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ABSTRACT
While widely used to evaluate 2D pointing performance, adapting
the multi-directional tapping task (ISO/TS 9241-411) to virtual real-
ity (VR) poses challenges, particularly in addressing target depth.
This study examines how depth affects user performance in the
multi-directional tapping task in VR.We conducted a within-subject
experiment with 20 participants, investigating the effect of various
depths (0.5–100 m for Raycasting; 0.3–0.6 m for Virtual Hand) under
consistent visual angles. Results showed that Raycasting perfor-
mance remained stable beyond 2 m but degraded significantly at 0.5
m, while Virtual Hand performed best between 0.4 and 0.5 m and
declined at closer and farther depths. These findings suggest that
target depth strongly influences selection performance even when
visual angles remain consistent, underscoring the need for consid-
ering standardized depth parameters in VR pointing protocols. We
also provide evidence-based recommendations for implementing
depth parameters in future VR studies using the multi-directional
tapping task.
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1 INTRODUCTION
In the field of human-computer interaction (HCI), researchers have
relied on standardized evaluation methods to assess interaction
techniques and input devices. The multi-directional tapping task,
formalized in ISO/TS 9241-411 [14] (previously known as ISO 9241-
9 [13]) and also known as 2D Fitts’ law task [37], has emerged
as a particularly valuable tool for measuring user performance in
traditional graphical interfaces [10, 36, 44]. As virtual reality (VR)
technology matures and finds applications across entertainment,
training, healthcare, and other domains [39, 42, 48], researchers
have increasingly adapted this standardized task to evaluate inter-
action in 3D virtual environments [45]. A standard task for 3D inter-
faces has yet to be established, which is why the multi-directional
tapping task is widely used in VR. However, this transition from
2D to VR interfaces has introduced significant challenges in main-
taining consistent experimental protocols, particularly regarding
the configuration of target depth parameters.

The core challenge lies in systematically integrating depth—a
dimension absent in traditional 2D interfaces—into VR tapping
tasks. Since the multi-directional tapping task was designed to
evaluate 2D pointing movements, the corresponding standard pro-
vides guidelines for target placement in 2D spaces but offers no
specific guidance for addressing depth in virtual environments. Con-
sequently, researchers have made widely varying choices in target
positioning, ranging from within arm’s reach to far-field distances
[7]. These inconsistencies in depth configuration make it difficult
to compare results across studies, as performance variations might
stem from methodological differences rather than meaningful pat-
terns in user behavior. The lack of standardized depth parameters
particularly affects the evaluation of fundamental VR interaction
techniques, such as Raycasting and Virtual Hand [9, 30].

Further complicating matters is the relationship between target
depth and size in VR environments. Unlike 2D interfaces, where
the target width remains visually constant, VR can place objects
in a vast, potentially infinite space far from the user, amplifying
perspective effects so that targets appear smaller at greater depths.
Researchers have addressed this challenge differently: some main-
tain consistent target width regardless of depth, while others keep
depth fixed and control target visual angles, defined as the angular
size of the target as perceived by the user based on its distance and
physical size (see Table 1). These divergent approaches to target
size configuration, combined with varying depth parameters, create
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a complex web of methodological differences that undermines the
comparability of research findings. Without standardized protocols
for handling these parameters, we lack a reliable foundation for
building cumulative knowledge about VR interaction performance.

Our research addresses these standardization challenges by con-
ducting a systematic investigation of the effect of target depth while
ensuring consistent target visual angles in the multi-directional
tapping task within VR. Through experiments with both Raycasting
and Virtual Hand techniques, we examine how different configura-
tions of these parameters affect key performance metrics such as
movement time, error rate, and throughput. We focus on establish-
ing evidence-based guidelines for implementing these parameters
in future VR studies. Our goal is to contribute to the development of
more standardized protocols that enable meaningful comparisons
across different research efforts while maintaining the methodolog-
ical rigor established by ISO/TS 9241-411.

2 RELATEDWORK
2.1 Fitts’ Law and the Multi-directional Tapping

Task
Fitts’ law has served as a cornerstone in HCI research since its intro-
duction in 1954. While initially developed for 1D tasks, researchers
have successfully extended its application to 2D interfaces, leading
to significant advances in input device evaluation and interface
design [26, 41]. This mathematical model has proven particularly
valuable in standardizing performance measurements across differ-
ent input devices and interaction techniques, with its integration
into the ISO/TS 9241-411 standard marking a crucial milestone in
HCI research methodology. The standard multi-directional tapping
task has emerged as a widely adopted tool for evaluating pointing
devices, offering researchers a systematic approach to measuring
user performance [6, 28, 31].

This Fitts’ law-based task has been continuously improved through
important changes in how it is conducted, particularly in the cal-
culation and interpretation of performance metrics. Researchers
have introduced sophisticated approaches to measuring effective
target width (𝑊𝑒 ) and effective target amplitude (𝐴𝑒 ), which ac-
count for the actual distribution of movement endpoints rather
than nominal target parameters [24, 41]. These refinements have
enhanced the task’s ability to capture subtle differences in user per-
formance, leading to more reliable and comparable results across
studies. The standardized nature of the task has facilitated com-
prehensive evaluations of various input devices, from traditional
mice and touchpads to emerging technologies like eye-tracking and
gesture-based interfaces [16, 18, 43, 47].

Recent adaptations of the multi-directional tapping task have
expanded beyond traditional interface evaluations. With the emer-
gence of VR technologies, researchers have begun adapting these
established evaluation methods for 3D spaces, leading to new chal-
lenges in implementing and interpreting this standardized task.

2.2 Fitts’ Law-Based Studies in Virtual Reality
While numerous studies have attempted to extend Fitts’ law to 3D
selection tasks in VR environments [11, 23], these investigations
have largely overlooked the independent effect of depth on user
performance. Most studies have incorporated depth as a compound

variable affecting both target width and amplitude, rather than
isolating its unique impact on selection behavior.

Research exploring Fitts’ law in VR has generally followed three
distinct approaches (see Table 1). The first approach maintains
consistent depth while varying visual angles, similar to traditional
2D studies. The second approach fixes depth while varying target
width, which limits our understanding of how depth influences
selection performance. The third approach varies both target width
and depth, potentially confounding the effects of depth and appar-
ent size.

While these studies have advanced our understanding of selec-
tion behavior in VR, they share a critical limitation: the inability to
isolate depth’s effect from other variables. Real-world VR applica-
tions require users to interact with objects at various depths and
sizes, yet existingmodels typically do not separate depthwith appar-
ent target width, making it difficult to predict performance across
different scenarios. Our study addresses this limitation by system-
atically investigating depth effects while maintaining consistent
visual angles, allowing us to better understand depth’s independent
influence on selection behavior.

3 EXPERIMENT
3.1 Participants and Experimental Setup
A total of 20 participants (8 females and 12 males) with a mean age
of 22.45 years (SD = 3.21) participated in the study. All participants
were right-handed individuals who had normal or corrected-to-
normal vision, with arm lengths including hand measuring less
than 0.6 m. Most participants had prior experience with VR sys-
tems. The research protocol received approval from the University
Institutional Review Board (IRB NO.: KWNUIRB-2024-09-006-001).
Before participating in the study, all participants provided written
informed consent.

The experimental setup is illustrated in Figure 1. All experiments
were conducted using a Meta Quest Pro VR headset. Participants
were seated in a chair and used the controller in their right hand
to complete the experimental task, with instructions to maintain a
stable posture. The experimental environment was developed using
Unity (version 2022.3.51f1).

Figure 1: The experimental environment (left) and the multi-
directional tapping task setup with Raycasting (middle) and
Virtual Hand (right) in the virtual environment. The center
point of the target ring was equal to the eye height [33]. For a
demo video, please refer to: https://youtu.be/uY9oBxAVD3A.
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Parameters Methods for Adjusting Target Size References
Target Visual Angle Adjusting target visual angle without varying target depth [21, 40, 46]
Target Width Adjusting target width without varying target depth [4, 5, 12, 29]
Target Width & Target Depth Adjusting both target width and target depth [2, 3, 5, 15, 34, 35, 38]
Table 1: Fitts’ law-based VR studies and their methods for adjusting target size regarding target width, visual angle, and depth
control.

3.2 Experimental Design
This study employed a 4 × 3 × 3 within-subjects design for each of
the two selection techniques: Raycasting and Virtual Hand. Ray-
casting is a selection technique where users point at targets using
a virtual ray projected from a controller or hand, allowing for dis-
tant object interaction. Virtual Hand, on the other hand, involves
directly manipulating virtual objects within arm’s reach by simu-
lating the user’s hand movements in the virtual environment. The
following factors and levels were investigated (Figure 2):

• Target Depth: 4 levels were tested for each interaction tech-
nique. For Virtual Hand, the depths were 0.3, 0.4, 0.5, and
0.6 m. For Raycasting, the depths were 0.5, 2, 10, and 100 m.
These depth conditions were chosen to cover a wide range
of binocular disparities [19], from high at close depths to
minimal at far depths.

• Target Visual Angle: 3 levels were tested: 1°, 2.5°, and 4°.
• Target Amplitude: 3 levels were tested: 25°, 35°, and 45°.

The combination of these independent variables resulted in a
wide range of index of difficulty (ID) values ranging from 2 to 6. This
design led to a total of 4 depths × 3 visual angles × 3 amplitudes = 36
unique conditions for each interaction technique. Each participant
completed 9 trials per condition, resulting in a total of 36 conditions
× 9 trials × 2 interaction techniques = 648 data points per participant.

Figure 2: Experimental design for two selection techniques:
(a) Raycasting and (b) Virtual Hand.

3.3 Experimental Procedure
Participants were randomly assigned to one of two groups in a
counterbalanced design. One group performed Virtual Hand fol-
lowed by Raycasting, while the other group completed the tasks

in reverse order. For each technique, participants completed two
sessions of the multi-directional tapping task under 36 test condi-
tions presented in random order. The first session was considered
a practice run and was excluded from subsequent data analysis.
The multi-directional tapping task involved participants tapping
alternately between multiple targets arranged in a circular pattern,
requiring precise and rapid pointing movements [14]. After com-
pleting all tasks, a follow-up interview was conducted to gather
participants’ perceptions of how depth affected their performance,
as well as their reasoning behind these perceptions. The experiment
took around 40–50 minutes to complete, and each participant re-
ceived a monetary reward of KRW 30,000 (∼USD 20) for completing
the experiment.

3.4 Data Analysis
The analysis utilized three primary performance metrics: move-
ment time (MT), error rate (ER), and effective throughput (TP) [25].
Consistent with prior methodologies in pointing and crossing stud-
ies [17, 27], all trial data, including those with errors, were included
to ensure a comprehensive analysis with the derivation of𝑊𝑒 .

To identify outliers, the interquartile range (IQR) method was
employed, defining potential outliers as data points exceeding 1.5
times the IQR. As a result, data from two participants with excep-
tionally high error rates (ER > 0.4) were excluded. Following data
cleaning, linear regression analyses were performed for each depth
condition to explore the relationship between MT and ID. Unad-
justed 𝑅2 values were used to assess the goodness of fit for the
regression models.

Statistical analyses were conducted using repeated measures
ANOVA (RM-ANOVA) with three within-subject factors: target
depth, visual angle, and amplitude. When Mauchly’s test indicated
a violation of sphericity, Greenhouse-Geisser corrections were ap-
plied. All analyses were performed at 𝛼 = .05 using Python 3.10.11
and R 4.4.1.

4 RESULTS
While our RM-ANOVA examined three factors, we focus our analy-
sis specifically on the depth to address our core research questions.
A full RM-ANOVA table of all performance measures is provided
in the Appendix A.

4.1 Performance
The results revealed distinct performance patterns across different
depths for both interaction techniques (see Figure 3 and Table 2).
For Raycasting, the shortest depth (0.5 m) resulted in a significantly
longer MT (M = 1.074 s, SD = 0.370) compared to other depths,
whereas no significant differences in MT were observed among
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the 2, 10, and 100 m depths. This was also evident in the ER, with
the 0.5 m condition showing a significantly higher ER (M = 0.143,
SD = 0.159) compared to other depths. Similarly, TP was generally
consistent across most depths, except for the 0.5 m condition which
demonstrated notably lower performance (M = 3.693 bit/s, SD =
1.036).

For Virtual Hand, moderate performance variations were ob-
served across depths, with 0.4 and 0.5 m conditions demonstrating
particularly favorable results. The 0.6 m condition had the longest
MT (M = 0.809 s, SD = 0.212), followed by the 0.5 m condition (M =
0.770 s, SD = 0.203). In contrast, the 0.3 m (M = 0.728 s, SD = 0.200)
and 0.4 m (M = 0.729 s, SD = 0.193) conditions had comparably
shorter MT. ER was highest at 0.3 m (M = 0.148, SD = 0.168) and
lowest at 0.5 m (M = 0.105, SD = 0.136). For TP, peak performance
was observed at 0.5 m (M = 4.976 bit/s, SD = 1.309), closely followed
by the 0.4 m condition (M = 4.848 bit/s, SD = 1.230).

Additionally, we found significant two-way interaction effects
between target depth and target visual angle on ER (Figure 4). Error
patterns varied substantially for small visual angles (1°) compared to
larger ones. In particular, the combination of small visual angles and
short depths led to notably higher error rates. No other significant
two-way or three-way interaction effects related to target depth
were identified among the factors.

4.2 Model Fitting
To investigate depth’s influence on Fitts’ law model fitness, we
calculated the 𝑅2 values across four linear regression models for
each interaction method (Figure 5). For Raycasting, strong linear
relationships betweenMT and IDwere found in all depth conditions.
The shortest depth (0.5 m) showed the lowest 𝑅2 value (𝑅2 = 0.97),
while both 10 and 100 m conditions achieved slightly better fits
(𝑅2 = 0.99). All depth conditions maintained exceptional model
fits with 𝑅2 > 0.97, demonstrating strong adherence to Fitts’ law
predictions regardless of depth. In contrast, Virtual Hand exhibited
more noticeable variations across depths compared to Raycasting.
The closest condition (0.3 m) demonstrated the strongest fit (𝑅2 =
0.96), while other depths showed lower 𝑅2 values: 0.6 m (𝑅2 = 0.87),
0.4 m (𝑅2 = 0.84), and 0.5 m (𝑅2 = 0.82). This suggests that Fitts’ law
models’ predictive accuracy is more depth-dependent in Virtual
Hand than in Raycasting.

4.3 Subjective Feedback
In the Raycasting condition, a significant majority (80%) of par-
ticipants reported perceiving noticeable performance differences
across the varying depth conditions. Participants described a range
of experiences at different depths. For instance, P14 stated: ‘The
farthest distance was the easiest. I think it’s because it required less
hand movement,’ which underscores a key benefit of interacting
with distant targets in this condition. Conversely, when targets
were positioned closer, participants reported adapting their physi-
cal behavior. P6 mentioned: ‘When targets were too close, I tended to
lean my body backward.’ This observation, along with reports from
other participants indicating increased hand movements and pos-
tural adjustments at closer distances, suggests consistent strategies

to physically compensate for proximity. These subjective expe-
riences align with our objective measurements, which revealed
performance degradation at the closest distance (0.5 m).

In the Virtual Hand condition, 85% of participants reported per-
ceiving performance differences across the varied depth conditions.
Notably, participants consistently identified challenges at both ex-
tremes of the depth range. P15 highlighted the physical strain as-
sociated with reaching for distant targets, stating: ‘When targets
were farther away, my arm would hurt and I felt less accurate.’ P11
offered a similar observation: ‘As the distance increased, I had to
move my head more and stretch my arm further, which was tiring.’
On the other hand, interacting with targets at the closest distance
presented distinct challenges. P9 observed: ‘When targets were too
close, my hand would accidentally trigger errors while moving be-
tween targets.’ These subjective reports correlate with our objective
findings, which demonstrated optimal performance at intermedi-
ate distances (0.4-0.5 m) and performance degradation at both the
closest and farthest distances.

5 DISCUSSION
5.1 Raycasting
In the Raycasting condition, our results revealed that depth primar-
ily affects performance at close ranges (0.5 m), while maintaining
consistent performance from medium (2 m) to far distances (100 m).
This pattern can be attributed to several key factors. First, although
targets were kept consistent in visual angle across conditions, at
the closest depth (0.5 m), targets were positioned near the partici-
pant’s head. This made Raycasting uncomfortable at lower hand
positions, forcing participants to raise their hands, which increased
muscle fatigue and resulted in longer MT and lower TP [20]. Sec-
ond, with respect to ER, the proximity between the controller and
target at 0.5 m introduced two challenges: small rotations of the
controller caused exaggerated cursor movements, making precise
control more difficult, and the raised hand position led to greater
instability and tremors [22, 32]. Finally, the consistent performance
observed at greater depths (2, 10, and 100 m) suggests that once
targets are beyond a certain range, depth has minimal impact on
Raycasting performance. This stability can be attributed to the
nature of Raycasting [8], where the physical movement required
remains relatively constant regardless of target depth.

5.2 Virtual Hand
Virtual Hand exhibited more pronounced depth-dependent varia-
tions in performance. Our results indicate an optimal performance
range between 0.4-0.5 m, with significant degradation observed
at both closer (0.3 m) and farther (0.6 m) distances. MT showed a
proportional relationship with depth, as shorter depths naturally
required less physical movement [1]. This relationship reflects the
direct mapping of physical to virtual hand movements inherent
to Virtual Hand interaction. While TP did not show significant
variations across depths, ER revealed an intriguing trend: despite
consistent target visual angles, errors decreased from 0.3 m to 0.5 m
as the absolute target width increased with depth. However, errors
increased again at 0.6 m, likely due to physical discomfort from
extended reaching movements [1], as supported by Penumudi et al.,
who found that target locations in a multi-directional tapping task
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Techniques Movement Time Error Rate Throughput
𝐹 𝑝 𝜂2𝑝 𝐹 𝑝 𝜂2𝑝 𝐹 𝑝 𝜂2𝑝

Raycasting 8.100 ***<0.001 0.025 4.634 **0.013 0.014 23.656 ***<0.001 0.077
Virtual Hand 18.803 ***<0.001 0.044 4.356 **0.014 0.017 2.599 0.079 0.011
Table 2: F, p, and 𝜂2𝑝 values from the RM-ANOVA results showing the effects of depth on performance metrics. *p< 0.05, **p< 0.01,
***p< 0.001.

Figure 3: Mean performance measures by target depth for each selection technique. Error bars indicate standard error of the
mean. The letters represent Bonferroni post-hoc groupings. Bars that do not share the same letter are significantly different.

Figure 4: Mean error rate by target depth and visual angle.
Error bars indicate standard error of the mean.

Figure 5: Linear regression plots between MT and ID, and 𝑅2

by target depth for each selection technique.

in VR significantly impacted biomechanical strain on the neck and
shoulders [33]. This U-shaped error pattern suggests an optimal
interaction zone that balances target accessibility with arm comfort
[22].

5.3 Implications
These findings have important implications for implementing multi-
directional tapping tasks in VR. For evaluations of pointing with
Raycasting, our results suggest that testing with target depths be-
yond 2 m, which aligns with the original purpose of Raycasting
to select distant objects, may not be critical when using a multi-
directional tapping task, as performance remains consistent across
these conditions. However, if testing at close depths (0.5 m) is nec-
essary, researchers should consider the significant performance
degradation observed at this range, as it highlights the need to
account for depth conditions in the task design and interpretation
of results.

For evaluations of pointing with Virtual Hand, target depths
should be set around 0.4-0.5 m when evaluating baseline perfor-
mance, as this represents the optimal interaction zone. It is crucial
to note that performance metrics are highly sensitive to depth
changes, requiring careful depth standardization across studies.
These findings suggest that standardized protocols for the multi-
directional tapping task in VR should incorporate depth-specific
considerations, even when maintaining consistent visual angles, to
ensure reliable and comparable evaluation results across studies.

5.4 Limitations and Future Work
It’s important to acknowledge several limitations that may influ-
ence the interpretation of our findings. Firstly, the effect sizes (𝜂2𝑝 )
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observed for depth-related effects were comparatively modest, par-
ticularly when contrasted with the effects of visual angle and ampli-
tude. This is likely attributable to the multi-directional tapping task
itself, where, as predicted by Fitts’ law, target size and inter-target
distance are primary determinants of performance variability.

Secondly, the scope of our conclusions is inherently tied to the
specific VR hardware and virtual environment design employed in
this study. The technical specifications of the Meta Quest Pro, in-
cluding its field of view, resolution, focal plane, and stereo rendering,
may have influenced our observations regarding depth perception.
While the headset’s specifications and technological implementa-
tion represent a contemporary dominant approach, results obtained
using different VR headsets may diverge. Furthermore, our inten-
tionally minimalist virtual environment, designed to isolate the
impact of depth, lacks the rich depth cues found in real-world set-
tings, such as shadows, textures, perspective, and occlusion. This
may limit the direct applicability of our findings to typical VR
applications where these cues interact to shape user perception
and performance. While this controlled environment provides a
valuable baseline for understanding the fundamental role of depth
in selection behavior, more complex, application-specific environ-
ments may yield different performance patterns.

Finally, our study examined a limited set of discrete depth levels,
which may not fully represent the nuanced effects of depth percep-
tion within VR. Future research could enhance our understanding
by exploring selection behavior in visually richer environments
that incorporate multiple depth cues, investigating target selection
across a wider range of depth variations, and accounting for individ-
ual differences in depth perception. These extensions would more
accurately reflect real-world VR applications and contribute to the
development of more comprehensive models of selection behavior
in virtual environments. Additionally, cross-device validation with
a variety of VR headsets would bolster the generalizability of our
findings across the broader VR ecosystem."

6 CONCLUSION
In this study, we systematically investigated how target depth
affects user performance in VR multi-directional tapping tasks
while maintaining consistent target visual angles, aiming to de-
velop evidence-based guidelines that foster more standardized pro-
tocols in future VR research. The findings of this study highlight
the significant role of target depth in influencing the performance
of the multi-directional tapping task, even when the target visual
angle remains constant. For Raycasting, depth increases beyond
2 m showed no notable impact on performance, but performance
degraded at shorter depths. Conversely, the Virtual Hand exhibited
sensitivity to evenminor depth variations as small as 0.1 m, with the
best performance observed at approximately 0.5 m. These results
underscore the importance of carefully considering target depth
when designing or performing multi-directional tapping tasks in
VR environments. Furthermore, the majority of participants were
able to discern performance differences between varied depth con-
ditions, despite the visual angle of the targets being identical. This
emphasizes the perceptual and interactive nuances introduced by
depth for using the multi-directional tapping task in VR.
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A A FULL RM-ANOVA TABLE

Technique Movement Time Error Rate Throughput
Source 𝐹 𝑝 𝜂2𝑝 𝐹 𝑝 𝜂2𝑝 𝐹 𝑝 𝜂2𝑝

Raycasting

D 8.100 ***<0.001 0.025 4.634 **0.013 0.014 23.656 ***<0.001 0.077
VA 232.724 ***<0.001 0.605 47.780 ***<0.001 0.282 102.425 ***<0.001 0.208
A 216.531 ***<0.001 0.149 3.861 *0.038 0.014 1.376 0.265 0.003
D:A 1.527 0.214 0.005 0.603 0.645 0.006 0.898 0.471 0.005
D:VA 1.813 0.139 0.005 2.805 *0.029 0.024 2.280 0.060 0.011
VA:A 3.366 *0.026 0.007 0.979 0.410 0.006 0.549 0.644 0.003
D:A:VA 1.074 0.376 0.006 1.231 0.300 0.018 1.236 0.289 0.015

Virtual Hand

D 18.803 ***<0.001 0.044 4.356 *0.014 0.017 2.599 0.079 0.011
VA 125.428 ***<0.001 0.259 43.918 ***<0.001 0.209 32.477 ***<0.001 0.086
A 106.873 ***<0.001 0.195 27.056 ***<0.001 0.042 7.337 **0.004 0.021
D:A 2.387 0.051 0.009 1.260 0.292 0.006 0.954 0.447 0.005
D:VA 0.544 0.676 0.003 1.350 0.265 0.007 1.888 0.117 0.013
VA:A 3.080 *0.029 0.008 4.730 *0.013 0.015 2.193 0.098 0.012
D:A:VA 0.944 0.472 0.007 0.506 0.779 0.005 1.346 0.239 0.015

Table 3: A RM-ANOVA table of all performance variables. D = Target Depth, VA = Target Visual Angle, A = Target Amplitude.
*𝑝 < 0.05, **𝑝 < 0.01, ***𝑝 < 0.001
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