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Figure 1: (a) Visual representation of 2D steering through a path with constant width, and the two 3D steering tasks investigated
in this study, i.e., Ball-and-Tunnel and Ring-and-Wire. (b) Heatmaps showing the 2D density of track point spread in each path
width condition for both 3D steering tasks. Dashed circles outline the smaller path width inside the larger one as a reference.

Abstract

Steering involves continuous movement along constrained paths,
well-studied in 2D. The extensions to 3D using the Ring-and-Wire
and Ball-and-Tunnel tasks were often treated as interchangeable in
previous work. In this paper, we directly compare these two tasks
through a within-subjects user study (n = 18) with varying 3D path
orientations. The results show that Ring-and-Wire significantly
outperformed Ball-and-Tunnel, with 17.17% lower task time, 21.65%
higher throughput, and 21.52% faster average speed. Participants
also preferred Ring-and-Wire and reported lower workload. Visual
ambiguity, especially near the tunnel’s rear surface, complicated
spatial perception in the Ball-and-Tunnel task. We thus recommend
that future studies choose 3D steering tasks carefully for experi-
ments, as the two tasks are not interchangeable.
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1 Introduction

Steering is an interaction method in Human-Computer Interaction
(HCI), involving continuous movement along a constrained path [1].
With its growing use in interfaces, such as nested menus, drawing,
and path-following, research has increasingly focused on modeling
steering behaviors [1]. These models enhance our understanding of
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human motor control, guide the design of novel interfaces [25, 41],
and support the evaluation of interaction techniques [2, 25].

The Steering law, a mathematical model for predicting Movement
Time (MT) in steering tasks [1], is one of the widely studied mod-
els for steering behavior in HCI [45]. Many studies have extended
the law to improve its accuracy in 2D interfaces [3, 48, 50]. More
recently, researchers have begun exploring its applicability in 3D
Extended Reality (XR) [44, 45, 51], investigating how spatial con-
straints and interaction modalities influence steering behavior in
immersive settings. While, the 2D representation of constrained
paths for steering is relatively straightforward (e.g., Figure 1-a),
extending this task to XR introduces new challenges, such as the
increased degrees of freedom [28], limited visual depth cues [28, 44],
varying path orientations [28], and the lack of physical support [44].
These complexities have led to the development of diverse steering
law experiments. As steering interactions become more common in
XR environments, it is necessary to examine how methodological
decisions, specifically task type, affect user performance and expe-
rience. Experimental clarification of these differences is essential
for establishing well-grounded evaluation methodologies.

Zhai et al. [53] originally proposed the Ring-and-Wire (or Buzz
Wire) task as the 3D steering task, where users guide a ring along
a wire. This task has been applied in domains such as eye-hand
coordination [32], fine motor skill rehabilitation [13, 14], and 3D
mid-air interaction [17]. Yet, this task has been largely ignored in 3D
Steering law studies. Instead, the Ball-and-Tunnel task, i.e., pushing
a target ball inside a semi-transparent tunnel of constant width,
has become more common, often justified by the added rotational
complexity of Ring-and-Wire [28, 44]. Despite both being mid-air
manipulation tasks and frequently cited together, it remains unclear
whether they are interchangeable or whether differences in task
dynamics limit the transferability of findings across them.

To explore this, we conducted a user study comparing these
two tasks across many 3D directions, constraining ring rotation in
Ring-and-Wire to isolate translational movement and enable direct
comparison with Ball-and-Tunnel. By comparing these conceptu-
ally similar but structurally distinct tasks, our goal is to provide a
comprehensive understanding that guides their future use in 3D
steering studies and the design of practical XR applications.

In short, this work’s main contributions are: (1.) We empiri-
cally validated the applicability of the Steering law for a modi-
fied Ring-and-Wire task. (2.) We revealed that the Ring-and-Wire
and Ball-and-Tunnel tasks are not interchangeable. (3.) We demon-
strated that the Ball-and-Tunnel task imposes a higher workload
and challenges participants’ perception of the path boundaries. (4.)
Building on these findings, we suggest practical implications for
future Steering law studies.

2 Related Work
2.1 Steering Law

Modeling human motor behavior is an important research topic
in HCI and aims to better understand, predict, and optimize in-
teraction [33, 53]. Despite its complexity, human motor perfor-
mance, e.g., in pointing [5, 16] or navigation [1, 3], is well-modeled
by mathematical models widely used in HCI for both 2D and 3D
environments [33, 45, 53]. Accot and Zhai’s Steering law [1] for
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trajectory movements, e.g., path steering or goal-crossing [4], is
widely studied and applied in HCI research [25, 36, 53]. As pre-
sented in Equation 1, the Steering law predicts Movement Time
(MT), i.e., the total time to traverse a bounded path (C), by dividing
the path into infinitesimal sections with length ds and width W (s).

ds
MT:a+b/CW (1

For steering through constrained paths with constant width
(shown in Figure 1-a), e.g., navigating through menus or scroll bars
with fixed width, Equation 1 simplifies to Equation 2 [1]. Based
on Equation 2, the Index of Difficulty (ID) for the steering task is
defined as the ratio of path length (L) to its width (W), resulting in a
unitless measure that reflects the difficulty of the steering task [1, 4].

MT=a+b-ID, D=L )
w

As the task difficulty increases, MT tends to rise, a relationship
captured by a performance metric called Throughput (Equation 3),
commonly used to evaluate the performance of steering tasks [2, 46].
As ID is a unitless measure, throughput (TP) is expressed in inverse
seconds (s™!) [2, 25]. Recently, Kasahara et al. [25] suggested the
effective width (W, = 4.133 X SD, SD is the standard deviation
perpendicular to the direction of the movement) for the calculation

of TP to stabilize it across varying speed-accuracy biases [25].

ID
TP = — (3)

MT
The Steering law has been widely used to design and evaluate
interaction techniques and input devices [2, 25, 41]. It is also the
foundation for many HCI studies aiming to extend the understand-
ing of human steering performance in more complex scenarios,
e.g., the effect of the Control-Display ratio [3], steering through
corners [36], the negative influence of latency [48], or navigating

through consecutive paths with different sizes [49].

2.2 Steering Tasks in 3D Environments

With the growth of immersive technologies, such as Head-Mounted-
Displays (HMD), the Steering law has been applied in a variety of 3D
scenarios, ranging from direct object manipulation to locomotion
tasks, e.g., virtual driving [51, 53] or drone piloting [23]. Zhai et
al., in their early efforts to extend the Steering law beyond 2D
interfaces [53], suggested the Ring-and-Wire task for 3D VR studies,
owing to its emerging applications in HCI research [7, 39]. In this
task, participants use a ring to navigate along a wire, avoiding
contact between them. This task has been widely adopted in 3D
interaction studies as a well-established motor control task [13, 37]
that requires continuous movement along the path, allows for clear
performance assessment [14, 31] with progressive adjustment of
task difficulty [31, 37] and isolates steering performance [17, 26, 35].

Christou et al. [13] evaluated a Ring-and-Wire task in VR, finding
it a promising tool for stroke rehabilitation. Lui et al. [31] used
this task to compare adaptive and fixed immersive VR training,
showing its effectiveness for fine motor skill training. Similarly,
Radhakrishnan et al. [37] investigated the application of VR for
motor skill training and its relationship to physiological arousal.
Mariani et al. [35] implemented a VR-based Ring-and-Wire task,
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as a part of an adaptive training system for robot-assisted surgery,
resulting in improved users’ surgical motor skills. This task is also
used as a performance evaluation tool, e.g., Lee et al. [26] validated a
VR robotic simulator by comparing user performance on four tasks,
including Ring-and-Wire. Also, Gemici et al. [17] used this task to
evaluate how Signed Distance Fields (SDF) can dynamically control
object speed during distant 3D mid-air manipulation. However,
despite its frequent use, the Ring-and-Wire task has not been studied
in the context of the 3D Steering law. Also, despite its frequent
use in real-world and XR applications, the Ring-and-Wire task
was only suggested by Accot and Zhai [53] or mentioned as a
conceptual example of steering interaction [12], but has not been
critically examined in 3D XR steering studies. Instead, the Ball-and-
Tunnel task, i.e., navigating a target ball inside a semi-transparent
tunnel [28], has been used in the literature for such investigations.
Liu et al. [28] studied the effect of path curvature and orientation
in 3D space and showed that the Steering law (Equation 2) provides
a good description for 3D steering tasks. Yet, they proposed the
Ball-and-Tunnel task as a more “straightforward" alternative to
the Ring-and-Wire task [28]. This choice was further justified in
other studies [28, 30, 44] by noting that the Ring-and-Wire task
introduces additional complexity owing to the rotation of the ring
relative to the wire, which can dynamically change the available
lateral movement freedom, and thus task difficulty. In contrast, the
Ball-and-Tunnel task isolates translational movement in a constant-
width path. Following this trend, Wei et al. [44] used a Ball-and-
Tunnel task and empirically proposed a refined Steering law model
accounting for the effect of frame rate in XR. Similarly, Wei et al. [45]
implemented this task to study the effect of movement direction on
3D mid-air steering performance. Finally, Liu et al. [30] extended
the Steering law to 3D interactions with force feedback, using a
Ball-and-Tunnel task with added haptic feedback.

3 Motivation and Research Questions

When the rotational movement in the Ring-and-Wire task is con-
strained to remain orthogonal to the wire, both Ring-and-Wire
and Ball-and-Tunnel tasks can be conceptually framed as steering
through a constant-width path [28, 44]. Liu et al. justified Ball-and-
Tunnel to “limit the complexity” in steering tasks and proposed it as
an “alternative interaction task” [28]. Drawing from prior work that
frames the Steering law as a series of goal-crossing tasks [1, 4], the
ring can be interpreted as a moving slice of the tunnel, effectively
reversing the motion while preserving the structure.

This conceptual overlap has led to the assumption that the two
are interchangeable in 3D steering studies. As a result, the 3D steer-
ing literature is built upon both tasks, treating them as functionally
equivalent and using them interchangeably to model, evaluate, and
compare user performance. However, this assumption lacks empiri-
cal validation. Given the growing number of 3D steering studies,
it is essential to examine whether task type affects behavior and
whether results across studies using different tasks are compara-
ble, motivating the following Research Questions (RQs): (RQ1.) Are
the Ring-and-Wire and Ball-and-Tunnel tasks interchangeable for
studying 3D steering? If not, (RQ2.) what are the key differences
between these tasks in the context of 3D mid-air interaction?
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Previous studies have shown that motor performance in VR is in-
fluenced by the complex characteristics of mid-air interactions, e.g.,
the presence of stereo viewing [8], the vergence-accommodation
conflict [11], depth perception issues [28, 44], and increased degrees
of freedom in movement and control [28, 45]. Factors like the exper-
imental task itself [5] and its visual complexity [38] can also affect
3D interactions. Based on these insights, we hypothesize that: (H1.)
The Ring-and-Wire task offers higher motor performance, in terms of
shorter steering time, fewer boundary hits, higher throughput, and
narrower traversed path, compared to the Ball-and-Tunnel task. (H2.)
The Ball-and-Tunnel task induces higher cognitive load and has lower
usability, compared to the Ring-and-Wire.

4 User Study

Pilot Studies: Before the main study, we ran three small pilots
(n=6) to calibrate task design. Pilot 1 compared path placement at
the dominant shoulder, non-dominant shoulder, and chest with W=4
cm, L=20 cm, identifying chest placement as most comfortable. Pilot
2 tested path lengths of 35-45 cm, selecting 40 cm as the maximum L
reachable in a seated position (similar to anthropometric data [40]).
Pilot 3 used the finalized conditions to estimate effect sizes for
G*Power [15] and explore performance trends.

Participants: Based on the results of Pilot 3, we calculated the
minimum sample size needed for RM ANOVA using G*Power [15]
with a = .05, statistical power set to 0.95, and a large effect size
(n? = .14). Thus, we recruited 18 participants (9 female, 9 male),
aged between 22 and 32 years (M = 25.89, SD = 2.85). They were
volunteers recruited from the university campus and the general
public through online flyers. All but one were right-handed, and
all had normal or corrected-to-normal vision.

Apparatus: We used an Intel(R) i7-12700F processor at 2.1 GHz,
16 GB RAM, an NVIDIA GeForce RTX 3060 Ti graphics card, and a
Meta Quest 3 as the VR HMD. The virtual models were designed
using Blender 4.2, and the VR system was implemented using Unity
2022.3.49f1 with Meta XR All-in-One SDK 68.0.1.

Procedure: Each session began with a consent form, demograph-
ics survey, and a study overview. After wearing the headset, the
participants completed training trials (<5 min), in VR and then pro-
ceeded to the main experiment. Following previous studies [1, 9, 44,
48], participants remained seated and were instructed to perform
each task as fast and as accurately as possible, using virtual hand
interaction [45] with their dominant hand. Based on the outcome of
pilot 1, all path conditions were centered around a fixed point, i.e.,
15 cm below and 35 cm in front of the headset, to keep the visual
size of objects consistent across participants.

In the main study, participants clicked a start button while facing
forward to initiate the experiment and calibrate scene placement.
Trials were presented sequentially. In each trial, participants had
to grab the moving target—the ring or the ball—positioned 2.5 cm
before the path’s starting point, and steer it along the path to the
end (see Figure 1-a, lower row). To reduce visual complexity and
isolate spatial constraints, the virtual hand was invisible during
steering. If participants collided with the path boundaries, a short
error sound provided auditory feedback. While contact persisted,
the path turned red to offer continuous visual feedback. If the object
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Figure 2: Longitude [28] (a) and Latitude [28] (b) values con-
sidered in our experimental design as path endpoints. (c) Def-
inition of the path width (Wp,;}) based on the target width
(Wrarger) and inner diameter of the path (Wy;q4.)-

was pushed completely out of the path, the trial was reset. Upon
completion, a short success sound signalled the end of the trial.

Participants were reminded throughout the experiment to bal-
ance speed and accuracy, and encouraged to take breaks to reduce
fatigue, preventing the gorilla arm effect [21]. The experimenter
monitored performance and prompted breaks when signs of fa-
tigue, e.g., performance decline, were observed. On average, par-
ticipants took 3.5 breaks (SD = 1.33), each lasting between 5 and
12 minutes. After the main experiment, participants completed a
post-experiment questionnaire, including subjective feedback, the
System Usability Score (SUS) [24], and the perceived workload
(NASA-TLX) [22] (included in the supplementary material). Each
user study session lasted under 45 minutes.

Experimental Design: We used a within-subjects design with two
tasks as explained below:

Ball & Tunnel (BT) Task: As in previous studies [28-30, 44],
this task involves a semi-transparent tunnel and a target ball (Fig-
ure 1-a). Unlike previous work [28, 30], the target ball can be freely
manipulated inside the tunnel rather than being restricted solely to
forward movements, to align with practical applications and with
the 2D steering task that 3D research seeks to extend [1, 3, 48].

Ring & Wire (RW) Task: This task uses a ring and a wire,
following the common RW design (Figure 1-a). Participants grab
the ring and steer it along the wire. To isolate translational move-
ment and eliminate the rotational complexity associated with this
task [28, 30, 44], the ring’s orientation is fixed to remain perpendic-
ular to the wire. This also aligns with BT, where the sphere lacks
visible rotation. Allowing the ring to tilt would distort the effec-
tive path width, making direct comparison unfair. Constraining the
ring’s rotation ensures a more meaningful comparison of controlled
movement along paths with consistent width.

Based on prior work [28, 44, 45], we selected a common range
of path lengths and widths for 3D mid-air steering studies, see
below. To ensure the paths were comfortably reachable, we referred
to anthropometric data [40, 52] and pilot 2 to confirm that the
selected parameters were practical, comfortable, and provided easily
perceivable task boundaries for seated participants in the virtual
environment. To capture the effects of movement direction in 3D
mid-air interactions [28, 45], we included path orientations aligned
with the main axes and all 45°diagonals. To control for handedness
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effects [28], each orientation included both movements (left-to-
right and right-to-left), resulting in 26 distinct path orientations.
The independent variables are summarized below:

Task Type: Ball & Tunnel (BT), Ring & Wire (RW)

Path Width (W): 0.02, 0.04, 0.08 m

Path Length (L): 0.2, 0.4 m

3D Path Orientations (R0-R25): 6 principal axes, 12 face diagonals,
8 space (corner) diagonals.

As shown in Figure 2(c), W is the lateral movement constraint.
Following prior work [28, 29, 44], W is calculated as the inner
diameter of the ring or tunnel minus the diameter of the target (i.e.,
the wire or ball), which was fixed at 1 cm across all conditions. We
counterbalanced the conditions across participants by randomizing
path 3D orientation sequences for each participant and applying
a Latin Square design to the other independent variables. Two
path Lengths (L) and three path widths (W) resulted in 4 unique
ID levels (IDs = 2.5, 5.0, 10.0, 20.0). Each participant performed
3 W x 2 L X 26 Orientations X 2 Tasks X 2 repetitions = 624 trials.

We recorded task execution time (s), effective throughput (s_l),
and average speed (m/s) for each trial. Because boundary contact
was allowed, we measured both the number of collisions and er-
ror time (duration of contact). This separation distinguishes pure
steering time (error-free movement) from error time, enabling finer
analysis of control behavior. Additionally, for each frame, we cap-
tured the relative position of the wire (or ball) within the ring (or
tunnel) using local axes perpendicular to the movement direction.
From this, we computed the standard deviation of the traversed
path from the mean trajectory (SDx) and from the path centerline
(CSDyy).

5 Results

Except for the subjective measures, we conducted Repeated Mea-
sures ANOVA (a = .05) to examine main effects and interactions,
applying Bonferroni corrections for post-hoc comparisons. Log
transformations were used for non-normal data (Skewness and
Kurtosis beyond +1.0 [10, 18]), and Greenhouse-Geisser correc-
tions were applied when sphericity was violated. Analyses were
performed in IBM SPSS Statistics 30.0.

5.1 Steering Time

RM ANOVA revealed a significant main effect of the task, path
length, and width on task completion time, see Table 1 for the sta-
tistics. Participants executed RW (M = 433.33 ms, SD = 302.06)
in significantly less time than BT (M = 523.20 ms, SD = 401.30),
shown in Figure 3(a). Pure steering time follows a similar trend
with BT resulting in higher times (M = 406.68 ms, SD = 351.46),
compared to RW (M = 323.50 ms, SD = 287.53), as presented in Fig-
ure 3(b). A significant interaction was observed between length and
width, suggesting that the impact of width varied depending on
the path length. However, no significant interactions were found
between task and length, or task and width. Pairwise comparisons
revealed a significantly higher completion time for BT compared
to RW in all width and length conditions (Figure 4 a-b).

For task completion time across different path 3D orientations,
RM ANOVA identified a significant main effect (F(25, 425) = 7.06,
p < .001, n% = .293), suggesting that 3D orientation influenced task
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completion time. However, no significant interaction between task
type and rotation was observed (F(8.50, 144.53) = 1.528, p = 0.148,
n? = .082), showing that the performance difference between task
types was relatively stable across orientations. Besides, rotation ex-
hibited notable non-linear influences on task execution time (poly-
nomial contrast tests revealed significantly higher-order effects,
e.g., cubic: F(1,17) = 4.00, p = .062, 8th-order: F(1,17) = 46.70,
p < .001), suggesting that movement time varied irregularly across
3D orientations.
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v 600 —s0001 3 450
£ £
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E 400 g’ 300
9 523.20 § 406.68
2200 433.33 & 150 323.59
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$
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0 0
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Figure 3: (a) Task completion time, (b) pure steering time, (c)
success rate, and (d) average speed. (In this paper, error bars
represent the standard error of the mean.)

5.2 Hitting Boundaries

Success Rate. An RM ANOVA was conducted to compare suc-
cess rates, i.e., the ratio of trials without hitting the boundaries.
Participants were more successful in performing the task without
hitting the boundaries in BT (M = .485, SD = .067) compared to RW
(M = 452, SD = .059) (F(1,17) = 4.74, p < .044, n* = .218). There
was also a significant effect of width (F(2,34) = 61.68, p < .001,
n? = .784), indicating a higher success rate as path width increased.
The task and width interaction was not significant (F(2,34) = 1.221,
p = 307, n* = .067), suggesting the performance difference be-
tween techniques remained relatively consistent across widths.
Additional analysis on path orientations revealed a significant ef-
fect (F(25,425) = 2.901, p < .001, n? = .146), as well as a signifi-
cant interaction between task and orientation (F(25,425) = 1.981,
p < .004, n% = .104), suggesting that the effect of path 3D orienta-
tion on success rate depends on the task type.

Error Time. Significant main effects of path length and width
(shown in Table 1 and Figure 4(c-d)) indicate that both spatial di-
mensions significantly affected total error time. Besides, significant
interaction was observed between length and width, suggesting that
the influence of width on error time varied depending on the path

VRST °25, November 12-14, 2025, Montreal, QC, Canada

Emoo — »21000 -
kk L1 'R
o 800 .,_'i * o 800 @
E E £
i= 600 oy i= 600 3
c ok c o =
g 400 [N = g 400 -
1] 55 ] - o o 5
55 s B
S o S o :
0.02 0.04 0.08 0.2 0.4
Width (m) Length (m)
(a) (b)
300 300 =
S
% A ) 2
£ * * £ )
o 200 S 200 g
E - E -
= = -
§ 100 % o - 5100 g
5 e 8§k @
) . am £
(] s
0.02 0.04 0.08 ° 0.2 0.4 s
Width (m) Length (m)
(c) (d)
g 1.5 S — 3 'gLS g
~— e w
2 - 10 g
2 g :
“ o ﬁ ":
Q o =
] = Q9 b3
> >
< < s
0 5
0.04 0.08 0.2 0.4 °®
Width (m) Length (m)

(e) ®

Figure 4: (a-b) Completion time, (c-d) error time, (e-f) average
speed for width (left) and length (right). Significance levels
are p < .05 ("), p <.01(**)and p < .001 (**¥).

length across both task types. A significant main effect of 3D path
orientation on error time was also observed (F(10.36, 176.19) = 3.91,
p < .001, ? = .187).The Task x 3D path orientation interaction
was also significant (F(10.24,174.02) = 2.33, p < .013, 5% = .121),
suggesting that the pattern of error time across orientations differed
between BT and RW.

5.3 Average Speed

As shown in Table 1 and Figure 3(d), participants were significantly
faster in RW (M = 0.96m/s, SD = 0.51) than in BT (M = 0.79m/s,
SD = 0.42). Pairwise comparisons showed that participants became
significantly faster as width increased (Figure 4 e-f), with all width-
level differences statistically significant. The interaction between
width and length was also significant (Table 1). Further analysis of
this interaction revealed that longer lengths significantly slowed
performance only at the narrowest width (0.02 m, p = .006). This
difference was no longer significant for wider target widths.There
was a significant main effect of 3D path orientation (F(25,425) =
7.11, p < .001, n? = .30) with a significant interaction between
task and 3D orientation (F(25,425) = 1.68, p < .043, n° = .09),
indicating the effect of 3D orientation varied by task. The effect of
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Table 1: Repeated-measures ANOVA results for task completion time, error time, and average speed, showing the main effects
and interactions of Task Type (T), Width (W), and Length (L). Significant results are highlighted in gray.

Task Completion Time Error Time Average Speed
Value p 1712, Value p 7712, Value p 17;,
T F(1,17) = 28.859 | <.001 | 629 | F(1,17)=0419 | 526 | .024 | F(1,17) = 28.859 | <.001 | .629
L F(1, 17) = 807.901 | <.001 | .979 | F(1, 17) = 886.434 | <.001 | .981 F(1, 17) = 2.901 107 | 146
F(1.22, 20.74) F(1.24, 21.12) F(1.22, 20.741)
w — 50.889 <.001 | .750 8048 <.001 | .826 — 50.889 <.001 | .750
TXL F(1, 17) = 0.044 .836 | .003 F(1, 17) = 0.004 950 | <.001 | F(1,17) = 0.044 .836 | .003
F(1.45, 24.59
TxW F(2, 34) = 0.608 514 | .035 ( — 1412 ) 257 .077 F(2, 34) = 0.608 514 | .035
F(1.35, 22.90) F(1.24, 21.02) F(1.35, 22.90 )
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Figure 5: (a) Throughput for Ball-and-Tunnel and Ring-and-
Wire. (b) Mean depth offset of steered tracks on the frontal
plane. Significance levels are p < .05 (*) and p < .001 (***).

We conducted a linear regression using both pure steering time
(movement within the path) and task completion time (movement
within and on the boundaries). As different combinations of path
length and width can yield identical ID values, this may limit the
number of points for creating meaningful regressions. To improve
results’ generalizability, and following Gori et al’s recommenda-
tions [20], we account for each individual combination of path
length and width in our regression rather than relying solely on ID
values. Execution time was regressed over the ID based on Equa-
tion 2 (Figure 6-a). Separate linear regressions for each task show
that the task completion time can be modeled as MT = 231.51 +
31.46 % ID (R? = 0.96, Adj.R* = 0.94) and MT = 187.74 + 25.87 % ID
(R? = 0.97, Adj.R?> = 0.96) for BT and RW, respectively. These
results indicate a strong fit to the Steering law in both tasks. A
similarly strong fit was observed for pure steering time (Figure 6-b),

Index of Difficulty

Index of Difficulty
(a) (b)

Figure 6: Steering law model fit for (a) task completion time
and (b) pure steering time.

where MT = 242.94 + 16.24 * ID (R% : 0.94, Adj.R? : 0.93) for BT,
and MT = 187.80 + 12.59 % ID (R? : 0.96, Adj.R? : 0.95) for RW.

5.5 Track Analysis

Standard Deviation. To analyze path spread relative to the move-
ment center within the constrained area, we computed Wobbrock
et al’s 2D standard deviation (SDx) using [47].

A RM ANOVA on SDy across Width (Figure 7(a)) showed no sig-
nificant effect on Task (F(1,17) = 0.19, p = .673, 172 =.01). However,
Width had a significant effect (F(1.12,19.04) = 462.88, p < .001,
n? = .98), with SDyy increasing as path width increased. The Task
and Width interaction was not significant (F(1.12,18.96) = 2.08,
p = .168, n? = .11), showing that both tasks conform similarly to
changes in W in terms of path spread.

To further examine movement density within the constrained
paths, we analyzed the spatial distribution, i.e., where the ring
intersected with the wire or the ball moved inside the tunnel at
each frame. To visualize lateral movement density perpendicular to
the direction of the movement in both tasks, we generated heatmaps
of all recorded track points. As shown in Figure 1(b), a consistent
pattern emerges: as path width increases, the movement shifts
from the boundaries toward the center. Dashed reference circles
(e.g., the 0.04 m circle inside the path W = 0.08 m) illustrate that
steering becomes increasingly concentrated within the bounds of
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Figure 7: 2D Standard Deviation from the (a) center of the
movement (SDy) and (b) center of the path (C_SDy).

the narrower path, highlighting a tendency toward centralization
as spatial constraints loosen.

Standard Deviation from Center. By replacing mean recorded x
and y values with 0 in SDy, we computed 2D standard deviation
from the central line of the path (C_SDy) for each path width (Fig-
ure 7(b)). RM ANOVA results identified no significant differences
for Task (F(1,17) = 0.07, p = .790, n? = .004), indicating that over-
all track deviation from center did not differ between BT and RW.
Yet, We found a significant effect on Width (F(1.11, 18.88) = 564.06,
p < .001, n? = .971), with C_SDy increasing as path width in-
creased. The interaction between Task and Width was not signifi-
cant (F(1.10,18.70) = 1.92, p = .182, p? = .102), showing that both
tasks demonstrated comparable increases in deviation from the
centerline at higher widths.
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©

=] 0.010 =y 0.02 0.04 -

=4 e o f“ » L or

g £ £ 0.01 TN £ 0.02 1‘\\

% B o oo (@ E o

o Q L S
= . p 001 ) -0.02
m -0.010 -0.02 -0.04
. -0.010 0 0.010 -0.02 0 0.02 -0.04 0 0.04

IDensity Lateral Lateral Lateral

) 0.04

= 0.010 - 0.02 f\

i~ 4 . ¥

2 |g 0005 g 001 T~ g 0027 gl

& |&§ o0 L& o i) & o (' i

=] (=] \ <4 a g 2
go -0.005 o -0.01 > < -0.02
= -0.010 -0.02 -0.04
-0.010 0 0.010 -0.02 0 0.02 -0.04 0 0.04

IDensity Lateral Lateral Lateral

Figure 8: Heatmaps for steering only on the frontal plane
in 3D space, showing the 2D density of track point spread
for each path width condition in both steering tasks. Dashed
circles outline the smaller path width inside the larger one
as a reference.

Frontal Plane To examine depth movement variability, we isolated
the 3D path orientations on the frontal plane, i.e., the plane perpen-
dicular to the participant’s viewing direction. By separating this
frontal plane, we can map the local x and y axes of track points to
the depth and lateral directions, respectively. Depth here refers to
the extent of movement into 3D space, with positive values indicat-
ing a shift toward the rear of the tunnel or ring, and the lateral axis
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Figure 9: (a) Task completion time, (b) error time, (c) average
speed for each task type across IDs. Significance levels are
p <.05("),p<.01("*)and p < .001 (**%).

represents movement that is perpendicular to depth. This mapping
enabled analysis of depth offsets in steered paths. As shown in the
density heatmaps (Figure 8), track points increasingly shift in depth
at the largest path width (W = 0.08 m). A paired-sample t-test
confirmed that BT had a significantly greater depth offset than RW
at this width (¢(17) = 2.70, p = .015, Cohen’s d = 0.64, indicating
deeper average paths (Figure 5(b)).

5.6 Index of Difficulty

Task Completion Time results revealed significant differences for
task (F(1,17) = 22.18, p < .001, 5% = .566) and ID (F(3, 15) = 103.30,
p < .001, n? = .954). The task and ID interaction was not significant.
Pairwise comparisons showed significantly lower task completion
times for RW across all IDs (shown in Figure 9 a).

Error Time results significantly increased with task difficulty
(F(1.41,24.02) = 118.72, p < .001, % = .875). Bonferroni-corrected
pairwise comparisons revealed significant differences in error time
between IDs (shown in Figure 9 b).

Average Speed revealed significant differences for task (F(1,17) =
22.57, p < .001, n% = .570) and ID (F(1.69, 28.80) = 34.27, p < .001,
n? = .668). Results showed a decrease in the average speed as the
task difficulty increased. The interaction between Task and ID was
not significant. Pairwise comparisons showed a significantly faster
average speed for RW across all IDs (shown in Figure 9 c).

5.7 Subjective Results

NASA-TLX A Wilcoxon signed-rank test revealed a significantly
higher workload for BT (Z = —3.245, p < .001) Figure 10. Further
analysis indicated higher mental (Z = —3.075, p < .002) and phys-
ical (Z = —2.706, p < .007) demands for the BT task, as well as
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higher effort (Z = —3.108, p < .002), and frustration (Z = —3.467,
p < .001) for BT compared to RW.
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Figure 10: NASA-TLX results. Significance levels are p < .05
(*),p < .01 (**)and p < .001 (***).

SUS A Wilcoxon signed-rank test (Z = —3.163, p < 0.002) indicated
that RW received significantly higher SUS scores (88.47 A-Grade)
compared to BT (69.96, B-Grade), indicating that participants found
the Ring task more usable.

Post-Experiment Questionnaire 17 participants (94.44%) pre-
ferred RW, citing “better visibility" (10 mentions), “greater control”
(7 mentions), and “more intuitive interaction" (6 mentions). They
found it easier to perceive the ring’s boundaries compared to the
tunnel, track its position, and adjust their movements accordingly.
In contrast, the BT condition was described as “visually complex
(7 mentions), making the perception of path boundaries, control,
and steering accuracy more difficult, particularly towards the back
wall of the tunnel.

2

6 Discussion

Previous work extended 2D steering into 3D with Ball-and-Tunnel
[28] (BT) and Ring-and-Wire [53] (RW). As RW has often been
avoided due to its rotational complexity [28, 30, 44], many studies
have favored BT [28, 30, 44, 45], which implicitly assumed that
the two tasks are interchangeable in 3D mid-air contexts. In this
paper, we revisited both tasks in VR and empirically compared their
impact on steering performance and user experience.

Our results revealed significant differences between RW and BT
in terms of execution metrics (e.g., steering time, average speed, and
throughput), traversed path, and subjective ratings (e.g., NASA-TLX
and SUS), supporting both our hypotheses. Contrary to common
assumptions [28, 30, 44], RW and BT do not seem to be interchange-
able for studying 3D steering, even when restricted to translational
movement, addressing our RQ1: are the Ring-and-Wire and Ball-
and-Tunnel tasks interchangeable for studying 3D steering when
limited to translational movement?

Comparing tasks, participants completed RW faster than BT,
with both total and error times consistently lower for RW, indicat-
ing that isolated translational movement enables faster steering
with reduced cognitive load. As expected per the Steering law [1],
path length and width affected task difficulty. Path orientation also
significantly influenced steering time, error time, and speed; con-
sistent with prior work [28], these non-linear effects underscore
the complexity of 3D steering and highlight the associated motor
control challenges [28, 45].

Amini et al.

Participants had a higher success rate in BT than with RW, i.e.,
completed more trials without contacting the boundary, indicating
that our modified RW was not inherently easier. Although this re-
sult does not align with our H1, the subjective feedback indicated
that participants found BT visually complex and reported difficulty
controlling the ball. This suggests that the higher success rate in
BT was not due to better boundary perception or intuitiveness. In
contrast, participants felt more confident and reported lower cog-
nitive load with RW. RW still showed higher overall performance
through faster movements, higher throughput, and more efficient
path-following (particularly in narrower widths), supporting H1.
The added caution in BT also aligns with its higher cognitive load,
supporting H2. Average speed was consistently higher in RW across
all spatial conditions, further supporting this interpretation. More-
over, the total time spent in contact with the boundaries, i.e., the
error time, did not significantly differ between tasks. This suggests
that although boundary contacts were less frequent in BT, cor-
rective movements were longer, likely due to the tunnel’s visual
complexity and less precise boundary perception.

Our findings show subtle but important task differences, partic-
ularly at narrow path widths where performance diverged. This
underscores the role of parameter selection as difficulty increases.
At wider widths, deviations grew similarly across tasks, reflect-
ing greater movement variability. Although participants were in-
structed to steer quickly and accurately rather than follow the cen-
terline, it remains a useful reference as the farthest point from all
boundaries. Trajectories often stayed near the center, especially in
wider paths and in RW, suggesting clearer boundary perception and
fewer corrective movements—consistent with faster performance
and lower workload in RW. Movement density further showed that
as width increased, steering became more centered in both tasks;
at the widest width (0.08 m), movements clustered within smaller
central regions, indicating an “effective 3D steering width” analo-
gous to 2D steering [25]. This effect was stronger in RW, where
boundaries were clearer. On the frontal plane, tracks consistently
shifted backward, more so in BT, likely due to the tunnel’s visual
complexity and difficulty perceiving the back boundary. Hatira et
al. [43] similarly reported that BT users in VR needed to move
around the tunnel to identify boundaries. Another potential expla-
nation for the depth shift is the lack of physical support in mid-air
interaction [44].

The model-fit results confirm applicability of the Steering law [1]
to both tasks, especially for RW, which, to our knowledge, had not
been empirically validated in 3D XR contexts. While both tasks
showed strong model fits (high R? and Adj.R?), throughput differed
significantly, with RW yielding higher mean values. This suggests
that, despite fitting the Steering law, the tasks are not performance-
equivalent. Additionally, aligned with previous work [25, 28, 53],
ID significantly affected movement time, error time, and average
speed across both tasks. Overall, these results also suggest that RW
and BT are not interchangeable, and their results should not be
used to build upon.

Through our analysis, we addressed RQ2: “What are the key
differences between these tasks in the context of 3D mid-air in-
teraction?” Both quantitative and subjective results show that BT
imposes a higher cognitive load due to difficulty perceiving tun-
nel boundaries and limited depth cues, requiring more corrective
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actions. In contrast, RW provides clearer visual feedback. These dif-
ferences have practical implications for selecting tasks in controlled
experiments, especially when minimizing perceptual complexity is
important. Based on this, we propose the following recommenda-
tions for future studies:

The importance of the task type: The Ring-and-Wire and Ball-
and-Tunnel tasks are not interchangeable in 3D steering studies,
even when rotational movement of the ring is disallowed. Our re-
search focused on spatial characteristics, i.e., width, length, and 3D
path orientation, and found that task type significantly influenced
the outcomes. Introducing additional factors, e.g., path curvature,
distal steering, or alternative interaction techniques, would likely
further complicate this effect. Future work should thus carefully
choose the task type based on the study’s specific goals, especially
for higher task difficulties, e.g., narrower paths. Thus, we invite
researchers to approach these two tasks separately.

Consider the Ring-and-Wire task as a 3D steering task: The
participants exhibited higher performance with RW compared to
BT in terms of steering time, throughput, cognitive load, and user
preference. RW minimizes perceptual confounds and can provide a
more focused measurement of motor control in 3D steering. Besides,
given the widespread application of RW in various domains, e.g.,
fine motor skill training [13, 31, 37], we encourage future research
to explore and model the effect of combined rotational and transla-
tional movement in RW as a 3D steering task with changing path
width, improving the task’s representativeness. Our result also ques-
tions Liu et al.’s choice on the steering task [28] where the authors
used a Ball-and-Tunnel task to limit complexity. Yet our results
showed that Ring-and-Wire significantly outperformed Ball-and-
Tunnel, with better depth perception, identifying Ring-and-Wire as
the less complex one.

The Ball-and-Tunnel task may negatively impact perfor-
mance in 3D mid-air steering. The visual complexity of the
semi-transparent tunnel used in previous research [28-30, 44] can
make it more difficult for participants to perceive boundaries, poten-
tially increasing the task difficulty. Researchers and practitioners
should be aware that such task properties can introduce perceptual
ambiguity or obscure performance differences. The steering perfor-
mance differences we observed, e.g., the shift in the traversed path
in depth, should thus be acknowledged and addressed in the study
methodology. Our findings suggest that depth perception near the
tunnel’s back wall is a critical area, a challenge that has not been
addressed in prior work. Future implementations should prioritize
depth clarity to overcome the confound of depth misjudgments
while steering. Future designs could thus incorporate additional
depth cues, e.g., reference grids or geometry [28], leveraging motion
parallax and binocular stereo cues by allowing the user’s viewpoint
to move [19], or modifying the tunnel’s material or texture, e.g.,
overlaying supporting lines [42] or color-to-depth mapping [27].
Beyond visual improvements, providing additional layers of feed-
back, e.g., auditory and haptic, when the user nears or hits the
tunnel boundaries, could also help overcome boundary perception
challenges [6, 34, 54, 55]. Such enhancements could reduce uninten-
tional overshoot and improve the reliability of the Ball-and-Tunnel
task in steering studies. Moreover, the visual perceptual differences
between the tasks suggest the need for further investigation into
the perceptual effects on user performance, particularly for more
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complex tasks, such as curved paths. These additional factors may
increase cognitive load and influence research outcomes, highlight-
ing the importance of accounting for task-specific challenges in 3D
steering studies. All these are interesting areas for future work.

7 Limitations and Future Work

In our study, ring rotation was constrained, both to isolate trans-
lational movement and ensure comparability with BT. Allowing
free rotation would transform RW into a dynamic-width steering
problem, where the available path width depends on participant-
controlled rotation, introducing additional motor demands and
potentially higher errors and movement times similar to those ob-
served in previous studies [13, 17, 31]. While beyond the scope of
this paper, it highlights the need for future research under more
complex conditions, e.g., steering with combined translational and
rotational movements, along curvilinear paths, where dynamic
width and added motor complexity may alter both modeling re-
quirements and user performance.

Although breaks were provided, cumulative fatigue during long
sessions might still affect performance. Still, we found no significant
learning effect or performance decline across repetitions (p > 0.27
for MT, ET, and TP). Yet, future work, especially with more complex
steering tasks, may consider further controlling these effects, e.g.,
by shortening sessions or distributing trials over different sessions.

Performance variability suggests diverse speed—accuracy strate-
gies, highlighting the need to further study speed-accuracy trade-
offs in 3D steering. Besides, path analysis revealed potentially more
effective regions, where users avoided boundaries and steered more
accurately and faster. As shown in Figure 1(b) and Figure 8, wider
paths shifted trajectories toward the center, suggesting possible
width thresholds below which 3D steering becomes too difficult.
Another critical region was clustering along path boundaries at
narrow widths (Figure 1(b) and Figure 8), often in diagonal rather
than vertical or horizontal directions. Both effective and critical
regions warrant further investigation with broader width ranges
and higher-resolution tracking. Finally, examining nonlinear orien-
tation effects alongside these regions could yield deeper insights
for improving 3D interaction design.

8 Conclusion

We presented a comparative study of two 3D steering tasks: Ring-
and-Wire vs. Ball-and-Tunnel. Our results showed that Ring-and-
Wire significantly outperforms Ball-and-Tunnel, with 17.17% faster
task execution time, 21.65% higher throughput, and 21.52% higher
speed. Participants also preferred Ring-and-Wire, reporting a lower
workload and fewer depth perception issues, particularly with judg-
ing the tunnel’s backside boundary. These findings revealed that
the two tasks are not interchangeable and that task choice critically
impacts performance evaluations. We also confirmed the Steering
law’s applicability for the translational Ring-and-Wire task.
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