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Abstract

Complex operational scenarios often involve three-dimensional (3D) mental models,
yet operators are provided with two-dimensional (2D) visual input. Considering that
3D displays and applications are on the rise, it is of special interest whether these
developments have negative effects on visual attention deployment (VAD) across
various application domains, thus decreasing assumed benefits.

Objectives of the study were to establish an assessment method for VAD in
stereoscopic displays. A similar approach from investigations of two-dimensional
VAD built the foundation for the current study (Hillebrand et al., 2012). It was
required that the methodology for 3D investigations assessed VAD without using
expert knowledge, in order to gain domain-independent insight; and to check for
time-dependent influences within the task design.

Overt and covert attention was examined using a task combination of the Stroop test
and a target detection task. The Stroop test captured visual attention in a confined
area, hereby simulating other tasks that usually demand expert knowledge. The
target detection task was performed simultaneously, the detection rate served as
measure for VAD.

Results show that the task combination is applicable for examining VAD in 3D
domain independently. The location of the observer’s primary attentional focus
influences VAD, especially the direct surroundings of the Stroop test. A bias for
upper display areas and support for the attentional gradient theory (Atchley et al.,
1997) were found. Time of target appearance influenced target detection, depending
on the primary focus.

Introduction

In many technical domains, such as air traffic control, operators must accomplish
multiple tasks simultaneously and construct mental models from a variety of
information sources. To accomplish this, they have to transfer two-dimensional (2D)
visual input from displays into a three-dimensional (3D) mental model of the area
they are controlling. At first glance, it appears plausible to facilitate the construction
of such a model by simply displaying information on three dimensions in
stereoscopic displays. However, it is uncertain how visual attention (VA) is
deployed in this case, since findings in natural depth perception cannot be readily
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transferred to understand how perception works in 3D displays. To clarify this issue,
an experiment was performed using a modified version of a methodology called
ATTENDO (Hillebrand et al., 2012). ATTENDO is a two-task paradigm which has
previously been used to evaluate visual attention allocation for a head-up display
scenario in a PC-based flight simulator. For the current purposes, ATTENDO was
adapted to 3D settings. This new version enables researchers to investigate VA in
stereoscopic displays for any application domain and independently from the
knowledge specificities of different experts.

The theoretical basis for this study is derived from research on visual perception and
attention. With respect to VA, a distinction between overt and covert VA is often
made. Overt attention is described as attending that requires eye-movements, while
covert attention does not (Hunt, 2003; Wright & Ward, 2008). Wolfe and Horowitz
(2004), as well as Kollmorgen et al. (2010) have summarized a large part of the
available research on the question what guides the deployment of VA. Since they
gained insight on general VAD, this insight is important for 3D research, as well.
Thus, their notions on low-level and high-level aspects of visual stimuli were
accounted for in the design of the visual input for the experiment described in the
next section. This input consisted of stimuli with low-level as well as high-level
features. While low-level features provide visual salience, high-level features guide
VA by the meaning of their content. These features were accounted for in design of
the visual stimuli of the experiment described in the next section.

Another aspect of visual attention deployment (VAD) is addressed by the theory of
the attentional gradient (Atchley et al., 1997). According to this theory, “attention
functions like a [funnel-shaped] gradient with maximal processing efficiency at the
centre and declining efficiency at more peripheral locations” (p. 524). With respect
to depth, there is “a viewer-centred attentional gradient in which attention is
allocated from the observer to the point of fixation” (p. 527). This means that visual
attention can be directed into space although studies often fail to verify this. Atchley
et al. (1997) assume that the reason for this failure is related to perceptual load. If
observers are confronted with visual scenery of low perceptual load, depth-
awareness is not assessable. Therefore, VAD might not depend on low- and high-
level features alone, but might also be influenced by perceptual load. To keep the
design of the experiment focused, neither perceptual load nor the aspect of low-level
and high-level features mentioned above were treated as independent variables in
this study.

Method

To investigate how VA is deployed in stereoscopic displays, a task is needed which
requires the monitoring of the complete display space. This is a necessary
precondition for finding areas to which attention is paid more (or less) frequently
compared to others (Hillebrand et al., 2012). Moreover, the task should account for
the multitasking characteristics which are typical for the work of operators. Since
they usually must cope with more than one task at a time, operators may focus on an
area which they regard as particular important for a current task thus neglecting
other areas. In addition to spatial aspects, it is also important to consider at which
time task relevant information is presented.
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Participants

Twenty four persons (21 male, three female) participated in the experiment. Their
age ranged from 20 to 57 years (mean of 33.1 years, SD=9.16) and all of them were
native German speakers. They received no payment or any incentives for their
participation.

Apparatus and stimuli

A custom-made 3D workbench with a two-projector system and rear projection
panels was used for the experiment. Stereo parallax was enabled by using passive
polarization glasses; movement parallax was accounted for by head tracking. The
measures of the display space were 65x40x70 cm (length x height x depth). The
visual angle of the workbench was 22° - 30°. It was not homogeneous for the
complete display, since the two projector panels were sloped (see Figure 1).

© by Christie

Figure 1. A 3D workbench from the Deutsche Flugsicherung GmbH (source: Christie Digital
Systems,Inc.) similar to the one used in this experiment.

The experiment was based on a two-task paradigm consisting of a modified Stroop
test (Michalczik et al., 2013) and a target detection task (Hillebrand et al., 2012)
adapted to 3D purposes. The Stroop test stimuli were designed to provoke word-
colour interference, using the four colours and colour names: red, yellow, blue, and
green. The words were displayed in German. The Stroop test presented stimuli
(incongruently coloured colour names) separately, unlike the original Stroop
experiment, in accordance to presentation structure rules by Dalrymple-Alford and
Budayr (1966). Three blocks of the Stroop test were performed. There were 100
incongruent Stroop stimuli per block. Further, eight congruent were introduced per
experimental block as control stimuli. The congruent stimuli proofed that
participants actually read the Stroop words, instead of naming colours alone. The
Stroop test served as primary task and aimed to draw VA to a specific region of the
display. The Stroop stimuli were presented serially with an inter stimulus interval of
1 second. Each had a duration of 0.5 seconds and appeared at one of three locations
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(S1, S2 and S3, see Figure 2). S1 was located in the upper-right background, S2 in
the very centre of every dimension and S3 in the lower-left foreground. The viewing
direction of the operator’s gaze is slightly from above, as illustrated by the arrow in
Figure 2.

The secondary task was a target detection task. It served to assess the distribution of
VA over the complete 3D space. There were 27 possible positions for the targets
which were coloured dark grey, just above the perception threshold for
distinguishing them from the background

The colour of the background was 85% grey with an embedded 75% grey grid. The
grid was established for enhancing the impression of depth of the screen content.
However, the grid is not shown in Figure 2 since it is a schematic depiction of the
scenery that serves illustrational purposes only. To enable a better understanding of
the visual content the colours in Figure 2 have been altered, as well.

Operator's

| = Stroop Test Area
| (Primary Task)

@ = Target (Secondary Task)

- = Operator's Viewing Direction

Figure 2. Distribution of primary and secondary task within the 3D display space (Note:
targets were of dark-grey colour, use of magenta is only for illustrational purposes.).

Procedure

Before starting the experiment, participants took two vision tests. The first test
assessed colour vision impairment, the second one examined binocular visual
faculty. Having passed the vision tests, participants were introduced to the
workbench. They were placed in front of the horizontal centre of the screen so that
their eye level at 50 cm height from the desk.

The experimental phase was preceded by a short training. Since the Stroop test
generally shows a relatively stable level of performance after the processing of five
blocks (MacLeod, 1991), these were performed first. The training blocks contained
30 Stroop stimuli and 8 targets. The subsequent experimental phase consisted of
three blocks of Stroop tasks. Each block was dedicated to one of the three positions
of the task (S1, S2, S3). All blocks were presented to each participant in randomized
order. Each block consisted of 108 Stroop stimuli, 27 of them together with a target,
81 without a target (note that Figure 2 shows all possible 27 positions, although
targets were presented in succession). Within a block, each of the 27 target positions
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was used once and their order was randomized for every participant. In total, 324
Stroop stimuli and 81 targets were presented in each experimental session. Each
target was presented for 500 milliseconds. It appeared either synchronously with the
Stroop stimulus (no delay) or asynchronously with a delay of 0.5 seconds or 1.0
seconds. To indicate the detection of a target, participants pressed a button on a
nine-key keyboard left of the screen.

Experimental design and hypotheses

The experiment investigated three independent variables: Stroop test position (S1,
S2, S3; see Figure 3), target position (27 possibilities; see Figure 3), and delay in
target appearance (0.0 s, 0.5 s, and 1.0 s). The performance in the primary task
(Stroop test) in terms of correct answer rates as well as the performance in the
secondary task (target detection) in terms of correct detections served as dependent
variables.

Five hypotheses were tested:

H1: Rates of correct answers in the Stroop task are influenced by the position of the
task in the 3D display.

H2: The target detection rate is diminished outside the plane (see Figure 3) where
the Stroop task is located.

H3: The target detection rate is diminished at target locations that are more than one
position away from the location of the Stroop task.

H4: The target detection rate depends on the delay of target appearance.

H5: There is a trade-off between the performance in the Stroop task and the
performance in target detection.

Results
Stroop task performance in relation to its position (H1)

For all positions, the percentage of correct answers to the Stroop task was very high
with 94.1% for S1, 93.7% for S2 and 95.6% for S3. Wilcoxon tests showed that the
difference between S2 and S3 was the only significant one (0=.02). High
percentages of correct responses are common for the Stroop Test; yet, the rates in
this experiment indicate that participants had really concentrated on their primary
task.

Target detection in relation to the plane of the Stroop task position (H2)

For analytical purposes, the 3D display was segmented into nine target planes which
can be defined and classified on the basis of the coordinate system (see Figure 3):

o  Vertical planes are spanned by the x and z dimension and are arranged along
the y dimension. They are termed upper [1], middle [2] and bottom [3] plane.

e  Horizontal planes are spanned by the y and z dimension and are arranged along
the x dimension. They are termed left [4], central [5] and right [6]) plane.
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e  Depth planes are spanned by the x and y dimension and are arranged along the
z dimension. They are termed foreground [7], middle ground [8] and
background [9] plane.

Figure 3. Segementation of the display space in three planes per dimension (Note: colours
differ from the experimental design for illustrational purposes).

Target detection rates were analysed by Wilcoxon tests (0=.02). For reasons of
simplicity, only significant differences are listed below. The detection rates for each
group of planes in relation to the position of the Stroop task are given in brackets.

Vertical planes:
e  For S1: upper plane (89%) > middle plane (68%) > bottom plane (22%)
e  For S2: upper plane 92%) > middle plane (68%) > bottom plane (49%)
e  For S3: upper plane (62%) > middle plane (53%) > bottom plane (32%)

Horizontal planes:
e For S1: right plane (76%) > central plane (63%) > left plane (26%)
e For S3: left plane (58%) > right plane (42%)

Depth planes:
e For S1: Foreground plane (61%) > background plane (35%)
e For S1: Middle ground plane (62%) > background plane (35%)

e For S2: Foreground plane (69%) < middle ground plane (83%)
e For S2: Middle ground plane (83%) > background plane (56%)

e For S3: Foreground plane (72%) > background plane (8%)
e For S3: Middle ground plane (72%) > background plane (8%)

Target detection rate in relation to the distance between target location and Stroop
task location (H3)

In addition to the detection rates for the different planes of the display, target
detection was investigated in relation to the proximity of the target position to the
Stroop test position. For this purpose, the mean detection rates in the direct vicinity
of a Stroop task (i.e., only position away) were compared with the mean rates at
target positions further off. Figure 4 gives an example for position S3. Targets in
the direct vicinity of S3 are magenta-coloured and connected to it. An equivalent
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area exists for S1. Since for S2 all targets are only one position away, the analysis is
confined to S1 and S3.

Comparisons of mean detection rates between target positions close to the Stroop
task and those that were further away were accomplished with the Yates’s chi-
squared test. For S1, the empirical chi-square value was significantly above the
critical one (y?emp =78.68 and y2crit (0=.05; df=1; 1-tailed) = 2.71). Targets near
the Stroop task position were detected more frequently (81.77%) than targets further
off (43.42%), indicating that spatial proximity improved detection. The results for
S3 point in the same direction (y?>emp = 20.41 and y2crit (a=.05; df=1; 1-tailed) =
2.71). Again, near targets were detected more frequently (65.62%) than far targets
(45.83%).

Operator’
Gaze

| = Stroop Test Area
) (Primary Task)

= Target (Secondary Task)

- = Operator's Viewing Direction

Figure 4. Targets with high spatial target proximity to the primary task (Note: colours differ
from the experimental design for illustrational purposes).

Target detection rate in relation to the delay in target appearance (H4)

Again, detection rates were analysed with Wilcoxon Tests (0=.02). Significant
differences were found for S1 and S2, but not for S3.

e S1: no delay (63%; SD=.094) > 0.5s delay (57%; SD=.128) > 1.0s delay
(47%;SD = .131)

e S2:1.0s delay (81%; SD=.138) > 0.5s delay (63%; SD=.214)

e S2:1.0s delay (81%; SD=.138) > no delay (69%; SD=.161)

Figure 5 illustrates the significant differences between target detection rates for the
different levels of delays and for the Stroop task positions S1 and S2. Trade-off
effects (H5).

Performance in dual tasks is susceptible to trade-offs. Good performance in the
primary task may lead to an impairment of performance in the secondary task (or
vice versa). To check for trade-off effects in the current experiment, performance in
the Stroop task was contrasted against performance in the detection task. As can be
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seen in Table 1 performance in the Stroop tasks at S2 was descriptively worse than
at S1 and S3. As reported above, the difference between S2 and S3 was also
significant. The corresponding detection rates are also shown in Table 1. Related-
Samples Wilcoxon Signed Rank Tests revealed that target detection at S2 was
significantly higher than detection at S1 as well as at S3 (0=.02).

The overall correlation between the number of correctly answered Stroop stimuli
and detected targets of r=-.019 (Pearson’s r) and r?=.0004 (coefficient of
determination). The overall and separate coefficients for S1, S2 and S3 can be found
in Table 1.
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Figure 5. Target detection rates per level of delay in target appearance for Stroop task
positions S1 and S2.

Table 1. Rates of correct answers in the Stroop task and rates of correct target detection per
position of the Stroop task.

Stroop Task Correct Answers | Correct target Pearson’s r r2
position in the Stroop detections

Task
Sl 94.1% 55.7% 291 .084
S2 93.7% 70.9% .096 .009
S3 95.6% 50.1% -.034 .001
Overall 94.5 58.9 -.019 .0004
Discussion

Five hypotheses guided the investigation of visual attention in the present study. The
first one postulated that the rate of correct answers in the Stroop task was influenced
by the position of the task in the 3D display. Although the rate of correct answers
was generally high, it was worst at S2, i.e., in the centre of the display. This result is
rather surprising and requires further investigation. As the following discussion will
show, a number of factors may influence performance and the distribution of visual
attention in a 3D display.

The second hypothesis was based the assumption that (a) attention would be focused
on the location of the primary task and (b) that target detection at positions on the



visual attention in stereoscopic displays 61

same plane would benefit from the resulting proximity. Therefore, it was predicted
that target detection would be better on the plane that contained the Stroop task
compared to the other planes. Results for the vertical planes contradicted this
hypothesis. For all positions of the Stoop task, there was an advantage in target
detection on the upper plane. One explanation might be derived from the
participants’ posture in front of the 3D workbench. Since they looked at the display
from slightly above, the resulting visual angle might have facilitated detection on the
upper plane. Future research is needed though to clarify this point. It is possible that
the advantage disappears or shifts to another plane when the participants’ visual
angle is changed.

For the horizontal planes, target detection was significantly better in the periphery
when the primary task was located at the respective side. The performance was best
on the right plane, when the Stroop task appeared at S1, and best on the left plane
when the Stroop task was presented at S3. No similar effect, however, was found for
S2. Hence, the results for the lateral planes are in line with H2, while the result for
the central one is not.

Differences in detection were also found on the depth planes. When the Stroop test
was located at S3, target detection was best in the foreground, second best in the
middle ground and very low in the background. This result accords with H2. Results
for S2 support the hypothesis as well. The detection rate was significantly better on
the middle ground plane than on the foreground and on the background plane. These
results support the assumption that a close proximity of targets to the position of the
primary task improves detection. Different results, however, are found for S1. Here,
the Stroop test was located in the background, yet detection was best in the
foreground and second best in the middle ground. A possible explanation can be
derived from the theory by Atchley et al. (1997).The funnel-shaped attentional
gradient encompasses the fore- and middle ground, but not necessarily the
background. Furthermore, the perceptual load might have been too low to enable
strong depth-awareness. Since this is a post hoc explanation, it requires further
investigation in follow-up studies that treat perceptual load as an independent
variable.

In summary, the results for H2 are ambiguous. While a particularity of the
experimental (i.e., the participants’ position in front of the display) might be
responsible for the results on the vertical planes, differences in target detection on
the other planes support the assumption that the proximity of targets to the location
of the primary task improves the participants’ performance. However, proximity
might not be the only factor that impact detection. The attentional gradient as well as
perceptual load might also play an important role.

In hypothesis three, proximity was operationalized in a different way. The direct
vicinity of a Stroop task was defined as the set of targets that were only one position
away from it. It was assumed that target detection in the vicinity would be better
than at locations further off. This assumption was supported for the Stroop tasks
located at S1 and S3. It seems that the primary task attracts VA and creates an
attentional halo around its position. Inside the halo, detection seems to be better than
outside. However, it must be noted that this kind of proximity could not be
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investigated for S2 because all targets were just one position away from this
location.

The fourth hypothesis stated that target detection would be influenced by the delay
of target appearance. In line with this prediction, the delays significantly impacted
target detection rates at the Stroop test locations S1 and S2. While it was
advantageous when the target was not delayed with the primary task at S1, the
opposite is found for S2. Here, the longest delay (1.0 s) provokes the highest
detection rate. No influence of delays is found for S3. Hence, the delay between the
presentation of the primary task (Stroop tests) and the secondary task seems to affect
target detection although no general pattern can be identified.

Hypothesis five addressed the possibility of trade-offs between the performance in
the Stroop task and the performance in target detection. Results provide evidence for
such trade-off effects. At S1 and S3 correct answers to the Stroop tasks are very
frequent (94,1% and 95,6%) while the corresponding detection rates are
comparatively small (55.7% and 50.1%). This ratio is changed at S2. Here,
performance in the Stroop task is worst (93.7%) while the detection rate is
substantially increased (70.9%). However, there are very small correlations between
the performance in the Stroop test and the detection rate for S1 (r=.29, r>=.084), S2
(r=.096, r2=.009) and S3 (r=-.034, r2=.001) separately and overall (r=-.019,
r2=,0004). Therefore, the constellation of performance in the primary and the
secondary task does not support the assumption of trade-off effects in the current
experiment.

To summarize, this study took a first step towards the development of an
ATTENDO-based (Hillebrand et al., 2012) evaluation method for 3D settings. It
served as a proof of concept that visual attention in stereoscopic displays can be
experimentally investigated with a domain independent dual task paradigm. This
paradigm provides a comparatively simple, cost-efficient methodology for future
research. Moreover, the results of the study raised a number of new issues that must
be investigated to gain deeper insights into the distribution of attention in 3D
displays.

References

Atchley, P., Kramer, A.F., Andersen, G.J. ,& Theeuwes, J. (1997). Spatial cuing in a
stereoscopic display: Evidence for a “depth-aware” attentional focus.
Psychonomic Bulletin & Review, 4, 524-529.

Dalrymple-Alford, E., & Budayr, B. (1966). Examination Of Some Aspects Of The
Stroop Color-Word Test. Perceptual And Motor Skills, 23(3f), 1211-1214.
D0i:10.2466/Pms.1966.23.3f.1211

Hillebrand, A., Wahrenberg, E., & Manzey, D. (2012), A new method to assess
pilots’ allocation of visual attention using a head-up display. In D. De Waard,
K. Brookhuis, F. Dehais, C. Weikert, S. Réttger, D. Manzey, S. Biede, F.
Reuzeau, and P. Terrier, (Eds.) (2012), Human Factors: a view from an
integrative perspective. Proceedings HFES Europe Chapter Conference
Toulouse 2012, Downloaded from http://hfes-europe.org



visual attention in stereoscopic displays 63

Hunt, A. (2003). Covert and overt voluntary attention: linked or independent?
Cognitive Brain Research, 18, 102-105.

Kollmorgen, S., Nortmann, N., Schrdder, S., Kénig, P., & Friston, K. J. (2010).
Influence of Low-Level Stimulus Features, Task Dependent Factors, and
Spatial Biases on Overt Visual Attention. PLoS Comput Biol, 6 (5), €1000791.

MacLeod, C. M. (1991). Half a century of research on the Stroop effect: An
integrative review. Psychological Bulletin, 109, 163-203.

Michalczik, F., Hillebrand, A., & DreBler, A., (2013). Old dog, new tricks -
Adapting the Stroop test for visual attention assessment. In: Ulrich Ansorge,
Erich Kirchler, Claus Lamm and Helmut Leder (Eds.): Abstracts of the 55th
Conference of Experimental Psychologists. March, 24th to 27th, 2013, Vienna,
Awustria. Lengerich: Pabst Science Publ, p. 187.

Wolfe, J.M. & Horowitz, T.S. (2004). Opinion: What attributes guide the
deployment of visual attention and how do they do it? Nature Reviews
Neuroscience, 5, 495-501.

Wright, R.D. & Ward, L.M. (2008). Orienting of attention. Oxford , New York:
Oxford University Press.






