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The goal of the AR-technology lies in the enrichment of the real
world with virtual information. The underlying idea is that the virtual information is perceptually integrated in the real surrounding.
From a psychological viewpoint, on the one hand, this idea seems
plausible: Objects appearing in spatio-temporal neighbourhood become associated. On the other hand, however, a complete integration can only be achieved when the presentation is perceived as unitary. However, there are at least three characteristics of the virtual
information suggesting that integration will be hard to achieve:

Technologies referred to as Augmented Reality (AR) present an
observer with information additional to the information already
present in the real environment [Gabbard et al. 2005]. Hence,
this additional information can be perceived while working on a
real object and without releasing attention from this object. This is
achieved by wearing the device on the head of the observer. Such
AR devices can be applied in medical surgery (e.g. [Bichlmeier
et al. 2008]), for example, to present visual information about a
certain structure during the operation. Another application scenario
for AR-devices is the aircraft maintenance [Ockerman and Pritchett 1998] where such devices provide the potential to assist workers
in various areas, from picking to assembly [Schwerdtfeger et al.
2009]. The idea is that instructions as well as other information
can be presented without disturbing the current work processes.
There are two main technologies in AR display devices. Video see
through (VST) devices embed virtual information directly into the
rendered real world image [Azuma 1995]. Thus, the spatial alignment of virtual and real information can be guaranteed. However,
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since the head-mounted camera and the viewing position are not
exactly the same, eye-hand-coordination processes are disturbed
when using VST-devices [Biocca and Rolland 1998]. In addition, there is at least a small latency between changes in the real
world and their perception which also interferes with motor coordination. In the other technological method, the optical see through
(OST)-devices, information is provided on a semi-transparent mirror. Hence, the perception of the real world is only marginally impaired by the frames of the head-mounted device. Therefore, the
OST-devices are promising candidates for industrial applications.
However, the OST-technology requires a huge spatial tracking precision in order to exactly align the virtual and the real information. In first studies during the application of head-mounted OSTdevices, mental strain especially for the visual system was observed
[Fritzsche 2006]. The reported symptoms ranged from eye strain to
headache [Tümler et al. 2008]. Thus, the question about the origin
of these impairments arises.

Optical see-through devices enable observers to see additional information embedded in real environments. There is already some
evidence of increasing visual load in respective systems. We investigated visual performance when users performed visual search
tasks or dual tasks only on the optical see-through device, only on a
computer screen, or switching between both. In spite of having
controlled for basic differences between both devices, switching
between the presentation devices produced costs in visual performance. The assumption that these decreases in performance are
partly due to differences localizing the presented objects was confirmed by convergence data.
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1. the fact that virtual information is self-illuminating,
2. the inhomogeneous background which affects the information
extraction on AR-systems [Laramee and Ware 2002],
3. the fact that changes in object size with changing observing
distance provide counter-intuitive depth cues,
Information presented via an OST-device is self-illuminating. This
is a problem since such a feature is rarely observed in real life objects. Thus, a complete integration of both, virtual and real information, should only be observed if the real world consists of selfilluminating objects. But, this is the case mainly for the sun and
for objects presented on a computer screen. For all other objects,
already the luminance of the objects should serve as differencing
characteristic.
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Visual recognition of stimuli strongly depends on the features of the
background such as brightness, contrast, size of a pattern, and so
on. Hence, adjusting an optimal position in the OST-device for displaying the virtual information depends on the distribution of such
features on the background. Clearly, this varies in an unpredictable
manner.
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Another important feature of OST-devices is the information regarding the size of objects. The size usually provides one important cue for the estimation of distances [Ellis and Menges 1998]. In
our real world, an object increasing in distance from the observer is
projected on smaller retinal areas and thus becomes smaller also in
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3.2

perception. In OST-devices, objects are presented with a constant
size onto the retina. When an observer increases the distance to the
viewing background (e.g., a wall on which the virtual information
is localized), the retinal area covering the projected image does not
change in size. Hence, the same object has to be interpreted by the
perceptual system as either closer or larger, or both. As a consequence, since virtual objects are typically localized in front of or on
the next background, the size information cannot be used to compute distances. Moreover, the size of the virtual objects sometimes
provides even misleading depth information.

3.2.1

Methods
Stimuli

As distracter, the letter O was used. As target, the number 0 was
presented, both using the Courier New font by size of 25 pts. Stimuli were presented within a 6 x 6 matrix (see Fig. 1) with a vertical
spacing of 66 pixels and a horizontal spacing of 100 pixels. Targets
could appear only in the inner 4 * 4 matrix. Due to the limitations of
the OST-device which can only present stimuli in red, the color of
stimuli displayed on the computer screen was set to the most comparable orange-red. The background of the computer screen was
always black.

The aim of the present studies was a careful investigation of the simultaneous perception of virtual and real world objects and thus,
the perceptual capability to integrate virtual and real information.
Therefore, we have developed three experimental set-ups in order
to investigate certain parts of the integration process. These set-ups
all share the following characteristics: As real world information,
stimuli were presented on a computer screen. This was done in
order to reduce the effects of the self-illumination of the information of the OST-device. In addition, observers used a chin-rest in
order to keep the viewing distance constant. Hence, changes in
viewing distance, which lead as explained above - to distortions
in size and depth perception [Swan et al. 2006], can be excluded.
Moreover, the background is relatively constant throughout the experiment. It can thus be expected that the virtual and the real information can indeed be integrated under these artificial but optimal
viewing conditions. The question at issue is thus, whether recognition performance when scanning for information simultaneously
on both devices (OST-HMD and screen) is lower than performance
when scanning only a single device (either the OST-HMD or the
screen).

Figure 1: View through the OST-decvice on the computer screen
where the 6*6 matrix is presented in red on black background.
3.2.2

Apparatus

In Experiment 1, the set-up was a visual search task in which observers have to decide whether a pre-defined target had been presented in the image or not. The image was then presented either
on one medium (the screen or the OST-device) or, the image was
split and presented on both. With this account, we can quantify
the costs of switching the display medium during fluent work. In
Experiment 2, a second task was added to the visual search task.
This task required a reaction whenever a rare stimulus appeared.
This rare stimulus was given priority in the reactions. Hence, with
this task, we aimed at examining situations in which the visual attention is already maintained on one medium. In analogue application situations, the important question is how well observers can
perceive important stimuli on one medium even when they focus
on the other one. In Experiment 3, vergence eye movements were
measured while fixating a stimulus presented on either medium.

For presenting the stimuli, two devices were used: a 21” Sony
GDM-F520 CRT-display and a monocular Microvision Nomad ND
2100 Optical-See-Through Head-Mounted-Display (OST-HMD).
The OST-HMD used 10% of its maximal brightness in order to result in comparable brightness between both output media. Its focus
was adjusted on the distance to the computer screen. Both devices
worked with a resolution of 800x600 pixels at a frame rate of 60
Hz. The experiment ran on a Dell-PC with Pentium 4 processor at
2,6 GHz and 1024 MB DDR-Ram under Windows XP. In order to
keep the visual alignment as accurate as possible, a chin rest was
used, situated at 61 cm in front of the screen (see Fig. 2). The
experiment took place in a room without windows under indirect
artificial lightning.

3

The two main independent variables were the display (CRT screen
versus OST-HMD) and the kind of presentation (mixed, full). In
each of the four conditions, targets were presented once at each of
the 4 * 4 = 16 potential target positions. In addition, there were
16 trials without targets. That is, the visual search matrix was presented either completely on the CRT-Display, or completely on the
HMD, or the left half on the CRT and the right half on the HMD, or
vice-versa. This sums up to 2 (kinds of display) * 2 (kind of presentation) * 16 (item positions) * 2 (target / no target) = 128 trials per
block. A block was repeated 10 times resulting in 1280 trials per
participant. The dependent variables were reaction time and correct
responses.

3.1

3.2.3

Experiment 1: Visual Search
Research question

In order to examine how well visual information presented on a
computer screen and on an OST-device can be integrated, a visual
search task was applied. Observers had to decide whether a target
(the digit 0) was present in a matrix of 6 * 6 characters (the letters
O). In two conditions, all stimuli were presented either on the screen
or on the OST-device. In two further conditions, (the left) half of
the stimuli were presented on the screen, and the other (right) half
on the OST-device and vice versa. The distribution in left and right
was used to avoid overlapping stimuli: Small errors in the spatial
alignment between both media which can already happen due to
slight changes in the head-position do not result in overlapping images.

3.2.4

Design

Procedure

After having mounted the OST-HMD on the right eye, observers
had to adjust the display mirror and the height of the chin rest so that
both media, the OST-device and the screen, covered the same visual
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field. This was done by presenting 36 Os on the screen as well as
on the OST-device which were to be brought into overlay. Then,
the visual search task was demonstrated, and 20 practice trials were
performed.

Figure 3: Mean reaction times in the visual search task when
stimuli were presented on the CRT computer screen, on the OSTdevice, or mixed on both (screen-left OST-HMD-right; OST-HMDleft screen-right).
Figure 2: Subject performing the visual search task.
According to signal detection theory, errors allow for computing
separate measures for sensitivity and response bias: For the present
study, the sensitivity is of special interest since it might help in answering the question of whether the differences between both devices which were observed in reaction times might be ascribed to
differences in perceptual processing. The measure of sensitivity d
is computed as relation between the probability of hits (i.e. correct yes answers) and the probability of false alarms (i.e. false yes
answers).

A trial started by pressing a key. Participants were instructed to respond with the right index finger pressing the right mouse key when
a target was presented among a set of distracters (yes-answer), and
using the left index finger and the left mouse key for answering
no. Participants were instructed to answer as fast and as accurate as
possible. After 128 trials, participants could take a rest. The whole
experiment lasted about one hour per participant.
3.2.5

Participants

Five volunteers participated in the experiment aged between 23 and
30 (26 in mean). All reported normal or corrected-to-normal vision,
and were familiar with computers and CRT-Displays. None of them
had prior experience with OST-HMDs.

3.3
3.3.1

Results and Discussion
Reaction Times

Data were entered into a 2 (device) * 2 (kind of presentation) analysis of variance with repeated measures. With the computer screen,
participants achieved a mean reaction time (RT) of 801.94 ms (standard error se=109.19), with the OST-device 920.89 ms (se = 121.29
ms). In both mixed presentations, mean reaction times were 922.80
ms (se = 137.77, screen-left OST-HMD-right) and 937.72 (se =
147.29; OST-HMD-left - screen-right). The display produced significantly faster reaction times with the CRT screen relative to the
OST-HMD (F(1,4)=11.071, p<.05). The mixed presentations were
with F(1,4)=5.847, p=.07 marginally slower than the pure ones. The
interaction between display and kind of presentation was significant (F(1,4)=17.701, p<.05). Post hoc comparisons revealed that
search times were faster when stimuli were presented on the computer screen relative to all other conditions, which did not differ
(Fig. 3).
3.3.2

Figure 4: Error rates in the visual search task when stimuli were
presented on the CRT computer screen, on the OST-device, or mixed
on both (screen-left OST-HMD-right; OST-HMD-left screen-right).
With the CRT screen, the mean sensitivity was d’= 4.47, and with
the OST-HMD, it was d= 3.52. The mixed presentations let to d’=
4.29 and d’= 3.33, respectively. A 2 (device) * 2 (switching) analysis of variance with repeated measures showed a significant difference between displays (F(1,4)=11.116, p<.05. Neither the kind of
presentation (F(1,4)=.161, p=.55) nor the interaction between both
variables (F(1,4)=0.0), p=.996 revealed a significant effect. Post
hoc comparisons again revealed that the main difference was observed between the computer screen and the OST-device.

Error Rates

3.4

The error rates were in mean 3.56% (se = 1.15) with the computer
screen, 10.25% (se = 3.97) with the OST-device, and 5.06% (se
= 1.49) and 7.43% (se = 2.14) in both mixed presentation conditions (see Fig. 4). Neither the display (F(1,4)=2.242, p=.209), nor
the kind of presentation (F(1,4)=0.702, p=.45), nor the interaction
between display and presentation (F(1,4)=0.288, p=.62) was significant.

Discussion

First of all, the present results suggest that visual performance is
impaired by the OST-device relative to performance on a CRT computer screen. Of course, it remains unclear whether this general difference has to be attributed to some weaknesses in the OST-HMD
or simply to the higher familiarity of CRT computer screens.
In addition, performance for the mixed conditions (i.e., when stim-
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4.3

uli were distributed on both devices) was slower than it would be
expected by the mean of both pure conditions. These costs in performance must arise due to switching between devices. In other
words, switching between a CRT screen and the OST-device costs
time. These results contradict slightly the findings of [Gupta 2004],
where she reports a significant difference in reaction time for tasks
that require switching between real and virtual information, using
a similar set-up as on this experiment, at a distance of 6 meters,
but not at distances of 2 meters and 70 centimeters. This effect
is especially interesting since the two main characteristics of OSTdevices, the self-illumination and the misleading changes in size
with changing viewing distance were excluded in the current experimental set-up. Before speculating about the origins of switching costs, the nature of these costs is to be further examined using
another experimental set-up.

4
4.1

4.3.1

Visual Search Task

Under the condition where no visual switch
took place (i.e. both, visual search and Go/No Go tasks presented on the same device) in the visual search task, with the OSTHMD, participants produced mean reaction times of 1097.4 ms (se
= 71.71), and with the computer screen 887.4 ms (se = 51.67).
In switching trials, participants produced mean reaction times of
1135.1 ms (se = 106.18) with the OST-HMD (and the Go/No Go
task on screen) and 987.1 ms (se = 57.78) with the screen (and the
Go/No Go task on the OST-device, see Fig. 5).
Reaction Times.

Experiment 2: Dual Task
Research question

There is one important issue related to switching between media,
which is especially important for the industrial application of OSTdevices. This question is how well observers can perceive information from a medium while attending to another medium. For
example, when users read from an OST-HMD, how well can they
perceive a signal from the real environment or vice versa? In order
to investigate this question, an experimental set-up was developed
enlarging the focus of Experiment 1.

Figure 5: Reaction times in the visual search task when stimuli
were presented on the CRT Display or on the OST-HMD, performing a further task on the same (no switch) or the other medium
(switch).

The main change is that Experiment 2 is based on a dual taskscenario. That is, the main task remained the visual search. But,
in addition, a further task was included which was to discriminate
two similar objects. The discrimination of these objects, namely
“P” and “R” appearing in the center of the visual field, were presented in a Go/No Go task. That means, responses were to be given
only to one stimulus (the P) while ignoring the other. This Go/No
Go task appeared unpredictably in time but was to be performed primarily. The purpose of this task was a simulation of events, which
might require a reaction (e.g., in case of danger) or not. Both, the
visual search task as well as the Go/No Go task, could appear on
the computer screen and on the OST-HMD. This allows quantifying
additional capacity required for performing both tasks on separate
media, that is, the switching costs.

4.2

Results and Discusion

A 2 (device: OST-HMD versus CRT screen) * 2 (switching: with,
without) analysis of variance with repeated measures revealed a significant main effect of device (F(1,4)=22.853, p<.01) as well as
a marginal effect of switching (F(1,4)=5.935, p=.072). The interaction between both factors was not of importance (F(1,4)=3.264,
p=.145).
The mean error rate in the visual search task for
trials without switch with the OST-HMD was 5.31% (se = 2.20)
and 5.25% (se = 2.92) with the CRT screen. On trials requiring
switching between the media, error rates were 6.32% (se = 2.43)
with the visual search on the OST-HMD and 3.86% (se = 2.23)
with the visual search on the computer screen (see Fig. 6). No significant effects were found (device: F(1,4)=0.383, p=.5; switching:
F(1,4)=.009, p=.931), interaction: F(1,4)=0.406, p=.55).
Error Rates.

Methods

The method was the same as in the visual search task described in
Experiment 1 with the following differences.

The mean sensitivity for the OST-HMD was d’= 4.54 and d’= 5.33
with the computer screen. On trails with switches between both
media, the sensitivity was d’=4.38 and d’=5.14, respectively. As in
error rates, the 2 (device) * 2 (switching) analysis of variance with
repeated measures for the d’-values revealed no significant effects
(device: F(1,4)=0.724, p=.44; switching : F(1,4)=0.033, p=.865;
interaction: F(1,4)=0.0, p=.99).

The visual search task was either presented completely on the CRTscreen or on the OST-HMD. Mixed trails were not included. Additionally to the visual search task, participants performed simultaneously a Go/No Go task. This task consisted of responding to
the presentation of a stimulus “P” and ignoring the presentation of
a distracter “R”. The letters were presented with the same font as
the stimuli of the visual search task. They were displayed in the
centre of the screen in random time intervals ranging from 2 to 6
seconds. The letter was presented until key-press, but maximally
for two seconds. The response for this Go/NoGo task was given
by pressing the space-key of the keyboard. Again, 1280 trials were
presented with the visual search task lasting about 70 minutes.

4.3.2

Go/No Go Task

Reaction times in the Go/No Go task were measured from the onset of the presentation of the target “P” until the
response. In trials in which both tasks, visual search and Go/No Go,
were presented on the same device, participants achieved mean reaction times of 859.4 ms (se = 75.52) with the OST-HMD and 742.0
ms (se = 33.95) with the CRT computer screen. When presenting
tasks on different devices, participants achieved a mean reaction
time of 830.6 ms (se = 33.77) for the Go/No Go task presented
Reaction Times.

Five volunteers participated in Experiment 2 who were aged between 22 and 30 (26 in mean). All reported normal or correctedto-normal vision, and were familiar with computers and CRTDisplays. Again, none of them had prior experience with OSTHMDs.
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Figure 6: Mean error rate in the visual search task when stimuli
were presented on the CRT Display or on the OST-HMD, performing a further task on the same (no switch) or the other medium
(switch).

Figure 8: Error rates in the Go/No Go task when performing a
further task on the same (no switch) or another medium (switch).

action times with effect sizes of about ten percent of the performance (s. Fig. 5). For practical purposes, ten percent seems rather
small. But, one should keep in mind that these ten percent arise under optimal, but artificial viewing conditions. Hence, for practical
switching tasks, these switching costs might even be much larger.

on the OST-HMD and 711.8 ms (se = 11.70) when presenting the
Go/No Go task on the CRT computer screen. A 2 (switching) * 2
(devices) analysis of variance with repeated measures revealed no
significant effects (device: F(1,4)=3.313, p=.143; switching: F<1;
interaction device* switching: F(1,4)=1.857, p=.245).

Moreover, in Experiment 2, switching costs arose only for the secondary visual search task. Two assumptions can account for this:
One might suggest that the missing effect in the Go/No Go task is
due to the lower load of this task since only one stimulus was presented in the centre of the visual field. Given that the visual quality
of the OST-HMD suffers especially in the visual periphery where
the image is deformed because of display distortion, this assumption seems plausible. However, one might also suppose that due
to the primary nature of the Go/No Go task, visual attention might
have compensated for the switching costs. This would imply that
working with an OST-HMD causes additional attentional load.
One important question concerns the origins of such switching
costs. Clearly, differential changes in object size with changing
viewing distance as well as the self-illumination and the brightness of the presentation cannot cause the effects at issue. Hence,
there must be an additional factor affected when viewing through
an OST-HMD and on a CRT computer screen. One assumption
concerning this factor responsible for the switching costs was investigated in Experiment 3.

Figure 7: Mean reaction time in the Go/No Go task when performing a further task on the same (no switch) or another medium
(switch).

When the Go/No Go task was presented on the same
device as the visual search (i.e., inn trials without switching) participants produced a mean error rate of 0.68% (se=0.68) with the OSTHMD, and 0.54% (se=0.54) with the CRT computer screen. In trials in which switching was necessary, error rates were 0.64% (se=
0.64) on the OST-HMD and 1.09% (se=0.7) on the CRT screen.
These differences were not of significance, neither for device
(F(1,4)=3.313, p=.143), nor for switching (F(1,4)=1.857, p=.245),
nor for the interaction between both (F(1,4)=.001, p=.981).
Error Rates.

4.3.3

5
5.1

Experiment 3: Vergence Eye Movements
Research question

In Experiments 1 and 2, changes between two devices, OST-device
and CRT computer screen, produced costs. That is, maintaining
fixation and attention on one device was easier than switching between these two devices. This observation is especially astounding
since the two most crucial characteristics of OST-HMDs, the selfilluminating nature of the virtual information as well as the disturbing size effects with changing viewing distance, were excluded in
the experimental set-ups. Hence, the question is how these switching costs have emerged.

Discussion.

The present results basically replicate the observations made in Experiment 1 with a different task set-up. First of all, performance
was worse when stimuli were presented on the OST-HMD than on
the CRT computer screen. This general difference might be due to
the huge familiarity of the computer screen. Hence, studies examining long-term usage of the OST-HMD (e.g. [Tümler et al. 2008])
thus quantifying learning rates would be of help in estimating the
effects of familiarity.

One assumption with respect to switching is that the perceived
depth of the information differs: Ideally, the information presented
on the OST-device should be perceived on the screen. However,
when viewing through an OST-HMD, one has the impression that
the stimuli appear not directly on the background, but shortly in
front of it. For the current studies, this would imply that stimuli
presented on the OST-HMD were localized further towards the observer than stimuli presented on the computer screen.

Like in Experiment 1, switching between devices resulted in decrements in performance. And again, these costs were obvious in re-
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Of course, this assumption is preliminary in nature. To our knowledge, the hypothesis that stimuli displayed on an OST-HMD are
mislocalized in that they seem to be perceived in front of the respective background had not been presented elsewhere. This suggests
that this difference, if existing at all, might be rather small in nature. And furthermore, even if there might be a small difference in
localization performance, it remains unclear whether such a small
difference may be responsible for the switching effects at issue.

5.2.3

After aligning the OST-HMD with the computer screen so that the
information displayed on one medium overlaid the same information presented on the other, the eye tracker was calibrated with the
computer screen. Then, an “X” was presented for 1 second in random order 10 times on each device. The gaze coordinates of both
eyes were registered after 750 ms of exposition. 750 ms were chosen since it takes a while until the eyes maintain in their intended
position. The pause between each presentation was one second.

In order to investigate whether the visual system indeed processes
stimuli presented on the computer screen and on the OST-HMD
at different depth layers, the convergence point of the eyes was
measured: Measuring the convergence point means establishing the
point in which both viewing axes cross. By assumption, this point
reflects the focus of the visual system. If there is a perceived difference in depth between stimuli displayed on the computer screen and
on the OST-HMD, then there should be differences in convergence
between both devices.

5.2
5.2.1

5.2.4

Participants

The convergence point was determined in ten participants reporting normal or corrected to normal vision. Participants were aged
between 21 and 32 years (26.3 in mean).

5.3

Results

In order to determine the convergence point, the horizontal coordinates of both eyes were analyzed, and mean differences between
the horizontal coordinates of the left and right eye were computed.
Since the viewing distance was constant, these differences (which
are given in pixels) can then be traced back to the point in space
where the left and right eyes cross. This convergence point is given
in mm.

Methods
Stimuli

An “X” was presented in the centre of the device for one second.
Colour, size and font were the same as used in experiment 1.
5.2.2

Procedure

Apparatus

Stimuli were presented three times on the computer screen and
on the OST-HMD. Additionally, a head-mounted eye-tracker (EyeLinkII, SR-Research) was used to measure binocular viewing positions at 250 Hz.

Figure 10: Convergence point when fixating a cross presented on
a computer screen (in blue) or on an OST-HMD (red). 0 represents
the calibrated baseline.
The mean distance between the left and right eye when fixating
the cross on the OST-HMD was -13.46 pixels (se = 15.73), meaning that participants converged at 6.82 mm in front of the background, that is the computer screen. On the CRT computer screen,
the mean distance between both eyes was 15.97 pixels (se = 12.01).
Hence, participants converged at 8.08 mm behind the CRT-Display
(see Figure 6). This difference was of significance (F(1,9)=6.184,
p<0.05).

5.4
Figure 9: Set-up of the OST-HMD with the EyeTracker.

Discussion

In fact, there were significant differences when fixating a cross displayed on a OST-HMD viewed before a black computer screen
and on the computer screen itself: Whereas for the X presented
on the screen, after a certain time of fixation, the eyes converged
behind the screen, for presentation on the OST-HMD, the eyes converged in front of the screen. These data suggest that the visual system mislocalizes the stimuli presented on the OST-HMD relative
to the screen. Still, the origins of this mislocalization are unclear.

The eye tracker was calibrated using nine points distributed equally
over the whole screen. After ten trials, a re-calibration took place.
In order to keep the tracking calibration and visual alignment as
accurate as possible, a chin rest was used, situated at 61 cm in front
of the display.

46

One might suggest that the self-illumination should be an important factor since the brighter objects are the closer they are perceived. Nevertheless, also the stimuli presented on the screen are
self-illuminating. In addition, since the eye tracker was calibrated
using the screen, one would expect the convergence point for the
screen to be on the screen. Here, the question arises why this point
shifted towards the back after a short time of fixating. One might
assume visual fatigue to be responsible for this effect: Given that
the eyes move towards their rest position with increasing fixation
duration, one might assume that the primary mislocalization with
the OST-HMD is even stronger.

normal vision, these two mechanisms are associated. Given that
the mislocalization happens as an effect of secondary depth cues in
OST-HMDs, vergence and accommodation have to be dissociated
in OST-HMDs. As has been reported [Tümler et al. 2008; Fritzsche
2006], this can cause eye strain.

6.3

In Experiment 1, visual search performance in trials in which stimuli were presented simultaneously on both devices produced slower
search performance than it would be expected by the mean performance of the two pure presentation conditions. That is, switching
between the devices produces costs for the visual system. In Experiment 2, dual-task performance was studied when first and second
task appeared on the same versus on differential media. Again,
switching between the devices resulted in slower search performance than maintaining attention on the same device. In both experiments, switching impaired performance to about 10%.

Nevertheless, one might argue that a difference of about 1.5 cm
in the convergence point might not be of practical importance for
visual performance. However, current data show that visual acuity declines for the depth axis much steeper than for the horizontal
and even for the vertical axis (e.g., [Huckauf et al. 2009]). Hence,
visual acuity declines rapidly in depth thus requiring an exact determination of the depth.

6
6.1

These results are surprising, since two of the main characteristics of
OST-HMDs, which might disturb visual performance, were omitted to affect the observations. That is, both devices were selfilluminating, and viewing distance was kept constant in order to
avoid differential changes in the size of real and virtual objects.
This is important since in applications, these switching costs can be
expected to become much larger than under the current optimal, but
artificial conditions.

Conclusion
Summary

In three experiments comparing visual performance when stimuli
were presented on an OST-HMD device versus on a computer CRT
screen, differences in visual processing were observed. First of all,
there were benefits when performing visual tasks on a CRT monitor
relative to the OST-HMD. Second, and probably more important,
switching between devices produced costs in visual search performance. Additionally, depth perception seems to differ between both
devices.

6.2

Switching costs

Nevertheless, switching between devices impaired performance.
Hence, there must be at least one other important factor in OSTHMDs which makes them, for the visual system, different from
computer screens. The assumption that differences in depth perception contribute to the switching costs are supported by the results of Experiment 3: Here, observers converged about 1.5 cm in
front of the converging point on the screen. These results show
that the visual system, when viewing through an OST-HMD, adjusts at a depth layer different from the computer screen serving
as background. As has been already mentioned, this would imply
that the visual system, when trying to integrate information presented in the real world and on an OST-HMD, must permanently
adjust accommodation and vergence. Such a reiteration of these
mechanisms might explain the visual strain reported when viewing
through OST-HMDs.

General DIfferences on visual performance

Experiments 1 and 2 showed that visual search takes more time
when performed on an OST-HMD than on a CRT computer screen.
Of course, on the basis of the current data, it must remain unclear
where these performance differences stem from. One might plausibly assume that the familiarity with the computer screen is one powerful factor working here. This unspecific effect alone might be able
to cause effects of the size at issue. Given that this is the case, longterm studies familiarizing observers with the device should lead to
a severe reduction in these performance differences. Currently, we
aim at testing users with OST-HMDs after about 20 hours of experience with such a device.

Given that misleading depth information is one of the perceptual
issues in designing OST-HMDs, what about future improvements?
In order to improve the OST-devices for the users, one would have
to build sensors in the devices tracking the eyes positions and producing online respective images. This seems to be a challenging
task for developers. At least, the current data strongly suggests that
problems in analyzing depth information are an important factor for
OST-HMDs.

However, one cannot exclude other factors responsible for general
performance differences between the OST-HMD and the computer
screen. First of all, the certain OST-HMD (Nomad ND 2100) might
include characteristics which are special only for this certain device.
In order to learn more about general and specific characteristics of
OST-HMDs, we are attempting to replicate the present findings using various OST-HMDs such as the LitEye LE-750 or the RockwellCollins ProViewTM SO35-MTV. In order to discard binocular
rivalry as the reason for the difference in visual search performance,
we need to replicate this experiment under two further conditions,
by occluding the eye that is not used with the monocular OST-HMD
and by using a binocular OST-HMDs.

6.4

Prospects

For application scenarios, the results at issue pose the question how
to escape from the costs produced by OST-devices. Importantly,
these costs should be expected to be much larger than the ten percent switching costs observed under the present optimal, but artificial viewing conditions. However, some of the general disadvantages might decrease with further usage. Moreover, OST-HMDs
help in saving time in other areas, if, for example, looking up in
a book or sheet can be omitted. In doing so, their current usage
seems to be not at all at its limits. Hence, to which extent the application of OST-HMDs is profitable should be answered by a detailed
task analysis. The present findings might contribute in pointing out
potential visual affordances.

A third possibility is that a characteristic inherent in OST-HMDs
produces this output loss. As the observations in Experiment 3
suggest, the information presented on the OST-HMD is mislocalized. If this effect is of general nature in OST-HMDs, then the
visual strain reported in various studies might become plausible:
For focused vision, not only the convergence point but also accommodation have to be adjusted on the optical information. In
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