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ABSTRACT

Previous work has shown that the mismatch between disparity
and optical focus cues, i.e., the vergence and accommodation con-
flict (VAC), affects virtual hand selection in immersive systems. To
investigate if the VAC also affects distal pointing with ray cast-
ing, we ran a user study with an ISO 9241:411 multidirectional
selection task where participants selected 3D targets with three
different VAC conditions, no VAC, i.e., targets placed roughly at 75
cm, which matches the focal plane of the VR headset, constant VAC,
i.e., at 400 cm from the user, and varying VAC, where the depth
distance of targets changed between 75 cm and 400 cm. According
to our results, the varying VAC condition requires the most time
and decreases the throughput performance of the participants. It
also takes longer for users to select targets in the constant VAC
condition than without the VAC. Our results show that in distal
pointing placing objects at different depth planes has detrimental
effect on the user performance.

CCS CONCEPTS

« Human-centered computing — Pointing.

KEYWORDS

Virtual Reality, Vergence-Accommodation Conflict, Stereo Deficien-
cies, Distal Pointing, Ray Casting, Selection

ACM Reference Format:

Anil Ufuk Batmaz, Moaaz Hudhud Mughrabi, Mayra Donaji Barrera Machuca,
and Wolfgang Stuerzlinger. 2022. Effect of Stereo Deficiencies on Virtual
Distal Pointing. In 28th ACM Symposium on Virtual Reality Software and
Technology (VRST ’22), November 29-December 1, 2022, Tsukuba, Japan. ACM,
New York, NY, USA, 8 pages. https://doi.org/10.1145/3562939.3565621

1 INTRODUCTION

Thanks to recent innovations in virtual reality (VR) technologies,
immersive systems have become more prevalent, affordable, and
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accessible, and are being used by a wider audience. For example,
sectors like VR games, are expected to reach global revenues of 2.4
billion U.S. dollars by 2024 [10]. Current VR head-mounted displays
(HMDs) are self-contained, wireless, light, and offer high visual
fidelity, e.g., the Quest 2. Some HMDs even afford 4k resolution with
low latency in rendering and tracking, wide field-of-views (FOVs),
and an adjustable inter-pupillary distance (IPD), i.e., the distance
between the center of the pupils of the eyes. Examples of such VR
HMDs include the XR-3 Varjo HMD [46] and the Pimax 4k [39].
Despite all these advances, previous work has found that users still
cannot interact as fast as with the mouse and touchscreens when
selecting 3D objects [12], as measured by longer selection times
and lower throughput. There are multiple potential explanations
for this lower performance, including jitter [38, 43], bio-mechanical
limitations [30, 41], and the way current stereo displays render
content [3, 4].

In this paper, we focus on the latter explanation, i.e., the effect
of conflicting depth cues caused by how current stereo display sys-
tems show content. To display 3D content, stereo displays show
two different images to the users’ eyes from viewpoints that cor-
respond to the two eye positions in a human head. Each image is
displayed/projected and focused at a fixed plane by the headset,
typically through a 2D screen in VR HMDs. When displaying 3D
content that is not at the same depth as said fixed plane, a user’s
eye is thus exposed to a mismatch between focusing on the display
plane (accommodation) and rotating the eyes to see the object at
its correct visual depth (vergence). This vergence-accommodation
conflict (VAC) does not occur for targets in the real world, nor does
it happen for targets that are on the focal plane. In other words,
we posit that the way VR HMDs render the 3D content affects
interaction with that content.

Here, we aim to quantify the effect of the VAC on 3D selection
of distal targets using ray casting-based selection in current stereo
display systems, using a similar virtual scene as in previous work
[5], but with a different experimental design and task. Knowing
about the effect of the VAC on ray-based interaction is important
because ray casting is a popular interaction technique in current VR
systems, e.g., to interact with menus and/or far away objects. Also,
far objects appear smaller due to perspective, which makes them
potentially harder to select. This can potentially increase any chal-
lenges introduced by the presence of VAC. By comparing selection
of targets with ray casting at different visual depths, we can identify
if the presence of VAC affects the interaction. Quantifying the effect
of the VAC on user performance with further away targets, out of
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arm’s reach, i.e., more than ~70 cm from the user, is important as
in many consumer-level VR/AR applications users interact with
objects that are further away. Also, current VR headsets often have
a focal plane that is beyond arm’s reach, i.e., further than 70 cm.

Our work on ray casting selection techniques thus extends pre-
vious work on depth perception that identified that stereo dis-
play deficiencies affect virtual hand interaction [3, 5], i.e., for ob-
jects within arm’s reach. It also extends work that investigates the
VAC [4, 21, 29, 31].

2 PREVIOUS WORK

2.1 Ray based selection techniques

In this paper, we focus on distal selection of 3D targets using the
ray casting technique, which was introduced by Bowman et al. [8]
in 1997. Ray casting allows the distal, i.e., remote selection of 3D
object by using a ray that extends from the controller. When this
ray intersects with an object in space and the user presses a trigger,
the object is selected. This technique enables easy remote selection
of targets and affords accurate selection at shorter distances. The
main limitation of ray casting is the effect of unintentional hand
tremor and/or tracker orientation variations, i.e., jitter, that affect
the precision of the selection [38, 38, 43]. This issue is magnified
when selecting far away targets, as small rotational displacements
then lead to large-scale absolute translations [9]. Another problem
that affects ray casting is that targets that are very close can require
large angular movements [30].

To address these issues, research has proposed multiple solu-
tions, including using disambiguation mechanisms like a depth-
aware bubble cursor [19] and the RayCursor [1]. Another solution is
adding additional degrees of freedom (DOF) to the ray casting tech-
nique. Examples of such interactions that add a single DOF, include
ray casting with reeling [8] and Sun et al’s work [42]. Other work
added multiple DOF, e.g., Plane-casting [27] and INSPECT [28].
Although all these techniques improve user performance, it is still
important to fully understand the reason behind the fundamental
limitations of the ray casting interaction technique. This will also
allow future interaction designers to come up with new ways to
address the challenges.

2.2 3D Target Selection in VR

Stereo displays are beneficial for the selection of 3D targets in the
near-field with ray casting [30, 44]. However, pointing throughput
is typically below what users can achieve in 2D tasks [40, 43, 44].

Previous work has found that having targets at different depths
affects performance negatively. For virtual ray pointing, Teather
and Stuerzlinger [44] showed that varying target depth affects
performance. Janzen et al. [26] found that pointing performance
for targets at depths between 110 and 330 cm is affected. They
also identified an effect of the user’s distance to the screen, which
would identify an issue related to the focal distance. For 3D virtual
hand/wand pointing, Barrera and Stuerzlinger [3] found that lat-
eral and depth movements were different when selecting targets
displayed via a large stereo display. Batmaz et al. [5] verified that
the same effect exists in current AR and VR headsets. All of these
works did not conclusively identify the reason for the observed
results.

Batmaz, et al.

One potential explanation for the lower performance with tar-
gets at varying depths is the presence of the VAC in current stereo
display systems. As mentioned in the introduction, the VAC is
caused by the way VR HDMs display 3D content, and it causes
several problems in the human ocular system like 1) depth percep-
tion issues [13, 14], 2) visual fatigue [21, 22], due to the reduced
stereo-acuity caused by the differences between focal and vergence
distances [21], and 3) the eyes converge closer than required [23, 24].
All these issues affect the performance of the visual system [16, 47]
and the cognitive load of the user [11]. Batmaz et al. [4] identified
that the VAC affects the 3D selection of targets in peripersonal
space with virtual hand interaction. However, no previous work
has studied if the VAC affects target selection of distal targets using
the ray casting selection technique.

2.3 Fitts’ Law

Fitts’ law [15] models human movement time (MT) for pointing,
which is the time between initiation of the movement and the
(successful) selection of the target. As ray casting involves (pre-
dominantly) rotational controller movements, we used Kopper et
al’s [30] formulation to model distal pointing task performance
based on angular distances. See Equation 1. The constants a and b
are empirical values, typically identified by linear regression. The
logarithmic term represents the task difficulty and is called the in-
dex of difficulty (ID). In the calculation of angular ID, « represents
the angular distance between targets and w represents the angular
target width. The constant k represents a relative weight between
a and w[30]:

MovementTime = MT = a+b-10g2(ik +1) = a+b-Dapguiar (1)
w

We also use throughput (THP) (based on effective measures) as
defined in the ISO 9241-400:2015 document [25] (Equation 2):

EffectivelndexOfDifficulty _ ID, 5
MovementTime T~ MT @
The effective index of difficulty (IDe) is defined by Equation 3.
ae represents the effective distance, e.g., the actual angular move-
ment distance to the target position, and We is the effective target
width, the distribution of selection coordinates, calculated as w,
= 4.133xSDy. SDx represents the distance between the selection
points and the target center (projected onto the task axis), and
this measure is useful to analyze the accuracy of the task perfor-
mance [34, 35].

THP =

Qe

(4.133 - SDy )k ) ®

ID, = log, (% +1) = logy(
@,

e

3 MOTIVATION & HYPOTHESES

Previous work examined the effects of VAC with virtual hand point-
ing, a commonly used interaction technique in VR [4]. Their results
showed that the VAC has detrimental effects on the user perfor-
mance in terms of time, error rate, and throughput. In this paper,
we extend this work and examine the effect of the VAC on distal
pointing with ray casting, which is the other most frequently used
3D interaction technique in VR. We expect to observe a decrease in



Effect of Stereo Deficiencies on Virtual Distal Pointing

user performance when the targets are away from the focal plane
of the VR display, i.e., not in the focal plane.

We hypothesise (H1I) that user performance significantly de-
creases when the task is more complex, i.e., when the user
has to constantly adapt to combinations of accommodation and
vergence cues that do not appear in the real world. In particular, we
focus on situations where the user has to constantly changing their
vergence onto targets at different visual depths, while keeping their
accommodation constant. Previous work found that this behaviour
causes visual fatigue [17]. Batmaz et al. [4] speculated that user
performance degrades when the participant has to accomplish such
a task, where the VAC varies. However, they did not study this
effect.

We also hypothesize (H2) that 3D selection with ray casting
will be negatively affected by the presence of VAC. Previous
work showed that ray casting methods are negatively affected by a
change in target depth [18, 32]. Also, a stereo display with the VAC
does exhibit a reduction in performance for 3D target selection with
the virtual hand, as identified in previous work, e.g., by Barrera et
al. [3] and Batmaz et al. [5]. Barrera et al. [3] identified that move-
ments along the line of sight are ~25% slower than movements in
the lateral plane with current stereo displays. Similarly, in a com-
parison between both movement directions in AR and VR headsets,
Batmaz et al.[5] also found a significant difference in throughput.

4 USER STUDY

To analyze the impact of the VAC on the user performance, we
conducted an ISO 9241-411:2015 [25] multidirectional selection
study with ray casting to targets at two different depth planes,
one without a VAC, the other with a constant VAC. As the third
condition, we forced participants to select targets at two different
depth planes, i.e., induced a varying VAC.

4.1 Participants

We recruited fifteen volunteer participants (7 female, 8 male) aged
between 19 and 28 years (mean = 22.2, SD = 2.21). We recruited
participants from different departments of the local university. Their
participation was voluntary and no rewards were offered. None
of the participants had prior experience with VR systems. Ten
participants had normal and five corrected-to-normal vision. None
of them reported color blindness or other visual impairments.

4.2 Apparatus

We conducted the experiment on an 11th Gen Intel(R) Core(TM)
17-11700F core 2.5 GHz, 32 GB RAM desktop PC with an NVIDIA
GeForce RTX 3070 graphics card. We used an HTC VIVE Pro head-
set, one controller, and two 2.0 Lighthouse trackers. Furthermore,
we designed and implemented the virtual environment in Unity3D
version 2021.3.51.

4.3 Procedure

The participants started by filling out a consent form and a pre-
experiment demographic survey. Then, we explained the experi-
ment and conditions to them. The participants were instructed to
use their dominant hand to hold the controller. For ray casting, we
used a ray starting from the center of the controller. We showed
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a cursor sphere at the position where the ray collides with any of
the objects in the scene. Participants selected targets with their
non-dominant hand by pressing the space bar on the keyboard. We
chose this selection method to eliminate the “Heisenberg Effect”

[7].

(b)

Figure 1: Varying VAC condition. (a) The left image shows a
top-view illustration with the viewer being at the left. Pairs
of targets were either shown at 75 cm, without a VAC (left
dashed line), at 400 cm, which induces a constant VAC (right
dashed line), or with varying depth, i.e., with a varying VAC
(yellow line). The white lines illustrate the projection of the
targets. (b) On the left, we show the perspective view for
varying VAC condition, where all targets appear to be the
same size, even though they vary vastly in depth. On the
right, we show an orthographic view of the same scene from
the same camera position.

In the virtual environment, the participants were initially placed
in an empty room. That virtual scene was similar to one used in
previous work [5], but we used a different experimental task (and
experimental design) in our current work. Then they were shown a
circle of 11 equally distributed spherical targets in an arrangement
that faces the participant centered in the middle of their view, i.e.,
a 3D configuration that (at first glance) looks like an ISO 9241-411
multidirectional selection task [25]. For the different conditions the
depth of the targets varied, as described below. To investigate the
VAC independent of perspective effects we varied the size of the
target spheres so that further spheres appeared to subtend the same
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visual angle, i.e., all targets appeared to be the same size, but they
were potentially at different distances, depending on the condition.

All spheres were grey at the beginning of each trial, except the
target sphere, which was shown in orange. While the cursor collided
with a sphere, we temporarily changed that sphere’s color to blue
for visual feedback, i.e., highlighted any intersected sphere [45].
The participant pointed with the VR controller to the target and
pressed the space bar to select. If the cursor with collided (i.e., the
ray intersected) the target sphere, we recorded the selection as
a “hit” and changed the sphere color to green. Otherwise, if the
cursor did not collide with the target sphere, then the selection was
recorded as “miss”, the sphere color was changed to red, and a short
error sound plays as auditory error feedback [6].

The first target in each round was selected randomly from the
11 spheres. The direction of the next target was then selected to
be either in a clockwise or anticlockwise manner directly across
the circle of targets. Since they were eleven targets, the next target
(orange) alternated across the circle till all targets were recorded as
a “hit” or a “miss”. We (re-)centered the circle before each round
of trials to line up with the viewers eye height to ensure that the
perspective cues lined up correctly every time.

The participants sat while they took part in the experiment,
which limited their potential range of movement. We did not fix
participants’ head position, but we used the current participants’
current head position and rotation after each circle of targets to
align the targets, so that they appeared straight in front of the
participant. So, even if participants moved, the system reset the
position of the targets after (at most) 10 target selections.

In the experiment, we evaluated three different 3y 4 VAC con-
ditions. The first condition was the No VAC condition, where the
spheres where placed at the focal plane of the HTV Vive Pro, i.e., 75
cm from the viewer. The second was the Constant VAC condition,
where the spheres were placed at 400 cm. The third condition was
Varying VAC condition, where the spheres were placed at alter-
nating depths (75 and 400 cm). In other words, if the first target
appeared at 75 cm, then the next target appeared at 400 cm, and
then the third at 75 cm, and so on. Due to the alternating depth
of targets in the varying VAC condition, this means that half of
the targets were close while the other half of the targets where far
away, see the orthographic projection in Figure 1.

We deliberately chose the depths mentioned for the No Vac and
Constant Vac conditions. In Batmaz et al. [4], the authors used three
different depth distances, namely 40, 55, and 70 cm. To analyze the
effect of the VAC on the multifocal and single focal displays, the
authors positioned targets at 40 and 70 cm, which yields a difference
of 1.08 diopters (i.e., 100/40 - 100/70 = 2.5 - 1.42 = 1.08). When we
placed the targets at 75 cm and 400 cm for the study, this also
corresponds to a difference of 1.08 diopters (i.e., 100/75 - 100/400
= 1.33 - 0.25). This enabled us to increase the comparability across
the studies.

In Batmaz et al. [4] and Barrera et al. [3], the targets for the
lateral movement conditions were placed 55 cm away from the
participants. In the latter paper, the distance between targets was
30 cm and the authors used three different target sizes, 1.5, 2.5, and
3.5 cm [3]. To increase the comparability of our work, we used
the same distances here. As both these works used only a single
target distance we used additional target distances in this work, by
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Table 1: Angular target size and target distance that are used
in this work. The values marked with * show values used in
previous work [2].

Target Size (cm) Target Distance (cm) Angular Target Size () Angular Target Distance(")

1.5* 30 1.45 30.51
2.5* 30* 2.42 30.51
3.5 30" 3.39 30.51
1.5% 25 1.49 25.61
2.5% 25 2.48 25.61
3.5% 25 3.47 25.61
1.5% 35 142 35.30
2.5 35 2.36 35.30
3.5° 35 3.31 35.30

Table 2: Data Analysis Results

VAC 1D
Time F(2,28) = 92.5,p < 0.001, 7% = 0.869 | F(8,112) = 96.01, p<0.001, n% = 0.873
Error rate F(2,28) =5.73,p < 0.01, 7% = 0.290 | F(8, 112) = 3.18, p<0.001, 5> = 0.189
Throughput | F(2,28) = 69.273, p < 0.001, n? = 0.832 | F(8,112) = 20.307, p<0.001, 7 = 0.592
SDy F(2,28) = 11.903, p<0.001, n? = 0.46 | F(8,112) = 6.62, p<0.001, 7% = 0.321

varying the distances between targets +5 cm, which widens the
range of ID’s our work explores relative to those previous works.
We then converted the Euclidean distances and sizes to angular
distances and sizes, based on the Kopper et als previous work on
angular measures [30] which yielded nine different IDs as shown
in Table 1.

The reason we used angular measures instead of Euclidean mea-
sures is to keep the (visually perceived) target sizes and distance
the same regardless of which depth plane a target was positioned
at. This normalizes the observed target size and distance by the
participant regardless if the condition was No VAC, Constant
VAC, or Varying VAC (or in other words, either 75 cm, 400 cm, or
both), as shown in Figure 1b.

After the experiment, we asked the participants to fill a ques-
tionnaire regarding their insights and comments on the different
VAC conditions.

4.4 Experimental Design

We used a within-subjects design with three VAC conditions
(3vac = No VAC, Constant VAC, and Varying VAC). We measured
task execution time (seconds), error rate (%), effective throughput
(bits/s), and SDy as recorded from the participant’s trials. We coun-
terbalanced the VAC conditions across participants with a Latin
Square. We varied the angular index of difficulty IDgpgy14,, by us-
ing three angular target sizes (347p) and three angular target
distances (347s), which created 9 unique IDs. Angular target sizes
and distances were randomly selected for each round of trials. Each
subject performed 3y 4c X 97pX 11 repetitions = 297 trials.

5 RESULTS

We analyzed the data using Repeated Measures (RM) ANOVA in
SPSS 24. We considered data as normally distributed when Skew-
ness (S) and Kurtosis (K) were within +1 [20, 36]. When the data
was not normally distributed (even after a potential log transfor-
mation), we used ART [48]. We used the Bonferroni method for
post-hoc analyses. Results are illustrated as means and standard
error of means in figures.
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Figure 2: RM ANOVA results for (a) time, (b) error rate (c)
throughput and (d) SDy.

5.1 Time

Time was normally distributed after the log transformation (S =
0.89, K = 1.2). The results show that the VAC condition significantly
affected time, Table 2. According to these results, it took longer
to execute task with the varying VAC condition compared to the
constant VAC condition, which in turn was also slower than the
no VAC conditions (Figure 2(a)). ID results were also significant,
Table 2.

5.2 Error rate

The error rate was not normally distributed, even after a log trans-
formation (S = 1.55, K = 2.87). The ART results identify that there
is a significant difference for VAC conditions, Table 2. As shown
in Figure 2(b), participants’ error rate increased with the constant
VAC condition compared to the no VAC condition. ID results were
also significant, Table 2.

5.3 Throughput

Throughput data was normally distributed (S = 0.46 and K = 0.66).
The results in Figure 2 (c) illustrate that the varying VAC condition
exhibited significantly reduced throughput performance compared
to the other two conditions, Table 2. ID results were also significant,
Table 2.

5.4 SDx

SDy data was normally distributed after log-transformation (S=
0.18, K = -0.19). We found a significant difference for VAC condi-
tions,Table 2. The results in Figure 2 (d) highlight that accuracy
of the participants significantly increased for the constant VAC
condition. ID results were also significant, Table 2.
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5.5 Fitts’ Law Results

Similar to previous work [30], we found the highest R? value when
kis 1 (R?=0.96), with MT = -0.11 + 0.36 * ID. In separate analysis for
each condition, we found that the no VAC condition can be modeled
as MT = -0.30 + 0.36 * ID, R% =0.98, the constant VAC condition as
MT =-0.01 + 0.33 * ID, R? =0.9, and varying VAC as MT = -0.032 +
0.38 * ID, R? =0.92. These results are shown in Figure 3.

5.6 Questionnaire Results

After the experiment, we used a short questionnaire to collect
feedback from the participants. We asked participants which exper-
imental condition they preferred and about their reasoning behind
their preference. 8 participants preferred No VAC, and 7 preferred
the Varying VAC condition, while none liked the Constant VAC
condition. Participants commented on No VAC: “it requires me to
move my hand less,” “T could immediately reach the target. It was
very fast,” and “it was easier for me to choose the targets when they
where close.” They also commented on the Varying VAC: ‘Tt was
more fun", "changes your attention” and “it was interesting to do. Like
a game. It was balanced between close and far”.

We also asked the participants if it was easy to select targets with
the different VAC conditions. According to our 7-point Likert scale
results (1-I totally disagree, 7-1 totally agree), participants agreed
that No VAC was the easier task (mean: 5.86, median: 6, standard
deviation: 1.41). They agreed less to the statement that it was easy
to select targets the in Constant VAC condition (mean: 4.4, median:
5, standard deviation: 1.45). As for the Varying VAC condition, there
was a slightly higher agreement compared to Constant VAC (mean:
4.73, median: 5, standard deviation: 1.53).

Finally, we asked participants if they felt fatigue after the experi-
ment (1- I totally feel normal 7- I feel completely fatigue). Partic-
ipants neither felt strong physical fatigue (mean: 2.13, median: 2,
standard deviation: 1.35) nor mental fatigue (mean: 1.26, median: 1,
standard deviation: 0.59).

25
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Figure 3: ID analysis for (a) whole user study, and for (b) each
VAC conditions.

6 DISCUSSION

In this work, we analyzed the effect of the VAC on distal pointing,
by positioning targets either in configurations without a VAC, a con-
stant VAC, or a varying VAC. While we used a visually somewhat
similar virtual scene, the experimental design and the experimental
task were both substantially different from previous work [5].
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The results showed that participants were faster, made fewer
errors, and their throughput increased when there was no VAC, i.e.,
at the focal plane of the used VR HMD. On the other hand, when we
placed the targets at a depth plane with a constant VAC (at 400 cm),
we observed a significant user performance decrease for time, error
rate, and accuracy. Further, when we varied the VAC by placing
target at two different target planes (one with and one without a
VAC), the user performance decreased even more for time, error
rate, and throughput, and exhibited a significant difference even to
the constant VAC condition. These results show that for ray casting
user performance decreases significantly in conditions when there
is VAC present, which supports our HI that user performance
significantly decreases when the task gets more complicated
such as where the user has to focus on targets at different visual
depths. Moreover, the study presented here support Batmaz et al’s
[4] speculation that user performance further decreases when the
VAC varies during a task.

Our results here also extend previous findings on the effect of
the VAC on virtual hand pointing [4], which indicate that the VAC
likely affects most (if not all) 3D selection techniques. Our results
support H2 that 3D selection with ray casting will be negatively
affected by the presence of VAC. It is interesting to observe
that the condition without the VAC exhibits a throughput of =4
bps, which is in the performance range frequently observed for
mouse pointing [40]. In other words, the pointing performance
for targets with no VAC approaches (or matches) that of a mouse.
The introduction of a VAC - either a constant VAC or, worse yet, a
varying VAC - reduces the performance up to ~ 25% in terms of
time and throughput, which coincides with the differences observed
in previous work that used a different methodology [3].

We chose 75 cm and 400 cm depth distances to match the change
of 1.08 diopters used in Batmaz et al. [4]. This decision allows us
to extend their findings for distances beyond arm’s reach with a
different interaction modality, raycasting. After all, we believe that
visually guided movements, such as the pointing movements we
are investigating here, are influenced by issues in depth perception.
We used a depth distance of 75 cm, as this is the focal plane in at
least some current HMD’s, i.e., the distance where no VAC occurs.
Batmaz et al. [4] had already investigated a virtual hand condition,
but with much closer targets (less than 75 cm). To simplify the
experimental design while still enabling comparability, we focused
only on a single depth change with the same change in diopters as
Batmaz et al. [4].

We did not change the stimuli, beyond the change necessary to
induce the VAC in the experiment. The color of the target sphere,
selection color, error sounds, and all other aspects were the same.
We only changed the distance of the spheres and proportionally
matched their size so that participants perceived them to have the
same (angular) target size in all conditions, making them equally
easy to select with raycasting. Participants were not informed that
we manipulated the targets so that they appeared to have the same
size at different distances. Further, we did not specify which ex-
perimental condition a user would experience at the beginning of
each sequence of trials. Thus, we believe that participants were not
aware of the precise nature of our experimental task design.

Previous work on stereo displays [44] had already shown that for
raycasting the execution time and throughput of participants who
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perceive the same object size do not significantly change, regardless
of target distance. After all, raycasting relies (predominantly) only
on 2DOF rotation to move the ray/cursor to select objects. Thus,
even when the targets were further away, participants only needed
to rotate the VR controller by the same amount for all conditions,
and the observed differences are thus directly attributable to the
VAC. Another example of work that might have been affected by
the presence of the VAC is Janzen et al. [26]. In their work, selection
performance changed across screen and target depths between 110
and 330 cm. Yet, their conditions that match the target distance to
the screen distance behaved differently than other conditions. Our
results show that the absence of a VAC helps user performance,
which might explain the difference they observed. However, this
hypothesis needs to be verified in future work.

The questionnaire results also reveal that participants seem to be
easily able to perceive the difference between the condition without
a VAC and conditions that had a VAC and comments and ratings
speak to the no VAC condition being easiest to use. Interestingly,
some participants found the Varying VAC condition to be like a
game, i.e., they recognized that successful and fast pointing to the
targets involved a noticeable challenge. This may be a side-effect
of our participant pool with mostly young adults. Thus our study
should be repeated with a wider population. In particular, it would
be also appropriate to include professionals that are using or plan
to use VR HMD’s in their work.

Our results exhibit high effect sizes (7?>.14), which means the sta-
tistical results are very likely to be robust and replicable. Following
advice on experimental design [33], we also aimed to keep the num-
ber of participants comparable with related work. Previous work on
the VAC [4] conducted their user study with 18 participants. Con-
sidering all constraints and to keep everything counter-balanced,
we chose to use 15 participants.

Overall, given our results, we suggest that practitioners, engi-
neers, and 3D user interface designers should not vary the target
depth for pointing task to optimize the user’s pointing performance.
This means that environments should be designed so that targets
are placed at (roughly) the same depth distance from the user for
ray casting.

6.1 Limitations

Even though we conducted our experiment using a HTC Vive Pro,
the results of our experiment must be replicated in other headsets
to see if the generalize to all VR HMDs. After all, and technically
speaking, the empirical results in this paper only demonstrate a
performance decrease in an HTC Vive Pro HMD. Having said this,
and given the results of previous work [3] also demonstrated an
effect of the VAC in a stereo display system without lenses, it seems
likely that our results will hold in other headsets and other stereo
display systems, too.

Given that our results identify that the VAC is the main cause for
the observed performance differences, we believe that the results
can also be explained in terms of the change in the focal plane, i.e.,
in terms of diopters. In this study we only analyzed the VAC for
targets with a difference of 1.08 diopters (i.e., 100/75 - 100/400 = 1.33
- 0.25). We used depth distances of 75 and 400 cm to elicit the VAC
with the same change in diopters as in [4], We also used HTC Vive
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Pro since (as far as we can tell) the focal point of this device is at 75
cm. The Oculus Quest 2’s [37] focal point is at 1.3 m, and using it
for this first study would have made it more challenging to directly
extend the results of previous work [4]. We will still acknowledge
that we used a single HMD and a single change in depth distance
and that future work should investigate if our results hold for other
HMDs and other changes in depth distance.

Another limitation of our study concerns the Fresnel lenses that
are used by HTC Vive Pro. These lenses distort the image coming
to the user which means that the focal plane may not be perfectly
flat. Thus, we can only claim that the targets we used in this study
were placed “"roughly® at the focal plane of the VR headset.

Batmaz et al’s [5] previous work on the effect of stereo display
cue conflicts identified that there is no user performance difference
in terms of time, error rate, and throughput between VR and AR
headsets. Both systems exhibit the same differences due to the VAC.
Since many commercial AR-headsets use lenses, we speculate also
that our results will extend to AR headsets. Yet, these claims need
to be further investigated.

7 CONCLUSION

In this work, we investigated the effect of the VAC on distal pointing
with ray casting. The results show that user performance in terms
of time and throughput significantly decreases when the targets
are not positioned at the focal plane of the VR HMDs. Furthermore,
when users have to select consecutive targets at different depth
planes, their throughput performance decreases even more. Thus,
we suggest that practitioners, developers, and designers place target
at the focal point of (single-focal) VR HMDs for the best pointing
performance. Alternatively, multi-focal VR HMD’s should be con-
sidered, although we point out that we still need to verify if the
absence of the VAC in multi-focal HMD’s removes the observed
drop in pointing performance.

In the future, we plan to extend our work to other VR and AR
HMDs to quantify the effect of VAC for distal pointing. We also
want to investigate VAC in other distal pointing methods, such
as with the HOMER technique. Similarly, we plan to evaluate the
effects of the VAC for movements with different changes of distance
and examine the impact of the outcomes on 3D UI design.
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