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Design of Curved Raycasting-based Interactive Surfaces
in Virtual Environments and Its Application to an Immersive

Photo Browser!
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As three-dimensional user interfaces become more popular, quick and reliable aerial selection and
manipulation are desired. We evaluated a virtual curved display (interactive surface) with controllable
curvature based on raycasting. The user operates the surface by pointing using a head-mounted display
and grip-type controller. We investigated the operation speed and accuracy of curved interactive surfaces
under various presentation conditions. To investigate the users’ operation ability for different curved
conditions, we experimented with multiple surface curvature radii, including completely flat conditions.
The experimental results showed that varying the curvature of the display improved the pointing accuracy
by 28% and the speed by 15% over the flat surface in the most effective cases. By utilizing the analysis
results, we designed and implemented an immersive photo browser in which photos are placed on a
curved surface. These findings can be applied to curved interactive surfaces with mid-air pointing for
generic two-dimensional-style applications.
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7 Introduction

Displays in a virtual environment (VE) provide a fully pro-
grammable workspace without the need for large physical
spaces. The advantage of such virtual workspaces is that
they allow us to adopt findings regarding operational effi-
ciency from physical large screen display design [4]. Large
workspaces display a large amount of information, however

manipulation through the pointing interface is difficult. One

of the solutions to these problems is to design a curved
workspace [1], [2].

Although such large displays are difficult to operate, the
raycasting technique can be used to interact with objects in
a virtual world, which is advantageous compared to pointing
in the real world [3], [6]. Therefore, we compared the oper-
ational efficiencies of flat and curved surfaces assuming that
raycasting was used in VEs.

In this study, we evaluated curved virtual interactive sur-

™ This paper is based on [5] and includes a new section for an application of the proposed method.
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faces and investigated the effects of curvature, size, and
presentation distance on operational efficiency. The opera-
tion was performed using ray casting to point away from the
user. The design parameters were analyzed based on Fitts’
law, which accounts for the amount of ray travel.

The remainder of this paper is organized as follows. First,
we present a theoretical analysis of the operation time for flat
and curved surfaces. Next, we describe experiments to
evaluate the operational efficiency of the interactive surface
with respect to pointing and clicking on position and size.
We then introduce our implementation of an immersive
photo browser based on the results of the experiments.

Finally, we conclude this paper.

2 Operation Time Analysis by Fitts’s Law

Shupp investigated the curvature of a real large display
and found that users could operate it 30% faster than flat
displays [4]. In a virtual world, a display shape can be
designed without any physical restrictions.

We compared the operational efficiencies of flat and
curved surfaces. We conducted a theoretical analysis of the
time required to point to the leftmost and rightmost selective
targets using Fitts's law: T = a + blog:(1+ D/W). For the
analysis of pointing via raycasting, the ray is controlled by
changing the angle of the hand. Thus, we used W and D as
the values converted into angles. Let 77 and T be the times
required to point to the edge targets on a flat panel and
curved panel, respectively. Fig. 1(a) and (b) show the sche-
matics of flat and curved surfaces and the operations based
on the assumption of one-dimensional movements. If we
assume a = 0, the speedup of a curved surface can be
expressed as

S* = (T"-T9/T = 1-log (1 + D/W)/log (1 + D/W).
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(a) Flat Surface (b) Curved Surface (a half cylinder)

Fig. 1 Models for Interactive Surfaces. The user’s operation angle
is controlled by the curvature radius of the virtual surface.

3 Experiment

To evaluate the suitability of different shapes for an
immersive interactive surface, we conducted within-subject
experiments to investigate the effects of display size and

curvature radius on the selection of a grid of visual objects.

The participants were required to perform pointing tasks
in a virtual space, as shown in Fig. 2. A virtual interactive
surface with a grid was shown to each participant at a time
(Fig. 3). The shape of the surface is defined by a combina-
tion of several parameters (Fig. 4). The grid had the same
pitch in both the horizontal and vertical directions. The
width was calculated from the height such that the aspect
ratio tended to be 16:9. We employed grids of different sizes
to vary the pointing difficulty.

The surfaces have the same arc length (corresponding to
the width w of a flat surface) for different curvature radii 7.
when the height is fixed. The viewing distance was also var-
ied (Fig. 4(a)). To investigate the percentage of correct
responses and the operation time for the user’s average
operation angle, the length of the presentation distance was
varied to be longer and shorter than the minimum radius of
curvature.

The participant sat on a chair, put on an Oculus Rift S, and
held two Oculus Touch controllers, as shown in Fig. 2(b).
The software for this experiment was implemented in Unity.
Stimuli were provided to the participants as colored squares
for each surface condition. Eight healthy adults (age, 38 +
10 years; gender, male) participated in the experiment.

The number of surface conditions is 90 (3 X5 x 2 x 3). A
surface was chosen in order from the combination table of
the four attributes. Because the first factors vary the fastest
(refer to Fig. 4(c)) in the combination table and flat condi-
tions scatter in the surface sequence, a counterbalance on
the factor of curvature radius was achieved. The stimuli

were provided as defined in each experiment. We measured

(@ (b)
Fig. 2 Interactive Surface: (a) Concept (b) Photograph of Experi-
mental Setting.

(@
Fig. 3 Participant’s Perspective of Marginal Areas on the Interactive
Surface: (a) Flat screen (b) Curved screen. The green target

is the selective target.
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(@) Curvature Radius and Distance (b) 2D Configuration Width _=
flat = ‘ g
r=30 7m g i5
r=20 oA = iE
r=16 12m P———— L Z
r=12 -B (c) Attributes Num of Sq. (w)
20m Attribute Possible Values

1 Distance of viewpoint [m] A=7,B=12, C=20

-C 2 | Curvature radius [m] 12, 16, 20, 30, flat

3 Width x height [m] 35 x 20, 53 x 30

4 Grid number [num of sq.] 5x%x3,13x7,27 x 15

Fig. 4 Surface Conditions for Experiments. (a) Curvature radii and
distance are presented in all combinations. (b) The number
of squares, width, and height vary as shown in the table (c).

the time from the appearance of the stimulus until the par-
ticipant pressed the trigger button. If a participant pressed
the trigger button while aiming the ray at a wrong square,

we counted it as an error.

3.1. Experiment 1: Target Pointing without Search

The target squares repeatedly appeared at three fixed
locations (left end, right end, and center as a reset position)
of the center row. In this experiment, we measured the basic
sensorimotor response for raycasting on a virtual surface.
There were 540 trials (90 surface conditions X 6 stimuli with-
out centers) for each participant.

Fig. 5 shows the plots of the percentage of correct
answers vs. curvature radius (r), and Table 2 shows the
error ratios of Experiment 1. The larger the radius of the
curvature, the larger the error ratio. For small squares (27 X
15 grid), the worst percentage of correct answers was 70%
when the flat surface was operated from viewpoint A. This
percentage could be improved to 98% using curved condi-
tions (r = 12 or 16), which was an improvement of 28%. One
reason for this is that the squares contain large perspective

distortions in the edges when a flat screen is used (Fig. 3).
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Fig. 5 Percentage of Correct Answers in Experiment 1

Table 1 Speedup by Curved Surface (27 x 15 grid)

Viewnoint Time by Curved | Time by Flat Speedup Speedup
P Surface [sec] Surface [sec] | Measured [%] | Predicted [%]
A 1.05+0.24 (r=20) | 1.20+0.47 12.8* 33.6
B 0.95+0.18 (r = 16) | 1.00 +0.30 4.9 237
c 0.87 +0.20 (r = 16) | 1.02 +0.46 14.6* 14.0

a =+ b denotes that a is a mean and b is a standard deviation.
*denotes that it is significant at 5% level of significance by T-test.

Table 2 Average Error Ratios Obtained in Experiments 1 and 2 [%]

r=12 | r=16 | r=20 | r=30 flat

Experiment 1 (without Search) 1.2 1.8 2.3 4.3 8.2
Experiment 2 (with Search) 3.7 5.0 5.1 55 5.7

For the response time, the curvature radii of the shortest
operation time were 20 (A), 16 (B), and 16 (C) for the small-
est target size. We summarize the speedup from the flat
surface along with the predicted speedup obtained by Fitts's
law (S*.) in Table 1. Using a t-test, we confirmed that curved
surfaces enable speedup in pointing operations. Fitts’ law
fitted well with the measured data from viewpoint C.
Although the learning effect was included in the result by
repeated actions, it is considered that the effect occurred on
all factors equally, and we can regard the observed tendency

as reliable.

3.2. Experiment 2: Target Pointing with Search

This experiment incorporates a target-seeking factor in
addition to Experiment 1 to prevent the user from remem-
bering the location of the target. For each surface condition,
participants had to point to three targets. A target appeared
in a position from a position sequence at a time, generated
randomly for each surface condition, and was common
among all participants. There were 270 trials (90 surface
conditions x 3 stimuli) for each participant. No reset was
given in this experiment.

Table 2 lists the average error ratios in Experiment 2. The
larger the radius of curvature, the larger the error ratio. This
trend is consistent with that observed in Experiment 1.

As for the response time, the observed trends were differ-
ent from those observed in Experiment 1. Although we omit-
ted the details here, the flat condition was the fastest. There
are two possible reasons: (a) the effect of seeking time for
out-of-sight targets is large, and (b) difficulty varies between
factors because each position sequence is generated ran-
domly and short. In the next step, we need to improve the

experiments carefully to address these issues.

4 Application: Immersive Photo Browser

The number of photos has been astronomically increasing
with the introduction of modern technologies such as mobile
devices, cloud photo storage, and high-speed continuous
shooting. It is extremely difficult to search for and view pho-
tos because of this increase. Virtual reality (VR) can address
this issue by providing portable large-screen environments.

Based on the evaluation experiment in the previous sec-
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tion, we designed and implemented a prototype immersive
photo browser. It is a suitable application for curved raycast-
ing-based interactive surfaces because it provides a large
display with quick and accurate operations.

We developed this application using Unity 2018. The users
experienced this VR application using Oculus Rift S as the
display and two Oculus Touch controllers as the gesture
controllers. Representative features are described in this sec-

tion.

4.1. Thumbnail Wall

A thumbnail wall is the basis of an immersive photo
browser and is used to view a large number of photos simul-
taneously. We designed and employed a curved surface for
the thumbnail wall based on the evaluation experiment
described in Section 3. Users select photos of the thumbnail
wall for various operations.

Fig. 6 shows an example of a thumbnail wall. Thumbnails
at the edge of the wall can be observed to be of sufficient
size because they include less perspective distortion with the
advantage of a curved surface.

Users can move anywhere in this VE. Continuous naviga-
tion (i.e., a user continuously moving in a space) is intuitive,
but it easily induces VR sickness. Continuous zooming
operations, which are popular in smartphones, also induce
VR sickness when used in VR environments.

Therefore, warp-type navigation (i.e., a user moving to a
location in a discontinuous manner) should be the primary
navigation method coupled with continuous navigation to
smoothly adjust the viewpoint of the user.

In the warp-type navigation of an immersive photo
browser, users can move to the front of a specified photo by
pointing and pressing buttons with the right Oculus Touch
controller. Fig. 7 illustrates the scene after moving to the
front of the specified photo. For continuous navigation, users

can move freely using the left Oculus Touch controller.

Fig. 6 Thumbnail Wall: A total of 1500 photos can be arranged on
a wall. A user can view the whole wall naturally as they turn

their head.

- :
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Fig. 7 View after Warping to the Front of a Selected Photo. Green
lines show a selection and the cyan line is a ray extended
from the user’s hand.

- o
Fig. 8 Photo Panel. Photos can be looked at closely in the immer-
sive environment. A user can move photos freely and com-
pare them in the space.

of another user can be seen from the viewpoint of the user.

Fig. 10 Virtual Gallery in the Immersive Photo Browser. The pho-
tos were selected by pointing to the thumbnail wall and the
layout can be adjusted freely.
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4.2. Other Features

By pointing at a photo on the thumbnail wall and pressing
the trigger button, users can closely view the photo (Fig. 8).
Users can quickly move and resize a photo using an Oculus
Touch controller.

Fig. 9 shows a scene in which a user collaborates with
another user. This collaboration facility is useful in photo-
related workflows, such as photo selection for magazine
editing, photo galleries, and lectures. Users can also com-
municate using text chatting and voice chats.

Users can locate photos anywhere they desire to hold
personal exhibitions in a virtual gallery (Fig. 10). In addi-
tion, users can invite their friends to this gallery.

Among all these features, pointing operations on a thumb-
nail wall are crucial and a curved interactive surface is con-

sidered significantly effective.

5 conclusion

In this study, we designed experiments to evaluate ray-
casting-based interactive surfaces and measured the percent-
age of correct answers and the operation time when surface
factors were changed in a VE. The results showed that in the
curved surface condition, the percentage of correct answers
improved in basic and realistic situations, and the operation
time was shortened in situations without target-seeking
activities.

These findings can be applied to two-dimensional-style
applications, such as photo browsers and GIS. For future
work, an experiment should be conducted to clarify the
effect of out-of-sight target seeking and normalize the diffi-
culty of the target-seeking task.
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