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Influence of display device and screen curvature on
perceiving and controlling simulated ego-rotations
from optic flow

Jorg Schulte-Pelkum, Bernhard E. Riecke, Markus von der Heyde, & Heinrich H. Bulthoff

Abstract. This study investigated how display parameters influence humans’ ability to control simulated ego-
rotations from optic flow. The literature on visual turn perception reports contradictory data, which might be partly
due to the different display devices used in these studies. In this study, we aimed at disentangling the influence of
display devices, screen curvature, and field of view (FOV) on the ability to control simulated ego-rotations solely
from visual information. In Experiment 1, FOV and display device (projection screen vs. head-mounted display
(HMD)) was manipulated. In Experiment 2, screen curvature and FOV were varied. Subjects’ task was to perform
visually simulated self-rotations with target angles between 45 and Stiinuli consisted of limited lifetime dots

on a dark background, and subjects used a joystick to control the turning angle of the visual stimulus. In Experiment
1, performance was tested in a within-subject design, using a curved projection screen (F®894a HMD

(40° x30°), and blinders (40x 30°) that restricted the FOV on the screen. Performance was best with the screen
(gain factor 0.77) and worst with the HMD (gain 0.57). We found a significant difference between blinders (gain
0.73) and HMD, which indicates that different display devices can influence ego-motion perception differentially,
even if the physical FOVs are equal. In Experiment 2, screen curvature was found to influence the perception of
ego-rotations: At identical FOVs of 84 participants undershot target angles on the curved screen (gain 0.84),
while they overshot target angles on the flat screen (gain 1.08). Perceptual mechanisms that may underlie these
results will be discussed. We conclude the following: First, differences between display devices (HMD vs. curved
projection screen) are more critical than the FOV for the perception of ego-rotations, with projection screens being
better than HMDs. Second, screen curvature significantly influences performance for visually simulated ego-
rotations: Compared to the flat screen, the curved screen enhanced the perception of ego-rotations. These findings
have relevant implications for the design of motion simulators.

1 INTRODUCTION ability to control simulated ego-rotations solely from
visual information.
Bremmer and Lappe (1999) have shown that hu-

It is known that observers typically misperceive sim- . .
ypically P mans can use optic flow to perceive and control trans-

ulated turning angles in Virtual Reality (VR) if only lational ego-motion with high accuracy, even if no

v:sm;al mfortr)natlon |shavallablet;lln alrtnost?ny :/Rhsm]: landmark information is available. However, for the
?ha |ohns, Ot servdershllave pro t.ems. 0€s tlm? € how arspecial case of ego-rotations, observers’ ability to es-
mgt aI\If'e g;r;eralvzh;el.?:\g?iéng n 518er liﬁa?nvgon_;) timate ego-motion from visual information alone be-
- ng . lerature suggests Proprio- ., nes very inaccurate: In one study, Bakker et al.
ceptive and vestibular cues are essential for spatial orl-(lggg) asked participants to perform visually simu-
en;attlr?nt vv_henlrott.anolnslof the ob.ser\f/_fgr.ar? |gv<|3(li\(/ed, lated ego-rotations at specific turning angles (e.df, 45
3\? kha V'SUSPS 'mull a Ongée |r|1|su icient (Ba g; left, 9C° right etc.). Participants were seated and
erkhoven, assenier, 1° )- OWever, many dit* \;o\ved a virtual scene using a head-mounted display
ferent display devices and field of views (FOV) have (HMD, FOV 24°x18°). They used a joystick to con-
o e e o, e s Wi ey puled i otk > the
& Passenier, 2001: Kearns, Warren. Duchon, & Tarr side, the visual scene moved as if the participant was

. . ' turning around his vertical axis. In this condition,
2002; Péruch, May, & Wartenberg, 1997; Riecke, . . , .
1998: Riecke, van Veen, & Bilthoff, 2002). it was found that when only visual information was

presented, participants undershot target angles for re-
The present study aims to disentangle the influencequested ego-rotations by nearly 60%. Performance
of display devices, screen curvature, and FOV on theimproved when participants turned physically on their



Figure 1:Left: 180° x50° FOV half-cylindrical projection screemight: Subject wearing HMD, FOV 40x 30°.

feet, thus adding proprioceptive and vestibular cues toFOVs of 40 x30° (HMD and “blinders”), and no dif-
the visual cues, but undershooting still occurred. Strik- ference between the latter two. If the display device
ingly, performance was best when participants turned matters, one might expect a difference between HMD
blindfolded. The authors conclude that ... “orientation and blinders at the identical FOV. Experiment 2: If
based on visual flow alone is most inaccurate and un-screen curvature affects turning accuracy, one would
reliable”. expect different results between flat and curved pro-
On the other hand, using a large, half-cylindrical jection screens at identical FOVs.
projection screen with a large FOV of 18(see Fig-
ure[1, left), Riecke et al. (2002) found that participants 3 EXPERIMENT 1
were able to perform instructed rotations with remark-
able accuracy from visual flow alone. In a compara- o ) .
ble task, turning performance was nearly perfect, with N @ within-subject repeated-measures design, 18 par-
a gain factor of 0.99 and errors more than ten times ficipants perf(_)rmed_wsually simulated ego-rotations.
smaller than in the Bakker et al. (1999) study. In a full factorial design, five tur_n angles (215(_) 225,
So far, to our knowledge no study has systematically St€Ps Of 43) were crossed against four turning veloc-
examined whether this contradiction is attributable to 1i€S (20, 27, 34, and 42s), two directions (left/right)
the different display devices (HMD vs. projection and three visualization conditions (curved .pI‘OJeCtIOI’I
screen), the difference in screen curvature (cf. PéruchScreen: FOV 84x63°, HMD: 40°x30°, blinders:
et al., 1997; Riecke et al., 2002), or the different FOVs 40°x30°). The blinders restricted the FOV on the pro-
used in these experiments. jection screen to the same FOV that was VISIb|Q in the
To investigate this question, we performed two psy- HMD- The screen resolution was set to 162268 pix-
chophysical experiments. Participants were requestect!S On all display devices. To provide only optic flow
to perform visually simulated ego-rotations for specific Information without any landmarks, a starfield of lim-
target angles, similarly to the study by Bakker et al. iteéd lifetime dots (dot lifetime = 650 ms) on a dark
(1999) as described above. In Experiment 1, FOV backgrqund was used. The three con(_jltlons were pre-
(84°x63 vs. 40 x30°) and display devices (HMD sgnted in balanced orQer between subjects. Each of the
vs. curved projection screen) were varied. In Exper- SIX possible permutations was performed by three par-

iment 2, screen curvature (flat vs. curved) and FOV ticipants.

3.1 Design & apparatus

(84° %63 vs. 40 x30°) were manipulated. Participants were seated in front of the projection
screen, with the head position stabilized by a chin rest
2 HYPOTHESES (see Figur¢]2). Viewing distance was 106 cm to the

center of the curved screen, which had a curvature ra-
Experiment 1: If only FOV matters for accurate dius of 2 m (see Figurg]5). Participants viewed the
ego-rotation perception, one would expect a per- stimulus with both eyes. Target angles were instructed
formance difference only between the large screenvia headphones, e.g. “Turn 9@o the left”, and par-
(84°x63°) and the two conditions with restricted ticipants used a joystick to control the simulated turns:



Figure 2: Experimental setupeft: Screen FOV 84x63°; center: blinders FOV 40x30°; right: HMD FOV 40° x 30°

When they pulled the joystick to the side, the visual ders was much superior to the HMD and did not dif-
scene turned around the observer as if he or she wasger significantly from the full screen condition. While
turning around the vertical axis. After 8 practice tri- performance was worst with the HMD, the task was
als without feedback, participants performed 40 tri- perceived as rather easy.
als in randomized order in each of the three visualiza- In summary, the effect of display device appears to
tion conditions. No training or feedback about perfor- be more critical than the FOV for the present task.
mance was provided at any stage of the experiment. However, it is worthwhile mentioning that in a post-
test interview, the FOV of the HMD was estimated
3.2 Results & Discussion more than twice as large on average than the actual
FOV (see Figurg]4, right). In contrast, estimates for
Generally, all turning angles were undershot (see Fig-the FOV on the screen and the blinders was very accu-
ure[3). The presentation order of the three conditionsrate. Participants also reported that the dots appeared
had no significant effect (F(5,12) = 0.75, p=0.604). to be farther away in the HMD than on the screen, even
For turn error as the dependent measure, a 3 (visuthough dot size in terms of visual angle was equated
alization conditions)x 5 (target anglesk 4 (veloci-  between the two conditions. There is evidence from
ties) x 2 (turn directions) repeated-measures ANOVA Wist, Diener, Dichgans, and Brandt (1975) that, with
with all factors as within-subject factors showed the the angular speed of a visual surround held constant,
following results: The effect of visualization condi- observers’ perceived speed of rotary self-motion in-
tion was significant, as well as target angle (F(2,24) creases linearly with increasing perceived distance of
= 13.3, p<0.001 and F(4,48) = 45.1, p<0.001, re- this surround. This means that for the special case of
spectively). Bonferroni-corrected post-hoc tests re- self-rotation, human observers seem to mistakenly use
vealed significant differences between the full screeniinear velocity on the screen instead of angular veloc-
and HMD (p<0.001), and also between HMD and blin- jty to estimate rotation speed. Therefore, it is possible
ders (p<0.01). The interaction between visualization that both altered apparent distance to the stars and the
condition and target angle was also significant (F(8,96) largely misperceived size of the FOV in the HMD con-

=6.3, p<0.001). Figufg 3illustrates the ranked order of tributed to the large performance deterioration for the
the three conditions and the interaction. With a value HMD.

of 0.77, the gain of the curved screen lies closest to 1,

and the gain of the HMD diverges most with a value 4 Experiment 2

of 0.57. That is, with the HMD, undershooting of tar- )

get angles was largest. The magnitude of undershoot#-1  Design & apparatus

ing with the HMD is consistent with values found in In Experiment 2, screen curvature and FOV were ma-
Bakker et al. (1999). Mean subjective ratings about nipulated. The design and task was almost identical to
task difficulty were highest for the blinders (3.6 on a Experiment 1, except that turns of Z7@ere added
5-point Likert-scale), as opposed to values of 2.7 for and velocities were slightly modified to 28, 33, 38,
the screen and 2.9 for the HMD (see Figlife 4, left). and 43/s. This was done because in Experiment 1,
This is remarkable because performance with the blin- slow turns of 20/s yielded higher variability and larger



— y=+0.766x +11.48 (screen)
— y=+0.728x +5.89 (blinders)
— y=+0.574x +8.37 (HMD)
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Figure 3: Experiment 1: Means of turned angles per visualization condition plotted against the correct target angles. Boxes
show one standard error of the mean, whiskers indicate one standard deviation. The slopes of the fitted lines correspond to the
gain factors. The equations for the linear fit are shown in the inset on top. A gain factor of 1 (black line) describes perfect
performance. Notice that all turning angles are undershot.
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Figure 4:Left: Mean rated task difficulty. Boxes show one standard error of the mean, whiskers indicate one standard deviation.
Note that task difficulty for the HMD was rated as almost as easy as the full screen condition, even though the HMD vyielded
the worst turning performanc®&ight: Mean estimated FOV. The heights of the colored boxes indicate the amount of deviation
from the actual FOV. Notice the large over-estimation of FOV for the HMD.



turning errors than the faster velocities. Sixteen ob- presentation order of the randomized blocks (flat vs.
servers who had not participated in Experiment 1 per-curved screen) had no significant effect (see Table 1
formed the task using a flat projection screen and afor F-values).

curved screen (curvature radius =2m; FOV £863°

for both, see Figurp]5) in two separate blocks on two Factor dfand F-value Significance
different days. FOV was also varied (8463° vs.
40° x30°) in each session using blinders. Presentation Visualization — F(1.95,13.6) = p<0.001
order of the blocks was fully balanced across partici- condition 8.21
pants. Velocity F(1.22,9.75) = p <0.01

9.32

Visualization  F(2.96,23.65)= p<0.002
condition x 6.79

Target angle

Presentation F(1,7)=0.13 p=0.993
order

Curved screen
radius = 2m

Table 1: F-Table of ANOVA results. Note: df and F-
values for repeated-measures tests are Greenhouse-Geisser

FOV 86° corrected.

Flat screen

\%

aflat

Flat screen
width =166 cm

——— >
optic flow

FOV 86°

Figure 6: Optical difference of rotational optic flow viewed
on the flat and the curved screen. Due to the fact that the
FOV was kept constant, the center of the curved screen is
farther away from the observer than the flat screen. While
the angular velocityd and B) of optic flow is unaffected,

Figure 5: Schematic drawing of ExperimentTp: Curved  the linear velocity aandV'3) on the projection screen is
screen;Bottom: Flat screen; FOV = 84x63° for both. both dependent on the distance to the observer and on cur-

Viewing distance was 89 c¢m to the flat screen and 106 cm vature: Vectors of linear velocity are longer in the center of
to the center of the curved screen. The identical stimuli from the curved screen than on the flat screen, while the difference

Experiment 1 were used for both conditions in Experiment becomes less towards the periphery.
2.
Figure[ T (bottom) summarizes the results. For com-

) ) parison, results from Experiment 1 are plotted again
4.2 Results & Discussion in the top part. Bonferroni-corrected post-hoc tests
A repeated-measures ANOVA with turn error as the showed a significant difference for gain factors be-
dependent variable revealed a significant effect of tween the flat and curved screen in the full view con-
screen curvature, turning velocity, and also an inter- dition (p<.05). There was, however, no significant dif-
action between curvature and turn angle: While targetference for the reduced FOV for both the curved and
angles were undershot in the curved screen (gain factothe flat screen (p=.82 and p=.14, respectively).
0.84), a surprising overshoot was observed for the flat In the experiment, participants had been instructed
screen (gain factor 1.08, see Fig{ife 7, bottom). Theto trust their sense of ego-motion to estimate their



— y=+0.766x +11.48 (screen)
— y=+0.728x +5.89 (blinders)
— y=+0.574x +8.37 (HMD)
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Figure 7: Means of turned angles per visualization condition plotted against the correct target angles. For comparison, results
from Experiment 1 (top) and Experiment 2 (bottom) are plotted above one another. Boxes show one standard error of the mean,
whiskers indicate one standard deviation. The slopes of the fitted lines correspond to the gain factors. The equations for the
linear fit are shown in the inset on top. A gain factor of 1 describes perfect performance, as indicated by the black diagonal
line. Notice that in both experiments, turning angles were undershot on the curved screen, whereas overshooting occurred on
the flat screen.



turn angles. Interestingly, some observers’ verbal re- The open question is why observers largely over-
ports after the experiment indicated that on the curvedestimated the FOV with the HMD, but not with the
screen, the simulated self-rotations looked “more real- blinders. One difference is that with blinders, there
istic” than on the flat screen. This may have led them to were distance cues available for both the distance of
overestimate turns on the curved screen (thus to underthe viewing aperture and the projection screen (cf. Fig-
shoot target angles) and to underestimate turns on theure[2, center). Additionally, minimal head movements
flat screen (and thus to overshoot target angles). Figuremight have provided parallax information. Participants
illustrates the optical difference of the stimuli on the had explicitly been instructed not to move their head
two screens. The longer vector on the curved screenduring the trials, and their head was always stabilized
for stimuli with the same angular velocity predicts that in the chin rest, but it cannot be ruled out that some
turns should be overestimated on the curved screerobservers did move their head minimally. With the
compared to the flat screen if the linear velocity rather HMD, on the other hand, the black rim of the viewing
than the angular velocity is used to estimate turning aperture is not clearly visible since it is very close to
angles. Indeed, this pattern of results was found in ourthe eyes, and the distance to the LCD screens is not di-
study. Some participants also reported after the experi-rectly perceivable because they are viewed through op-
ment that rotational optic flow on the flat screen looked tical lenses. Furthermore, the HMD was not position-
like translational lamellar flow (e.g., like looking side- tracked in this study. This means that if observers
ways when walking forward). moved their head, they did not get any visual feedback
from their motion. In summary, viewing conditions
with HMDs are rather unnatural, which can result in
distorted perception of distance, FOV, and turning an-

. . . ) ) gles(see also Kearns et al., 2002).
In this study, we investigated the influences of display It seems likely that both misperceived FOV and dis-

devices, FOV, and screen geometry on the perceptiongnce have contributed to the large performance deteri-
and control of visually simulated ego-rotations. In Ex- oration for the HMD. Further investigation is needed to

periment 1, we found that turning accuracy with the jgentify the source of the distorted distance-perception
HMD (FOV 40° x30°) was significantly worse thanon ;4 estimated FOV for HMDs.

a projection screen with a FOV of 8463°. Impor-

tantly, reducing the FOV on the projection screen from g cONCLUSIONS

84° x63° to the same 40x 30° as on the HMD did not

affect performance at all, although this significantly in- In this study we intended to disentangle the influence
creased perceived task difficulty. Furthermore, perfor- of display devices, screen curvature, and FOV on the
mance on the projection screen was significantly bet-ability to control simulated ego-rotations solely from
ter than on the HMD even when the FOV was equal to visual information. We found that display devices had
the HMD (40 x30°). Previous research has mainly at- a strong influence on the ability to control simulated
tributed reduced perceptual performance of HMDs to ego-rotations: Performance was better when a pro-
their reduced FOV, and also to the predominantly low jection screen was used (gain 0.77), and performance
resolution and their weight (Arthur, 2000). Our results dropped drastically when a HMD was used (gain 0.57).
question this hypothesis. In the present study, the res-Surprisingly, we did not find any effect when the FOV
olution was kept constant at 102468 pixels for all ~ was reduced: With a reduced FOV of*4030°, per-
display devices, and the additional weight of the HMD formance was as accurate as when a large FOV of
was supported by a chin rest. We identified two other 84°x63° was available. Furthermore, in Experiment
factors that might have affected performance on the 2, we found an effect of screen curvature: While par-
HMD: First, observers overestimated the FOV on the ticipants undershot target angles for visually simulated
HMD by a factor of 2.2 on average, while they were ego-rotations on the curved screen (gain 0.84), they
very accurate at judging the FOV on the screen for both overshot target angles on the flat screen (gain 1.08).
the full view and the reduced view conditions with the ~ Using a HMD with a FOV of 24x18°, Bakker
blinders (cf. Figuré ]4). Second, most observers re-et al. (1999) also found large undershooting of in-
ported that on the HMD, the visual stimuli appeared tended turn angles. However, in a follow-up study,
to be at a farther distance than on the screen, everwhere a new HMD with a larger FOV of 4& 36° was
though stimulus size in terms of visual angle was kept used, they found overshooting for the same task us-
constant. Findings from Wist et al. (1975) suggest ing the identical stimuli (Bakker et al., 2001). The
that this overestimation of distance leads observers toauthors attribute the difference to the increased FOV,
overestimate ego-rotation speed, as discussed in secsince it was the only parameter changed in their ex-
tion 3.2. periment. The results of our study, however, suggest

5 GENERAL DISCUSSION



another view on this issue: We could show that FOV  Computer Science, University of North Carolina,
alone is not the crucial parameter, because reducing Chapel Hill. (Available: ftp://ftp.cs.unc.edu/pub/
the FOV on the projection screen from°8463° to the publications/techreports/00-019.pdf)

same 40x30° as the HMD resulted in far superior .
performance compared to the HMD. Therefore, FOv Bakker, N. H., Werkhoven, P. J., & Passenier, P. O.
cannot be the only issue with HMDs that limits per-  (1999). The effects of proprioceptive and visual
ceptual performance. We identified two other potential  f€€dback on geographical orientation in virtual en-
sources for perceptual distortions in HMDs: First, par-  Vironments. Presence: Teleoperators and Virtual
ticipants largely overestimated the size of FOV in the ~ Environmentss(1), 36-53.

HMD by a factor of 2.2 on average. Second, partici- gayyer, N. H., Werkhoven, P. J., & Passenier, P. O.
pants reported that the perceived distance of the visual (2001). Calibrating Visual Path Integration in VEs.

stimuli was largely increased compared to the projec-  pregence - Teleoperators and Virtual Environments
tion screen, even though the size in terms of visual an- 10(2), 216-224.

gle had been kept constant. It remains to be clarified
how these different factors contribute to the distorted Bremmer, F., & Lappe, M. (1999). The use of opti-

perception in HMDs. In conclusion, care should be

taken when using HMDs to investigate basic percep-

tual processes at the current stage of knowledge.
From our results from Experiment 2, we can con-

cal velocities for distance discrimination and repro-
duction during visually simulated self motioExp.
Brain Res,.127(1), 33-42.

clude that curved projection screens seem to be more<€amns, M. J., Warren, W. H., Duchon, A. P., & Tarr,

appropriate than flat screens to simulate rotational ego-

motion. Still, even on the curved screen, participants
generally undershot turning angles (gains 0.77 an

M. J. (2002). Path integration from optic flow and
body senses in a homing taslerception 31(3),

g 349-374.

0.84 in Experiments 1 and 2, respectively). In a com- Péruch, P., May, M., & Wartenberg, F. (1997). Homing

parable study, Riecke et al. (2002) asked participants

to perform a similar task as in our experiment, but us-
ing a 180 half-cylindrical projection screen (see Fig-

ure[d, left). They found almost perfect performance Riecke,

with a gain factor of 0.99 and only minimal errors.

There are two critical differences between the
Riecke et al. (2002) and the current study that might
explain the different results. First, the larger FOV
might have improved turn performance, even though
no effect of FOV between 84 63° and 40 x30° for

in virtual environments: Effects of field of view and
path layout.Perception 26(3), 301-311.

B. E. (1998). Untersuchung des

menschlichen Navigationsverhaltens anhand von
Heimfindeexperimenten in virtuellen Umgebun-
gen. Unpublished master’s thesis, Eberhard-
Karls-Universitat Tubingen, Fakultat fur Physik.
(Available:  www.kyb.tuebingen.mpg.de/publica-
tions/pdfs/pdf466.pdf)

the projection screen was found in the present study.
Second, the curvature radius in the Riecke et al. (2002)
study was equal to the distance of the observer to the
screen (both 3.5m), such that the projected stimulus .
rotated at a constant physical distance around the ob- Presence: Teleoperators and Virtual Environments
server. In the present study, the screen curvature of 11(4).

2m was larger than the distance of the observer to the\Nist, E. R., Diener, H. C., Dichgans, J., & Brandt, T.

screen (1.06m), such that the stimulus did not rotate (1975). Perceived distance and perceived speed of
at a constant physical distance around the observer but ¢ajf.motion - linear vs angular velocitPerception

had also some lamellar component. & Psychophysicsl7(6), 549-554.
Future work will aim to identify the parameters that
underlie the performance differences between these

two screens. The contributions of FOV, peripheral vi-
sion, and the reference frame provided by the screen
geometry will be investigated.

Riecke, B. E., van Veen, H. A. H. C., & Biilthoff, H. H.
(2002). Visual Homing Is Possible Without Land-
marks: A Path Integration Study in Virtual Reality.

This study was supported by the EU grant POEMS-IST-
2001-39223 (see www.poems-project.info) and by the Max
Planck Society.
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