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RELATED WORK 
The simplest form to emulate a multi-screen environment is 
to define individual screens as part of a video projection, with 
all screens controlled by the same computer [25]. 
Alternatively, physical screens can be put together to create 
multi-screen environments by using platforms that control 
the distribution of content. Phone as a Pixel is one such 
platform that can scale up to hundreds of displays [20]. 

More screens deliver more content and offer more control to 
viewers. Conversely, they may also have side effects on 
visual attention and task performance. In this section, we 
review previous work that showed interest in visual attention 
in general, but also in conjunction with the TV set. 

Multi-screen environments and task performance 
Multi-screen environments have been investigated in terms 
of attention demands [16,17] and their effects on task 
performance [7,22]. For example, Rashid et al. [16] 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 adaptation mechanisms that 
occur when shifting eye gaze between the two screens. Tan 
and Czerwinski [22] addressed the effect of visual separation 
between displays and physical discontinuities, such as 
monitor bezels. They found that discontinuities do not affect 
users’ performance, but displaying content on screens 
positioned at different depths has small yet detrimental 
effects on task performance. Forlines et al. [7] observed 
participants performing worse during a visual search task 
when the information was displayed at different rotation 
angles on four vertical screens than when presented on a 
single screen. The authors of that study concluded that 
scanning of multiple views added to the length of the task, 
but not to its accuracy. 

Visual attention 
Attention is the cognitive process to selectively interpret 
information subsets while ignoring others, i.e., to selectively 
focus on solely one aspect of the environment [1] (p. 519). 
By definition, attention allows people to focus on a single 
task at one given time. Sohlberg and Mateer [21] identified 
five levels of attention, which are focused, sustained, 
selective, alternating, and divided attention.  

Visual attention has been modeled by cognitive psychologists 
with the spotlight [5] and zoom-lens models [6]. The 
spotlight model describes 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 (the cut-off of the visual attention area). The zoom-
lens model [6] upgraded the spotlight model by making it 
adaptable in size, and thus explained the trade-off in 
efficiency of processing visual information, e.g., larger the 
focus, slower the processing will be. 

Researchers have also modeled the way the brain attends to 
stimuli and processes information in what is known as 

bottom-up and top-down processing [23]. For example, some 
stimuli attract attention because of their stringent nature (e.g., 
a quick motion or a telephone ring), which makes our brain 
process information at a preconscious level. On the other 
hand, top-down processing represents the act of individuals 
controlling their attention toward achieving a specific goal. 
Finally, attention is known to be overt (i.e., when eye gaze 
attends to some region in space) and covert (mental focus can 
shift without necessarily moving the eyes) [14]. Overt 
attention is sequential by using eye saccades (e.g., ballistic 
movements) and fixations (e.g., the eye gaze stops at some 
spatio-temporal stable area). In contrast, covert attention can 
process several stimuli in parallel. Humans are known to be 
able to simultaneously attend to 7 ± 2 stimuli at once [13]. 

Visual attention and TV 
Researchers have found that individual looks at the TV vary 
in length and people develop different watching strategies to 
follow content on TV. For example, people may look at the 
TV only at the right times, just enough to be aware of what is 
happening, while being engaged in some other activity. 
When investigating such phenomena, Geerts et al. [9] found 
that the genre of TV content correlates with how much 
people talk during watching TV, and that the plot structure 
influences talking during social television watching. Such 
findings reveal the importance of top-down attention during 
the everyday TV watching experience. 

Surprisingly, most TV looks are very short, e.g., 2 seconds, 
and can be described as mere glances [10]. This fact can be 
characterized with the “hazard look” function that gives the 
probability that looks persisting a given length will terminate 
in the next half second. Once a look begins, it is likely to 
terminate in the first second, with a hazard peak at 1−1.5 
seconds. Hawkins et al. [10] investigated this phenomenon 
and identified monitoring looks less than 1.5 seconds, 
orienting looks up to 5 seconds, engaged looks between 6 
and 15 seconds, and staring after 15 seconds. 

To characterize visual attention, researchers have employed 
eye tracking devices that accurately follow viewers’ eye 
gaze. For example, Kallenbach et al. [12] used an eye tracker 
and 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. [11] 
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 a multi-screen sports 
study, Cummins et al. [3] found visual attention to vary 
function of screen size, game play (i.e., action), and repeated 
exposure. They also reported that viewers had to adopt screen 
watching strategies to cope with the many pictures displayed 
simultaneously. Finally, Rashid et al. [17] identified five 
factors that affect visual attention patterns for multi-display 
user interfaces, namely display contiguity, angular coverage, 
content coordination, input directness, and input-display 
correspondence. 
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For the full experiment, the TV screens displayed different 
content. However, we verified the content a priori by 
running a motion detector (frame-to-frame difference) to 
make sure that the motion level was roughly the same across 
screens of the same layout.  

Task 
Participants were asked to watch prerecorded movies for 
each combination of TV-COUNT and LAYOUT conditions, 
resulting in a total number of 9 experimental trials per 
participant corresponding to 9 minutes of watching TV (one 
minute per condition). Each participant watched the movies 
separately to eliminate any effect of social watching on 
attention. Participants were asked to watch the movies as if 
they were watching their TV at home, and were told they had 
to answer a questionnaire after each trial in order to ensure a 
minimal level of attention. Condition order was randomized 
across participants. After each trial, participants were 
administered NASA TLX tests2 (using the computer version 
available on-line at3) to collect workload subjective ratings, 
and were handed questionnaires to evaluate their 
understanding of the content they had just watched. At the 
end of the experiment, participants filled a final questionnaire 
in which they reported the perceived comfortability (PC) of 
watching each layout on a 5-point Likert scale, with 1 being 
very uncomfortable and 5 very comfortable. Participants 
were also asked to specify the maximum number of TV 
screens they would feel comfortable watching at the same 
time (MAX-TV). 

RESULTS #1: DISTRIBUTION OF VISUAL ATTENTION 
FOR MULTI-SCREEN TV 
Discovery Time 
Our participants systematically discovered all screens before 
committing to one screen to watch. In general, this process 
can be very fast and a single eye fixation is usually enough to 
roughly understanding the topic being watched [15]. 
Discovery time varied between 0.1 and 15.5 seconds, with a 
mean time of 2.4 seconds (ܵܦ = 0.3). We found a significant 
effect of TV-COUNT on discovery time (߯ଶ(2) =43.400, ݌ < .001) showing that more time was needed by 
participants to visually fixate more screens until all have been 
discovered (Figure 4a). DT values ranged from 0.8 seconds 
for two screens up to 4.5 seconds for four screens. A second 
degree polynomial showed a perfect fit with observed data 
(ܴଶ = 1), suggesting that discovery time relates to the 
number of screens in a quadratic manner (DT = 0.70 ∙TV-COUNTଶ − 0.97 ∙ TV-COUNT+1.10). There was no 
significant effect of LAYOUT on DT (߯ଶ(2) = 2.867, ݊. .ݏ ). 
Discovery Sequence 
The discovery sequence informs about the order in which 
screens are visually attended during the discovery 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 
                                                           
2 http://humansystems.arc.nasa.gov/groups/tlx/  
3 http://www.keithv.com/software/nasatlx/ 

TILED layout, 10/10 for PRIMARY, and 9/10 for ARBITRARY. 
(For convenience, screen numbers are shown in Figure 3.) 
For three screens, there are 3! = 6 possible sequences, out of 
which 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 occurred 
the most for TILED (4/10), 2,1,3,4 for PRIMARY (4/10) and, 
again, no majority preference for ARBITRARY (for which 8 
different sequences were found among the 10 recordings). 
These results show that viewers discover screens from left to 
right for the two screen condition (sequence 1,2), are first 
attracted by the middle screen when three screens are present 
(sequences 2,3,1 and 2,1,3), and follow a counter-clockwise 
pattern (e.g., 1,2,4,3) in the absence of a primary screen to 
attract attention first (2,1,3,4 for PRIMARY). 

The discovery sequence mainly shows the impact of layout. 
For screens of equal size, a left-to-right model was adopted 
by our participants, which corresponds to the reading order in 
Western culture (which was the case for our participants). 
For the PRIMARY layouts, discovery begins with the larger 
screen despite it not being the left-most screen. This finding 
shows that participants immediately identified the largest 
screen as the main or primary one. The anti-clockwise pattern 
is also interesting, as it builds on the observed left-to-right 
model, but also exploits the shortest distance between 
screens. Consequently, it may represent an instance of the Z-
shaped pattern observed during reading [18], but specific for 
multi-screen TV. 

Screen Watching Time 
The average percentages of visual attention shared between 
screens are illustrated in Figure 4e using color codes, with 
darker values showing more visual attention. We found 
significant differences for the TILED and PRIMARY layouts 
and three and four screens, while only the ARBITRARY layout 
had a significant effect on SWT for two screens. Results 
show 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), but also with content, as we 
later found by asking participants (e.g., participants’ visual 
attention was more attracted by the right screen of the 2-
ARBITRARY condition that displayed a bicycle race, instead 
by the first screen that showed news, resulting in 68% and 
31% devoted attention, see Figure 4e).  

SWT can be further visualized as heat maps (Figure 1) that 
use color codes to describe gaze density spatially along the 
screen area size. When all screens are of equal size, the 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 
Figures 1 and 4e). However, in the PRIMARY condition, the 
gaze density color of the largest screen has lower maxima, as 
gaze is distributed across a larger area (larger coverage). 

Transition Count 
The number of eye gaze transitions between screens varied 
from 11 to 200 for the entire watching time of one minute, 
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