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Abstract

Telepresence systems should be designed to assist the human operator as much as
possible to fulfill his task. In order to support the user concerning the visual modal-
ity, a system was designed that presents virtual reality images combined together
with camera images captured at the remote teleoperator environment.

In this work, two experiments were conducted. In the first, it was shown that pre-
senting a widened field of view to the human operator enhances the human per-

formance and the feeling of telepresence. In the second, it was examined how the
transition between video and virtual views has to be designed. Relevant criteria of
this transition were chosen and the results show that the operator's rating of qual-
ity, feeling of telepresence, and situation awareness are positively affected by varia-
tions of the transition parameters. Furthermore, a trade-off between the rating of

quality and the situation awareness was observed.

A parameter selection scheme is presented which can serve as a design guideline
for combining video and virtual views depending on the desired application.

| Introduction

In most telepresence systems, a visual representation of the remote tele-
operator scene is presented to the human operator. A standard device for feed-
ing back the visual information is the head-mounted display (HMD). Images
captured by cameras at the remote scene are transmitted to the operator side
and displayed on this HMD. Thus only observations from a set of concrete
positions are available. A second drawback of this scenario is that the field of
view of these cameras is inherently limited by their optics.

A predictive display was developed in a previous research project (Burkert et
al., 2004 ), which can be used to widen the displayed field of view by combin-
ing the camera images with a photorealistic virtual model (Leupold & Behr-
endt, 2005). This combination has been termed hybrid view or hybrid display.

*Correspondence to leupold@rcs.ei.tum.de
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It has been shown that it is reasonable to combine
real video views with a virtual model as in augmented
reality applications to visualize obscured or covert ob-
jects (Furmanski et al., 2002; Dai, 2001). In so doing,
the human performance relating to displaying the real
remote scene is improved in areas such as better reac-
tion times in telesurgical applications (Chios & Linney,
2004) or a greater amount of remembered objects
(Macchiarella & Vincenzi, 2004).

Furthermore, there exists a positive correlation be-
tween human performance and the feeling of telepres-
ence as, for example, in spatial searching tasks (Nash et
al., 2000). The feeling of telepresence constitutes the
“sense of being there” or a “perceptual illusion of non-
mediation” in regard to telepresence applications (In-
sko, 2003, Nash et al., 2000). This means that the
smaller the perceived difference between the presented
and the remote environment, the higher the feeling of
telepresence. Therefore, the feeling of telepresence rep-
resents an important construct that has to be considered
in telepresence systems.

The general goals of this work are first to show the
benefits of the hybrid display compared to camera im-
ages only, and second to find an optimal transition be-
tween the camera images and the photorealistic virtual
model.

After a system description in the following section,
more information on the focused concepts is given in
Sections 3 and 4. In the remainder of this article, two
experiments and the associated results are reported in

detail.

2  System Overview

The system was designed with a typical telepres-
ence scenario in mind: a robot in a remote environment
controlled by a human operator. In order to present the
remote environment to the operator, cameras are
mounted on a pan-tilt unit on the robot.

The operator wears a HMD (Sony LDI-D100BE)
which is tracked in 6 degrees of freedom (Ascension
Flock of Birds Tracker). The rotation angles of the pan-
tilt unit can be set to follow the tracked HMD rotation.

The images captured by the cameras are sent to the op-
erator side as a /zve video stream. The field of view is
restricted through the camera’s optics to 37.9° hori-
zontally and 28.7° vertically. This is the maximum
presentable field of view using only camera images, no
matter which kind of hardware display is used to present
the live video stream. As already mentioned in the In-
troduction, the hybrid display allows a widening of the
presented field of view using virtual reality: The received
live video stream is presented (video view) together with
a texture-mapped 3D representation of the remote envi-
ronment. This 3D representation is used to generate
photorealistic virtual views that can be used to fill the
peripheral visual field that is not covered by the video
view. A drawback of the virtual view is the time needed
to update the 3D representation and the corresponding
textures. Therefore a virtual view alone should not be
used for telemanipulation tasks and thus the operator
should always be aware which parts are virtual views. To
give the operator a cue (view marking), augmentation
of the virtual view can be used.

A drawback of the video view is that no numerical
depth information is transmitted in the stream, meaning
that the 2D image information is drawn in a 3D envi-
ronment. If there is no difference between the operator
observation position and the camera position (with re-
spect to translation), no depth information is needed for
a correctly presented hybrid view. Otherwise an error in
the generated view is unavoidable. This error is called
reprojection error (Leupold & Behrendt, 2005).

The reprojection error describes the displacement of
video pixels in regard to their correct position on the
display screen. This displacement is due to missing nu-
merical depth information and is caused by a transla-
tional difference between the camera and the observer
positions. This translational difference is reported when
referring to the reprojection error in the remainder of
this article. A minimal error is unavoidable due to the
precision of camera calibration. This is apparent in the
area of transition between virtual and video view in par-
ticular. The reprojection error represents a perceptual
distortion which signifies a violation of the perspective
of a presented scene (for further details see Leupold &

Behrendt, 2005).
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The design of the spatial transition, that is, the algo-
rithm for drawing the border regions of the video view,
can be implemented in many ways. Two algorithms
were used in the experiments, which both paint the
video view over the virtual view. The first algorithm
simply replaces each pixel with the video view (no
blending), while the second combines the color values
of both views in the border regions (blending, see Fig-
ure 3; later in the article). The following three parame-
ters do not have a technical optimum, but depend on
human perception: maximum allowed translational dif-
ference (reprojection error), type of view marking, and
blending strategy. They are subject to Experiment 2 in
Section 6.

3  Effects of Restricting the Field of View

In telepresence applications where HMD:s are
used, it has been found that human performance is af-
fected in regard to distance estimation, searching tasks,
and detection tasks, as well as the sensation of comfort.
There is evidence that the impacted performance is due
to the restricted field of view (Alfano & Michel, 1990;
Semmlow et al., 1990; Low et al., 2001; Nash et al.,
2000).

In previous studies, it has been shown that the human
performance was ameliorated in virtual and augmented
realities using HMDs when visual information had been
presented in the peripheral visual field, or when the sub-
jects had been allowed to move their head (Willemsen
& Gooch, 2002; Creem-Regehr et al., 2003; Witmer &
Kline, 1998; Jay & Hubbold, 2003).

Consistent with this finding is the conclusion of
Psotka et al. (1998), who stated that human operators
use their natural field of view (120° vertically, 180°—
200° horizontally) as the primary standard for the esti-
mation of distances and the perception of directions and
one’s own position or movements.

Peripheral awareness, that is, the display of the envi-
ronment in the peripheral field of view, turned out to be
beneficial even when the peripheral view was not neces-

sary for performing a given task such as searching for

objects or object detection (Low et al., 2003; Ilic et al.,
2004; Waller, 1999).

It can be concluded that peripheral awareness leads to
a reduction of the visual burden. So, more cognitive
capacity is available for performing other cognitive or
visual tasks such as searching or reaching for objects in
virtual realities.

Hitherto, it was assumed that a widened field of view
leads to a higher feeling of telepresence (Tang et al.,
2005; Rosenblum & Macedonia, 2005).

Section 5 describes an experiment and the associated
results where a restricted and a widened field of view are
tested against one another in order to determine the
positive effects caused by the widened field of view of
the hybrid display (Experiment 1).

4 Designing the Combination of Real and
Virtual Views

As already mentioned in Section 2, the design of
the combination of video and virtual views has a major
impact on the resulting representation.

First of all, the parameters that determinantly consti-
tute this combination had to be selected, as well as the
variables that have to be gathered from the subjects.

It was decided to select the view marking, the transi-
tion, and the reprojection error because these indepen-
dent variables seemed to be the most important ones to
evaluate.

The marking of which display variant is seen was op-
erationalized through visual augmentation of the virtual
view. Hitherto the augmentation of virtual views have
either not been conceptualized because the visual aug-
mented objects appeared sufficiently artificial (Paloc et
al., 2004) or the video view was superimposed by the
virtual view without transition (Ellis & Menges, 1998;
Thompson et al., 2001; Hua et al., 2004; Nakatsuru et
al., 2003). However, this superposition can serve as a
distractor that impacts human performance (Counsell,
2004). Others displayed real and virtual views of a scene
in parallel without transition, either using different dis-
plays (Dai, 2001) or augmenting additional pictures or
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pictures with text (Ou et al., 2004; Bell et al., 2002;
Azuma & Furmanski, 2003; Bell & Feiner, 2000).

Regarding the transition, an attempt to realize an op-
timal blending was made, arguing that this has a posi-
tive effect on the feeling of telepresence, but without
examining this assumption directly (Low et al., 2001,
Raskar et al., 1999; De Bruyn, 1997; Reitsma & Pol-
lard, 2003; Livingston, 2005).

No systematic research has so far been carried out to
investigate the effects of the reprojection error on hu-
man performance and the feeling of telepresence (Ilie et
al., 2004).

To the authors’ knowledge, no studies have been
conducted to investigate which design of the combina-
tion has to be adopted for diverse applications.

On the human operator’s side, it is important that the
quality of the combination and that the feeling of tele-
presence are sufficiently highly rated because the human
has to sense at least a minimal amount of comfort as a
necessary condition for performance to occur (Nash et
al., 2000).

Moreover, the human operator has to be aware of
which view variant he or she is seeing to judge the reli-
ability of the presented image data due to uncertainties
of the virtual view. These uncertainties are caused by
limited update-rates of the virtual model or by the inac-
curacy of the remote sensors (Dai, 2001; Azuma,
1997). Thus, the situation awareness is an important
factor for ensuring safe teleoperation. This psychological
construct includes the perception of the (relevant) ele-
ments in a dynamic environment in a given situation,
the understanding of their meaning, and the prediction
of their following states (Endsley, 2000).

In Section 6 an experiment together with its associ-
ated results is reported that was conducted to evaluate
which combination should be used for different applica-

tions (Experiment 2).

5 Experiment |

In order to determine the positive effects of a wid-
ened field of view shown by the hybrid display, as op-
posed to the video view only, an experiment was con-

ducted whereby the human performance displaying the
combined camera and virtual views was compared with
the performance displaying the video view only.

Several performance measures have been realized (see

Section 5.4).
The literature review (Section 3) led to the following

expectations.

e When displaying the hybrid view, that is, a widened
field of view, there should be a greater attention to
detail, which means that a greater number of small
objects should be identified than with video view
only.

e The estimated distance of objects should be amelio-
rated with the hybrid view compared to video view
only.

o The subjects’ feeling of telepresence should be bet-
ter in the condition with the hybrid display than in
the condition with video view only.

o The accuracy of the recalled position of objects in a
presented scene should be better when the com-
bined camera and virtual views are displayed than

when only the video view is displayed.

5.1 Technical Setup

In the setup for this experiment, the operator
wears a HMD. On the screen of the HMD cither only
the received live video stream or the hybrid view were
displayed (see above). The operator’s head position was
tracked and the rotation component was sent to the
remote environment to control the rotation angles of
the pan-tilt unit. The speed of the camera following was
set to 0.5 rad/s.

On the remote side, each frame captured by the cam-
era was sent together with position information (rota-
tion and translation) to the operator side at a rate of 33
frames per second (video size: 640 X 480 pixels). The
tracked HMD position was also used as an input vari-
able for the hybrid /video view generation running at 50
Hz. Due to communication delays and the limited rota-
tion speed of the pan-tilt unit, the positions of the re-
ceived frames of the live video stream do not, in general,
coincide with the current operator head position. The
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Figure 1 Video view, hybrid view, and augmented hybrid view with a checker pattern (from left to right).

display algorithm needs to take this into account while
generating the view. In Experiment 1, the operator’s
head translation component was implicitly set as identi-
cal to the translation component of the last video frame
received to avoid reprojection errors here. The gener-
ated view always reflected the operator’s current head
rotation, with visual information from the remote side
displayed at the position from which it was captured.
The horizontal field of view of the generated view was
41.4°, while the field of view of the camera was 37.9°
(see Figure 1). While the difference seems to be negligi-
ble in the static case, it has to be considered that the
camera rotation speed was limited so during quick head
rotations a larger part of the virtual view was presented.

The 3D representation of the remote environment
was loaded and textured before the experiment and was
not updated during it. Four small objects, namely a
small champagne bottle, a tennis ball, a green box and a
No Smoking sign, were details of the scene. Two of the
objects were included in the 3D representation, either
as textured polygonal data (the green box) or only as
texture (the No Smoking sign). These objects were seen
in both views. The other two objects were only present
in the video view. This was done to simulate real appli-
cations, where the virtual model may not always be
brought up-to-date to the newest configurations.

The left and middle images in Figure 1 show the ex-
perimental conditions video view and hybrid view, re-
spectively. The right picture illustrates the virtual part of
the hybrid view by augmentation with a checker pat-

tern.

5.2 Subjects

Ten female and 27 male subjects participated.
Their age range was 21-67 (M,,. = 32). They all had
normal vision or corrected to normal vision. Fourteen
of them wore no glasses or contact lenses at all, 5 re-
ported wearing glasses only for special circumstances
such as driving, and 18 declared that they wear glasses
or contact lenses permanently. Most of the subjects
(» = 35) had little or no previous experience with
HMDs, only 2 of the participants had had more experi-
ence with HMDs. The average time spent playing 3D
computer games was stated to be 2 hours a month over
all subjects.

Before and during the experiments, none of the sub-
jects was given information about the intentions or hy-
potheses of the experiments. Afterward, they received a
full explanation. Their personal data were recorded

anonymously.

5.3 Procedure

To begin with, the subjects were shown a training
scene through which they could become familiar with
the HMD and the system. This scene was also used for
individually adjusting the 3D-stereo projection for each
participant.

When the subjects became acquainted with the sys-
tem, the experimental scene was presented to the sub-
jects for 25 s through an HMD, eithér with or without
the additional virtual model displayed. The two condi-
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tions were balanced across subjects, so 19 subjects par-
ticipated in the condition where the virtual model com-
bined with the video view was displayed, whereas 18
subjects were in the condition with video view only.

After being presented with this scene the subjects
were requested to rank how strongly they felt immersed
in the shown environment on a scale of 1 to 7, where 1
meant “very weakly” and 7 “very strongly,” in order to
determine their feeling of telepresence.

Then it was asked which of the four objects men-
tioned above (bottle, green box, tennis ball and No
Smoking sign) the subjects had identified while looking
at the scene. For every identified object, the denoted
estimated ego-distance was recorded. In addition, the
subjects were shown a screenshot that did not contain
these four objects, on which they were required to mark
the position of the identified objects. Following this
procedure, the subject proceeded to carry out Experi-
ment 2 (see below).

At the end, the subjects filled out a questionnaire that
included a query of biographical data on items such as
age, gender, handedness, the wearing of glasses or con-
tact lenses, amount of experience with HMDs, and the
amount of hours spent playing 3D computer games,
plus a query to determine the immersive tendency of a
person, which was adapted from the presence question-
naire from Scheuchenpflug (2001). The immersive ten-
dency represents a personal trait and describes the readi-
ness of a person to feel immersed in a virtual or remote
environment. It can be subdivided into the subscales
“emotional involvement” and “degree of involvement,”
which were both included in the questionnaire. For
each of the two subscales, data from a reference sample
is available and can hence be compared to the sample at
hand (Scheuchenpflug, 2001, 2005).

5.4 Design

There was a one-factorial experimental design with
the factor hybrid display (yes versus no), which was in-
vestigated between subjects. The dependent variables
were the number of identified objects, their estimated
distance, the subjects’ feeling of telepresence, and the

accuracy of the recalled position of the identified objects

on the screenshot.

5.5 Results

Detail attention was measured as the number of
identified objects from the four objects mentioned
above. The difference between the real distance of these
objects and the distance estimated by the subjects indi-
cated the goodness of distance estimation. The partici-
pants’ feeling of telepresence was quantified through an
integer between 1 and 7, where a higher value indicates
a higher feeling of telepresence. The goodness of re-
called position of the identified objects revealed the Eu-
clidean distance between the marked position and the
real position of the respective objects on the screenshot.

All dependent variables were averaged across subjects
and conditions and analyzed by parametric tests for two
independent samples.

The relationship of the dependent variables with the
data from the questionnaire was evaluated accessorily in
order to control for possible influences other than the

experimental variation.

5.5.1 Descriptive Analysis of the Question-
naire Data. None of the biographical data collected
showed a relationship to either of the dependent variables.

There was no significant correlation between immer-
sive tendency (in either of the two subscales emotional
involvement or degree of involvement) to the quoted
feeling of telepresence, which indicates that it was not
the personal trait, but rather the experimental variation
that led to the rating of the feeling of telepresence in
this experiment.

A significant point-biserial correlation between age
and wearing of glasses or contact lenses was found,
7y, = 446, p = .006 (n = 37). This means that the fre-
quency of wearing glasses or contact lenses permanently
or just under special circumstances increases as age in-
creases. It is known that vision is subject to aging pro-
cesses, so this result is not surprising.

The two subscales of the immersive tendency ques-
tionnaire showed a high (Spearman’s rank) correlation
of r¢=.716, p < .000 (» = 37) among each other.
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Based on the fact that the emotional involvement and
the degree of involvement are subscales of the same di-
mension, namely immersive tendency, a high relation-
ship was expected.

Women scored higher on both subscales than men.
The scores for women were Md = 31.000 for the emo-
tional involvement and Md = 23.750 for the degree of
involvement, in contrast to Md = 23.000 and Md =
18.500 as the corresponding scores for men.

The correlations between gender and emotional in-
volvement (7,, = .460) and between gender and degree
of involvement (7,, = .490) turned out to be signifi-
cant, p < .004 (» = 37).

This finding replicates the effect found in the literature
that women show higher presence scores in noninteractive
virtual environments than men (Nicovich et al., 2005).

It was found that the sample at hand with a mean of
M = 24.595 and SD = 6.849 for emotional involve-
ment and M = 19.919, SD = 5.639 for degree of in-
volvement was not different from the reference sample
(M = 22.87 for emotional involvement and M = 18.70
for degree of involvement, » = 165; (Scheuchenpflug,
2001; personal communication, Scheuchenpflug &
Pongrac, 2005). The confidence interval, where 95% of
the sample is located, ranged at the present sample from
22.39 to 26.80 for the emotional involvement and from
18.10 to 21.74 for the degree of involvement. It can be
seen that the scores of the reference sample lie within
these ranges, which means that the reference sample and
the sample at hand do not differ, indicating that the
present sample is a representative one.

5.5.2 Number of Identified Objects as Mea-
sure for Detail Attention. In the condition with the
video view only, the median number of identified ob-
jects was Md,, = 1.333 with an average quartile range of
Oy = 1.297 (n = 18). With the additional virtual
model displayed, the median and the average quartile
range were Mdy; = 2.308 and Qy = 1.674, respectively
(n=19).!

1. The median and the average quartile range are reported here
because the number of identified objects has more characteristics of an
ordinal scale due to the upper limit.

This difference in the number of identified objects
between the two conditions turned out to be signifi-
cant, U = 88.000, p = .009. This means that when the
hybrid view is displayed, there is a better detail attention
than in the condition with video view, as predicted.

On closer examination, this significant difference was
due to identification of the two objects that had been
implemented in the virtual model, namely the green box
and the No Smoking sign. For these two objects, the
average number identified was Md, = 0.294 and Q,, =
0.824 in the condition with the video view only, versus
Mdyg = 1.467 and Qg = 1.313 in the condition with
the hybrid view. This advantage of the condition where
the virtual model combined with the video view was
displayed was significant, U = 63.500, p < .000.

However, for the other two objects (the small cham-
pagne bottle and the tennis ball), which were not in-
cluded in the virtual model and could only be seen in
the video view, the average number of identified objects
in the condition with video view only turned out to be
Md,, = 0.867 with deviation Oy = 1.272, whereas in
the condition with the hybrid model the median was
Mg = 0.786 with Qg = 1.484. This difference was
not significant, U = 162.500, p = .781.

There seems to be an effect of peripheral vision in the
way that objects, which are displayed continuously in
the peripheral field of view, are remembered better.

5.5.3 Estimated Distance. It was predicted that
the estimated distance should be better in the condition
with the hybrid model displayed than in the condition
with video view only. For this reason, the absolute dif-
ference between the estimated and the actual distance
for the four objects were calculated and averaged across
all objects and subjects for the two conditions.

The average difference had a mean of My, = 0.861 m
with a standard deviation of SDy, = 0.516 m in the con-
dition with the video view only, whereas in the condi-
tion with the hybrid model the average difference was
My = 0.452 m, standard deviation SDy; = 0.248 m.
The difference between these two conditions turned out
to be significant, 31) = 2.876, p = .009.

Indeed, the subjects were able to estimate the dis-
tance more accurately when the video view was com-
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bined with the virtual model through the HMD than
when it was not. Hence, the presence of the virtual
model can mitigate the effect of the diminished distance
estimation observed in previous studies having a re-
stricted field of view.

5.5.4 Feeling of Telepresence. The subjects
reported a feeling of telepresence in the condition with
video view only with an average of Md,, = 3.778, with
average quartile range Q;, = 2.064 (» = 18). In the
condition with the hybrid model displayed it was
Mdy = 4.800, O = 1.875. This difference between
the two conditions in rating of feeling of telepresence
was significant, U = 104.500, p = .038.

This means that the subjects felt more telepresent
in the condition with the hybrid model displayed
than in the condition with video view only, as

predicted.

5.5.5 Accuracy of Recalled Position. This vari-
able was quantified by measuring the Euclidean distance
of the marked positions of the identified objects by the
participants to the actual positions of these objects on
the screenshot. In the condition with video view only,
this distance averaged My, = 1.995 cm with a standard
deviation SDy, = 1.764 cm. In the hybrid model condi-
tion, the distance constituted Mz = 2.760, SDy; =
1.994. This difference turned out not to be significant,
¥31) = —1.165, p = .253. This was contrary to the
prediction. Maybe there was an effect of transfer of the
subjects’ cognitive 3D representation of the scene to the
2D screenshot.

To conclude, the hybrid view led to a higher number
of identified objects, to a better distance estimation, and
to a higher feeling of telepresence compared to the
video view only. This effect can be attributed to the

widened field of view.

6 Experiment 2

This experiment was conducted in order to deter-
mine which combination composed of the augmenta-
tion variant of the virtual model, the transition, and the

degree of reprojection error, gives the highest rating of
quality, the highest feeling of telepresence, and the best
situation awareness. It was of special interest if an opti-
mum, regarding these three dependent variables consid-
ered together, could be found.

In this experiment, the camera position was static and
the variations of the independent variables—augmenta-
tion, blending, and reprojection error—were imple-
mented as stationary, so that the subjects were able to
survey the design of the transition between the real and
the virtual view.

There were three types of augmentation of the virtual
model, namely none, a checker pattern in order to have
an abstract version of this variable, and a colored de-
positation of the virtual view. The color chosen was a
light blue (red 173, green 216, blue 230, each on a
scale from [0. . .255]) because the virtual view is most
often displayed in the peripheral field of view or in the
background. It has been shown that light blue is partic-
ularly suitable for the peripheral field of view or for
background views (Wandmacher, 1993; Schmidtke,
1981).

The transition was introduced in two levels, namely
no blending, that is, an abrupt transition from video to
virtual view, and blending, that is, a smooth blending
only in the border regions of the video view.

The reprojection error results because of translational
movements of the human operator due to the lack of
depth information from the picture covered by the cam-
era. The levels introduced were 0 m (no reprojection
error), 0.05 m, 0.15 m, 0.30 m, and 0.50 m.

The hypotheses regarding the effects of these vari-
ables on the rating of quality, the feeling of telepresence
and the situation awareness of the subjects were as fol-

lows.

o« The subjects’ rating of quality and feeling of tele-
presence should be highest with no augmentation
of the virtual model; both of these dependent vari-
ables should be degraded when the virtual model is
augmented with a checker pattern or with the blue
color.

o The situation awareness of the subjects should be
best when augmentation of the virtual view, either
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with the checker pattern or with colored deposita-
tion, is presented, and should be worst with no
augmentation of the virtual model.

Blending should enhance the rating of quality and
the feeling of telepresence in comparison to an

abrupt transition.
o The situation awareness should be increased with an
abrupt transition in contrast to blending.
With incremental reprojection error, the rating

of quality and the feeling of telepresence should
decline whereas small reprojection errors should
be tolerable by the subjects without impairing
the rating of quality and the feeling of telepres-
ence.

» With increasing reprojection error the situation
awareness should increase due to the clear marking
of the virtual model with this error.

o In regard to the rating of quality and the feeling of
telepresence, the transition and the reprojection
error should not develop independently from one
another, that is, as reprojection error increases, the
effect of transition on these two variables dimin-
ishes. This is expected because the reprojection er-
ror is a perceptual perspective distortion that out-
weighs the transition. This interaction effect should
not be true for the situation awareness.

o The reprojection error should serve as a marking of
the views just like augmentation. Thus, as reprojec-
tion error increases, the impact of augmentation on
situation awareness is expected to decrease. This
effect should not crop up in the rating of quality
and the feeling of telepresence.

o When the reprojection error is small and blending is
used, then the augmentation of the virtual view
should be necessary to preserve a high degree of
situation awareness. This effect should be attenu-
ated without blending. With increasing reprojection
error, the need for augmentation of the virtual view
to preserve a high degree of situation awareness is
expected to be higher with blending than without.
There should be no such interaction between all
three independent variables for the rating of quality
and the feeling of telepresence.

6.1 Technical Setup

Similar to Experiment 1, the camera images were
sent to the operator, but here the camera position was
set to a fixed position. Thereby the operator could focus
his or her attention on judging visual quality at the bor-
ders of the video view. In order to give a cue as to
which part of the display is the video view, a toy train
drove in front of the cameras at the remote environ-
ment. As this moving train was not part of the 3D rep-
resentation it did not drive in the virtual view, but only
in the video view, in order to ensure that the subjects
were aware of which kind of view they were looking at.
The tracked HMD positions were used similarly as they
were in Experiment 1 to generate the hybrid view; but
to introduce a fixed amount of reprojection error an
artificial amount of lateral translation (here to the left
side) was introduced between the operator observing
position and the camera frame position. In Figures 2, 3,
and 4 the levels of the three independent variables are

illustrated.

6.2 Subjects

The same subjects used in Experiment 1 partici-

pated in Experiment 2.

6.3 Procedure

After carrying out Experiment 1, the subjects pro-
ceeded to Experiment 2. Here, the participants looked
at a section of the scene shown in Experiment 1, com-
posed of a desk with rails on it, for 6 s. This time length
was chosen because it has been shown that 4 to 8 s are
enough to encompass a 3D visual scene (Lin et al.,
2003; Blackmon et al., 1997). This section of the scene
combined the video view with the photorealistic virtual
model, realizing the different variations regarding aug-
mentation of the virtual view, transition, and reprojec-
tion error in the stationary way mentioned above.
Subjects were instructed to attend to the combination
of video and virtual views, whereas the experimenter

did not specify a particular dimension so as to avoid
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Figure 2. Levels of view marking: none, checker pattern, and blue color (from left to right).

Figure 3. Levels of transition: blending (left) and no blending (right).

Figure 4. Levels of reprojection error: 0, 0.05, 0.15, 0.3, and 0.5 m (from left to right, top to bottom).
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directing the subjects’ attention to a particular charac-
teristic of the combination.

The first trial was repeated, when necessary, until the
subjects knew where to attend. The participants’ obser-
vation of the views was monitored on a screen.

After each trial, the subjects were asked to rate the qual-
ity of the combination and their feeling of telepresence. To
assess the rate of quality, the subjects were asked how they
assessed the design of the combination on a scale from 1
to 10, where 1 meant very bad and 10 very good. The
feeling of telepresence was measured using a question
(How strongly did you feel immersed in the shown envi-
ronment?) with the instruction for scaling from 1 (very
weakly) to 7 (very strongly) as in Experiment 1. These two
different scale ranges were chosen in order to ensure that
the subjects had to rethink their response so that repetition
bias was minimized.

In order to obtain the subjects’ situation awareness, a
beep sounded at, on average, every second trial and the
current picture was stopped for 1 s (which is the decay
time for the visual image store; Card et al., 1983), then
the picture disappeared. Here, every second trial was
chosen in order not to overstrain the participants. The
subjects’ task was to determine the percentage of the
video view from the whole view of the picture shown
when brought to a stop. The beep sounded at random
and at unexpected points in time. After the rating of the
percentage of the video view, the same trial was shown
again for 6 s in order to get the ratings for the quality
and the feeling of telepresence from the subjects.

The sequence of the trials was randomized across the
subjects and no consecutive two trials were the same for

any subjects.

6.4 Design

There was a full three-factorial design (3 X 2 X 5)
with independent variables augmentation (none,
checker pattern, and color), transition (no blending vs.
blending), and reprojection error (0, 0.05, 0.15, 0.3,
and 0.5 m, respectively). All independent variables were
investigated within subjects. The dependent variables
were rating of quality, feeling of telepresence, and situa-

tion awareness.

6.5 Results

As already mentioned, the rating of quality was
the value the subjects quoted on a scale from 1 to 10 as
well as the feeling of telepresence on a scale from 1 to 7,
where a higher value indicates a greater expressiveness
of the variables.

Situation awareness was measured by calculating the
difference between the percentage of the video view
stated by the subjects and the percentage specified by
the system for the picture brought to stop. Since the
situation awareness has been measured on average every
second trial for each person, the missing values are re-
placed by the respective group means.

The rating of quality, the feeling of telepresence, and
the situation awareness were averaged across subjects
and across conditions and analyzed by a three-factorial
three-variate analysis of variance with repeated measure-
ments.

The relationship of the dependent variables with the
data from the questionnaire was evaluated accessorily in
order to control for possible influences other than the

experimental variation.

6.5.1 Analysis of the Questionnaire Data. A
significant correlation between the wearing of glasses or
contact lenses and the rating of quality was found, 7, =
—.440, p = .006, » = 37. This indicates that the wear-
ing of glasses or contact lenses permanently or in special
circumstances degrades the rating of quality. A one-way
analysis of variance (ANOVA) was performed in order
to examine whether the three groups (wearing glasses
permanently, wearing glasses for special circumstances,
and not wearing glasses) are different in respect of the
rating of quality. The dependent variable was the rating
of quality, averages for each subject. The mean rating of
quality wearing no glasses or contact lenses at all was
M = 5.831, SD = 1.870 (n = 14). that wearing glasses
permanently was M = 4.639, SD = 1.397 (» = 18);
and that wearing glasses only in special circumstances
was M = 3.727, 8D = 1.038 (» = 5). These differences
turned out to be significant, K2, 34) = 4.117, p =
.025. The Bonferroni-test as a post-hoc test for the
comparison of the discrete levels of an independent vari-
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‘able revealed that the level for wearing glasses in special
circumstances differed significantly from the other two
levels (p = .042), these not being distinct from one an-
other. Thus, the relationship between the wearing of
glasses or contact lenses and the rating of quality may be
due to the fact that the subjects who wear glasses for
special opportunities have a reduced visual acuity and
therefore rate the quality worse than subjects who do
not wear glasses or have permanently corrected vision.
The analysis of the other biographical data, the immer-
sive tendency, and the comparison with the reference
sample (Scheuchenpflug, 2001, 2005) have already
been reported in Section 5.1.

Concerning the rated feeling of telepresence in Ex-
periment 2, there was no significant correlation with
cither of the subscales of the immersive tendency (7g =
107, p = .527, n = 37 between emotional involvement
and the feeling of telepresence quoted in Experiment 2;
rg = .086, p = .614, » = 37 between degree of immer-
sion and feeling of telepresence quoted in Experiment
2). Again, the conclusion can be drawn that not the
personal trait but the experimental variation leads to the
rating of the feeling of telepresence in Experiment 2.

There was a high correlation between the rating of
quality and the feeling of telepresence, 7 = .689, p <
.000, » = 37. In this experiment there seemed to be a
great overlapping of the cognitive processes list that led
to the rating of quality and the feeling of telepresence.

6.5.2 General Descriptive Results. The high-
est rating of quality and the highest feeling of telepres-
ence across all subjects (z = 37) were observed when
there was no augmentation of the virtual view, blend-
ing, and no reprojection error (0 m), and the respective
means were M = 6.973 with a standard deviation of
SD = 1.861 for the rating of quality and M = 5.162,
SD = 1.259 for the feeling of telepresence. On the
other hand, this combination yielded the worst situation
awareness with a mean difference between the estimated
and the actual percentage of the video view of M =
21.050%, SD = 27.273%, averaged for all subjects.

The best situation awareness was found when the vir-
tual model was augmented with a checker pattern for no
blending and 0.5 m reprojection error, the mean differ-

ence between estimated and the actual percentage of the
video view was M = 6.000%, SD = 5.773% for this
combination across all subjects. Here, the rating of
quality and the feeling of telepresence across all subjects
were worst within all combinations with the respective
means and standard deviations of M = 3.486, SD =
2.479 for the rating of quality and M = 2.865, SD =
1.735 for the feeling of telepresence.

6.5.3 Rating of Quality. The overall mean for
the rating of quality across all subjects and all conditions
was M = 4.967, SD = 1.691.

The descriptive statistics for the dependent variable
rating of quality with respect to the different levels of
augmentation, transition, and reprojection error are
summarized in the Appendix in Table Al.

The F-statistics derived from the multivariate analysis
of variance (MANOVA) for the rating of quality are
specified in Table 1.

As can be seen from Table Al in the Appendix and
Table 1 here, all predicted main effects are significant in
the expected direction, that is, no augmentation of the
virtual model, blending, and no or minimal reprojection
error led to the highest ratings of quality.

The Bonferroni-test as post-hoc test revealed that the
two augmentation types (checker pattern and color) did
not differ from one another (p = 1.000) but differed
from no augmentation (p < .000). There was no differ-
ence between no and 0.05 m reprojection error (p =
.208), with these two levels being distinct from all other
levels of this variable (p < .005). Thus, a minimal re-
projection error of 0.05 m can be tolerated by the sub-
jects without diminishing the rating of quality.

The partial n* denoted in Table 1 is a measure for the
effect size. Thus it appeared that the reprojection error
was the most important factor that influenced the rating
of quality.

The interaction effect between transition and re-
projection error turned out to be significant as pre-
dicted: with no reprojection error the difference be-
tween blending and no blending (6.495 vs. 5.468)
was higher than with high (0.50 m) reprojection error
(4.018 vs. 3.658). Hence, the conclusion can be drawn
that the reprojection error indeed overweighs the effects
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Table 1. MANOVA Resufts for the Rating of Quality

Sum of Significance
MANOVA squares Fdf) level p Partial 7
Augmentation 75.580 18.866 (2,72)*t <.000 0.344
Transition 152.181 18.150 (1,36)* <.000 0.335
Reprojection error 697.582 48.466 (4,144)*t <.000 0.574
Augmentation X transition 4.427 1.659 (2,72) 197 0.044
Augmentation X reprojection error 10.105 0.871 (8,288) 542 0.024
Transition X reprojection error 22977 4.617 (4,144)* .002 0.114
Augmentation X transition X 7.942 0.704 (8,288)% .625 0.019

reprojection error

*Significant at the & = 1% level.
TCorrected for violation of the assumed sphericity through Greenhouse-Geisser correction.

"1 . presence in respect to the independent variables are
listed in Table A2 in the Appendix.

The F-statistics obtained from the multivariate analy-
sis of variance (MANOVA) for the feeling of telepres-
ence are summarized in Table 2.

Again, all predicted main effects turned out to be sig-
nificant, the highest feeling of telepresence occurred
with no augmentation of the virtual model, blending

—e— Blending
—o— No blending

and no reprojection error.

For the augmentation, the checker pattern and the
colored depositation did not differ ( = 1.000), whereas
they were distinguished from no augmentation (p <
.007).

For the reprojection error, all levels differed from one
Figure 5. Interaction effect between transition and reprojection error  ,pother (p < .032), indicating that for the feeling of
on rating of qualiy. telepresence not even a small reprojection error was tol-

Mean of rating of quality

w

T T T
0 0.05 0.15 0.3 0.5
Reprojection error [m]

erable for the subjects.

Here, the most important variable that influenced the
feeling of telepresence was the reprojection error as in-
dicated by the highest effect size for this variable.

In turn, the interaction effect between transition and

of the transition on the rating of quality. This interac-
tion effect is illustrated in Figure 5.

No other interaction effect reached significance as
reprojection error reached significance as for the rating

expected.
of quality as expected. No reprojection error and blend-
6.5.4 Feeling of Telepresence. The overall ing and no blending yielded means 0of 4.919 and 4.216,
mean for the feeling of telepresence the subjects (# = respectively, against high reprojection error (0.50 m)

37) quoted was M = 3.910, SD = 1.179 across all con-  and blending and no blending with means of 3.387 and
ditions. The descriptive statistics for the feeling of tele- 3.000, respectively. Similar to the rating of quality, the
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Table 2. MANOVA Results for Feeling of Telepresence

Sum of Significance

MANOVA squares F(df) level p Partial n?
Augmentation 20.677 7.581 (2,72)* .001 0.174
Transition 78.933 18.761 (1,36)* <.000 0.343
Reprojection error 257.000 45412 (4,144)*t <.000 0.558
Augmentation X transition 0.180 0.118 (2,72) .889 0.003
Augmentation X reprojection error 1.989 0.350 (8,288) 945 0.010
Transition X reprojection error 10.409 4.007 (4,144)* .004 0.100

4.450 0.994 (8,288) 441 0.027

Augmentation X transition X
reprojection error

*Significant at the & = 1% level.

tCorrected for violation of the assumed sphericity through Greenhouse-Geisser correction.

reprojection error overweighs the effects of the transi-
tion on the feeling of telepresence.
No other interaction effect was significant, as pre-

dicted.

6.5.5 Situation Awareness. Situation awareness
was operationalized by using the difference between the
percentage reported by the subjects when the beep
sounded and the picture seen was brought to a stop and
the percentage submitted by the system for the same
picture. On average, this procedure took place at every
second trial. Thus, the higher the value of this differ-
ence, the worse the estimation of the subjects was. The
overall mean for the situation awareness across all sub-
jects and conditions was M = 13.406%, SD = 6.435%.
The minimal deviance averaged for every subject turned
out to be 5.40%, and the maximal deviance was 33.80%.
Results showed 86.40% of the subjects (» = 32) had a
divergence of less than 20%, indicating that the subjects
were able to satisfactorily estimate the percentage of the
video view displayed.

To meet the requirements for MANOVA, the missing
values were replaced by the respective group mean for
each condition. The following analyses were all con-
ducted with this completed dataset.

The descriptive statistics for the situation awareness in
regard to augmentation, transition and reprojection er-
ror are shown in Table A3 in The Appendix.

The F-statistics derived from the MANOVA for the
situation awareness are listed in Table 3.

As can be seen in Table A3 and Table 3, the differ-
ence for the levels of augmentation of the virtual view
and transition between the respective group means were
significant in the predicted direction.

The Bonferroni-test as a post-hoc test yielded a signif-
icant difference between no augmentation and augmen-
tation of the virtual view with the blue color (p = .001),
that is, the depositation with the color resulted in the
best situation awareness. Likewise, no blending lead to
the best situation awareness in comparison with blend-
ing, as expected. The highest effect size was found for
this independent variable, thus the transition was the
most important factor influencing situation awareness.

However, although the reprojection error showed a
significant effect on situation awareness, it was in the
opposite direction to that predicted. Figure 6 makes this
clear: There should be a descending line for the means
of situation awareness with increasing reprojection er-
ror, but the overall tendency is an ascending line, indi-
cating that the situation awareness gets worse with in-
creasing reprojection error. The minimum, that is, the
best situation awareness, is located at the reprojection
error level of 0.15 m, but the performed Bonferroni-test
revealed no significant difference with the reprojection
error level of 0 m (p = 1.000). These two levels showed
a significant difference to the 0.5 m level (p <.006),
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Table 3. MANOVA Results for Situation Awareness

Sum of Significance
MANOVA squares F(df) level p Partial 7?
Augmentation 1200.125 7.894 (2,72)* .001 0.180
Transition 6671.473 75.216 (1,36)* <.000 0.676
Reprojection error 2449.137 6.346 (4,144)*t <.000 0.150
Augmentation X transition 366.705 1.495 (2,72) 231 0.040
Augmentation X reprojection error 2328.130 3.343 (8,288)*t .004 0.085
Transition X reprojection error 666.398 1.705 (4,144)t 170 0.045
Augmentation X transition X 5326.232 6.994 (8,288)*t <.000 0.163
reprojection error
*Significant at the & = 1% level.
tCorrected for violation of the assumed sphericity through Greenhouse-Geisser correction.
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o 184
X 7 = 1]
? 2
g g 16
L 144 o
© L 154
% § 15
S g 14 4
T 13- a % 134
. 5
‘S 5 12
€ 12 s
§ d = 114
. 10 T T T 1 T
o] 0.05 0.15 03 0.5
" 0 - 015 03 05 Reprojection error [m]

Reprojection error [m]

Figure 6. Main effect of reprojection error on situation awareness.

and these were the only significances within the levels of
reprojection error regarding situation awareness.

Why this effect emerges is not clear. Perhaps the
higher levels of the reprojection error signify such a
large perceptual distortion that the subjects were not
able to correct the inclined plane for the rating of the
percentage of the video view.

It was predicted that the reprojection error serves as
a marking of the views just like augmentation with a
checker pattern or color, thus making the augmentation

Figure 7. Interaction effect between augmentation and reprojection

error on situation awareness.

of the virtual view unnecessary as reprojection error in-
creases. This should appear as an interaction effect be-
tween the reprojection error and augmentation. This
interaction took place significantly (see Table 3) and is
shown in Figure 7 with the two augmentation types
(checker pattern and with blue color) being summarized.

The decreasing difference between no augmentation
of the virtual view and augmentation with checker pat-
tern or blue color, respectively, up to a level of 0.3 m of
the reprojection error indicates the interaction effect
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Mean of situation awareness [%]

—e— Blending, no augmentation

—v— No blending, no augmentation

--0-- Blending, mean of the augmentation types
---w-- No blending, mean of the augmentation types

Reprojection error [m]

Figure 8. Three-way-interaction effect between augmentation, transition, and reprojection error on

situation awareness.

that was predicted. Merely the level of 0.5 m of the re-
projection error represents an outlier that is not strong
enough to suppress the overall interaction effect. Again,
there exists the possibility that the subjects were not
able to cope with the reprojection error at this high
level.

Furthermore, a three-way interaction between aug-
mentation, transition, and reprojection error on situa-
tion awareness was expected. This interaction effect
turned out to be significant, confirming all predictions
made in Section 6 (see Table 3).

Figure 8 illustrates this three-way interaction. For
simplification purposes the augmentation types (checker
pattern, depositation with the blue color) are summa-
rized again and the reprojection error is reduced to the
levels 0 m (none) and 0.5 m because this represents the
overall trend.

It was expected that with small reprojection error and
blending (lines with the circle symbol in Figure 8), the
augmentation of the virtual view with checker pattern or
with blue color (dotted lines and open symbols in Fig-
ure 8) results in a better situation awareness than when
augmentation is left out (compact lines and filled sym-
bols in Figure 8). As can be seen from Figure 8, this was
true: the mean difference between the estimated and the
video views was M = 21.050% for 0 m reprojection er-

ror, blending, and no augmentation vs. M = 11.590%
for 0 m reprojection error, blending, and augmentation
with checker pattern or color.

This effect was expected to be attenuated without
blending and this turned out to be the case, too: the
mean difference for 0 m reprojection error, no blend-
ing, and no augmentation was lower (M = 6.067%)
than that with blending; the mean difference for 0 m
reprojection error, no blending, and augmentation with
checker pattern or blue color was lower (M = 10.159%)
than that with blending.

Further, it was predicted that with a high level of re-
projection error and blending the augmentation of the
virtual view with checker pattern or blue color would,
on the one hand, result in a better situation awareness
than with no augmentation, but, on the other hand,
result in a worse situation awareness than without
blending. Again, this effect was confirmed: the mean
difference for 0.5 m reprojection error, blending, and
augmentation with one of the two types was M =
17.937% vs. M = 20.267% for 0.5 m reprojection error,
blending, and no augmentation of the virtual view vs.
M = 9.907% for 0.5 m reprojection error, no blending
and augmentation of the virtual model.

No other interaction effect turned out to be signifi-

cant as predicted.
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6.5.6 Optimal Combinations of Video and
Virtual View. It has been shown that the rating of
quality and the feeling of telepresence run opposed to
the situation awareness. When the rating of quality and
the feeling of telepresence are high, then the situation
awareness is bad, and vice versa.

In order to find an optimum between these three
variables, the field of application where the hybrid dis-
play is applied has to be considered.

When it is important to assess the view as good and
to feel highly present, then the combination that yielded
the highest rating of quality and the highest feeling of
telepresence (no augmentation of the virtual view,
blending, and no reprojection error) should be adopted.
This could be the case in entertainment applications
where little or no manipulation in the remote environ-
ment with telepresence systems takes place.

When it is important to have very good situation
awareness, such as in manipulation tasks where the han-
dling of tools is required (the tools should not be de-
posited in the area where the virtual model is displayed
when this view is not updated regularly), then the com-
bination that produced the best situation awareness
(augmentation of the virtual view with checker pattern,
no blending, and a reprojection error of 0.5 m) should
be chosen. This can be used for servicing missions in
space through telemanipulation where it is extremely
important to know what kind of view is being seen, for
example.

In order to find optimal combinations of virtual and
video view for applications in between these two key
points, a median split for the empirical dataset was made
for the rating of quality (M4 = 4.700) and for the feel-
ing of telepresence (Md = 3.856). All combinations
with a higher value were selected.? For the situation
awareness, all combinations where values of the mean
difference were smaller than the first quartile of the sam-
ple (25%), which was Q; = 11.127%, were selected
from the dataset. Treating the whole dataset with this
three split procedure, four combinations remained:

2. A median and quartile split, respectively, are common statistic
procedures for finding the optimum for diverse variables with contra-
dictory values.

When there is a need for a high rating of quality, a high
feeling of telepresence, and a sufficient degree of situa-
tion awareness, then either the combination with no
augmentation of the virtual view, no blending, and no
reprojection error or that with augmentation with the
blue color, blending, and a level of the reprojection er-
ror of 0.05 m, should be selected. Here, the means of
the situation awareness were 10.429% for the former
combination and 10.500% for the latter combination.
The means for the rating of quality were above 5.8, and
for the feeling of telepresence above 4.6.

With the demand for a good situation awareness and
a sufficient degree of rating of quality and feeling of
telepresence, then either the combination with augmen-
tation with checker pattern, blending, and no reprojec-
tion error or that with augmentation with depositation
of the virtual view with the blue color, no blending, and
no reprojection error, should be used. The former
showed a mean for the situation awareness of 6.067%,
the latter of 8.000%. The means for the rating of quality
was above 5.2, and for the feeling of telepresence above
4.0.

7 Conclusions/Discussion

In this article it has been shown that the combina-
tion of live video streams and virtual views can improve
human performance in telepresence scenarios. A tele-
presence system was evaluated that widens the available
camera field of view by using virtual reality for the pe-
ripheral regions that are not covered by the cameras.

In the first experiment this widened field of view lead
to better attention to detail, a better distance estimation
as well as an enhanced feeling of telepresence of the
subjects.

However, the accuracy of the recalled position of ob-
jects was not ameliorated as expected. There exists the
possibility that this was due to shortcomings of the op-
erationalization of this variable in this experiment.

The conclusion can be drawn that the integration of
virtual reality with video data is a viable solution to gen-
erate wide fields of view even with restricted camera op-
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tics in order to increase the human performance as well
as the feeling of telepresence.

In the second experiment, the three parameters of
view marking, transition (blending/no blending), and
reprojection error were selected as criteria for the com-
bination of live video streams and virtual views.

Here, it was examined how these three parameters
affect the rating of quality, the feeling of telepresence,
and the situation awareness of the participants. It was
expected that a combination that encompasses high re-
alism would lead to the highest rating of quality and to
the highest feeling of telepresence, but to the worst sit-
uation awareness. This prediction was confirmed.

On the other hand, combinations that suffer from
realism led to the best situation awareness, but to the
lowest rating of quality and the lowest feeling of tele-
presence as was predicted.

Reprojection error was the sole exception regarding
situation awareness. Instead of getting better with in-
creasing reprojection error, the situation awareness was
best with small values of this error. Maybe the reprojec-
tion error was an effect of the perceptual distortion,
which would lead the participants to not be able to
compensate for the incline of the displayed view. This
result should be reconsidered in further studies with an
alternative operationalization of the situation awareness.

In applications where situation awareness is impor-
tant, such as in telemanipulation tasks, view marking can
effectively provide a strong cue. It can be implemented
with augmentation techniques in many facets, with two
examples evaluated here. Other types of view marking
could be investigated in further studies.

In regard to several application fields, optimal transi-
tion strategies concerning the trade-off between situa-
tion awareness and display quality were discussed. The
focus should be on the respective importance of the sit-
uation awareness, the quality rating, and the feeling of
telepresence adherent in the application. These optima
were deduced from the results found in this experiment
without direct evaluation. This could be done in further
studies, where the found optimal transitions could be
proved against each other using different application fields.

In this article, only the case without a moving human
operator was considered. Further research aims at ex-

panding and comparing the reported results to telepres-
ence scenarios where the human operator has to move
and to navigate through the remote environment.
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Independent variable Level M SD
Augmentation None 5.335 1.728
Checker pattern 4.765 1.734
Blue color 4.800 1.734
Transition Blending 5.337 1.728
No blending 4.596 1.813
Reprojection error None (0 m) 5.982 1.484
0.05 m 5.608 1.697
0.15m 5.081 1.807
0.30 m 4.324 1.953
0.50 m 3.838 2.135
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Table A2. Descriptive Statistics for the Feeling of Telepresence

Independent variable Level M SD
Augmentation None 4.103 1.168
Checker pattern 3.822 1.235
Blue color 3.805 1.247
Transition Blending 4.177 1.204
No blending 3.643 1.265
Reprojection error None (0 m) 4.568 1.089
0.05m 4.243 1.162
0.15m 3.950 1.265
0.30 m 3.595 1.387
0.50 m 3.194 1.350

Table A3. Descriptive Statistics for the Situation Awareness

Independent variable Level M[%] SD [%]
Augmentation None 14.450 4.252
Checker pattern 13.311 3.759
Blue color 11.907 3.645
Transition Blending 15.674 3.522
No blending 10.771 3.698
Reprojection error None (0 m) 11.769 4.526
0.05 m 14.334 5.256
0.15m 11.515 4.440
0.30 m 13.094 3.990

0.50 m 15.402 5.566
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