Measuring the Effect of Stereo Deficiencies on Peripersonal Space Pointing
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ABSTRACT

State-of-the-art Virtual Reality (VR) and Augmented Reality (AR)
headsets rely on singlefocal stereo displays. For objects away from
the focal plane, such displays create a vergence-accommodation
conflict (VAC), potentially degrading user interaction performance.
In this paper, we study how the VAC affects pointing at targets within
arm’s reach with virtual hand and raycasting interaction in current
stereo display systems. We use a previously proposed experimental
methodology that extends the ISO 9241-411:2015 multi-directional
selection task to enable fair comparisons between selecting targets
in different display conditions. We conducted a user study with
eighteen participants and the results indicate that participants were
faster and had higher throughput in the constant VAC condition with
the virtual hand. We hope that our results enable designers to choose
more efficient interaction methods in virtual environments.

Index Terms: Human-centered computing—Human Computer
Interaction (HCI); Human-centered computing— Virtual Reality;
Human-centered computing—Pointing

1 INTRODUCTION

Modern head-mounted displays (HMDs) are self-contained, wire-
less, lightweight, and capable of creating high-definition graphics
for virtual reality (VR), e.g., Quest 2 or Pico 4, or augmented reality
(AR), e.g., HoloLens 2 or Magic Leap 2. These systems are also
affordable and accessible to a wide audience. Other commercial
HMDs offer 4K resolution with low latency rendering and tracking,
wide field-of-views (FOVs), and an adjustable inter-pupillary dis-
tance (IPD), i.e., the distance between the center of the pupils of the
eyes. Examples of such VR HMDs include the XR-3 Varjo and the
Pimax 4K. Thanks to these technological advances, it is expected
that between 2019 and 2024, there will be 34 million VR HMDs
sold worldwide [49].

Despite the popularity and advantages of modern HMDs, users
still experience challenges while interacting with targets positioned
at varying distances [3, 6]. Barrera and Stuerzlinger [4] and Batmaz
et al. [8] hypothesized that these challenges are likely to be caused
by the way current stereo displays render content, which creates a
mismatch between focusing the eyes on the display plane (accommo-
dation) and rotating the eyes to see the content at its correct visual
depth (vergence). This effect is called the vergence-accommodation
conflict (VAC), and it does not occur for targets in the real world or
virtual targets on the focal plane of display systems.

To verity the hypothesis that the VAC affects 3D pointing per-
formance, Batmaz et al. [6] built a custom-made multifocal display
to study the effect of VAC on virtual hand 3D selection through a
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comparison of virtual hand pointing in a multifocal and singlefocal
stereo display. The results confirmed that their performance was
worse in the singlefocal condition, which suffered from the VAC.
However, their study used a very simple pointing task that involved
only motions with and without a change in visual depth. To ana-
lyze this further, Batmaz et al. [7] proposed a new experimental
methodology to demonstrate the (isolated) effect of the VAC on 3D
selection within a singlefocal display system, with raycasting for
targets beyond arm’s reach. The results showed that a varying VAC
condition significantly increases the required time and decreases the
throughput performance.

In this work, we aim to understand the impact of the VAC within
peri-personal space, i.e., within arm’s reach, for general pointing
tasks in a VR HMD. We hypothesize (H) that 3D selection with
raycasting and virtual hand is negatively affected by the presence
of the VAC. Our work extends previous work on the impact of the
VAC [4, 6] by including movements that require both lateral and
visual depth changes, which better encompasses general 3D user
interface interaction tasks. In such scenarios, users regularly use
“diagonal” movements and can also rely on other depth cues besides
vergence and accommodation to identify the target position.

To achieve our goal, we conducted an experiment with 18 partic-
ipants based on Fitts’ law. Building on Batmaz et al.’s innovative
experimental methodology for distal pointing [7], we study the se-
lection of targets within arm’s reach, i.e., targets in front of the focal
plane. The results of the study presented here contradict the results
of previous work on the effect of the VAC. For the selection of
targets at different depths in peri-personal space, our results do not
reveal a detrimental effect of the VAC. Similarly, having to regularly
compensate for the VAC did not decrease the user performance in
terms of time, error rate, nor throughput. We speculate that our
results are an outcome of bio-mechanical limitations, the distortions
in the Fresnel lenses used in commercial HMDs, and/or the impact
of other depth cues in the environment.

In summary, our contributions are the following:

* We extend the novel 3D pointing evaluation methodology pro-
posed by Batmaz et al. [7] to enable its use for targets within
arm’s reach.

* We demonstrate the effect of the VAC in a singlefocal display
system for targets within arm’s reach using virtual hand and
raycasting interactions.

* We quantify the effect of the VAC on the selection of targets
within arm’s reach in a commercial VR HMD.
2 RELATED WORK

In this section, we discuss the interaction techniques available for
peri-personal space 3D pointing. We also discuss previous work on
the effect of VAC on 3D pointing.

2.1 Fitts’ Law

Fitts” law [22] models human movement time (MT) for pointing,
which is the time between the initiation of the movement and the



(successful) selection of the target. Although the original formula-
tion did not differentiate between interaction techniques, previous
work found that the difference in hand movements between raycast-
ing and virtual hand requires the use of different formulations [31].
Next, we present each of these formulations:

2.1.1  Shannon Formulation

Previous work has proposed different Fitts’ law formulations for
3D pointing movements using the virtual hand [3, 15, 16, 40], but
no standardized formulation exists. Thus, we used the Shannon-
Formulation (Equation 1) proposed by Mackenzie et al. [33] to
calculate MT for 3D [47,48]:

D
MT:a+b~log2<W+1>:a+b~ID 1

In the above equation D and W are the target distance and size,
respectively, while a and b are empirically derived via linear regres-
sion. The logarithmic term in Fitts’ law is known as the index of
difficulty (ID) and indicates the overall pointing task difficulty. We
also use throughput (THP) based on effective measures as defined
in the ISO 9241-400:2015 document [29] (Equation 2):

EffectivelndexOfDifficulty  ID,
MovementTime T MT

The effective index of difficulty (IDe) is defined by Equation 3,
where A, is the amplitude of the movement and W, is the effective
target width. W, is related to the standard deviation between the
selection position and the target center (SD,), and this measure is
useful to analyze the accuracy of the task performance [34,35]:

THP = 2
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2.1.2 Angular Fitts Law

Kopper et al.’s [31] formulation applies Fitts’ law to rotational con-
trol movements. This formulation is used for raycasting, as its
performance is determined by angular distances (See Equation 4).
The difference relative to Equation 1 is the calculation of angular
ID (ID,), where o represents the angular distance between targets
and o the angular target width. The constant k represents a relative
weight between o and w [31], which is typically set to 1:

MT:a+b~log2(%+l>:a+b~IDA )

When calculating THP for angular movements, the angular dis-
tances simply replace the Euclidean ones in the IDe equation. In
Equation 5, o, represents the effective angular distance, e.g., the
actual angular movement distance to the target position, and ®, is
the effective angular target width, the distribution of the angular
selection coordinates, calculated as w, = 4.133xSDy. SD, repre-
sents the angular distance between the selection points and the target
center (projected onto the angular task axis).
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2.2 Peri-personal Space 3D Pointing

3D pointing in peri-personal space is the selection of targets close
to the user, within arm’s length, up to about 75 cm away. Two of
the most popular selection methods for nearby targets are raycasting
and the virtual hand technique.

The virtual hand technique allows users to select a target by
intersecting it with their hand or an input device such as a controller,
and then pressing a button to select it. The main limitation of the
virtual hand technique is that targets need to be within arms’ reach.

Users also need to accurately perceive the position of the target
and then move their hand there, which might be affected by depth
perception issues [3, 8]. Finally, the absence of haptic feedback
when selecting an object might also affect user performance [48].

The raycasting technique is used to select distal targets, but new
systems also rely on it to select nearby objects like menus on the
opposite hand as is an easy-to-understand technique that permits
accurate selection at shorter distances. One of the main limitations
of raycasting is that it is subject to the detrimental effects of uninten-
tional hand tremor and/or tracker orientation variations, i.e., jitter,
which affects the precision of the selection [10,27,47]. Another
limitation is that targets that are very close to the user can require
large angular movements [31].

When comparing user performance between virtual hand and
raycasting, Teather and Stuerzlinger [48] found that raycasting has
worse performance than the virtual hand, as shown by a slower
selection time, higher error rate, and smaller throughput. They
hypothesized that raycasting is more susceptible to tracker jitter
amplification, but did not focus on other causes like the presence of
the VAC. In summary, to better understand the reasons behind the
limitations of both interaction techniques it is important to identify
the effect of the VAC for 3D pointing in peri-personal space. This
will also allow future interaction designers to come up with new
ways to address these challenges, especially since techniques that
mix virtual hand and raycasting are becoming more popular [46].

2.3 Effect of VAC on 3D pointing

Previous work found that 3D selection of targets benefits from stereo
displays [31,48], but that pointing throughput performance is lower
than what users can achieve in 2D tasks [45,47,48].

For selection of 3D targets in peri-personal space with stereo
displays, a change in depth between targets is a likely reason for this
lower performance. When using a virtual hand, execution time and
throughput are lower for 3D movements in visual depth compared
to lateral movements. For example, and in a comparison with a
real-world setup, Barrera and Stuerzlinger [3] found that lateral and
depth movements were different when selecting targets shown on a
large stereo display. Batmaz et al. [8] verified that the same effect
exists in current AR and VR HMDs. We could not find previous
work that evaluated the effect of depth on raycasting interaction for
nearby targets. For distal pointing, Teather and Stuerzlinger [48]
showed that varying target depth affects performance. Janzen et
al. [30] also found that pointing performance is affected for targets
at depths between 110 and 330 cm. They also identified an effect
of the user’s distance to the screen, which could indicate an issue
related to the focal distance.

When selecting nearby targets, users use nonpictorial depth cues
like stereopsis, motion parallax, and convergence and accommoda-
tion [14,19,42,43]. Here we focus on the VAC, which is caused
by the way VR HMDs display 3D content. Problems caused by
the VAC in the human ocular system include: 1) depth perception
issues [20,21], 2) visual fatigue due to the reduced stereo-acuity
caused by the differences between focal and vergence distances [25],
and 3) that the eyes converge closer than required [26,28]. All these
issues affect the performance of the visual system [23,50] and in-
crease the cognitive load of the user [17]. Batmaz et al. [7] identified
an effect of the VAC on the selection of distal 3D targets using ray-
casting. Their results show that when selecting targets at the HMDs’
focal plane, e.g., in a condition without the VAC, participants exhib-
ited better performance than when there was a constant or varying
VAC. Participants were faster, made fewer errors, and showed higher
throughput. However, this work did not study nearby targets within
arms’ reach. Previously, Batmaz et al. [6] identified that the VAC
affects the 3D selection of targets in peri-personal space with virtual
hand interaction, albeit only for ideal motions with only lateral or
only depth components. They used a custom-made stereo display



but did not study if the VAC affects target selection of nearby targets
with the raycasting selection technique.

3 USER STUDY
3.1 Participants

We recruited eighteen participants from the local university, five male
and thirteen female with ages ranging between 18 and 33 (mean
21.61, stddev 3.18). The participants received no compensation for
the experiments. Eight participants had normal vision, the other
ten had corrected-to-normal vision. No-one reported color vision
deficiencies. Regarding prior experience with VR, four participants
had none, five had experienced it 1-3 times, three 3-5 times, and the
remaining six had experienced it 5 or more times.

3.2 Apparatus

We conducted the experiment on an 11" Gen Intel(R) Core(TM)
i7-11700F at 2.5 GHz, 32 GB RAM desktop PC with an NVIDIA
GeForce RTX 3070 graphics card. We used an HTC VIVE Pro
HMDs, with one controller and two 2.0 Lighthouse base stations.
Further, we used Unity3D version 2021.3.5f1 to design and imple-
ment the virtual environment.

3.3 Procedure

(c) (d)

Figure 1: Experiment setup: Participants hold the controller differently
in (a) the virtual hand condition and (b) the raycasting condition. Both
images also show how the cursor/ray is represented in the virtual
environment (VE), either as a cursor above the controller or as a
ray. (c) Virtual hand condition VE. (d) Raycasting condition VE. In
both conditions, the current target to select is orange, blue shows the
currently highlighted target, green is a successfully selected previous
target, and red represents a previous miss. The image in the figures
appears slightly shifted since we took the pictures from the left-eye
camera of Unity. The participants perceived the targets as a circular
arrangement.

Upon arrival, participants were asked to fill out a consent form
and a demographic questionnaire. Then, the experimenter explained
the user study to the participants, going over the virtual hand and

raycasting interactions methods and how to select targets with them.
While we did not fix participants’ head position and orientation,
we reset the position of the circular target arrangement after each
round of trials, i.e., after 10 target selections. Doing so allowed the
participants to face the circle of targets straight on and centered, to
avoid potential visual misalignment issues. Participants were also
instructed not to change their looking direction while executing the
task, and their head movements were monitored by the experimenter
to verify that the followed this instruction.

Similar to previous work [7, 8], participants were positioned at
the center of an empty room in the VE, and performed the ISO
9241-400:2015 [29] multidirectional selection task with 11 targets.
Targets were positioned in a circular arrangement at equal distances
from each other as shown in Figure 1(c) and 1(d). The default color
of the targets was grey, except for the current target, which was
orange. When the cursor was inside of or touched any target sphere,
that sphere was highlighted in blue, and the cursor disappeared to
avoid providing a potential depth cue to the participant.

Participants were instructed to “select” the targets using their
dominant hand with two interaction techniques: virtual hand and
raycasting. In the virtual hand condition, the participants were asked
to reach out with the hand holding the controller to the targets (Fig-
ure 1(a)) while not rotating their torso (and thus their head). We
placed a 0.5 cm diameter sphere on top of the virtual controller as
the cursor. Before starting the experiment, we ensured that each
participant could easily reach to the targets at 65 cm [2]. In the ray-
casting condition, participants were instructed to keep their hands
around their shoulders so that they could easily select the targets
close to them (Figure 1(b)). We rendered a virtual line from the con-
troller center in the participants’ pointing position, with the cursor
being placed at the tip of the ray, i.e., the point where it intersected
geometry. To select a target, participants pressed the “space” bar
on the keyboard in front of them with their non-dominant hand.
This selection method was chosen to eliminate the “Heisenberg Ef-
fect” [13]. If the cursor was inside the target when the user selected
it, we recorded a “hit” and turned the color of the sphere green. If
not, we recorded a “miss*, played an error sound [12], and changed
the target color to red.

In our user study, we evaluated three different 3y4c VAC condi-
tions in peri-personal space: constant VAC, no VAC, and varying
VAC. In the No VAC condition, the targets were at the focal plane
of the HTV Vive Pro, i.e., 65 cm from the viewer [2], as shown in
Fig. 2(b). This 65 cm distance corresponded to 1.54 diopters as the
depth distance (100/65 = 1.54). In the Constant VAC condition,
we used a depth distance of 1.08 diopters to match the difference
used in previous work [6,7]. Thus, the next target depth had to be at
(1.08 + 1.54 =) 2.62 diopters, which is equal to ~ 38.2 cm (100/2.62)
(Fig. 2(a)). In the Varying VAC condition, the spheres were placed
in sequence at alternating depths (38.2 and 65 cm) (Fig. 2(c,d)). In
other words, if the first target appeared at 65 cm, the next target ap-
peared at 38.2 cm, the third at 65 cm, and so on. As a result of these
alternating depths, half of the targets were close to the participants
while the other half were far away (see Fig. 2(e,f)).

Previous work on investigating the effect of VAC in stereo dis-
plays positioned targets 55 cm away from the participant to analyze
lateral movements, i.e., left-to-right and right-to-left, to select tar-
gets [3,6]. They used three different target sizes, 1.5, 2.5, and 3.5 cm
and one target distance, 30 cm. Other previous work [7] investigating
the effect of VAC on distal pointing also used the exact same target
distances and target sizes. Moreover, they varied target distances
+5 cm to widen the ID range and added two more target distances.
Still, to analyze their results, they converted Euclidian target size
and target distances to angular units, which led to 9 unique angular
IDs. Their goal was to obtain the same (visually perceived) size
and distance for all targets regardless of their visual depth. Thus,
the average distance and size of the target, as observed by the par-
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Figure 2: VAC conditions: (a) Constant VAC, where the targets in
Fig. 1 appeared at 38.2 cm and are represented with yellow spheres;
(b) No VAC condition, where the targets appeared at 65 cm and
are represented with purple spheres; and (c) varying VAC condition,
where the participant had to select alternating targets at 38.2 cm and
65 cm. For each trial, we randomized the position of the change of
depth within the circle of targets. (d) Participants’ (perspective) view of
targets in the varying VAC condition. The image was taken inside the
virtual environment. (e) Isometric view of the varying VAC condition.
This image is only used as an illustration of the varying VAC condition,
but was never shown to participants. Bigger targets are at the target
depth of 65 cm, and smaller targets are at 38.2 cm. (f) Top-down view
for the varying VAC condition.

ticipant, was the same regardless of whether there was a constant
VAC, constant VAC, or varying VAC. In this paper, we use the same
method. Using the same angular IDs for raycasting as in previous
work [7], we calculated the corresponding target sizes and target
distances at 38.2 and 65 cm, see Table 1. This allowed us to show
targets with the same perceived size at both 38.2 and 65 cm, while
still maintaining comparability to previous work.

Even though we used this method to specify the target sizes and
positions for the raycasting and virtual hand interaction techniques,
the motion distance needed to reach the next target is different for
both methods. Thus, it was not appropriate to apply the same idea to
the varying VAC condition with the virtual hand. In the raycasting
method, the participants can sweep the cursor by rotating their wrist.
An Euclidean distance corresponding to this angular sweep has to
be covered in the virtual hand condition. However, when we look
at the angular IDs and Euclidean IDs, we can see that they have
the same task difficulty for both interaction techniques. Thus, we
decided to use the same target sizes and distances.However, for the
varying VAC condition, the distance that had to be covered by the
virtual hand method was larger due to the diagonal movement. In
other words, A, increased because of the diagonal distance between
targets at 38.2 and 65 cm. To also generate the same ID, we adjusted
the size of the target spheres correspondingly in the varying VAC
condition based on the Euclidean ID. This method guarantees that
participants experienced the same ID for all conditions.

In pilot studies, we observed that participants’ fatigue increased
with the virtual hand condition. To minimize fatigue, previous work
on the VAC [6] required participants to rest for 45 seconds between
rounds of trials. Similarly, in this experiment, the participants were
forced to rest 10 seconds after each round of 10 selections, and they

were given extra time as needed. The resting time never exceeded
60 seconds between trials. Between the conditions, the participants
were given a short ~5 minutes break to rest their eyes and hands.

After the experiment, the participants filled out a post-experiment
survey, where they expressed their preferences in terms of interaction
techniques and VAC conditions. They also reported their mental and
physical fatigue. On average, participants completed the experiment
in 20-25 minutes.

3.4 Experimental Design

We conducted a two-factor within-subjects user study with three
different VAC conditions (3y4¢ = no VAC, constant VAC, varying
VAC) and two interaction techniques (2;); = virtual hand and
raycasting), yielding a 3ysc X 27y design. As dependent variables,
we measured task execution time (seconds), error rate (%), effective
throughput (bits/s), SD,, and ID,. We counterbalanced the VAC
conditions and interaction techniques across participants with a Latin
Square. In total, we used 9 unique /D4s, based on three angular
target sizes (347p) and three angular target distances (3475). Each
participant performed 3ysc X 217 X 9p, X 11 repetitions = 594
trials.

4 RESULTS

To analyze the results, we used Repeated Measures (RM) ANOVA in
SPSS 24. We considered the data to be normal when the Skewness
(S) and Kurtosis (K) of the data distribution were within +1 [24,
36]. Otherwise, we used log-transform before ANOVA. If the data
was not normally distributed after the log-transform, we used ART
[51] before ANOVA. We used the Bonferroni method for post-hoc
analyses and applied Huynh-Feldt correction when € < 0.75. The
graphs shown in the figures show the mean, and the error bars
represent the standard deviation of the mean. We first analyzed the
results of the separate interaction techniques, then performed the
two-way RM ANOVA.

4.1 Detailed Analyses per Interaction Technique

Fig. 3 shows the results for the virtual hand and raycasting interaction
techniques in terms of time, error rate, throughput, SD,, and ID,.

4.1.1 Virtual Hand

For the virtual hand interaction technique, /D, was normally dis-
tributed (S = 0.23 and K = 0.14). Time (S = 0.07. K = 0.28),
throughput (S = -0.42, K = 0.63), and SDx (S = -0.04, K =-0.2)
were normally distributed after log-transform. Error Rate was not
normally distributed even after log-transform, so we used ART. The
results are shown in Table 2 and Fig. 3.

Time: Participants were significantly faster with the constant
VAC condition compared to the no VAC and varying VAC condi-
tions.

Error rate: Participants made significantly more errors with the
no VAC condition compared to the constant VAC and varying VAC
conditions.

Throughput: Participants’ throughput performance signifi-
cantly increased with the constant VAC condition compared to the
no VAC and varying VAC conditions.

SD,: Participants’ accuracy significantly decreased with the
varying VAC condition compared to the constant VAC and no VAC
conditions. Furthermore, participants were more accurate with the
constant VAC condition compared to the other two conditions.

ID,: Participants’ precision increased with the no VAC condi-
tion compared to the constant VAC and varying VAC conditions.



Table 1: Target sizes and distances used in this work. The two left-most columns show the angular target sizes and distances used in [7]. The two
right-most columns show the ID. Note that the Euclidian IDs used in the no VAC and constant VAC conditions were the same for the current work.

Angular Target Angular Target Target Distance (cm) Target Size (cm) at  Target Distance (cm) at  Target Size (cm) at Euclidian ID Angular ID
Size (°) [7] Distance(°) [7] at 65 cm depth 65 cm depth 38.2 cm depth 38.2 cm depth (k=1 in Equation 5)

1.45 30.51 22.72 2.27 13.35 1.33 4.39 45

242 30.51 22.72 3.82 13.35 242 3.69 3.8

3.39 30.51 22.72 5.3 13.35 3.11 3.25 3.37
1.49 25.61 21.02 2.52 12.35 1.48 4.14 4.24
2.48 25.61 21.02 4.22 12.35 2.48 3.453 3.55
3.47 25.61 21.02 5.89 12.35 3.46 3.02 3.12
1.42 35.30 25.03 2.14 14.71 1.26 4.6 4.74
2.36 35.30 25.03 3.57 14.71 2.10 3.9 4.02
3.31 35.30 25.03 5.03 14.71 2.96 3452 3.59

Table 2: Virtual Hand Data Analysis Results

VAC D
Time F(2, 34) = 10.58, F(8, 136) = 42.71,
p <0.001,72=0384 | p<0.001,n%=0.715
Error rate F(2.34) = 6.62, F(8, 136) = 2.81,
p < 0.01, % =0.280 p <0.01,n%? =0.143
F(1.49, 25.24) = 9.18, F(8, 136) = 3.44,
Throughput | "1 0220351 | p<0.001, 72 =0.168
D F(1.38, 24.79) = 73.0, F(8.136) = 46.32,
~ p < 0.001, n2 =0.81 p < 0.001, 72 =0.732
D F(1,363,23.172) =8.538, | F(8.136) = 54.788,
¢ p<001,72=0.334 | p<0.001,n%=0.763

4.1.2 Raycasting

For the raycasting interaction technique, throughput (S = 0.21, K
= 0.58), SD, (S = 0.72, K = 0.68) and ID, (S = 0.25, K = 0.58)
were normally distributed. Time was normally distributed after
log-transform (S = 0.38. K =-0.1). Error Rate was not normally
distributed even after log-transform, so we used ART. The results
are shown in Table 3 and Fig. 3.

Time: Participants were significantly faster with the constant
VAC condition compared to (only) the varying VAC condition.

Error rate: Participants made significantly fewer errors with the
varying VAC condition compared to the constant VAC and no VAC
conditions.

Throughput: Participants’ throughput performance signifi-
cantly increased with the constant VAC condition compared to (only)
the varying VAC condition.

SD,: Participants’ accuracy significantly decreased with the no
VAC condition compared to the constant VAC and varying VAC
conditions. Furthermore, participants were more accurate with the
constant VAC condition compared to the other two conditions.

ID,: We did not observe any significant difference for partici-
pants’ precision between the conditions.

Table 3: Raycasting Data Analysis Results

VAC ID
Time F(2, 34) = 3.64, F(8, 136) = 90.67,
p <0.05,1%2=0.176 | p <0.001,n% =0.842
Error rate F(2, 34) = 2356, F(8, 136) = 8.928,
p<0.01,n2=0581 | p<0.01,n%=0.344
F(Q2,34) =32, F(8,136) = 15.573,
Throughput | 65, 12=0.158 | p<0.001, 72 = 0.478
< F(2, 34) = 45.90, F(8,136) = 41.74,
~ p <0.001,72=0.73 | p<0.001,n%=0.711
D F(2, 34) = 1.66, F(8,136) = 63.82,
¢ p=020,1%2=0.089 | p<0.001,7n%=0.79

4.2 Two-way RM ANOVA

In the two-way RM ANOVA analysis, throughput (S =0.41, K =
0.32) and ID,, (S = 0.26, K = 0.34) were normally distributed. Time
(S =0.22. K =-0.01) and SD, (S =-0.21, K = 0.04) were nor-
mally distributed after log-transform. Error Rate was not normally
distributed even after log-transform, so we used ART. The main
motivation for this study is to compare different VAC conditions,
thus the results between interaction techniques are not presented in
detail for brevity - except if there were notable results. The results
are shown in Table 4 and Fig. 4.

Time: Participants were significantly faster with the constant
VAC condition compared to the no VAC and varying VAC condi-
tions.

Error rate: Participants made significantly more errors with the
no VAC condition compared to the constant VAC and varying VAC
conditions.

Throughput: Participants’ throughput performance signifi-
cantly increased with the constant VAC condition compared to the
no VAC and varying VAC conditions.

SDy: Participants’ accuracy significantly decreased with the
varying VAC conditions compared to the constant VAC and no VAC
conditions. Furthermore, participants were more accurate with the
constant VAC condition compared to the other two conditions.

ID,: Participants’ precision increased with the no VAC condi-
tion compared to the constant VAC and varying VAC conditions.

Table 4: Two-way Interaction Analysis Results

Interaction
method VAC D
F(1, 17) = 4.188 F(2,34)=7917 | F(8, 136) = 122.169
Time p = 0.058, p < 0.001, p < 0.001
n?=0.207 n%=0.331 n%=0.884
F(1,17)=0.59, | F(2,34)=7.206, F(8,136)=6.113
Error rate p =045, p < 0.01, p < 0.01,
1% =0.034 n?=0.298 n? =0.264
F(1, 17) = 2.405, | F(2,34)=18.038, F(8, 136) = 6.79,
Throughput p=0.141, p < 0.001, p <0.01,
n?=0.131 n%=0.53 n% =0.298
F(1, 17)=0.342, | F(2,34) = 159.144, | F(8,136) = 89.26,
SD, p=0.567, p < 0.001 p < 0.001,
1% =0.021 n% =091 n?=10.848
F(1,17)=25.46 | F(2,34)=14.184 | F(8, 136) = 108.58,
ID, p < 0.001, p < 0.001, p < 0.001
n%=0.614 n% =047 n%=0.872

Two-way Interaction Results: We found a statistically signifi-
cant difference between interaction techniques and VAC conditions
in terms of time (F(2, 32) = 5.51, p < 0.01 n? = 0.256), throughput
(F(2,32) =3.45, p < 0.05, 1> = 0.177), and SD, (F(2, 32) = 14.57,
p < 0.001, n% = 0.477) as shown in Fig. 5. According to these
results, raycasting was found to be significantly different than the
virtual hand in terms of (i) faster selection times in the no VAC
and varying VAC conditions, (ii) higher throughput in the no VAC
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Figure 4: Two-way RM ANOVA results for VAC conditions: (a) Time,
(b) error rate, (c) throughput, (d) SDy, and (e) ID.,.

condition, and (iii) better accuracy in the varying VAC condition.
On the other hand, the virtual hand exhibited increased accuracy in
the constant VAC and no VAC conditions.

4.3 Detailed Varying VAC Condition Analysis

Based on our results, we wanted to analyze the varying VAC condi-
tion further and examine how user movement varies while moving
between the constant VAC and no VAC target positions. Thus, we
ran another RM ANOVA with two interaction techniques (23, =
virtual hand and raycasting), two target positions (275 = no VAC
and constant VAC), and 9 unique /Ds (9;p) of the varying VAC
condition as shown in Table 5. In this separate analysis, data were
normal distributed for throughput (S = 0.42, K =0.32) and ID, (S =
0.3, K=0.1), but for time (S = 0.44. K=0.19) and SD, (S =-0.5, K
=-0.69) only after log-transform. The error rate was not normally
distributed even after log-transform, so we used ART.

Time: Participants were significantly faster when they selected
the targets in the constant VAC positions.

Error rate: Participants made significantly more errors when
they selected the targets in the constant VAC positions.

Throughput: Participants’ throughput significantly increased
when they selected targets in the constant VAC positions.

SDy: Accuracy of the participants significantly decreased when
they selected targets in the constant VAC positions.
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Figure 5: Interaction results for VAC conditions and interaction tech-
niques in terms of (a) time, (b) throughput, and (c) SDx.

Table 5: Detailed Varying VAC Condition Results

Target position interaction techniq ID

Time F(1, 17) =9.619, F(1, 17) = 5.163, F(8, 136) = 46.78,
p<0.01,72=0361 | p<0.05n2=0233 | p<0.001,7>=0.733

Error rate F(1, 17) =398, F(1, 17) = 33.182, F(8, 136) = 20.077,
p<001,72=070 | p<0.01,7>=0.661 | p<0.001,n%=0.541

F(1, 17) = 32.956, F(1, 17) = 4.45, F(8, 136) = 6.170,
Throughput | 51 n2-0.66 | p=0.136,72=0.126 | p < 0.001, 12=0.266

D F(1, 17) = 136.248, F(2,34)=0.12, F(8, 136) = 18.373,
* p<0.01,7?=0.89 | p=916,72=0.01 | p<0.001,n%=0.525

D F(1, 17) = 21.79, F(2,34) = 0.037, F(8,136) = 43.123,
¢ p<0.01,7%=0.92 | p=0.849, 7> =0.002 | p < 0.001, n? =0.717

ID,: Precision of the participants increased when they selected

targets in the constant VAC positions.

Interactions:

We found a significant interaction between target

position and interaction technique for time (F(1,17) = 8.319, p <

0.05, nz =0.329), error rate (F(1,17) =24.91,
and throughput (F(1,17) =5.182, p < 0.05,

p< 0.05, 12 =0.594),
= 0.234). According

to these results, participants were faster, made more errors, and
had higher throughput performance with the raycasting interaction

technique while they selected targets in the constant VAC positions.

4.4 Fitts’ Law

We also conducted Fitts” law analysis for both interaction techniques
as shown in Fig. 7 and Table 6. Note that the results show a low R? =
0.43 value for the no VAC condition for the virtual hand interaction
technique.

Table 6: Fitts’ Law Analysis Results

Virtual hand Raycasting
No VAC MT = ;25;-0(.)4;6 xID | MT = -(1)3211;(;;2 x ID
Constant VAC MT = (I)ez22=4(-)(;;12 xID | MT = (1227214(-)(;754 x ID
Varying VAC MT = —12)223 8- E(;)85 xID | MT = —(1)#37:-1—) (;37 x ID
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Figure 6: Detailed varying VAC condition results for (a) time, (b) error
rate, (c) throughput, (d) standard deviation, and (e) effective index of
difficulty. Target position and interaction technique interaction results
for (f) time, (g) error rate, and (h) throughput.

4.5 Questionnaire Results

At the end of the experiment, we asked participants a few questions
about their preferences between the VAC conditions. We first asked
them which VAC condition they preferred. Ten participants pre-
ferred the constant VAC condition and supported their choice as
“easier to select the targets and easier to reach out for the targets.”
Two participants preferred the no VAC condition and defended their
choice as “less confusing, easier to control, more comfortable, or
less headache.” Six participants preferred the varying VAC condition
and supported their choice as “more enjoyable and more realistic.”
One participant who preferred the varying VAC condition also com-
mented that “constant VAC condition was easier to make accurate
selections, but it was hard to rotate the cursor/ray through the hoop.
Varying VAC felt like a better compromise between the other two.”



25 5 --constant VAC

2.0 Iax 2.0 —Mo VAC
- ; I — - - " —varying VAC
S5z FE LT Z45
o - % o
.§10 ze-” .§1o P
1 =10 =

=*constant VAC
0.5 —no VAC 0.5
0 —varying VAC 0
3.0 3.5 4.0 4.5 3.0 3.5 4.0 4.5
ID ID

(a) (b)

Figure 7: Fitts’ law analysis results for (a) virtual hand and (b) raycast-
ing.

We also asked them if it was easy to select targets with the differ-
ent VAC conditions (1-I totally disagree, 7-I totally agree) using a
7-point Likert scale. The results showed participants thought it was
easier to select targets in the constant VAC condition (mean (M): 6.5,
median (Mdn): 7, standard deviation (SD): 0.786), compared to the
no VAC condition (M: 4.278, Mdn: 4, SD: 1.565) and the varying
VAC condition (M: 4.667, Mdn: 5, SD: 1.782). Finally, we asked
them to evaluate their level of physical and mental fatigue after the
experiment (1-I feel totally normal 7-1 feel completely fatigued).
Participants felt neither strong physical fatigue (M: 3.5, Mdn: 3,4,
SD: 1.6) nor mental fatigue (M: 2.2, Mdn: 2, SD: 1.1).

5 DISCUSSION

In this paper, we conducted a user study to analyze 3D pointing
performance in peri-personal space, i.e., within arm’s reach. We
asked participants to select targets in an ISO 9241-411:2015 multi-
directional task with two frequently used interaction techniques:
virtual hand and raycasting. We placed targets at locations where
no VAC occurs, where a constant VAC occurs, and also alternated
between them, effectively varying the VAC.

5.1 3D Pointing Results

We initially hypothesized that 3D selection with virtual hand and
raycasting is negatively affected by the presence of VAC. Our
results partially support our hypothesis, as participants exhibited
higher precision (/D,) with the no VAC condition. However, partici-
pants performed better in terms of time, error rate, throughput, and
accuracy in the constant VAC condition with both interaction tech-
niques. The questionnaire results support the quantitative analysis,
as the majority of the participants preferred the constant VAC condi-
tion, and felt targets were easier to select. There are four possible
explanations for our results:

Biomechanical Limitations: We hypothesize that both interaction
techniques were subject to biomechanical issues which affected
our results, but also made results similar. With the virtual hand
technique, the target placement for the no VAC condition was at 65
cm, i.e., the focal plane of the VR HMD, which is farther away than
the constant VAC condition at 38.5 cm. Prior to the experiment, we
verified that all participants could reach the targets easily. Yet, the
no VAC condition movement involved stretching the hand using the
shoulder muscles. This might lead to slower movements compared
to simply rotating the elbow, a motion that was predominantly used
in the constant VAC and varying VAC conditions for reaching the
targets. Further, in contrast to previous work [4, 6, 8] we evaluated
diagonal movements, which cross the vertical midline of the body
and are more complex than movements only in depth [41,44]. For
the raycasting technique, we asked participants to position the
controller above and in front of their shoulder to select the targets,
as previously shown in Figure 1. Even thought this is not a very
common selection pose, we chose this selection pose to allow the

participants to select the targets without unusually large rotational
movements.

The Fresnel Lens and distortions in the focal plane: The com-
mercial HMD we used for the experiment utilizes Fresnel lenses to
render the content, where previous work showed that they distort
the focal plane and convert a circle into an elliptical shape [1,5,37].
For the targets in the no VAC condition, we believe that the targets’
position on the focal plane might have been slightly shifted due to
these distortions. Such a shift on the target plane might result in a
drop on the participants’ performance compared to the other two
VAC conditions.

Depth Cues: In our experiment, we intentionally minimized the
depth cues that the participants can use in the environment. For
instance, we did not render shadows onto the targets and the cur-
sor/ray, targets did not cast shadows into the scene, we used the
same shading for all targets regardless of the VAC condition. As per-
ceived cursor size could serve as a depth cue, we also did not render
the cursor image when the ray intersected a target. However, other
environmental factors (e.g., the length of the ray) could have helped
participants to perceive target depth better. This might decrease the
effect of the VAC in the constant VAC condition, and reduce the
detrimental effects of the VAC in the varying VAC condition.

Task Complexity: Our experiment used a (relatively) more com-
plex task compared to previous work that observed a performance
decrease for pointing at distant targets [8]. However, a previous
investigation of distal pointing with a multi-directional ISO 9241-
400:2015 selection task also showed that the VAC decreases user
performance and participants exhibited the worst time and through-
put performance in the varying VAC condition [7]. Another potential
cause is the specific interaction techniques chosen for our current
study, but previous work had already shown that the VAC increases
time and throughput performance of the participants in a comparison
between singlefocal and multifocal displays, for both raycasting [6]
and virtual hand [8]. Still, we took the following measures to reduce
potential confounds, such as using a commercial VR HMD, not
allowing participants to move during the trials, and resetting the
target placement frequently (i.e., after each round of 10 trials) to
minimize the perceived depth and position changes for the varying
VAC condition. When we analyzed the varying VAC condition in
detail, we also observed that results were also similar to previous
studies [4, 8], where the participants were slower, made more errors,
and their throughput performance, accuracy, and precision increased
when they selected targets at 65 cm. However, these additional
analyses did not provide additional insights on our current results.

We deliberately chose the 65 cm and 38.2 cm target depth dis-
tances in this experiment to match the depth change of 1.08 diopters
used in previous work [3,6-8]. In Barrera Machuca and Stuer-
zlinger’s study [3], the authors showed that the VAC exists in stereo
displays, and Batmaz et al.’s follow-up work [8] showed that the
VAC cannot be eliminated through environmental cues in AR HMDs.
In later work, Batmaz et al. [6] showed that using multifocal displays
increases the motor performance of the participants. Then, an inves-
tigation of the effect of VAC on distal pointing revealed that the VAC
also affects selection performance of distal targets negatively [7].
In all four studies, the authors revealed the detrimental effects of
VAC on user performance with a similar depth plane distance, 1.08
diopters.

Our results for pointing in peri-personal space also contradict
the results of previous studies with stereo displays. For instance,
Teather et al. [48] used a similar experimental design and showed
participants targets at different depth distances and asked them to
select the targets with raycasting. However, the authors varied
the object size so that participants perceived the same target size
regardless of the depth distance. Teather et al. [48] also showed that
time and throughput of the participants do not change at different
depth distances when the perceived target size does not vary.



5.2 Interaction Techniques

In this study, we asked participants to select targets with the two
most frequently used interaction techniques, virtual hand and ray-
casting [32]. However, we did not aim to explore the difference
between these interaction techniques, given that it had been previ-
ously studied several times, and our results match the outcomes of
previous work [9, 18], where participants were reported to be more
precise with the virtual hand. Since the objects were closer to the
user with the virtual hand, one might conclude that it was easier to
select targets. Our Fitts’ law analysis for the no VAC condition also
supports this claim.

Our main motivation for including two different interaction tech-
niques was to understand how different interaction techniques are
affected under different VAC conditions in VR HMDs. The results
showed that participants were slower with the virtual hand while
selecting targets in the no VAC and varying VAC conditions. Simi-
larly, their throughput performance significantly decreased in the no
VAC condition with the virtual hand. Further, we observed higher
accuracy with raycasting in the varying VAC condition, while partic-
ipants were more accurate with the virtual hand in the constant VAC
and no VAC conditions. We believe that the reason behind this out-
come is that raycasting is more prone to rotational jitter [11], which
can negatively affect the user performance in terms of accuracy.

5.3 Other Considerations

As in the other above-mentioned experiments, we did not alter the
stimuli in the system except for the changes necessary to create
the VAC. In all conditions, target spheres, color, error sounds, and
other environmental stimuli were thus the same. We only varied
the target position and target size in Euclidean space to match the
angular ID across all interaction techniques and VAC conditions.
At the beginning of the experiment, we did not inform participants
about the properties of the varying VAC condition to eliminate any
potential bias towards this condition. We also used a counterbalanced
experimental design and did not reveal the names of the experimental
conditions to the participants. Thus, we believe that participants
were not aware of the precise nature of our experiment. Also, none
of the participants reported strong physical or mental fatigue after the
study, which makes it unlikely that fatigue for a specific condition
might have affected the outcome of the experiment.

From a statistical point of view, one could argue that our re-
sults can always be shown to be false; a big enough sample size
could almost always lead to statistically significant differences [38].
However, the study did not feature an unusually large number of
participants nor a large number of pointing motions (18 participants,
10692 pointing trials). In comparison, Batmaz et al. [6] used 24
participants and 19008 trials. Similarly, in Barrera Machuca and
Stuerzlinger’s study [3], there were 12 participants and 9504 trials.
Overall, the number of collected data thus have a size comparable
with previous work. Furthermore, our results exhibit a high effect
size n? > 0.14, which indicates a strong effect. In other words, we
thus expect that when the experiment is replicated, the probability of
observing the same results is high. Overall, our results contribute to
the growing body of work on the effect of the VAC on 3D pointing
and show that interactions in peri-personal space might be affected
by more issues than ‘just’ the VAC. Even though the effect of the
VAC can be observed in a simple task in peri-personal space [6, 8],
we suggest that designers should test user performance at various
depth distances in a given system and, then, if needed, adapt their
system design accordingly.

5.4 Limitations

In this experiment, we only used the HTC Vive Pro and collected
data with an ISO 9241-400:2015 task. Our experiment should be
replicated with other VR HMDs, such as the Oculus Quest 2. Even
though we used the same HMD as previous work on the VAC, such

as Batmaz et al. [7], other stereo displays do not necessarily use
the same optical design and lens system, i.e., the same focal plane,
which affects where the VAC occurs. The Oculus Quest 2, e.g., has
a focal plane at 1.3 m and it is thus infeasible for participants to
directly reach targets at 1.3 m with their virtual hand.

In this work, we only used two different target depths, i.e., 65 cm
and 38.2 cm. Our motivation was to induce the same focal change in
terms of diopters, as in previous work, i.e., 1.08 diopters (100/38.2 -
100/65 = 2.62 - 1.54 = 1.08). For instance, Batmaz et al. [7] used
depth distances of 75 and 400 c¢m to elicit the VAC (100/75 - 100/400
=1.33 - 0.25 = 1.08 diopters). To simplify the experimental design
while still enabling comparability, we also focused only on a single
change of diopters, like previous work as Batmaz et al. [6]. We
still acknowledge the limitation of having used only 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.

Even though we used a VR HMD in this study, our results should
also be replicated in AR systems. Previous work on stereo display
cue conflicts showed that there is no user performance difference
between AR and VR HMDs in terms of time, error rate, and through-
put [8]. Still, different HMDs have different display systems. For
instance, the Meta AR HMD did not use a lens system but distorted
the image on a see-through surface. The HoloLens uses a waveguide
to show the virtual content [39]. Our results thus need to be further
investigated with AR hardware and other display systems.

In our study, 28% of the participants were male, and 72% were
female. This ratio between male and female participants might not
be typical of other VR user studies. Thus, we invite researchers to
further investigate potential gender differences within VAC studies
in the future.

We also used a limited range of /Ds in this study. Although we se-
lected target sizes and distances to increase the comparability of our
results to previous work [7], we suggest extending our experimental
design to a larger /D range.

6 CONCLUSION & FUTURE WORK

In this paper, we induced the vergence-accommodation conflict
(VAC) for pointing movements in a virtual reality (VR) Head
Mounted Display (HMD) in peri-personal space. We compared
the outcomes when there is no VAC, a constant VAC, and a varying
VAC (i.e., when participants had to alternate between these two con-
ditions) with the two most frequently used interaction techniques,
virtual hand and raycasting. Interestingly, the results showed that par-
ticipants were faster and their throughput increased in the constant
VAC condition. We speculate that biomechanical constraints, the de-
sign of the Fresnel lens used in VR HMD, and other depth cues had
an impact on our results. For practitioners, engineers, and designers,
we thus suggest to use an approach that involves first positioning
the targets at various depth planes, comparing the participants’ per-
formance, and then designing the interaction in peri-personal space
accordingly.

In the future, we plan to continue analyzing this unexpected
phenomenon and to conduct further studies to understand the effect
of VAC in peri-personal space with other interaction techniques,
different depth distances, and various VR/AR HMDs. We also want
to repeat our experiment with a varifocal display and further analyze
the VAC in stereo displays.
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