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Abstract New and emerging multi-screen television
scenarios and applications need new evaluation procedures,
methodologies, and tools to support multi-screen data
analysis. In this work, we introduce a set of 12 measures to
characterize viewers’ visual attention patterns for multi-
screen TV. Out of these, eight measures are computed
directly from eye-tracking data, while the other four are
evaluated using questionnaires. We applied our measures
during a controlled experiment involving nine distinct
screen layouts with two, three, and four TV screens, for
which we report new findings about viewers’ distributions
of visual attention. For example, we found that viewers
need an average discovery time up to 4.5 s to visually
fixate four screens, and their subjective perceptions of what
they watched and for how long they watched each screen
are substantially accurate, i.e., we report Pearson’s corre-
lation coefficients up to r = .892 with ground truth mea-
sured with eye-tracking equipment. We also analyze and
discuss the evolution of our participants’ distributions of
visual attention over time from the perspective of our new
set of measures. For example, we found that people per-
form significantly more transitions between screens during
the first seconds of watching television, after which their
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level of visual attention converges to a stable value. We
complement the findings revealed by our objective eye
gaze measurements with subjective data about participants’
perceived cognitive work load and comfortability while
watching more than one TV screen, and we measure
viewers’ capacities to understand and recall content
delivered simultaneously on multiple screens. To foster
new studies and explorations of viewers’ visual attention
patterns during multi-screen television watching, we
release in the community an update for an existing software
toolkit (i.e., VATic-TV, the Visual Attention Toolkit for
TV, now at version v2) that automatically computes our
measures from data delivered by standard eye-tracking
equipment. We hope that our new set of measures and the
companion software will benefit the community as a first
step toward understanding visual attention for emerging
multi-screen TV applications and, consequently, will help
researchers and practitioners to design new TV applica-
tions that will better exploit viewers’ visual attention pat-
terns toward new, richer television experiences.

Keywords Visual attention - Interactive TV - Multi-
screen TV - Multi-display - Eye gaze - Eye tracking -
Measures - Experiment - Evaluation - TLX

1 Introduction

Multi-screen systems are able to deliver their users more
content and more opportunities for control as well as to
provide new ways for users to enrich, share, and transfer
multimedia content originating from various sources [6].
Due to such particular attractiveness, the multi-screen
scenario has recently received thoughtful attention in the
academic community for technical design and
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implementation [34, 41, 45] as well as for evaluating user
performance [14, 30, 31, 36]. In the context of the inter-
active TV, today’s common implementation of the multi-
screen concept is represented by the secondary screen
scenario, with smartphones and tablets being frequently
employed by their users during television watching [6, 8].
In a larger context, Vatavu and Mancas referred to multi-
screen TV systems as “television potpourris” as they are
hybrid systems of individual screens of different form
factors arranged in space according to various screen lay-
outs and that broadcast transmissions and display content
of various genres from various sources [45].

However, besides obvious advantages delivered by
multi-screen television, more screens demand higher cog-
nitive load for viewers to understand what they watch and
to correlate content from different video streams, as well as
increased visual attention that needs to distribute across
multiple displays situated at various locations in a three-
dimensional space. Therefore, it is likely for multi-screen
TV systems to increase viewers’ visual and cognitive
attention load up to the point when the television watching
experience becomes no longer pleasant. Unfortunately,
such important aspects regarding the distribution of view-
ers’ visual attention in multi-screen TV systems have not
been thoroughly addressed by the interactive TV commu-
nity up to now. In fact, in a recent work investigating the
factors affecting users’ visual attention in multi-display
interfaces, Rashid et al. [31] noted that “further research is
needed to investigate the influence of different categories
of content coordination on attention switching and task
performance.” We believe that rigorous methodologies and
techniques to conscientiously evaluate viewers’ perfor-
mance in such scenarios are mandatory, given the wide
adoption of the second-screen scenario—for example,
“eighty-four percent of smartphone and tablet owners say
they use their devices as second-screens while watching
TV at the same time” [26, p. 14].

While today’s prevalent implementation of a multi-
screen system for iTV takes the form of the tablet used in
conjunction with the TV set [6, 8], for which previous work
has examined problems of attention and distraction [2, 3, 7,
17], investigation of visual attention distributed across more
than two screens is a more challenging task. This work
represents an extension of previous methodology, toolkit,
and results that we obtained in this direction [46]. In this
work, we make one step further toward understanding
viewers’ visual attention patterns for multi-screen television
and, in doing so, we provide the community with a set of
general and reusable measures to characterize viewers’
visual attention patterns in various experimental scenarios
addressing various scientific research goals about visual
attention and multi-screen television.

@ Springer

By following the taxonomy of Rashid et al. [31], we
address in this work screen layouts with depth contiguity
(i.e., all screens are at equal distance from the observer)
and visual field discontinuity (i.e., all screens are in the
same vertical plane, but spatially separated, which makes
them appear as distinct displays instead of a visually con-
tiguous screen). Such installations are now possible and
were demonstrated in the community. For instance, recent
developments in multimedia systems have led to practical
technical designs for such scenarios involving more than
two screens [41, 44] up to augmented reality systems that
turn the entire room into a multimedia multimodal inter-
face [22, 23]. The methodology that we introduce in this
work, i.e., measures and software toolkit to evaluate
viewers’ visual attention patterns, is applicable for any
number of screens and any screen layouts, and we
demonstrate how to apply it for scenarios consisting of up
to four TV screens.

Our contributions are as follows: (1) We introduce a set
of eight quantitative measures that we compute from eye-
tracking data and four qualitative, self-reported measures to
characterize viewers’ visual attention patterns for multi-
screen television watching; (2) we employ our new set of
measures to report new findings about viewers’ distribu-
tions of visual attention for multi-screen television; for
example, we found that viewers’ subjectively perceived
watching time per screen is substantially accurate, i.e.,
Pearson’s » = .892 between measured and self-reported
screen watching time, and that viewers discover content
displayed by all screens during a minimum time interval
that depends quadratically on the number of screens; and
(3) we provide a software update to an existing toolkit
(VATic-TV [46], now version Vv2) to enable other
researchers and practitioners to automatically compute our
measures and analyze data collected during their specific
experimental setups. We hope that this work will benefit
the members of the interactive TV community who will
employ our measures to further investigate viewers’ visual
attention patterns for emerging multi-screen TV applica-
tions and, consequently, will inform new designs delivering
enriched multi-screen television experiences.

2 Related work

In this section, we review existing work addressing multi-
screen environments, and we pay particular attention to
applications of multi-screen systems to television, model-
ing of visual attention, and understanding users’ task per-
formance in multi-screen environments.

The most straightforward way to create a multi-screen
environment is to define individual screens inside a large
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video projection, with all screens controlled by the same
computer [41, 45]. This approach originates from the way
augmented reality systems have been traditionally imple-
mented [38], with video projections displayed on top of the
physical environment in order to digitally enrich users’
interactive experiences in that environment. So far, video
games have been the most common application of aug-
mented reality for home entertainment [22, 23]. However,
augmented reality research has also targeted television,
with ArRounD-TV [44] being one such example. Alterna-
tively, multiple physical screens can be put together to
create multi-screen environments by using software plat-
forms that control the distribution of content across the
screens. For example, Phone as a Pixel is one such platform
that displays synchronized content on hundreds of displays,
such as laptops, smartphones, and tablets [34]. Although
the technical design and implementation of such systems
are fascinating and challenging, we are not interested in
this work in the technology used to build such systems, but
rather in the impact that multi-screen systems have on
viewers’ performance. Our concern about performance is
justified by the fact that more screens are able to deliver
more content to viewers, but, at the same time, more
screens may also have side effects on visual attention and
cognitive load. Therefore, we also review in this section
previous work that evaluated and modeled visual attention
in general, but also in conjunction with the TV set.

2.1 Multi-screen environments and user
performance

Multi-screen environments have been investigated before
in terms of the attention demands imposed on their
users [30, 31] and the effects of the extra attention load on
users’ task performance [14, 36]. For example, Rashid
et al. [30] explored the cost of switching attention between
the small display of a mobile device and a large screen, and
reported decreased user performance because of the adap-
tation mechanisms that naturally occur when users need to
continuously shift eye gaze between screens. By evaluating
multiple user interfaces for content-seeking tasks on two
screens, i.e., mobile device and large display, the authors
found that participants performed best when they con-
trolled the content on the large display using the mobile
device, while distributing visual output on both displays
made users exhibit the poorest performance. The evalua-
tion results were used by the authors to propose guidelines
for practitioners designing such hybrid two-screen systems,
such as avoid showing the same visual elements of the
interface across displays [30, p. 106].

Tan and Czerwinski [36] addressed the effect of visual
separation between displays and their physical disconti-
nuities, such as monitor bezels on users’ performance.

They found that discontinuities do not affect task perfor-
mance, but displaying content on screens positioned at
different depths has small, yet detrimental effects on per-
formance, i.e., a 10 % detriment of performance was
reported by the authors for a task consisting in proofread-
ing a text with notifications popping up outside the focal
region of the task. These results were later confirmed by Bi
et al. [4], who conducted controlled experiments to better
understand the effect of tiled-monitor interior bezels on
users’ performance during various tasks, such as visual
search, straight-tunnel steering, and target selection. The
authors found that task time and error rate were not
affected by the presence of bezels during visual search;
however, participants were less accurate when the content
they were asked to locate had been split across the interior
bezels. These experiments also revealed that interior bezels
hinder steering performance, but they do not affect users’
performance during target selection. Wallace et al. [51]
confirmed that users’ performance during visual search
tasks is not affected by the presence of interior bezels
(despite a very small effect of bezel width) and used their
findings to suggest design implications for user interfaces
for tiled displays, such as use bezels as visual anchors for
displaying interface elements. Other design implications
were provided by Wallace et al. [52], who studied the
impact of bezel presence, bezel width, and user-to-display
distance on users’ perceptions of the magnitude of dis-
played content, e.g., the authors observed that bezels wider
than 0.5 cm introduce errors up to 7 % in the perception of
magnitude of content.

Forlines et al. [14] observed that their participants per-
formed worse during a visual search task when content was
displayed at different rotation angles on four vertical screens
than when the same content was presented on a single screen.
The authors of that study concluded that participants’ scan-
ning of multiple views added to the time duration of the task,
but not to its accuracy. Hutchings [21] conducted a Fitts’s
law experiment [13] in a multi-display environment and
found that increasing gap sizes between displays made par-
ticipants achieve lower throughput values. Findings from
that study suggest that Fitts’s law underestimates the eval-
uation of task difficulty for multi-display systems. Finally,
Griininger and Kriiger [18] investigated interior bezels for
stereoscopic displays and reported that users’ perceptions of
stereo content improves, while bezels get smaller and dis-
plays get larger. They also found that users’ adaptation times
to the stereoscopic effect can be negatively affected by the
presence of interior bezels for tiled displays.

2.2 Visual attention

Attention is the cognitive process to selectively interpret
information subsets while ignoring others, i.e., to
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selectively focus on solely one aspect of the environ-
ment [1, p. 519]. Because of its many implications for the
human life, attention has been studied in many different
domains, such as psychology [40], neuroscience [28], and
engineering [5, 39]. By definition, attention allows people
to focus on a single task at one given time. Sohlberg and
Mateer [35] identified five levels of attention, which are
focused, sustained, selective, alternating, and divided
attention. Focused attention represents a person’s ability to
respond discretely to some stimulus. Sustained attention
occurs during a continuous, repetitive activity, and it rep-
resents a person’s ability to maintain response in a con-
sistent manner across the entire duration of the stimulus.
Upper in the hierarchy of attention levels, selective atten-
tion describes response behavior that is consistent in the
presence of distracting stimuli. Alternating attention rep-
resents a person’s cognitive flexibility to sequentially shift
the focus of attention between different tasks. The highest
level of attention describes the ability of a person to
respond simultaneously to different tasks of different
cognitive requirements, i.e., divided attention [35].

In this work, we are only interested in visual attention,
which is attention-triggered or demanded by the presence
of visual stimuli. Visual attention has been modeled by
cognitive psychologists with the spotlight and zoom-lens
models [11, 12]. The spotlight model [11] describes visual
attention in terms of focus (i.e., the region from which
information is extracted and processed at high resolution),
fringe (i.e., the low-resolution extraction of information at
the boundaries of the focus region), and margin (i.e., the
cutoff of the visual attention area). The zoom-lens model
was introduced by Eriksen [12] to update the spotlight
model by making it adaptable in size and thus to explain
the trade-off in the efficiency of processing visual infor-
mation, e.g., larger the focus, slower the processing will be.

Researchers have also modeled the ways in which the
human brain attends to stimuli and processes information
in what is known as bottom-up and top-down process-
ing [37]. For example, some stimuli attract attention sim-
ply because of their stringent nature (e.g., a quick motion
or a telephone ring captures a person’s attention instantly),
which makes our brain process information at a precon-
scious level. On the other hand, the top-down processing
model describes the act of individuals controlling their
attention toward the achievement of a specific goal.
Finally, attention can be overt, corresponding to the situ-
ation in which eye gaze attends to some fixed region in
space, but also covert, i.e., describing mental focus shifting
to other tasks without the eyes necessarily moving [27].
Overt attention is sequential by using eye saccades (e.g.,
ballistic movements) and fixations (e.g., the eye gaze stops
at some spatiotemporal stable area). People use overt
attention to explore complex visual scenes and to direct eye
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gaze toward interesting spatial locations. During the pro-
cess of overt visual attention, eyes produce fixations (which
are longer periods of time during which the eyes focus on
the same area), smooth pursuit movements (i.e., the eyes
follow smoothly moving targets), and saccades (i.e., bal-
listic eye movements that occur between two consecutive
fixations). In contrast, covert attention can process several
stimuli in parallel. Eye movements are also known to be
influenced by endogenous factors, such as the task at hand,
behavioral goals, and the motivational state, as well as by
exogenous factors, which are represented by the local and
global spatial properties of the visual scene. In general,
humans are known to be able to simultaneously attend to
7 4+ 2 stimuli at once [25].

2.3 Visual attention and television

Researchers have found that individual looks at the TV set
vary in duration and that people develop different watching
strategies to follow content displayed on TV. For example,
people may look at the TV set only at the right times, just
enough to be aware of what is happening, while being
engaged in some other activity, e.g., talking or working.
When investigating such phenomena, Geerts et al. [16]
found that the genre of television content correlates with
how much people talk during watching TV and that the plot
structure influences talking during social television
watching. For example, the authors reported that out of all
the eighteen genres they had investigated, people talked the
most and shared content with others during twelve genres
(67 % of all genre types): news, sport, soap opera, docu-
soap, reality show, talk show, comedy series, quizzes, film,
animation film, stand-up comedy, and music programs [16,
p- 77]. Such studies about people’s behaviors of attention
in the context of television watching reveal the importance
of top-down attention during the everyday TV watching
experience.

Researchers also found that most looks at television are
very short, e.g., 2 s, and can be described as mere glan-
ces [19]. Although surprising, these findings were
explained and characterized with the “hazard look” func-
tion that gives the probability that looks persisting a given
duration will terminate in the next half second. Once a look
begins, that look is likely to terminate in the first second,
with a hazard peak at 1-1.5 s. Hawkins et al. [19] inves-
tigated this phenomenon and identified several types of
looks, i.e., monitoring looks, which take less than 1.5 s,
orienting looks up to 5 s, engaged looks lasting between 6
and 15s, and staring looks, which occur after 15 s of
continuous watching. The average duration of a look
reported in the study of Hawkins et al. [19] was 7 s, but the
median was less than 2 s and only 15 % of all looks lasted
longer than 15 s (p. 163). The hazard function models the
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way looks gain more inertia as they last beyond the first
second and characterizes the probability of the viewer to
continue looking at television. Longer looks were
explained as greater cognitive engagement of viewers that
dedicated their continuous attention to the visual and audio
stimuli provided by television.

To characterize the visual attention behavior of viewers
during television watching, researchers have employed
eye-tracking devices that accurately follow and report
viewers’ eye gaze. For example, Kallenbach et al. [24]
found that text displayed on TV affects the patterns of
visual attention, memory, and cognitive workload more
than simple pictorial information does. Holmes et al. [20]
examined the visual attention of people watching TV in a
secondary screen scenario and reported that 30 % of the
attention was allocated to the tablet. In that study, the
secondary screen grabbed participants’ attention even
without expressly providing any update for its content.
Also, looks at the TV set were found to be shorter than
those reported in other research [19], i.e., looks lasted 2 s
in average, while most looks took between 1 and 5 s. These
results were explained by the authors by the fact that par-
ticipants were anticipating interactive content on the tablet
and, therefore, were checking its screen more frequently
with short eye gazes [20, p. 399]. In a multi-screen sports
study, Cummins et al. [9] found viewers’ visual attention
to vary function of screen size, game play (i.e., the action
displayed on screen), and repeated exposure. The authors
also reported that viewers had to adopt screen watching
strategies to cope with the amount of different pictures
displayed simultaneously by different screens.

Prior work has considered designs of interaction tech-
niques with television that would not distract viewers’
visual attention toward the controlling device itself. For
instance, Vatavu [42, 43] considered freehand and whole-
body gestures to control the functions of the TV set, which
were informed by the agreement analysis results of a ges-
ture elicitation study [48, 53]; Vatavu and Pentiuc [47]
proposed the interactive coffee table as a control device for
TV; Vatavu and Zaiti [49] examined low-effort finger and
hand gestures for controlling TV in the context of the lean-
back media consumption paradigm; Wagner et al. [50]
introduced the BodyScape design space for multi-surface
interaction, and Dezfuli et al. [10] proposed the PalmRC
prototype for eyes-free interaction with the TV set.

Rashid et al. [31] identified five factors that affect users’
visual attention patterns for multi-display user interfaces,
which are display contiguity, angular coverage, content
coordination, input directness, and input-display corre-
spondence. Display contiguity describes the spatial
arrangement of displays in terms of the visual field being
covered (i.e., displays appear contiguous, although they
may be separated by bezels or they may be positioned at

various distances from the viewer) and depth (i.e., displays
are located at the same distance from the observer, but not
necessarily adjacent). The angular coverage of a multi-
display system describes the size of the field of view from
the location of the observer; in this regard, Rashid
et al. [31] identified and discussed the panorama, field-
wide, and fovea-wide configurations. Content coordination
describes the relationship between content delivered on
different displays, such as content may be cloned, exten-
ded, or generally coordinated. Input directness and input-
display correspondence characterize the spatial separation
between the viewer and the display in terms of interacting
with content provided by the display. For example, input
can be direct (e.g., touch), indirect (remote display), or
hybrid. The taxonomy of multi-display environments
enabled by these factors allows practitioners to design
multi-display prototypes considering the visual attention
demands imposed on users [31].

3 Visual attention measures for multi-screen
television

By following closely the results of previous work in terms
of experimental findings and modeling of visual atten-
tion [9, 20, 24, 30, 31, 46], we defined a set of eight ob-
Jjective measures to characterize viewers’ visual attention
behavior in the context of multi-screen television watching.
All our measures can be computed from a sequence of
point-time coordinates of the viewer’s eye gaze, as deliv-
ered by any standard eye-gaze-tracking equipment:
{(xi,yi,t;) | i = 1...n}, where n represents the total num-
ber of points reported by the eye tracker during the mon-
itored time interval. For example, the FacelLab eye gaze
tracker that we employed for the experiments reported in
this work (see next section) records eye gaze data at a rate
of 60 Hz, resulting in approximatively n = 3600 data
points for 1 min of continuous recording. Our objective
measures for evaluating viewers’ visual attention in multi-
screen TV environments are:

1. Discovery time (DT) is defined as the amount of time
required for the viewer to make a pass over all TV
screens so that each individual screen is fixated
visually at least once (see Fig. 1 for a visual illustration
of this measure for a scenario involving four TV
screens). When computing the values of DT, we
consider that screen S has been fixated visually by the
viewer if at least one eye gaze point (x;, y;) falls within
the physical boundaries of screen S, i.e., within the
rectangular shape that defines the screen. We then
record the time stamp #; of the first point, in chrono-
logical order, that satisfies this constraint. DT is

@ Springer
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Fig. 1 Graphical illustration of the discovery time (DT) and
discovery sequence (DS) measures. Say the viewer looks at the four
screens in the following order: 1-4-2-3. This sequence represents the
value reported by the DS measure, while the time at which the viewer
looks at the last screen in this sequence represents the value of DT

versus the sequence of screens from 10 min later. The
factors that may affect the order of screens in this
sequence are the layout of the screens and the type of
content displayed on those screens.

Screen watching time (SWT) represents the percentage
of visual attention allocated to each screen S during the
monitored time interval:

(xi,yi) € S,i=1...n}|
n

SWT(S) = 1t [x 100 %] (3)
where (x;,y;) represent eye gaze points, and |l denotes
the cardinal of the set of points. For example, the SWT
distribution for a 4-screen layout may be uniform, with

computed as the maximum of all the minimum time
stamps t; for each screen S:

DT — mgx{ min (1 | (.3 € 5} (1)

DT represents the minimum time that is imperative for
the viewer to understand what is running on all the TV
screens in order to inform what program to watch. We
hypothesize that the discovery time is affected by
various factors, such as the number of screens (i.e.,
more screens, larger the amount of time needed to
visually fixate all), screens’ layout and their form
factors, and the type of content that is displayed on
those screens (e.g., more dynamic content on some
screens may attract viewers’ eye gaze more in the
detriment of other screens, resulting in larger discovery
times).

Discovery sequence (DS) is defined as the sequence of
screens that was traversed by the viewer’s eye gaze
during the discovery time (see Fig. 1). We represent
the values of this measure as the set:

DS = U {S] | t; <DTA (.Xi,y,‘) S S]} (2)
i=l..n
with the constraint that consecutive screens from this
sequence must be different. The discovery sequence
can be a permutation of all screens, e.g., 1-4-2-3 for
configurations of four screens (see Fig. 1), or it may
include the same screen more than once, e.g., 1-4—
1-2-3 (which is the case of a permutation with repe-
titions) if that screen attracts the viewer’s visual
attention again during the discovery time, before all
the other screens have been fixated visually. The dis-
covery sequence informs about viewers’ watching
patterns during the discovery interval, but it can also be
extended for other time intervals during television
watching. For example, different sequences may be
compared for different time intervals, such as the dis-
covery period versus the period following 1 min later
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approximatively 25 % of visual attention devoted to
each screen, but it may also be nonuniform if, for
example, some screens capture the viewer’s visual
attention more, e.g., 50, 20, 10, and 8 % (see Fig. 2).
SWT values may depend on the form factors, screen
layout, and the content displayed by the screens, e.g.,
larger the screen or more attractive its content, more
time will likely be devoted by viewers to consume that
content. Screen watching times can also be visualized
as heatmaps (see Fig. 3) that show localized concen-
trations of eye gaze for each screen and use colors to
encode fixation magnitudes. As opposed to heatmaps,
screen watching times deliver quick summary reports
of the elaborated eye gaze distribution data provided
by eye gaze heatmaps.

4. Transition count (TC) is defined as the number of eye

gaze transitions between consecutively fixated TV
screens that occurred during the monitored time
interval (Fig. 4). The transition count measure may
be affected by the number of screens, their arrange-
ment in space, as well as by the content displayed on
those screens. Larger TC values reflect more dis-
tributed attention that may be due to viewers’ follow-
ing more programs at the same time or to the fact that
visual attention is drawn by more screens simultane-
ously, which may impact negatively on viewers’

0% 50%

8%

*20%

Fig. 2 Graphical illustration of the screen watching time (SWT)
measure. In this example, the second screen has received 50 % of the
viewer’s visual attention during the monitored time interval, while the
third screen only 8 %. Screen watching times can be further detailed
using eye gaze heatmaps (see Fig. 3)
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Fig. 3 Screen watching times can be visualized in detail using eye
gaze heatmaps. In this figure, visual attention heatmaps are shown for
all the nine multi-screen TV layouts evaluated in the experiment

Tt
/

-

Fig. 4 Graphical illustration for the transition count (TC) and
transition speed (TS) definitions. In this example, the viewer’s eye
gaze moves from screen 1 to screens 2, 3, and so on, until it reaches
back to screen 1. The total number of transitions is TC = 7. Suppose
that the monitoring interval is 30 s, then the transition speed is
TS = 0.23 sec™

cognitive load and, consequently, on their television
watching experience. The value of the transition count
measure may also point to design flaws in the screen
layout. For example, if viewers transition frequently
between two screens located at the opposite sides of
the layout, then their eye gazes pass through other
screens that they do not necessarily intend to watch,
increasing therefore the value reported by the TC
measure.

5. Transition speed (TS) represents the average eye gaze
speed at which viewers perform transitions between
screens, defined as the ratio between TC and the
duration of the time interval for which this measure is
reported (Fig. 4):

_TC
~ Time

(4)

6. Eye gaze travel distance (EGTD) represents the total
distance traveled by the viewer’s eye gaze during the
monitored time interval expressed in the units reported
by the eye-tracking equipment, such as pixels. Differ-
ent EGTD values may reflect different visual attention
patterns for viewers, different preferences for some

FalE

O i

210
O S

Low s High
Visual attention

reported in this paper (see next section). Warmer colors (e.g., orange
and red) denote more eye gaze looks at those regions

screens over time, and they may also correlate with
cognitive load and watching fatigue. Note that real-
world distance units, such as centimeters should be
used when reporting EGTD values for screens with
different pixel pitch densities. In this work, we
compute EGTD values from the (x;,y;) eye gaze point
coordinates returned by the eye tracker, as follows:

n

EGTD = Z ((x,- —xi 1) 4 (i — yi—l)z) . (5)

i=2

where (x;_1,y;—1) and (x;, y;) represent consecutive eye
gaze points in time.

7. Eye gaze travel speed (EGTS) represents the average

speed of the viewer’s eye gaze, while it traveled
between screens during the monitored time interval.
We compute EGTS as the ratio between the distance
traveled by the eye gaze (EGTD) and the elapsed time:

EGTD
Time (6)

EGTS =

8. Switch time (ST) is defined as the percentage of time
during which the viewer’s eye gaze travels between
screens (see Fig. 5):

|
2

Fig. 5 Graphical illustration for the switch time (ST) measure. In this
example, the viewer’s eye gaze moves from screen 1 to screens 2, 3,
and so on, until it reaches back to screen 1. While the eye gaze moves
between screens, it also falls outside the screens for short periods of
time (see the dotted lines in the figure). In this example, ST = 12 %
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[{(xiyi) | AS so that (x;,yi) € S}

ST =

[x100 %]
(7)

Switch time can also be defined in conjunction with the
screen watching times measure by subtracting from
100 % the percentage of time spent by viewers looking
at each screen:

ST=1- SWT(S) |[x100 %] (8)
S

Large switch time values may point out flaws in the
screen layout design, e.g., larger the ST value, further
apart the screens are located one from the other in that
particular layout.

We introduce the above measures to characterize
viewers’ television watching behavior in multi-screen TV
environments in more nuanced ways, not easily accessible
with generic eye gaze heatmaps and scan paths, and not
available until now in the literature of the domain. For
example, heatmaps (such as those shown in Fig. 3) are
generally used to describe the spatial distribution of eye
gaze, which is useful for investigating specific elements
that attract viewers’ attention within the same screen.
However, our SWT measure reflects viewers’ allocated
watching time for the entire screen with one single value
integrating the spatially distributed data of the heatmap,
while TC and ST characterize attention switch between
screens. Also, DT and DS are computed on top of the scan
path to reflect viewers’ specific behaviors occurring at
specific moments, e.g., during the discovery of TV content
to inform what to watch. Our measures are also flexible in
terms of the units of measurement, a choice that we ulti-
mately leave to the practitioner to make. For example,
EGTD may be expressed in screen coordinates, such as
pixels, or using real-world distance units, such as cen-
timeters or inches. SWT and ST (and also PSWT, see next)
are expressed in this work using percentages that normalize
these measures with respect to the entire duration of the
monitored time interval of the experiment. However, they
could also be expressed using actual time units, e.g., sec-
onds or minutes, should the practitioners employing them
would actually need precise timing values of their viewers’
television watching behaviors.

In the following, we define four subjective measures to
characterize the perceived experience of viewers in terms
of their distribution of visual attention in multi-screen TV
environments:

9. Perceived screen watching time (PSWT) is defined as
the percentage of the visual attention devoted to each
screen during the monitored interval, as it was
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perceived by viewers themselves. We show later in
the paper how subjective PSWT correlates with
objective SWT computed from actual eye-gaze-
tracking data.

10.  Perceived comfort (PC) is a subjective assessment of
how comfortable the TV layout was for the viewer to
watch. PC is measured on a 5-point Likert scale with
values from 1 to 5 denoting very uncomfortable,
uncomfortable, neutral, comfortable, and very com-
fortable perceptions.

11. Maximum number of TV screens (Max-TV) is a
subjective assessment denoting how many TV
screens could be followed comfortably by the viewer
at the same time.

12.  Content understandability (CU) represents the
capacity of the viewer to understand content deliv-
ered by multiple screens. CU is assessed by asking
viewers questions about the content they watched
and is measured as the percentage of correct
answers. For example, in our experiment described
in the next section, we asked one question of
moderate difficulty for each TV screen in each
layout.

4 Experiment

We conducted an experiment to exemplify how our set of
measures can be applied in practice to study the effects that
content displayed on multiple TV screens under various
layouts have on viewers’ distributions of visual attention. It
is the main goal of this work to introduce new measures for
characterizing viewers’ visual attention patterns in the
context of the interactive TV, which we want to demon-
strate with a practical study. First, we inform the design of
our experiment by running a preliminary study to under-
stand a rough upper limit for the number of simultaneous
TV screens (more than two) that could be followed at the
same time. Next, we present an elaborate experiment
design with multiple TV screens arranged in various
layouts.

4.1 Preliminary study

Previous work showed that the number of screens, their
form factors, and displayed content affect viewers’ visual
attention patterns in multi-display environments [9, 20,
24, 30, 31]. Therefore, we ran a preliminary experiment
to inform on the upper limit of the number of TV screens
that can be followed comfortably at the same time by
viewers. Four participants were presented with five TV
screen layouts composed of 2, 4, 6, 9, and 12 screens of
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equal size arranged in tiled configurations of 1 x 2,
2 x2,2x 3,3 x3,and 3 x 4 screens (see Fig. 6). Our
choice for these layouts was inspired by previous work,
such as Bi et al. [4] that used tiled screens (1 x 1,2 x 2,
and 3 x 3) to evaluate users’ performance during various
interaction tasks. To prevent participants from visually
privileging some screens over the others, all the screens
displayed nonoverlapping sequences extracted from the
same movie scene with sound turned off. All video
sequences had 1 min in length. Each participant watched
the movies individually (there was no social TV
watching).

We found participants generally looking in the center
of the tiled layouts as they tried to cover most of the
information within their visual field (see Fig. 7 for visual
attention heatmaps computed for the 3 x 3 tiled layout).
While the eye repartition remained well distributed in the
case of two and four screens, we observed that the
central screens took more importance and peripheral
screens tended to be ignored for layouts with more than
four screens, which confirms the spotlight model of
Eriksen and Hoffman [11] for our specific screen layouts
and television watching scenario. Also, our participants
witnessed that more than 2-3 screens was too much to
follow, because they were trying to make sense of the
various sequences of the same movie, i.e., trying to put
the pieces together. However, participants showed inter-
est in watching multiple screens that would convey
complementary information to a single, main screen.
Therefore, findings at this stage revealed that the concept
of a primary screen with an easily identifiable form
factor (i.e., larger than all the other screens, for example)
is important for viewers to easily understand the screen
layout. These preliminary findings informed the design
of our full experiment, for which we investigated in
detail screen layouts composed of two, three, and four
TV screens (see next).
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Fig. 6 Five tiled configurations of increasing complexity that we
employed during a preliminary experiment to inform on the upper
limit for the number of TV screens that can be comfortably followed
by viewers at the same time

4.2 Participants

Ten volunteers (one female) participated in the experiment.
Mean age was 27.9 years (sp = 3.7 years). Although a
small sample, the number of participants is more than
enough to collect useful data and demonstrate how to apply
our measures to reveal findings about visual attention; also,
our sample size is consistent with other experiments con-
ducted for visual attention and television [2, 24]. Our
participants’ self-reported daily average time for watching
television was 1.5 h (sp = 2.1 h). All participants had
normal or corrected to normal vision.

4.3 Apparatus

TV screens were part of a large image (1.30 x 0.87 m) that
was projected on a wall with a standard video projector
(24.5 dpi). We adopted such a technical solution to
implement our multi-screen setup due to its feasibility and
practicality to easily configure arbitrary layouts of TV
screens of various sizes and at various locations on a wall.
The practical aspect of such a solution for rapid prototyp-
ing of multi-screen interactive TV systems and for running
iTV experiments has been documented by Vatavu and
Mancas [45] and implemented for multi-screen TV sys-
tems [41, 44]. Participants sat in a comfortable chair at a
distance of 2.30 m from the projection. Given the fact that
the projected screens did not fill the entire projected image,
the maximum visual angle was 25° on the horizontal axis.
The background of the projection was black, which gave
participants the impression of multiple TV screens at the
same depth on the same wall. Following the taxonomy of
Rashid et al. [31], our screen layout possesses depth con-
tiguity (i.e., all screens are at equal distance from the
observer) and visual field discontinuity (i.e., screens are
located in the same vertical plane, but spatially separated,
which makes them appear as distinct displays instead of
one visually contiguous screen). The movies displayed by
each screen lasted 1 min each and were prepared in
advance. The audio was turned off for all videos to isolate
the effects of the visual information on attention. The
FaceLab eye-tracking device' was employed during the
experiment by following the practices of the visual atten-
tion community [15, 33] and those of previous experiment
designs investigating visual attention for television
watching [9, 20, 24].

! The FaceLab system is a head-free eye tracker, http:/www.
seeingmachines.com/product/facelab/. We calibrated the tracker with
a 9-dot grid and used it to record eye gaze at a rate of 60 Hz.
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Fig. 7 Eye gaze heatmaps for
the 3 x 3 tiled layout used in
our preliminary experiment.
Note how the center and upper
screens attracted more of the
participants’ visual attention

4.4 Design

The experiment was a within-participants design with two
independent factors:

1. TV-Count, the number of distinct TV screens, with
three values: 2, 3, and 4 screens, as informed by our
preliminary study.

2. Layourt, representing the spatial arrangement of the
TV screens and their sizes. For this factor, we designed
three distinct conditions: TILED, PRIMARY, and ARBI-
TRARY (see Fig. 8). In the TiED condition, all the
screens have equal size and are arranged in a tiled,
compact order. For PRiMARY, one screen acts as the
main screen and is larger than all the rest, equally sized
satellite screens. The ARBITRARY condition shows the
screens in arbitrary sizes with random nonoverlapping
locations.

We generated the TV layouts so that the total display
area covered by constituent screens would be approxi-
mately the same for each layout, i.e., the size of the screens
was larger for layouts with fewer screens. During the
preliminary experiment, we displayed video sequences that
were cut from the same movie scene. At that point, we
adopted such an approach in order not to bias the visual
attention of our participants to only some, presumably
more captivating screens. However, we found that people
were trying to put the individual movie pieces together in
order to understand the full story, generating therefore a
different visual attention pattern from what one would
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normally expect for general television watching. For the
full experiment, all the TV screens displayed different
content. However, we verified the content a priori by
running a motion detector (employing frame-to-frame dif-
ference) to make sure that the motion level was roughly the
same across all the screens of the same layout (the average
motion level was 33 %, SD = 7 %).

4.5 Task

Participants were asked to watch prerecorded movies for
each combination of TV-Count and rAyouT conditions
resulting in a total number of nine experimental trials per
participant and 9 min of watching TV (1 min per condi-
tion). Each participant watched the movies individually to
eliminate any effect of social watching on visual attention.
Participants were asked to watch the movies as if they were
watching their TV set at home, and were told they had to
answer a questionnaire after each trial in order to ensure a
minimal level of attention. The order of the experimental
conditions was randomized across participants. After each
trial, participants were administered NASA TLX tests
using a computer version available online® to collect
workload subjective ratings and they were handed ques-
tionnaires to evaluate their understanding of the content
they had just watched. At the end of the experiment, par-
ticipants filled a final questionnaire in which they reported

2 http://humansystems.arc.nasa.gov/groups/tlx/.
3 http://www keithv.com/software/nasatlx/.
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Fig. 8 Screen layouts for the TiLED (a), PRiMARY (b), and ARBITRARY
(¢) conditions with 2, 3, and 4 screens

the perceived comfortability (PC) of watching each layout.
Participants were also asked to specify the maximum
number of TV screens they would feel comfortable
watching at the same time (Max-TV), and to suggest their
preferred layouts for 2, 3, and 4 screens by drawing them
on paper.

4.6 Hypotheses

We formulated the following hypotheses about viewers’
distributions of visual attention in multi-screen TV sce-
narios to be verified in our experiment using our set of
measures:

Hypothesis A Layouts with more screens will result in
more user activity in terms of visual attention charac-
terized by longer discovery times, more transitions,
larger eye gaze travel distances, and longer switch times.
Hypothesis B Layout type will affect user activity in
terms of visual attention characterized with the number
of transitions between screens and the total distance
traveled by viewers’ eye gaze.

Hypothesis C Larger screens will receive more visual
attention captured with screen watching times.
Hypothesis D There will be more transitions between
screens during the discovery time than afterward, i.e.,
the discovery time acts as an accommodation period,
during which viewers decide what to watch.
Hypothesis E More screens will result in higher
cognitive load and lower perceived comfortability for
viewers.

Hypothesis F Layout type will affect cognitive load and
perceived comfortability of watching multi-screen tele-
vision, e.g., some layouts may be more pleasant to look
at with the effect of lowering cognitive effort as well.
Hypothesis G More screens and, implicitly, more
content will result in lower rates of content understand-
ability, e.g., there are more things to follow and

remember when more screens are available, but the
short-term memory is nonetheless limited.

5 Results #1: Distribution of visual attention
for multi-screen TV

5.1 Content discovery time

We found that our participants systematically attempted to
discover content on each screen before committing to one
screen to watch. In general, this process can be very fast as
a single eye fixation is usually enough to roughly under-
stand the topic being watched [29]. Discovery time values
varied between 0.1 and 15.5 s for all our layout conditions
with a mean time of 2.4 s (sp = 0.3). We found a signifi-
cant effect of TV-Count on discovery time
(}(2(2) = 43.400, p < .001), showing that more time was
needed by our participants to visually fixate more screens.
For example, DT average values increased from 0.8 s for
two screens up to 4.5 s for four screens (see Fig. 9). A
second-degree polynomial showed a perfect fit with
observed data (R*> = 1.0), suggesting that discovery time
relates to the number of screens in a quadratic manner:

DT = 0.70 x TV-Count? — 0.97 x TV-Count + 1.10
9)

These results confirm Hypothesis A, according to which
layouts with more screens will result in more user activity
in terms of visual attention allocated to those screens,
attention that we report from the perspective of the time
needed to understand content displayed on all screens. We
did not detect any significant effect of LAyouT on discovery
time (y*(2) = 2.867, n.s. at p = .01).

5.2 Discovery sequences

The discovery sequence informs about the order in which
individual screens are attended visually during the dis-
covery time. For two screens, there are only two possible
sequences, i.e., 1-2 and 2—1, and we found our participants
preferring the former for all layouts, with preference counts
of 8 out of 10 for the TiLeD layout, 10/10 for PRiMaRY, and
9/10 for ArBiTRARY (For convenience, screen numbers are
shown in Fig. 8 for each layout.). For three screens, there
are 3! = 6 possible sequences, out of which the permuta-
tion 2-3—1 occurred the most for TiLED (5 out of 10), 2—1-3
for PriMARY (7/10), and no majority preference could be
identified for ARBITRARY. For four screens, there are
4! = 24 possible sequences, out of which 1-2-4-3 occur-
red the most for TiLED (4/10), 2—1-3—4 for PRiMARY (4/10),
and again, there was no majority preference for ARBITRARY,
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Fig. 9 Average discovery times (in seconds) necessary for our
participants to visually fixate all screens for all our TV-Count x
Layvout experimental conditions. Note how discovery times increase
with the number of screens (left), but remain roughly the same across
different layout types (right). Note error bars show 95 % CI

for which eight different sequences were observed among
the ten trials. These results show that viewers discover
screens in order from left to right for 2-screen scenarios
(i.e., the sequence 1-2); viewers are first attracted by the
middle screen when three screens are present (sequences
2-3—1 and 2-1-3); and viewers follow a counterclockwise
pattern (e.g., 1-2—4-3) in the absence of a primary screen
to attract attention first (e.g., 2—1-3—4 for PrRiMARY).

The discovery sequence points out the impact of the
layout on attention. For example, a left-to-right model was
adopted by our participants for screens of equal size, which
corresponds to the reading order in Western culture (which
was the case for our study). For the PrimarY layouts,
content discovery starts from the larger screen despite that
it was not the leftmost screen. This finding shows that our
participants immediately identified the largest screen as the
main or primary one. The anticlockwise pattern is also
interesting as it builds on the left-to-right model, but also
exploits the shortest distance between screens. Conse-
quently, it may represent an instance of the Z-shaped pat-
tern observed during reading [32], but specific for multi-
screen TV.

5.3 Distribution of screen watching time

The distribution of our participants’ visual attention
between screens is illustrated in Fig. 10 using color codes,
with darker colors denoting more visual attention, i.e.,
more eye gaze points falling within the boundaries of those
screens. We found significant differences between the
Tiep and PriMARY layouts with three and four screens,
while only the ARBITRARY layout had a significant effect on
SWT for two screens (p < .01). We also found that screen
watching time is related to the size of the screen, i.e., the
large screen in all the PriMARY conditions received more
visual attention (see Fig. 10), a result that confirms our
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Fig. 10 Screen watching times, shown in percentages, for all the TV-
Count x Layour conditions. Note: screen watching times do not
always add to 100 % because there is some time lost while switching
attention between screens, which is captured by our switch time
measure (see next)

expectation from Hypothesis C. Our observations also
revealed that screen watching time is also related with the
type of content being displayed, as we found out by asking
participants, e.g., participants’ visual attention was attrac-
ted more to the right screen of the 2-ARBITRARY condition
that displayed a bicycle race rather to the first screen
showing a news broadcast, resulting in 68 and 31 % levels
of attention, respectively.

SWT can be further visualized as heatmaps (see Fig. 3
for eye gaze heatmaps for all our nine layouts) that use
color codes to describe eye gaze density spatially along the
screen. For layouts with screens with equal size, the eye
gaze density reflects the SWT values exactly, e.g., low
color density for the first screen, larger for the central, and
moderate for the third in the 3-TiLED condition (see both
Figs. 3 and 10). However, the gaze density color of the
largest screen has lower maximum in the PrRiMARY condi-
tion, because gaze is distributed across a larger area, i.e.,
larger coverage.

5.4 Transition count and speed

The number of eye gaze transitions between screens varied
from 11 to 200 for all our screen layouts during the mon-
itoring interval of 1 min, with a mean value of 64.8 tran-
sitions (sp = 28.9) (see Fig. 11). We found significant
effects for both TV-Counr (%(2) = 41.667 p < .001) and
Layout (x2(2) = 10.237, p < .001 with no significant dif-
ference between the TiLED and PrimARY conditions for
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Fig. 11 Average transition count and speed values for each TV-
CounT and LAYouT experimental conditions. Note the increase in both
transition time and speed for layouts with more screens. Note error
bars show 95 % CI

Layout). We also found a significant increase in eye gaze
speed with more screens (X2(2) =41.667, p < .001), as
well as a significant effect of LAyouT on transition speed
(¥*(2) = 10.067, p <.01). Figure 11, left reveals an
expected yet strong positive correlation (R*> = 1.0) between
TV-Count and TC: more screens determine more transi-
tions during the first minute of television watching:

TC = 20.5 x TV-Count + 23.9 (10)

These results confirm the expectation of Hypothesis A that
layouts with more screens result in more visual attention
allocated to those screens, which is measured here from the
perspective of the number of transitions performed by
viewers’ eye gaze between screens. Results also confirm
Hypothesis B, according to which layout type affects
viewers’ visual activity, measured here in terms of the
transition count measure.

We also found that the ARBITRARY layout led to signifi-
cantly less transitions. This result may be explained by the
fact that looking in the center of ARBITRARY layouts covers
most of the screens that are close to this centered point of
focus. Consequently, there is less need for the eye gaze to
actually transition to other screens, as the peripheral
information is already available to viewers’ visual attention
and is being accordingly processed, as explained by the
zoom-lens model [12].

5.5 Eye gaze travel distance and speed

During the 1 min of each experimental trial, participants’
eye gaze traveled on average 39.7 m (see Fig. 12, left) at
an average speed of 0.63 m/s (Fig. 12, right). Interestingly,
we did not detect any significant effect of the number of
TV screens on EGTD (¢*(2) = 1.667, n.s. at p = .01). This
result partially invalidates Hypothesis A from the per-
spective of the EGTD measure, although significant more
visual attention was detected by other measures. However,
we found a significant effect of ravour on EGTD
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Fig. 12 Average eye gaze travel distances and speeds for each TV-
Count and Layout experimental conditions. Note error bars show
95 % CI

(¥*(2) = 8.867, p = .01), which confirms Hypothesis B,
according to which layout influences viewers’ distribution
of visual attention. Similar results were found for the eye
gaze travel speed measure: no significant effect of TV-
Count on EGTS (3*(2) = 2.467, n.s.), and a significant
effect of Layout on EGTS (}*(2) = 9.800, p < .011). Post
hoc Wilcoxon tests (corrected at p = .05/3 = .017)
revealed significant differences only between the PRIMARY
and ARBITRARY layouts, but not between the other two
layout pairs. Participants seemed to have traveled roughly
the same distance in terms of eye gaze for both TiLEp and
PriMaARY, but the large screen of the PriMarY condition led
to larger eye gaze travel distances to reach the secondary
screens when compared to the ARBITRARY layout.

5.6 Switch time

Switch time is the time required for eye gaze to travel
between screens and is expressed as percentage of the total
duration of the monitoring time interval. Overall, we found
ST to vary up to 29 % of the total monitored time with an
average of 2.5 % (sp = 5 %). We found a significant effect
of TV-Count on ST (7*(2) = 8.824, p = .01) with post
hoc tests showing significant differences only between two
and four screens (see Fig. 13). These results confirm the
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Fig. 13 Average time to switch eye gaze between screens, reported
as percentage for all TV-Count and LAYoUuT experimental conditions.
Note error bars show 95 % CI
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Table 1 The Pearson
correlation coefficients between

our objective measures
(N =90)

Measure Measure Pearson’s r
Transition speed (TS) Eye gaze travel distance (EGTD) .650%*
Transition speed (TS) Eye gaze travel speed (EGTS) .646%*
Transition count (TC) Eye gaze travel distance (EGTD) .641%*
Transition count (TC) Eye gaze travel speed (EGTS) .636%*
Switch time (ST) Eye gaze travel speed (EGTS) 410%*
Switch time (ST) Eye gaze travel distance (EGTD) 406%*
Discovery time (DT) Switch time (ST) .349%*

Only correlations with coefficient values greater than .315 are shown in this table (i.e., at least 10 % shared
variance between the corresponding measures); correlations are presented in descending order of their

Pearson’s r values

** Correlations are significant at the p = .01 level

expectation of Hypothesis A that layouts with more screens
will result in more user activity in terms of visual attention
allocated to those screens, which is measured here from the
perspective of the time needed to switch visual attention
between different screens. We did not detect any significant
effect of Layour on switch time (3%(2) = 2.867, n.s. at
p = .01). Overall, this measure revealed that 4-screen
layouts are less efficient in terms of actually fixating TV
content, as they unnecessarily consume eye gaze for tran-
sitions between screens.

5.7 Correlations between visual attention measures

It is important to understand how our measures are corre-
lated in order to evaluate their capacity to reflect and
characterize different aspects of viewers’ distributions of
visual attention. Table 1 lists the values of Pearson’s
r correlation coefficients computed for our measures,* for
which the magnitude of the correlation was at least .315
large (i.e., the corresponding measures share at least 10 %
of their variance). We found high positive correlations
between transition count (TC) and eye gaze travel distance
(EGTD) (r = .641), as well as between transition speed
(TS) and eye gaze travel speed (EGTS) (r = .640), sig-
nificant at p = .01. These results are intuitive, confirming
the fact that the more viewers transition between screens,
the more their eye gaze travel distance will increase.
Overall, transition and eye gaze travel measures share
40 % of their variance. However, these measures reflect
different aspects of the interaction, i.e., how many times
viewers switch screens versus how much their eye gaze
travels both between and within screens. We also found
high correlations between switch time (ST) and the two
Eye Gaze Travel measures (r = .410 with gaze speed and
r = .406 with gaze distance, p = .01), showing that the

4 Except for the screen watching time and discovery sequence
measures, which return more than one value and, consequently,
cannot be included in this analysis.
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more eye gaze travels, the longer the switch time will also
be (the shared variance between these measures is
approximately 20 %). Finally, we found that discovery
time (DT) correlated significantly and positively with
switch time (r = .349, p = .01), suggesting a connection
between the amount of time viewers take to understand
content initially and the total time they spend afterward
switching between content on the various screens of the
layout; however, the shared variance between the two
measures is small (12 % only).

Note that we do not show in Table 1 correlations
between transition count and Speed (TC and TS), nor
between eye gaze travel distance and speed (EGTD and
EGTS), because they are .999 (i.e., perfect correlation), as
we computed our speed measures by dividing transition
count and travel distance by the duration of the time
interval. However, speed measures are useful to comple-
ment the distance measures they were derived from by
offering a different perspective for reporting results that are
normalized across the time duration of the monitored
intervals.

We also note that these correlation results are valid
when the content of each screen remains the same over
time (i.e., the same show) as in our experiment. Should that
be the case, the discovery time is used by viewers to build a
model of the kind of content broadcasted by each screen.
The time-spent modeling helps viewers to be more efficient
afterward in terms of distributing their visual attention
across the entire layout of multiple TV screens. Should the
composition of screen content type change (e.g., a new
show starts on one of the screens), a new discovery period
will probably be needed again for viewers to update their
model about the content displayed by that screen.
According to the classification of television looks reported
in Hawkins et al. [19], the discovery period would consist
mostly of monitoring looks (i.e., looks that last up to 1.5 s)
and, possibly, yet less likely, of orienting looks (i.e., looks
that last beyond 1.5 s and up to 5 s).
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Fig. 14 Evolution of viewers’ distributions of visual attention over multiple consecutive 10-s time intervals for three layouts: 2- ARBITRARY (fop),

3-PrRIMARY (middle), and 4-TiLED (bottom)

6 Results #2: Distribution of viewers’ visual
attention over time

The previous section investigated viewers’ distributions of
visual attention from the perspective of their average per-
formance during the entire monitored time interval. In this
section, we break down our previous analysis by looking at
how visual attention unfolds over time. For example,
Fig. 14 shows an overview of viewers’ average distribu-
tions of visual attention represented as eye gaze heatmaps
computed for consecutive time intervals. As mentioned
previously in the paper, heatmaps show the spatial distri-
bution of eye gaze and, consequently, are able to reflect an
overall trend, e.g., our participants seemed to have looked
more at the primary screen of the 3-PriMARY condition (see
Fig. 14, middle) for the first 30 s of the experiment, after
which their attention was drawn more to the two smaller
screens located around the primary display. However, eye
gaze heatmaps are less informative when it comes to ana-
lyze quantitatively the various aspects of viewers’ visual
behaviors, such as those captured by our set of measures. In
this section, we look at how the values reported by our
measures change over time and we draw conclusions about
viewers’ visual attention from the time distribution of our
measures. In the following, we report data for transition
count, eye gaze travel distance, and switch time that we
select as representative measures from our set and for
which we compute their values for time intervals of 10 s
long. Since each experimental trial took 60 s to complete,
we report and work with six distinct values for each
measure.

We found that the number of eye gaze transitions
between screens remained relatively constant for each 10-s
time interval under both TV-Count and LAaYouT factors (see
Fig. 15). However, we detected a significant effect of the
time interval on TC (3%(5) = 44.330, p < .001), but post
hoc Wilcoxon signed-rank tests between consecutive
intervals showed that only the first interval was signifi-
cantly different from the second (at p = .05/5 = .01). In
average, our participants performed more eye gaze transi-
tions during the first 10 s of watching (TC = 13.8), after
which TC became relatively stable at approximately one
transition per second. This result confirms our expectation
set out in Hypothesis D, according to which the discovery
time will generate more transitions than the other subin-
tervals, because it is during that period that viewers decide
what is interesting to watch.

We found a significant effect of time interval on the
distance traveled by viewers’ eye gaze (1*(5) = 40.590,
p < .001) (see Fig. 16). Paired post hoc comparisons
(conducted with the Wilcoxon signed-rank test, Bonferroni
corrected at p = .05/5 = .01) showed significant differ-
ences between the first and second intervals only
(Z = —4.364, p < .01). During the first 10 s, eye gaze
traveled in averaged 7.5 m, after which it became relatively
stable at 5.9 m.

We also found a significant effect of time interval on the
time consumed for switching attention between screens
(4*(5) = 36.287, p < .001) (see Fig. 17). Post hoc Wil-
coxon signed-rank tests (Bonferroni corrected at p = .05/
5 = .01) only showed a significant difference between the
first and the second intervals (Z = —5.143, p < .01). After
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experimental conditions

the first 10 s, for which the switch time was 3.8 %,
switching screens lowered to 2.3 %.

These results are in agreement with the findings reported
in the previous section. Viewers tend to build a model of
the content displayed on each screen during the discovery
period, which is characterized by longer times for screen
switching, longer eye gaze travel distances, and more
transitions between screens. This sort of scene modeling is
performed during the first few seconds. After that, viewers
are more efficient in terms of distributing their visual
attention, which we observed with a decrease in the aver-
age values of our reported measures. Some variation still
remains, but we suspect it is related to changes in content
on some of the screens.

7 Results #3: Viewers’ cognitive load
during multi-screen television
7.1 Cognitive load

After each trial, participants were administered NASA
TLX tests to collect their subjective ratings of perceived

@ Springer

workload on a scale from 1 (low) to 100 (high workload).
We found that the TLX value increased with the number
of TV screens from 28.4 for two screens to 39.9 and 50.7
for three and four screens, respectively (see Fig. 18, left).
More TV screens were perceived more difficult to follow,
as shown by a Friedman test (3%(2) = 27.214, p < .001).
Post hoc Wilcoxon signed-rank tests revealed significant
differences (at p = .05/2 = .025) between two and three,
and three and four screens, with medium-to-large effect
sizes (r= .42 and r = .50, respectively). Significant
effects of TV-Count were found for each dimension of
the NASA TLX test (Fig. 18, right). These results confirm
Hypothesis E, according to which we expected more
screens to increase the workload perceived by viewers.
We did not detect any significant effect of Layour on the
perceived task load measured by TLX (3*(2) = 4.206,
n.s. at p=.01), nor on any of the six dimensions
employed by the NASA TLX test. These results invali-
date Hypothesis F in which we proposed that some layout
presentations may look visually pleasing to viewers and,
therefore, result in lower perceived work load. However,
that was not the case with our participants and TV
layouts.
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(right) to measure workload in the range [0, 100] corresponding to the

7.2 Perceived comfortability

At the end of the experiment, we asked participants to rate
the perceived comfort (PC) of watching each screen layout
on a 5-point Likert scale. They were also asked to specify
the maximum number of screens they felt could be watched
comfortably at the same time (Max-TV). The median PC
rating over all trials was 2.5, in between “uncomfortable”
and “neutral” (Fig. 19a). Maximum comfortability was
perceived for layouts with two screens (4, “comfortable”),
while perceived comfortability was 2 (“uncomfortable’)
for layouts with more than two screens. We found a sig-
nificant effect of TV-Count on PC (7%(2) = 39.244,
p < .001) that was further confirmed by post hoc Wilcoxon

Layou

Layou Layou

subjective perceptions of Low/High (e.g., high mental demand, low
physical effort) and Poor/Good for performance. Error bars show
95 % CI

signed-rank tests (corrected at p = .05/3 = .017) for
paired TV-Count conditions (2,3) and (2,4) with large
effect sizes (r = .51 and r = .57, respectively). These
results confirm Hypothesis E, according to which more
screens would negatively affect perceived comfortability.
However, no significant effect was detected between three
and four screens, which suggests that the perceived com-
fortability may drop to a stable low level beyond three or
four screens. We also found a significant effect of LAyour
on PC (x*(2) =23.275, p <.001). Post hoc Wilcoxon
signed-rank tests revealed significant differences (at
p =.05/3 = .017) between PrRIMARY and ARBITRARY
(r = .44), and Tiep and ARBITRARY (r = .47), but not
between PriMARY and TiLED. These results make plausible
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Hypothesis F (despite that perceived cognitive load was not
affected by Layour, see the previous section) and suggest
that esthetic screen layouts could potentially be designed to
compensate for the negative effects that more screens
impose on work load.

The median value of Max-TV was two screens (Fig. 19b).
We found a significant effect of TV-Count on Max-TV
(¥*(2) = 13.565, p <.001), no significant
between two and three screens, but significant differences
between the pairs (3,4) and (2,4) with effect sizes r = .36 and
r = .40, respectively. We did not detect any significant
effect of Layour on Max-TV (3*(2) =5.261, n.s. at

p = .0l).

difference

8 Results #4: Viewers’ capacity to understand
content and the perceived screen watching time

8.1 Content understandability

After each trial, participants were administered multiple-
choice questions regarding the content displayed on each
screen, with one question per screen. Each question had
four possible choices with only one being correct. The last
choice was always “I don’t know the answer”. We counted
the number of correct answers as well as the number of
“don’t know” answers. We found that participants were
able to remember content with an average accuracy of
75.2 %, while the percentage of “don’t know” answers
was 16.3 % (Fig. 20). We found no significant effects of
TV-Count or LAYOUT on the mean number of correct
answers (*(2) = 4.000 and »?(2) = 0.970, respectively,
n.s. at p = .01), but we found a marginally significant
effect of TV-Count on the number of “don’t know”
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Fig. 20 Participants’ understandability of content measured as the
accuracy of their answers (a) and the percentage of the time
participants did not remember content (b)

answers (y*(2) = 6.645, p = .036). These results invali-
date Hypothesis G, according to which we anticipated that
more screens would result in fewer correct answers about
content. Instead, it seems that four screens are not too many
for viewers to lose track of what they watch. Note that the
hypothesis might hold true for more than four screens (as
suggested by our marginally significant effect on “don’t
know” answers) but, for the moment, we leave more
detailed explorations for future work.

8.2 Perceived watching time

After each trial, participants estimated in percentages how
much they thought they watched each screen. When we
correlated their answers with ground truth screen watching
time computed from the eye tracker equipment, we found
an overall Pearson’s correlation coefficient of r = .763,
significant at p = .01. This result shows a surprisingly
good capacity of our participants to estimate what they
were actually watching and for how long. Correlation
coefficients computed for each experimental condition are
shown in Table 2, with a maximum of r = .892 for the
2-ARBITRARY layout. These high correlations suggest that
the PSWT measure could be used to evaluate viewers’
multi-screen television watching experience reliably, even
in the absence of an eye-gaze-tracking device.

9 Toolkit for visual attention measures

We release our set of measures in the form of a software
update for the Visual Attention Toolkit for TV (VATic-TV,
see Fig. 21 for a snapshot) originally introduced by Vatavu
and Mancas [46], which has now reached version v2 with
the new measures from this work. We make the toolkit
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Table 2 Pearson’s correlation coefficients (N = 40) computed
between objective screen watching time (SWT) and subjective per-
ceived screen watching time (PSWT)

Condition Pearson’s
(TV-Count x Layour) r
2-Tiled .848%*
2-Primary 155%%*
2-Arbitrary .892%*
3-Tiled .676%*
3-Primary 519%*
3-Arbitrary n.s.
4-Tiled .819%*
4-Primary 127**
4-Arbitrary .686%*

** Correlations are significant at p = .01
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Fig. 21 Snapshot of VATic-TV, the Visual Attention Toolkit for TV,
originally introduced by Vatavu and Mancas [46], which has reached
version v2 in this work. The toolkit computes the set of eight
objective measures for evaluating visual attention from eye gaze text
data files

available to the community as open-source software com-
panion to this paper contribution. VATic-TV v2 can be
downloaded for free from the web page http://www.eed.
usv.ro/ ~vatavu. VATic-TV v2 computes our set of eight
objective measures from eye gaze data encoded as . txt
files and reports results in the . csv format, ready to be used
by researchers and practitioners for their own data reporting
and analysis. We also release all the data files that were
collected and used in this study, i.e., the nine movies of the
experiment and the ten eye gaze data logs, which constitute
into a multi-screen eye gaze dataset to allow easy replica-
tion of our results and encourage further investigation of
visual attention phenomena for multi-screen television
scenarios and applications in the community.

10 Conclusion
We proposed in this work a set of 12 general and reusable

measures to characterize viewers’ visual attention patterns
for multi-screen TV, out of which eight measures can be

computed automatically with the software toolkit accom-
panying the paper. We applied our measures to evaluate
multi-screen TV layouts and showed how the number of
screens and their arrangement in space affect viewers’
distributions of visual attention and cognitive load. We also
used our measures to characterize the way viewers’ visual
attention unfolds in time. We also reported and analyzed
viewers’ subjective perceptions and preferences for multi-
screen TV layouts.

We believe that this initial investigation on designing
new measures to evaluate and understand multi-screen TV
scenarios will foster further developments in the interactive
TV community toward a sound methodological framework
for evaluating user and system performance for new multi-
screen television. Such a methodology will enable exami-
nation of many interactive multi-screen scenarios. For
instance, interesting lines of work are to evaluate viewers’
distributions of attention for multi-screen systems com-
posed of physical TV screens that may be distributed at
different depths in the room, hybrid TV systems that
employ one or more smart devices (e.g., smartphones,
tablets, watches, etc.) connected to one or more Smart TVs,
and evaluating the effect of the physicality of displayed
content on visual attention for augmented reality environ-
ments in which both physical and projected screens coex-
ist [41, 44]. Moreover, as the goal of our experimental
examination in this paper was mainly to demonstrate how
our set of measures can be applied in practice (for which
we considered a minimal number of participants), other
fruitful lines of work are new experimental designs to
evaluate more conditions (i.e., more screens and different
screen layouts) with more participants, as well as in situ
studies conducted with various ethnographic groups. From
this perspective, we look forward to see how our measures
will be employed by the community to understand more
about viewers’ visual attention patterns for emerging multi-
screen TV applications.
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