a larger spread
of fixations (larger convex hull area, spatial density, and NNI)
than in low data density. Consistent with the set size effect,
participants had to sample more items as the number of irrelevant
items increased—an effect that was captured successfully by
the spread metrics. Moreover, the 771% measure of effect size
was relatively high at 0.9 for the effect of density on all the
spread metrics, confirming our hypothesis about the effect of
density on these metrics. At the same time, the directness metrics
also suggested a more efficient search in the high data density
conditions, with decreased scanpath length per second, mean
saccade amplitude, and backtrack rate, indicating that there were

less wasted transitions moving back and forth uselessly between
different areas of the display.

Furthermore, the duration metric (mean fixation duration) in-
dicated that the speed at which participants searched the display
was higher in high data density. In other words, participants
were quickly moving from one location to the next closest with-
out spending much time fixating any one location. Despite this
effort to compensate for the increased density, RT was higher in
high density, suggesting that the set size effect (evidenced by the
spread metrics) was dominant. Mean saccade amplitude also had
an 7)[2) of 0.9, suggesting this may be a good measure of spread as
well, whereas the effect sizes of backtrack rate (773 = 0.6) and
mean fixation duration (7712, = 0.5) were relatively lower. These
results indicate that adding more items to a display changes not
just where people look but also how they scan. Focusing only
on the locations of fixations on different areas of interest would
thus not fully capture the effects of clutter.

In the case of poor organization, the spread metrics indicated
a similar increase in spread, with the exception of NNI, which
showed a decrease. NNI, which reflects the distance between
the closest fixation points, may thus be a useful metric to distin-
guish between the effects of data density and organization. In the
case of good organization, participants could tell “at a glance”
whether the target icon belonged in a particular group which
led to fixations being more isolated. On the other hand, in poor
organization (i.e., when icons were randomly distributed), par-
ticipants had to carefully inspect each icon to determine whether
it was the target.

Among the spread metrics, spatial density was the only one
that reflected the same interaction effects of data density orga-
nization that were seen for RT. In other words, with high data
density, spatial density increased more prominently in the poor-
organization condition as compared to good organization. This
suggests that it is a very sensitive measure of clutter, which
confirms findings from our previous experiments in different
domains [39], [40]. The critical property of this metric is that
each fixation point, if it is in a new location, can add to the mea-
sure of spread. On the other hand, convex hull area, for example,
only reflects the boundaries of the fixation points, and any other
fixations in the middle would not add to the measure of spread.
The 77]2) values of spatial density are also the highest among the
metrics, further confirming its use as a means of tracing display
organization, as well as data density.

The directness measures indicated a more deliberate search
in the case of poor organization, similar to the high data den-
sity conditions. However, the higher mean fixation duration in
poor organization showed that it took participants more time
to extract information from each area, or visually process each
area, making search even slower. A similar increase in fixa-
tion duration was seen in [29], although the distinction between
density and organization was not made. In this study, it appears
that in the case of poor organization, participants had to devote
more time to processing and evaluating each icon when there
was no group information available. Thus, fixation duration is
another metric that reacts differently to high data density and
poor organization. Like NNI, it could be used to differentiate
between the two aspects of clutter. Overall, even though we had
predicted that the directness and duration metrics would reflect
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poor organization more than spread, the 7712, values were rela-
tively low across metrics in the case of poor organization, the
highest being spatial density at 0.7. These results suggest that it
is more difficult to detect the effects of poor organization using
eye tracking, and there may be a need for different metrics to
capture these effects.

C. Effects of Stress

Our third hypothesis predicted that the effects of stress would
be most pronounced in the high data density and poor organi-
zation conditions, and this would be reflected in more signifi-
cant differences in the eye tracking metrics as well. Despite the
NASA-TLX results suggesting that we were successful in our
manipulation of stress, this manipulation did not lead to any sig-
nificant performance decrements. There were significant effects
of stress on RT, but the value decreased rather than increased,
and there was no effect of stress on the error rate. These findings
in contrast to earlier studies have shown a positive correlation
between ratings of clutter and ratings of factors such as work-
load [1]. The reason we did not obtain similar findings may be
attributed to the simple nature of the search tasks employed in
this study. In earlier research performed in the context of more
complex domains, such as aviation [39] and medicine [40], high
stress led to significantly higher miss rate. It may also be that the
level of stress elicited here only led to additional motivation and
thus an increase in performance, putting participants at the peak
of the Yerkes—Dodson (1908) inverted-U curve of performance
versus stress [41].

However, the manipulation of stress did result in significant
effects on certain eye tracking metrics. Namely, spatial density
further highlighted how closely it reflected RT by decreasing
significantly in the case of high stress, as was the case with RT.
NNI, on the other hand, significantly increased in the case of
high stress, mirroring results obtained by [37] in experiments in
the flight deck. So even in a simpler environment, NNI was a
good indicator of increased stress. What was also interesting is
that convex hull area increased in the case of high stress, contrary
to spatial density. This result suggests that while participants
sampled fewer areas, these areas tended to be more widespread
across the display. This is in contrast to the theory of attentional
narrowing or tunnel vision, which proposes that the field of
vision (represented here by spread of fixations) “narrows” in
cases of high workload and stress [42]-[44]. It may be that
the amount of stress elicited in this study was not enough to
cause attentional narrowing, particularly as it was not enough
to cause performance decrements. At the same time, the design
of the display, with icons all around the edges, does not make
it likely that narrowing would occur, although this would be an
interesting avenue for further investigation.

The main limitation of this study is that the metrics were
only tested on a set of simple displays, and so further research is
needed to explore whether these results generalize to other more
complex and realistic displays. Future studies will also need to
test a variety of tasks, including more complex tasks, not only
visual search. In addition, it would be interesting to see how
other factors, such as color variation and target visibility, interact

with data density and organization to degrade performance and
affect attention.

VI. CONCLUSION AND FUTURE WORK

The findings from this study highlight the importance of con-
sidering both data density and organization and analyzing their
effects on fixation spread, directness, and duration in order to
fully understand the problem of clutter. In the context of display
design, the findings emphasize the need to consider not only data
density but also, to a large extent, the organization or grouping
of items on a screen in order to prevent the effects of clutter.
The eye tracking metrics proposed here are beneficial when it
comes to studying the interaction between data density and or-
ganization as they can trace the effects of both factors on eye
movements at a fine-grained level of analysis. This means that
eye tracking can be used to develop targeted countermeasures
to clutter that cannot be extracted from recording RT alone. In
addition, since eye tracking data can be collected in real time,
it can potentially be used to trigger these countermeasures early
on and in advance of performance breakdowns. For example,
if a duration metric indicates that a person may be struggling
with information presented in a particular location on the screen,
then a window offering help or allowing the user to ask ques-
tions could appear at that location. Conversely, if spread metrics
indicate that a user appears unsure of the location of the target,
the most critical information on the screen can be highlighted
to aid the user. This approach to display adaptation is based
on the assumption that frequent display adjustments may be
annoying to the user, and may even exacerbate the problem of
clutter. Instead, by using real-time eye tracking metrics, display
adjustments can be limited to the times when they are necessary
and tailored to suit the user’s perceived need. Such an approach
would be attractive in domains that suffer from data overload,
such as aviation or process control.
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