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Figure 1: Left: Visualization of the Docking Task for assessing precise object manipulation in VR. Right: PRISM, AMP-IT, and

WISDOM manipulation techniques.

ABSTRACT

Precise 3D manipulation in virtual reality (VR) is essential for effec-
tively aligning virtual objects. However, state-of-the-art VR manipu-
lation techniques have limitations when high levels of precision are
required, including the unnaturalness caused by scaled rotations and
the increase in time due to degree-of-freedom (DoF) separation in
complex tasks. We designed two novel techniques to address these
issues: AMP-IT, which offers direct manipulation with an adaptive
scaled mapping for implicit DoF separation, and WISDOM, which
offers a combination of Simple Virtual Hand and scaled indirect
manipulation with explicit DoF separation. We compared these two
techniques against baseline and state-of-the-art manipulation tech-
niques in a controlled experiment. Results indicate that WISDOM
and AMP-IT have significant advantages over best-practice tech-
niques regarding task performance, usability, and user preference.

Index Terms: Human-centered computing—Human com-
puter interaction (HCI)—Interaction paradigms—Virtual reality;
Human-centered computing—Human computer interaction (HCI)
Interaction techniques

1 INTRODUCTION

Manipulation in virtual environments usually involves the appli-
cation of spatial transformations to selected objects [3], including
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changes in position, orientation, and scale [5]. Mid-air interaction is
a common manipulation method in virtual environments, offering
an intuitive alternative to traditional 2D input methods like mouse
and keyboard. However, unlike in real-world scenarios, physical
properties such as the objects’ weight and inertia are not naturally
available in the virtual world [9]. In addition, such systems suffer
from hand instability, imprecise tracking systems and difficulties
in mapping the user’s movements to virtual objects [18, 19]. These
challenges are particularly evident in tasks that require high levels
of control and accuracy, known as precise manipulation tasks.

A common use case for such systems is when comparing an ideal
digital model against an imperfect physical object created based on
that specification. In industrial applications such as additive manu-
facturing (AM), this alignment is essential for the defect inspection
of printed components. Even a minor deviation from the measured
geometry can indicate a potential defect in the virtually printed part.
Achieving precise 3D alignment in order to do such inspections
presents a demanding task with strict error tolerances.

In this context, although several studies have explored precise
manipulation in virtual reality (VR), the existing techniques still
present limitations, particularly when such exceptionally high preci-
sion is required. The challenge lies in achieving natural translational
and rotational movements, minimizing errors, and maintaining ef-
ficiency in terms of time and workload. We intend to fill this gap
by designing techniques that allow the user to naturally achieve a
high level of precision without compromising time and the amount
of effort required to learn and apply the technique.

This work presents an evaluation of two novel manipulation tech-
niques through two separate experiments. The first experiment
targeted standard precision tasks, while the second focused on ex-
tremely high precision tasks. Initially, our goal was to design a single
novel technique, AMP-IT, which is why our initial experiment ex-
clusively contrasts this technique with existing literature. However,
when dealing with precise manipulation tasks, we recognized the



need to enhance one of the existing techniques from the literature
to maintain a fair basis for comparison. This resulted in a second
novel technique, called WISDOM. The outcomes of our investiga-
tion showcase AMP-IT’s efficacy in standard precision tasks, and
highlight the unexpectedly strong performance of WISDOM when
compared to the others.

2 RELATED WORK

Numerous techniques have been developed for manipulating objects
in 3D virtual environments. The strategies developed, however,
vary greatly depending on the particularities of the problem being
tackled, and there is not a consolidated technique that works well for
most cases. In this context, some of the most relevant approaches
include: breaking the task into several sub-tasks [1,4], zooming or
scaling the environment (World in Miniature metaphor) [21,24,27],
using control points or pins attached to the object’s vertices [10, 14],
exploring Gesture-to-Force Mappings for Remote Manipulation
[31], implementing auxiliary objects such as shape constraints [12],
exploring bi-manual gestures, anchors or virtual handles [8, 10,17,
26], enabling explicit DoF separation through collaboration [25] or
through widgets [19,20], and scaling the movement by adjusting the
control-display ratio [2,7,9,10].

For scenarios that do not require high precision, the impact of
hand instability and the inaccuracies introduced by the input device
or method may be less significant in terms of task completion. In
this case, isomorphic techniques such as the Simple Virtual Hand
(SVH) [5] metaphor may be sufficient. SVH is a direct manipulation
technique that enables exact mapping, or 1:1 C/D (Control to Dis-
play) Ratio, of the user’s physical hand movement to the movement
of a virtual hand within the environment. The C/D Ratio quantifies
the relationship between the physical movement of an input device
and the resulting displacement of a virtual object. With a 1:1 C/D
ratio, we have a direct correspondence between the input device and
the virtual environment coordinate system [5, 16].

Although very intuitive, as the level of precision required in-
creases, the SVH technique suffers from its extreme sensitivity to
hand instability and restricted reach limited by arm size [5]. Several
studies proposed changes on the transfer function to mitigate those
issues, either by magnifying the movement to achieve long-distance
reach and controlled manipulation [28,31], or by scaling down the
motion to increase accuracy and control [9, 15].

The PRISM technique, developed by Frees et al. [9], uses a
scaled mapping that dynamically adjusts the C/D ratio based on
the user’s hand speed to provide a higher level of control when
moving slowly, and direct, unrestricted manipulation when moving
quickly. Although the results are promising, the main limitation of
this technique is that, because they use global axes to calculate the
scaling factors for translation, diagonal movements are much more
scaled than movements along a principal axis. Additionally, scaled
rotation was reported as unnatural by the users.

The aforementioned techniques allow for direct object manipu-
lation in six degrees-of-freedom (6DoF) simultaneously. Alterna-
tively, one can limit the simultaneous degrees of freedom. Mendes
et al. [19] proposed to employ virtual widgets attached to objects.
Users interact by grabbing a sphere linked to an axis, enabling sin-
gle DoF translation or rotation. Compared to PRISM and SVH,
their results show that DoF separation benefits precision in spatial
manipulations, but considerably increases time for complex tasks.

The same authors later developed MAiOR [20], a bi-manual tech-
nique that allows for six, three, and one DoF separation with custom
axis locking using the non-dominant hand. Although the new tech-
nique did not compromise completion time, the traditional widgets
had the best performance overall. Single DoF manipulations were
mostly not used, and rotation remained challenging to understand.

We aim to improve the existing work in several ways. First, we
explore the benefits of an implicit DoF separation, capturing user

intent intuitively without the need for explicit axis selection as seen
in traditional widgets. Our goal is to design a natural technique
that remains time-efficient and does not impose extra effort on the
user. Second, we propose changing the frame of reference from the
global space to the local space of the controlled object. By doing
so, we expect the manipulation to align with the user’s expectations,
particularly when the object is rotated. Third, our aim is to develop
a technique that effectively explores the benefits of scaled manip-
ulation, as proposed by PRISM, but enhanced with implicit DoF
separation for both rotation and translation, enabling a more natural
and controlled motion perception. Finally, we strive for a technique
that excels in high-precision scenarios without compromising the
motion when high precision is not a requirement, offering a balanced
manipulation experience in various scenarios.

3 TECHNIQUE DESIGN

We designed two novel techniques, AMP-IT and WISDOM. Ini-
tially, we intended to design one direct manipulation technique to
compare with existing state-of-the-art techniques, including SVH,
PRISM, and mid-air indirect manipulation through widgets [19].
The SVH and PRISM techniques were implemented as benchmarks
for comparing with our methods. SVH was implemented based
on [5], and PRISM followed the description from [9]. However, an
initial assessment revealed the unsuitability of the original widgets
approach for our task (see 3.2 for further information). Since we
were still interested in comparing the trade-offs between direct and
indirect manipulation in our scenario, we substantially improved the
technique, effectively creating another novel approach.

3.1 AMP-IT Technique

Based on the insights from section 2, we designed AMP-IT: Adap-
tive Mapping for Precise InTeraction. As AMP-IT was specifically
designed as an improvement to PRISM, both techniques share sig-
nificant similarities. Apart from the distinctions outlined below, the
implementation can be inferred as derived from PRISM.

Similar to PRISM, AMP-IT assumes that the user’s hand speed
reflects their desired level of precision. In this context, a higher hand
speed indicates a less precise intention, while a slower hand speed
suggests a desire for controlled motion. By continuously monitoring
the hand speed, such techniques dynamically adjust the C/D ratio
to match the user’s intent. This filters out hand instability while
allowing direct manipulation when needed. The user’s hand speed
is computed per frame by measuring the controller’s displacement
within a predefined time interval 7' = 500ms (see [9]). Thresholds
MinS (Minumum Speed) and SC (Scaling Constant) are used to
determine the appropriate response for different hand speeds, and a
scaling factor K is calculated based on these thresholds, controlling
the movement behavior.

1 for Shund Z SC
K=1/CD =< f(Spana) for MinS < Sjunq < SC (1
0 for Spana < MinS

Dobject = K- Dpana 2

From Equations 1 and 2, when the hand speed Sj,,; is below
MinS, the object remains still (K = 0). Between MinS and SC, the
movement is scaled by a function of the hand speed, (K = f(Shana))-
When the hand speed reaches or exceeds SC, the object’s movement
aligns with the hand’s motion (K = 1). In Equation 2, Dp e is
the distance the controlled object will move, and Dy, is the hand
displacement since the last frame. Through experimentation, thresh-
old values for AMP-IT were determined to be MinS = 0.02 m/s and
SC = 0.9 m/s. Similarly, for PRISM, the most suitable values were
found to be MinS = 0.05 m/s and SC = 0.45 m/s (see [9]).

Different functions can be used to scale down the movement
when the hand speed is between MinS and SC. PRISM uses a linear
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Figure 2: Comparison of the mapping between C/D Ratio and hand
speed for PRISM and AMP-IT

function f(Spana) = Shana/SC, but this approach has limitations. If
a significant movement occurs along one axis with minimal move-
ment on others, an optimal MinS value would effectively filter out
these secondary motions. However, when aiming for high precision,
the intentional execution of very small movements is common. In
such cases, even the hand speed on the desired axis may fall below
the MinS threshold. To accommodate such small movements, an
extremely small value for MinS would be required, but setting MinS
too low would result in minimal or no filtering whatsoever.

To address this issue, AMP-IT implements an exponential func-
tion, f(Shana) = (0.02 x 45w ) /SC. When users aim for precision,
their hand speeds along unwanted axes tend to be similar to the hand
speed on the intended axis, all close to the MinS threshold. Initially,
we lower the MinS value to avoid filtering out these movements
entirely. Subsequently, by incorporating an exponential function, we
achieve a smoother decrease in the C/D ratio for hand speed values
near MinS, effectively minimizing undesired motions (see Fig. 2).

Another key difference between AMP-IT and PRISM lies in their
approach to translation. PRISM operates on each world axis inde-
pendently, breaking down the controller displacement into x, y, and
z components within the global coordinate system to calculate hand
speed, yielding three scaling factors: K, Ky, and K;. AMP-IT also
operates on each axis individually, but using local rather than global
axes. The decision to use the object’s local space for translation
calculations in AMP-IT comes from observing user interactions. We
observed that users naturally moved perpendicular to object faces
when aligning rotated objects, following its local axis instead of
global coordinates. If we were to use the global axes for translation
calculations, the resulting scaled movement would still be diagonal,
not aligned with the user’s intention. Consequently, it would be
challenging to effectively eliminate undesired motion. AMP-IT thus
provides a more accurate and intuitive translation experience, allow-
ing precise manipulation along the intended axes. This approach also
addresses the MinS constant issue, reducing diagonal movements
and facilitating the exclusion of axes below the threshold.

AMP-IT also enhances rotation compared to PRISM, making it
more intuitive and precise. While PRISM represents the rotation
using a global quaternion and calculates a single angular hand speed
and scaling factor K, AMP-IT takes a different approach. Similar to
translation, we aim to convert rotations from global to local space to
apply them separately to each rotational axis. Our approach involves
initially converting the global rotation, represented by the quaternion,
into a global angle-axis representation. The axis is subsequently
transformed into the local space of the object. This transformation
is straightforward, and the resulting local angle-axis representation
can be then converted back into a new quaternion that captures the
original rotation, but is specific to the object’s local space. We can
then decompose the quaternion into Pitch, Yaw, and Roll, the x, y,
and z rotational axes. That way, we avoid the use of Euler angles at
the conversion and are able to prevent Gimbal lock [13].

For our implementation of AMP-IT, the MinS and SC values
obtained through experimentation for rotation were 5 and 50 degrees
per second, respectively.

3.2 WISDOM Technique

We initially reproduced the traditional widgets approach based on
the state-of-the-art implementation presented by [19]. The only
difference was in the design of rotation handles, where we chose a
widely adopted approach seen in 3D modeling and game engines:
the use of circular gizmos (i.e., Fig. 1). Manipulation using this
approach was very straightforward. Users could manipulate only
one degree of freedom (DoF) at a time. For translation, they grabbed
one of the spheres connected to the X, y, or z axis to move the object
solely along that axis. Similarly, for rotation, users grasped the
gizmo positioned perpendicular to the desired axis and performed
circular motions either clockwise or counterclockwise. However, we
found that the original widget technique was notably less effective
than other methods, especially for tasks requiring extremely precise
manipulation, because users were always restricted to manipulating
a single degree of freedom at a time, even when they did not have
precision in mind. This resulted in an increased workload, longer
task completion times, and higher levels of fatigue.

Thus, we decided to create a hybrid approach that enabled users to
explicitly switch between SVH for coarse manipulation and widgets
for precise fine-tuning of the object’s position/orientation. We also
found that isolating the degrees of freedom alone was insufficient to
address the issue of hand instability, especially for rotation, which
was particularly sensitive to small, unintentional hand movements.
The lack of a precise motion mode made it nearly impossible to
fine-tune the object’s pose once it was in close proximity to the
target. Thus, we applied the same scaled mapping concepts used
in AMP-IT and PRISM to each of the translation and rotation axes
separately, resulting in the development of a second novel technique
called WISDOM: Widget-based Indirect Scaled mapping with Direct
Object Manipulation. In this case, since we were dealing with a
single DoF at a time and we did not need to filter or minimize
unwanted movements on other axes, we opted to retain the linear
function and thresholds employed by PRISM.

Unlike other direct manipulation techniques discussed earlier, the
widgets technique does not require wrist movements for rotation.
All physical movements using widgets are translational, thereby
overcoming possible limitations related to the wrist and forearm
range of motion [22]. Additionally, we did not encounter the same
challenges in rotation as faced in the AMP-IT technique, as hand
speed was calculated in a similar manner to translation, considering
hand displacement over a given time interval.

4 EXPERIMENTAL APPROACH

Two experiments were conducted to compare techniques for manip-
ulating a 3D object in VR with varying precision requirements. A
docking task was implemented to evaluate performance and usabil-
ity, considering the trade-offs between 1:1 and N:1 scaled mapping
as well as direct and indirect manipulation.

4.1 Environment

Participants were standing and were allowed to walk within a limited
indoor area (approximately 1m?). They were immersed in a virtual
room with a white background and a floor area that served both as
a reference point for the beginning of each task and as a delimiter
of the area in which the participant could move. Participants were
also able to see a representation of the handheld controller. The
environment was implemented using the Unity game engine! version
2021.3.10f1 and the XR Interaction Toolkit? version 2.3.

Uhttps://unity.com
Zhttps://docs.unity3d.com/Packages/com.unity.xr.interaction.toolkit@2.3



4.2 Apparatus

In both experiments, participants were equipped with a Head-Worn
Display (HWD), the Meta Quest 2. This HWD features an LCD
Screen with a resolution of 1832 x 1920 per eye and a refresh rate
of 90Hz 3. Participants used a handheld Meta Quest 2 controller
in their dominant hand to interact. All interactions required users
to hold the trigger button on the controller while manipulating the
object; releasing the trigger caused the virtual object to be released.
Only the widget interactions required the user to touch the widgets
with the controller; all direct manipulations occurred on trigger press
whether the controller was touching the object or not.

4.3 Task

Participants performed docking tasks that involved manipulating a
3D cube with sides measuring 10cm. The objective of each task was
to position the cube completely inside a designated target. Successful
completion of the task required both proper positioning and the
correct orientation of the cube within the target. Participants were
encouraged to physically move around both the cube and the target
object to obtain a better visual understanding.

The target object was set to be slightly transparent, allowing
users to maintain visibility of the moving object even when it was
completely inside the target. The moving cube was rendered with an
opaque gray material and a white wireframe. With this configuration,
users were also able to use the different shades of gray to facilitate the
perception of the environment’s depth, as an indication of whether a
specific part of the moving object was inside or outside the target.
To ensure distinct identification of each face, different colors were
assigned such that both objects had corresponding faces sharing
the same color. The moving object had solid squares filled with
the assigned color on each face, while the target object had slightly
larger squares with only the colored borders (see Fig. 1).

The positions of both objects were set at the beginning of each
trial so that the moving cube was oriented to face the participant,
with no initial rotation, its X and z positions set to 0, and its y
position adjusted to match the participant’s eye level. The target
object was positioned according to a predefined set of poses (position
and orientation) per trial. These poses were randomly generated
once and remained consistent across all participants, ensuring that
they had a clear visual perspective of all faces of the target object
during the task. The distance from the user to the target was fixed at
50cm along the z axis, and was constrained to not surpass 50cm for
both the x and y axes.

The target was uniformly scaled so that the task difficulty was
determined by the target size, which defined the acceptable error
margin. Once participants were able to fit the moving object com-
pletely inside the target matching the colors on each corresponding
face, the moving object would turn green, as illustrated in Fig. 1.
This was a visual indication that the object was in the right position.
Once the participant released the controller trigger button and the
object remained green, the task was considered a success.

4.4 Procedure

Both experiments received approval, as required, from the local
Institutional Review Board. Participants went through three phases.
In the pre-study phase, participants provided verbal consent and
completed a background questionnaire, which gathered information
on their VR experience, age, gender, area of specialization, and
dominant hand. Next, a short presentation was given, explaining the
study’s objective, the task at hand, and the manipulation techniques
in detail. Participants were then introduced to the HWD and provided
instructions on adjusting it to fit. They were also guided on using
the controller to manipulate the object during the trials.

3https://www.meta.com/quest/products/quest-2/tech-specs

For the study phase, participants were instructed to put on the
headset while standing at the center of the delimited area, facing
forward. Both objects were then positioned based on the participant’s
height (see section 4.3). Participants were asked to walk around
observing the objects from various angles in order to understand the
importance of maneuvering around the objects for the task and to
establish a sense of safety in the virtual environment.

Before each condition, participants engaged in a training ses-
sion to become acquainted with the technique. The participant was
instructed by the investigator to freely move the object, followed
by executing specific translation and rotation transformations with
respect to each axis. The investigator observed the participant’s
movements to assess their comprehension of the technique’s map-
ping. The participant was considered proficient once they were able
to successfully separate degrees of freedom and control their hand
speed to precisely move the object. This was further confirmed by
the second part of the training, where the participant was asked to
place the object inside the target, completing the task.

Following the training session, participants completed the trials
for the respective condition. They were informed about the number
of trials and the time limit for each trial and were instructed to
finish each trial as quickly as possible. Once participants finished
all trials for a specific condition, they were instructed to remove the
HWD. Subsequently, they were provided with a custom usability
questionnaire based on the System Usability Scale (SUS). This
questionnaire aimed at providing insights into subjective experiences,
such as how easy the techniques were to learn and to use, and
included 10 questions with response options ranging from ”’Strongly
disagree” (1) to “’Strongly agree” (5). Furthermore, participants
were asked to complete the unweighted NASA-TLX survey [11] to
measure workload, as detailed in Section 5.

In the post-study phase, participants completed a survey to rank
the manipulation techniques based on the following criteria: 1)
personal preference, 2) efficiency, 3) control, 4) naturalness of the
technique during rotation, and 5) naturalness of the technique during
translation. Following the survey, a brief recorded interview was
conducted to gain insight into the reasoning behind their rankings.
All equipment was cleaned after each session as a safety measure
against COVID-19.

5 EXPERIMENT 1: STANDARD PRECISION TASKS

Previous studies have demonstrated that techniques that offer direct
manipulation with exact mapping, such as SVH, are commonly
perceived as more natural and efficient for coarse manipulation
tasks [6]. However, when the task requires a certain level of
precision, scaled manipulation tends to outperform SVH, as the
latter is usually no longer sufficient, mainly due to hand instability.
Since we aimed to develop an adaptive technique that achieved the
right balance between accuracy and naturalness, our first experiment
addressed the following research question:

RQ1. How does scaled mapping influence user performance
and perceived usability in tasks where high precision is not a
requirement?

We were interested in whether AMP-IT could deliver an efficient and
similarly natural 6DoF experience as SVH, considering that SVH is
expected to be preferred and perceived as more natural, while AMP-
IT may offer superior efficiency and control. We had the following
hypotheses for RQ1:

HI.1 The AMP-IT technique will not negatively impact the user’s
performance compared to SVH for tasks that do not require
high precision.

HI.2 The perceived usability and workload will not be significantly
worse for AMP-IT compared to SVH.



5.1 Experiment design

This experiment employed a within-subjects experimental design to
investigate the effects of two independent variables: technique (SVH
and AMP-IT) and difficulty (Very Easy, Easy, and Medium). The
dependent variables included both objective and subjective measures.
The objective measures were automatically recorded by the system.
These measures included the task completion time, the number of
completed trials, and the number of clutches (releasing/regrapsing
the object during manipulation). The subjective measures were
the participant’s ratings from the usability questionnaire and the
subscales from the NASA-TLX questionnaire, as well as a post-
study ranking conditions questionnaire.

For task completion time, we chose not to exclude failed trials,
as they could provide insight into the scenario where it might take
longer to complete tasks than the allotted time using a specific
technique. If we were to consider only successful trials, our analysis
could become biased due to potential “lucky trials.”

There were nine trials for each of the two techniques, three for
each level of difficulty: Very Easy, where the target size was 15%
larger than the moving object; Easy (target size 10% larger); and
Medium (target size 5% larger). Participants were allotted a time
limit of 90 seconds to complete each trial. The selection of target
sizes and time limit for the trials were based on pilot runs conducted
prior to the study. The order of the techniques was alternated be-
tween participants, ensuring that each technique was experienced
first an equal number of times. Additionally, the order of the dif-
ficulty levels was counterbalanced using a Balanced Latin Square
design [29]. A study session lasted between 30 and 60 minutes.

5.2 Participants

Twelve participants were recruited from academic courses and re-
ceived volunteer credit for participation. Their ages ranged from 18
to 35 years (U = 22.3,0 = 4.56); nine participants were male and
three were female. Two participants reported they had never used
VR before, four had used VR 1-3 times, three had used VR 5-10
times, and three had used VR more than ten times. Ten participants
were right-hand dominant and two were left-hand dominant.

5.3 Results

After confirming the normality of the data, we conducted two-way
ANOVAS to investigate the effects of the independent variables on
task completion time and number of clutches. Post-hoc analyses
used the Tukey Honestly Significant Difference (HSD) test, allowing
pairwise comparisons while controlling for the Type I error rate. All
analyses were performed at a 95% confidence level.

The analysis of task completion time revealed main effects for
both difficulty (F(2, 70) = 31.779, p < 0.001) and the interaction
between difficulty and technique (F(2, 70) = 7.184, p = 0.002).
The average task completion time for the Medium difficulty (u =
51.34,0 = 21.49) was significantly higher compared to Very easy
(u =18.13,06 = 12.95) and Easy (14 = 26.33, 0 = 12.66) difficul-
ties, both with p < 0.001. For the interaction effect, AMP-IT was
significantly faster on average (4 = 42.23,0 = 20.44) compared
to SVH (1 = 60.45, 0 = 19.15) for tasks with a Medium difficulty
level (p = 0.045). Additionally, SVH showed significant differences
on average task completion times between difficulty levels (both
p = 0.001), with the Very easy (1t = 11.69,6 = 5.09) and Easy
(1 =23.03,6 = 9.69) difficulties being significantly faster than the
Medium difficulty (see Fig. 3a).

For clutches, there was a significant main effect of difficulty (F(2,
70) = 8.39, p < 0.001). The number of clutches was significantly
higher for Medium difficulty (4 = 17.67,0 = 10.3) compared to
both Very Easy (4 = 9.19,0 = 8.16) with p = 0.001, and Easy
(u=12.16,0 = 8.64) with p = 0.02. There was a significant main
effect of technique (F(1, 71) = 41.641, p < 0.001), demonstrating
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Figure 3: Performance measures in Experiment 1. Significantly
different pairs are marked with * when p < 0.05, ** when p < 0.01
and *** when p < 0.001. (a) Task completion time. (b) Number of
clutches.

that AMP-IT had significantly more clutches (4 = 18.54,6 = 9.99)
than SVH (u = 7.48,06 = 5.02) (see Fig. 3b).

A non-parametric Mann-Whitney U Test was conducted on
task completion rate, which showed a significant difference (U =
29.5,p = 0.008) between techniques. AMP-IT had a higher task
completion rate (4 = 8.75,0 = 0.62) than SVH (u = 7.75,0 =
1.05). We note that this average difference is specific to the Medium
difficulty level, as all trials were completed at the other levels. Ad-
ditionally, out of the 12 participants, ten successfully completed all
trials within the allotted time using AMP-IT, compared to only three
for SVH.

To assess perceived usability and workload, we conducted Mann-
Whitney U Tests for each question on the usability questionnaire
and on the NASA-TLX subscales. Analysis of the questionnaire
revealed a significant difference between the techniques on the Ef-

fectiveness score (p = 0.023). AMP-IT was perceived as more

effective (¥ =5, IQR = 0.25) than SVH (¥ = 4, IQR = 2). For
the NASA-TLX, we found a significant difference in Performance
(p = 0.049), with AMP-IT having better perceived performance
(X =1.5,1IQR = 1.25) than SVH (¥ = 2.5, IQR = 2). Although no
other statistical significance was reached, AMP-IT scored higher
in terms of control, confidence, effectiveness, and fun, while also



being perceived as less awkward and complex. SVH received higher
scores for ease of use, expected behavior of translation, and ease
of learning. The post-study ranking questionnaire revealed a higher
preference for AMP-IT (58.3%) compared to SVH. AMP-IT was
also considered more efficient (66.6%) and controllable (66.6%),
while SVH was ranked higher regarding ‘“Natural for translation”
and “Natural for rotation” with 66.6% and 75%, respectively.

5.4 Discussion

We hypothesized that user performance would be similar between
SVH and AMP-IT in tasks that do not require high precision (HI.1).
Analyzing task completion time, the number of clutches, and the
number of completed trials, we found partial support for H1.1.

Although we can observe that SVH was faster than AMP-IT
for Very Easy and Easy tasks, this difference was not statistically
significant. However, as the precision level slightly increased, AMP-
IT showed significantly better performance (see Fig. 3a). This
suggests that the implemented scaled mapping strikes a good balance
between precision and performance, enabling users to complete very
easy tasks in reasonable time while being significantly more efficient
in precise tasks. Additionally, the significance observed between
difficulties for SVH indicates that, as expected, increasing the task
difficulty leads to longer completion times with SVH. Although the
same trend was observed for AMP-IT, no significance was found to
confirm that, suggesting that the effect of difficulty on the completion
time may vary depending on the technique used.

The number of clutches proved to be significantly higher for AMP-
IT compared to SVH, likely due to the fact that the N:1 mapping
causes the movement of AMP-IT to be totally dependent on the hand
speed. SVH’s sensitivity to hand movement allows users to simply
grab and hold the object when placing it, as repeatedly releasing
and grabbing it does not make a substantial difference. In contrast,
AMP-IT benefits from incremental positioning, enabling users to
make adjustments during each clutch for precise alignment.

These findings further demonstrate the suitability of AMP-IT for
tasks with standard precision requirements. Even when a slight
increase in precision is needed, AMP-IT significantly outperforms
SVH, enabling users to successfully complete all tasks.

Hypothesis H1.2 aimed to address concerns related to usability
and workload. We expected both techniques to be perceived similarly
in terms of subjective measures. Our results, based on the NASA-
TLX survey, usability questionnaire, and ranking, partially support
H1.2, with a tendency for AMP-IT to outperform SVH. Surprisingly,
the significance observed in performance ratings for the NASA-TLX
survey indicated that users perceived themselves as more successful
when using AMP-IT. This could be attributed to the higher number
of completed trials achieved with this technique.

As anticipated, SVH received higher scores for the naturalness of
translation and rotation. However, participants noted that AMP-IT
was more efficient and offered better object control, even during
simpler tasks. Overall, 7 out of 12 participants preferred AMP-IT.
This aligns with the perception of AMP-IT being more effective than
SVH across all trials and difficulties, demonstrating the suitability
of scaled mapping for tasks with varying precision. Finally, the
absence of a difference between the techniques in terms of expected
rotation behavior indicates the positive reception of the novel rotation
implementation in AMP-IT.

6 EXPERIMENT 2: HIGH PRECISION TASKS

After assessing the suitability of AMP-IT for typical manipulation
tasks, the second experiment focused on very high precision tasks.
The goal was to compare the state-of-the-art approach against our
two techniques, as well as compare the two techniques against each
other. We had two research questions, as follows:

RQ2. How effective is the use of local coordinates and
decomposed rotation, as in AMP-IT, compared to using world
space coordinates and a single component for rotation, as in PRISM?

We wanted to investigate how AMP-IT’s proposed improvements
(section 3) influence user performance, perceived usability, and
workload when compared to PRISM. With that in mind, we had the
following hypotheses for RQ2:

H2.1 AMP-IT will outperform PRISM in tasks that demand a high
level of precision. Furthermore, users will prefer it, find it
more efficient, and have better control of the object.

H2.2 Scaling the movement in the local space of the object will result
in a more natural translation experience in AMP-IT compared
to PRISM.

H2.3 Decomposing the rotation into Pitch, Yaw, and Roll compo-
nents within the local space of the object will result in a more
natural rotation experience in AMP-IT compared to PRISM.

H2.4 AMP-IT will have superior perceived usability and lower work-
load compared to PRISM.

RQ3. How effective is the use of direct manipulation with implicit
degree of freedom separation, as in AMP-IT, compared to indirect
manipulation with explicit DoF separation combined with SVH, as
in WISDOM?

Both techniques offer direct scaled manipulation and DoF separation,
but in different ways. Based on prior research on the benefits of
direct and natural 3D manipulation [5, 18], we anticipated that AMP-
IT would be superior. We had the following hypotheses for RQ3:

H3.1 AMP-IT will outperform WISDOM in tasks that demand a
high level of precision. Furthermore, users will prefer it, find
it more efficient, and have better control of the object.

H3.2 The direct manipulation provided by AMP-IT will result in
more natural translation and rotation experiences compared to
the indirect manipulation of WISDOM.

H3.3 AMP-IT will have superior perceived usability and lower work-
load when compared to WISDOM.

6.1 Experiment design

This experiment employed a within-subjects experimental design
to investigate the effects of two independent variables: technique
(AMP-IT, PRISM, and WISDOM) and difficulty (Hard and Very
hard). The dependent measures remained the same as in experi-
ment 1. A total of six trials were conducted with each of the three
techniques (three for each difficulty level). The difficulty levels
were classified as “hard”, with a target size that was 1% larger than
the moving object, and “very hard”, with a target size 0.5% larger.
Participants were allotted a time limit of 180 seconds to complete
each trial. The selection of target sizes and time limits for the trials
were based on pilot runs conducted prior to the study. The order
of the difficulty levels was alternated between participants, and the
order of the techniques was counterbalanced using a Balanced Latin
Square design. The study session lasted about 60-90 minutes.

6.2 Participants

We recruited 18 participants from diverse academic courses, who
received volunteer credit for their participation. The ages of the
participants ranged from 19 to 33 years (4 = 22.63,06 = 3.49); 13
participants were male and 5 were female. Four participants reported
they had never used VR before, eight had used VR 1-3 times, four
had used VR 5-10 times, and three had used VR more than ten times.
Only one participant was left-hand dominant.
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Figure 4: Performance and usability in Experiment 2. Significantly different pairs are marked with * when p < 0.05, ** when p < 0.01 and ***
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6.3 Results

Two-way ANOVA tests were utilized to examine the main effects of
the independent variables on task completion time and the number
of clutches per task. Post-hoc pairwise comparisons were performed
using the Tukey HSD test.

The analyses revealed that the task completion time differs signif-
icantly between the two difficulties (F(1, 107) = 25.68, p < 0.001)
with the Very Hard difficulty (u = 146.78, 6 = 33.14) taking longer
on average than the Hard one (4 = 111.85, 0 = 38.73). Both PRISM
(p = 0.034) and AMP-IT (p = 0.021) had significance between dif-
ficulty levels (Fig. 4a). No significant main effect was observed for
technique, nor the interaction between them.

For number of clutches, we found a main effect for difficulty
(F(1, 107) = 11.28, p = 0.001) and technique (F(2, 106) = 4.932,
p = 0.009). The number of clutches for the Very Hard difficulty
(u = 40.82,0 = 13.12) was significantly higher than the Hard
difficulty (u = 32.28,0 = 14.04). When comparing techniques,
WISDOM (u = 31.03,0 = 9.84) had a significantly lower num-
ber of clutches compared to PRISM (1 = 40.34, 6 = 16.76), with
p <0.01, and showed a trend of having fewer clutches than AMP-IT
(u =38.28,0 = 13.72) as well, with p = 0.056 (Fig. 4b).

To investigate WISDOM hybrid approach, we analyzed how the
movement was distributed between the two manipulation modes.
On average, participants covered 93.63% of the total translational
distance and 91.12% of the total rotational distance using the SVH
mode. However, the SVH mode accounted for only 1.96% of the
total manipulation time. The majority of the time was dedicated to
using widgets (57.62% for translation and 40.42% for rotation).

In terms of the task completion rate, a Kruskal-Wallis non-
parametric test demonstrated a significant effect of technique. A
Post-hoc Dunn test revealed WISDOM (u = 4.28,0 = 1.78) was
only trending to be significantly better than PRISM (it =2.83,0 =
1.68), with p = 0.052. No significance was found between AMP-IT
and PRISM; however, we noted that ten participants completed more
trials with AMP-IT compared to PRISM, while only three completed
more trials with PRISM than AMP-IT. To investigate this further,
we conducted an additional analysis taking into account the order
in which participants experienced the techniques. Using the Mann-
Whitney U Test, we found that participants completed significantly
more tasks with AMP-IT when it was experienced after PRISM (U
=69.5, p =0.01). Additionally, we found that 70% of the rotational
transformations performed with AMP-IT were using 1DOF.

The Kruskal-Wallis test, followed by post-hoc analysis with the
Dunn test, were conducted on each question of the usability ques-
tionnaire and subscale of the NASA-TLX. For the expected behavior
of translation, WISDOM (X = 5, IQR = 0) showed a significant
advantage over both AMP-IT (¥ = 4,IQR = 1), with p = 0.034,
and PRISM (¥ = 3, IQR = 2), with p < 0.001. Also, AMP-IT was
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Figure 5: Reported post-study rankings for each of the five questions

rated significantly higher than PRISM (p = 0.034). For the expected
behavior of rotation, WISDOM (¥ = 5, IQR = 1) was rated signifi-
cantly better than PRISM (X = 4, IQR = 1), p = 0.015. For the con-
trol question, WISDOM (¥ =4, IQR =1, u =4.29, 6 = 0.78) was
significantly better than both PRISM (¥ = 3, IQR = 2), p < 0.001,
and AMP-IT (¥ =4,IQR =1, u = 3.53, 0 = 1.02), with p = 0.043.
For this last case, we included the mean and standard deviation as
well, since the median and IQR did not capture the observed sig-
nificance. WISDOM (& = 5, IQR = 1) also exhibited a significant
advantage over PRISM (¥ = 3, IQR = 2) regarding effectiveness
(p < 0.001). Finally, WISDOM (% = 4, IQR = 1) was also consid-
ered more fun than PRISM (¥ = 3, IQR = 2), (p = 0.02).

No significance was found for any of the NASA-TLX subscales.
Although there was a trend for a significant effect on temporal
demand (p = 0.66), a closer look through the Dunn test revealed no
significantly different pairs.

We conducted descriptive statistical analysis on the post-study
ranking conditions questionnaire, as shown in Fig. 5. Each technique
was evaluated based on five aspects: Preference, Efficiency, Control,
Naturalness for translation (Natural T), and Naturalness for rotation
(Natural R). WISDOM appeared most often in the first position for
overall preference (77.78%), efficiency (72.22%), control (83.33%)
and natural for translation (61.11%). AMP-IT was ranked as the
most natural for rotation, with 44.44% of the votes. Also, AMP-IT
emerged as the second-place performer for most of the rankings.
PRISM was most often ranked last for all questions.

6.4 Discussion

In the second experiment, H2.] and H3.1 stated that AMP-IT would
demonstrate better performance than both PRISM and WISDOM in
terms of task completion time, number of clutches, and task comple-



tion rate. However, the results did not support our hypotheses.

Although not statistically significant, our analysis of task com-
pletion time revealed a trend suggesting potential superiority of the
WISDOM technique compared to the other techniques. This trend
can be attributed to the nature of manipulation tasks, which typically
involve two distinct phases: an initial phase characterized by fast
but imprecise motion towards the target, followed by a final phase
of slower and more precise movement to acquire the target [30]. By
combining indirect and direct manipulation, WISDOM leverages the
benefits of SVH during the initial phase, allowing for faster coarse
manipulations through direct and unconstrained movement.

Indeed, our investigation on the use of each mode in WISDOM
confirmed that participants covered a significant portion of both
translational and rotational distances very quickly using SVH. Sub-
sequently, they dedicated a considerable amount of time to perform-
ing precise manipulation through widgets. The lack of statistical
significance in the overall time difference suggests the possibility
of participants requiring more time during the second phase, par-
ticularly when interacting with widgets to achieve precision. This
observation aligns with earlier findings which indicate an increase
in time during widget usage [19].

The influence of the technique on the number of clutches can also
be attributed to the integration of SVH with widgets in WISDOM.
As seen in Experiment 1, AMP-IT required a significantly higher
number of clutches compared to SVH. By reducing this number in
the initial phase of the task, WISDOM may reduce substantially the
clutches required for task completion.

In terms of perceived usability, WISDOM also outperformed the
other techniques, with significant differences in several categories.
Those scores can be explained by two factors: the level of success
that the participants had with the technique, which was slightly
greater with WISDOM (though not statistically significant), and the
fact that it was easy to know what to expect when grabbing a wid-
get. With WISDOM’s restricted movement to one DoF, participants
found it easy to correct any unintended transforms by simply making
the opposite movement with their hand. This was not the case with
the other techniques, as making a reverse movement might not bring
the object back to its original position due to natural differences in
the movement itself and in hand speed.

Comparing the two direct manipulation techniques, a further
look into the task completion rates suggests that the improvements
in AMP-IT were advantageous, as participants that experienced
PRISM before AMP-IT were able to leverage their experience with
PRISM to effectively utilize the enhancements offered by AMP-IT.
Participant 5 mentioned “This [AMP-IT] is much more accurate
[than PRISM]. It’s really precise how it applies my movement ... it’s
really awesome”. Furthermore, users actively explored 1DOF rota-
tions in AMP-IT, which demonstrates the advantages of independent
manipulation along each axis, supporting hypothesis H2.3. When
considering subjective measures, AMP-IT received significantly
higher scores than PRISM, specifically in terms of the expected
behavior of translation. This supports our hypothesis H2.2 that using
the local coordinates of the object improved the responsiveness of
translational movement. Also, although no significance was found,
AMP-IT showed a trend of outperforming PRISM in all aspects,
indicating a positive trend towards hypothesis H2.4.

Regarding the post-study ranking conditions questionnaire, WIS-
DOM generally performed better in almost every aspect, except for
the perceived naturalness of rotation, in which AMP-IT showed su-
periority. This aligns with previous research that found that users had
difficulty understanding rotation with PRISM and widgets [9,19,20],
which supports H2.3 and partially H3.2, indicating that the separa-
tion of the rotation in its three axes and the direct manipulation in
the local space of the object offered by AMP-IT does show improve-
ments over the other two methods.

Overall, the demonstrated superiority of WISDOM strongly in-

dicates the effectiveness of a hybrid approach over “one-size-fits-
all” approaches for highly precise manipulation tasks. Moreover,
although maintaining a similar completion rate to the implicit ap-
proach, the explicit separation of degrees of freedom coupled with
the visual feedback in WISDOM enhanced subjective perceived
performance and usability. Significant advantages are achieved by
providing optimal object manipulation tailored for each of the two
phases of the task instead of relying on the balance offered by scaled
mapping alone. However, given the considerable time dedicated to
widget interaction exclusively, the indirect manipulation approach
may not be the most suitable for the second phase. In such instances,
it would be prudent to explore the potential benefits of incorporating
scaled mapping through the design of an AMP-IT technique that
explicitly incorporates an SVH mode.

7 LIMITATIONS AND FUTURE WORK

Based on our hypothesis that AMP-IT would outperform WISDOM,
we did not compare WISDOM against SVH. However, the promis-
ing performance of WISDOM for high-precision tasks suggests the
need for evaluating the technique in standard-precision scenarios as
well. Participants highlighted the lack of visual feedback as one of
the biggest limitations of AMP-IT compared to WISDOM. Future
research could investigate the impact of visual aids on performance.
Also, while AMP-IT effectively filtered unwanted movements on
the axes, it still allowed unintentional translations during rotation
and vice versa. Future work could focus on methods to identify the
intended transform before applying scaling to individual axes. Ad-
ditional investigation is also necessary to evaluate the performance
of the novel techniques when aligning complex 3D meshes. This
would provide valuable insights into the effectiveness and usability
of the techniques in handling more intricate and detailed objects,
enhancing their applicability in various domains and tasks. Last,
for all techniques, users suffered with release precision. A further
step towards that direction would be to apply automatic release
corrections, as suggested by Osawa et al. [23].

8 CONCLUSION

Motivated by the need for extremely precise six DoF manipulation in
some XR applications, we introduced two novel techniques aimed at
addressing issues with state-of-the-art 3D manipulation techniques.

Interestingly, our findings revealed that although AMP-IT may
exhibit slightly worse performance than SVH for very easy tasks,
it offers a compelling trade-off between performance and usability.
AMP-IT demonstrated superior usability and a workload similar to
SVH, making it a suitable choice for a wide range of manipulation
tasks, including coarse manipulation tasks.

Furthermore, our second study revealed an unexpected result
regarding the effectiveness of WISDOM, which employs indirect
manipulation with a switchable direct manipulation mode, com-
pared to both AMP-IT and PRISM. Surprisingly, WISDOM showed
a trend to perform better than the other techniques in tasks that
required a high level of precision. The ability to employ direct ma-
nipulation and subsequently fine-tune the position with precise one
DoF control proved to be promising. Also, AMP-IT demonstrated
its superiority as the most natural technique for rotation, surpassing
both PRISM and WISDOM. These findings highlight the potential
of both AMP-IT and WISDOM for precise manipulation in VR, and
suggest opportunities for future enhancements and analysis.
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