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Abstract

Rotation controllers are used to interactively orient models in many
important applications in 3D computer graphics and visualisation.
Unfortunately, previous studies do not provide clear guidance on
which rotation controller to use in a particular situation, either be-
cause they assess performance measures and rotation tasks in rela-
tive isolation or because they do not achieve statistical significance.

In this paper, we present the results of a broad quantitative user
experiment (n = 46) to compare the three most prevalent rota-
tion controllers (Arcball, Two-Axis Valuator, and Discrete Sliders)
according to both speed and accuracy across two classes of tasks
(orientation matching and inspection). While we found no signifi-
cant differences between Arcball and Two-Axis Valuator, Discrete
Sliders were found to be significantly more accurate for simple ori-
enting tasks (a medium to large effect), but slower across all tasks (a
small to medium effect, median approximately two seconds). Thus,
a Discrete Sliders controller is better suited to situations where fine-
grained accuracy is valued over speed and in other instances, e.g.,
inspection, either an Arcball or Two-Axis Valuator is appropriate.

CR Categories: 1.3.6 [Computer Graphics]: Methodology and
Techniques—Interaction Techniques
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1 Introduction

Three-dimensional scene manipulation is integral to many signif-
icant tasks, including creating virtual scenes for games and film,
and examining 3D models in applications such as medicine, ar-
chitecture, computer aided design, and the exploration of virtual
worlds [Bowman et al. 2004]. Such applications enable a user to
select, position, and rotate objects into a desired orientation [Wen-
jun 2008]. However, these operations are not all equally fast: users
can position objects in 2 — 3 seconds [Ware and Rose 1999] but
orientation takes upwards of 10 seconds [Hinckley et al. 1997]. In-
terestingly, an equivalent task with a physical cube can be com-
pleted in under a second [Wang et al. 1998]. This suggests there
is room to improve rotation controllers, which would improve 3D
scene manipulation.
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One possible improvement would be to match rotation controllers
with classes of tasks for which they excel. Most systems offer one
rotation controller for all tasks, but studies suggest that controllers
that perform well for orientating models, such as a Virtual Track-
ball [Chen et al. 1988], do not perform as well for “inspecting” a
model [Bade et al. 2005].

Rotation is a ubiquitous task in 3D visualisation, modeling and an-
imation, be it orbiting a scene, orienting a cutting plane, aligning
scene elements or rotating kinematic frames. While there have been
a number of previous experimental evaluations of rotation con-
trollers, further study is warranted, given the importance of model
and view rotation, and the difficulty that previous studies have had
in finding statistically significant differences. With this in mind, we
performed a quantitative evaluation of three popular mouse-based
rotation controllers (Arcball, Two-Axis Valuator, and Discrete Slid-
ers) with two classes of tasks. These controllers were chosen based
on performance in other studies as well as their use in popular 3D
modeling suites. Our aim was to determine whether one of the con-
trollers tested was more effective or usable than another for a ori-
entation or inspection tasks.

Our contribution over previous work is that we test the same set of
prevalent controllers across two sets of tasks (rather than a single
task type) and measure both speed and accuracy (rather than bias-
ing towards one or the other). Our experiment includes complex
orientation-matching that we believe is more representative of real-
world use. Our study design (a randomised single factor repeated
measures experiment with 12 sub-tasks and 46 subjects) allows us
to detect medium to large effect sizes with statistical significance.
Additionally, we look specifically at confounding factors.

We found that Discrete Sliders were significantly more accurate
for simple fine-grained accuracy tasks (r = 0.29, p < 0.001)
than Arcball but took longer (median approximately 2 seconds)
to obtain this accuracy. No significant difference in accuracy was
found between the controllers for Complex Orientation or Inspec-
tion tasks. However, the Two-Axis Valuator and Arcball are faster
for Complex Orientation (r = 0.28 and » = 0.33, respectively,
p < 0.01) and inspection tasks (r = 0.47 and » = 0.44, respec-
tively, p < 0.0001). The Discrete Sliders controller is better suited
where fine-grained accuracy is required over speed, while the Ar-
cball and Two-Axis Valuator are better suited where speed is valued
over very accurate model orienting.

2 Related Work

To our knowledge, there have been seven experiments from six
studies that performed a quantitative evaluation of mouse-based 3D
rotation controllers. The objectives and methodologies of these
studies are summarised in Table 1. All studies used a within-
subjects design to evaluate the performance and usability of various
controllers.

These studies used two types of tasks: orientation matching and
inspection [Henriksen et al. 2004]. In orientation matching, par-
ticipants manipulate a model to match the orientation of a refer-
ence [Chen et al. 1988], and in inspection, participants rotate an
object while searching for specific properties. The former is appli-
cable when composing 3D animated scenes, while the latter would
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Table 1: Summary of the methods used by empirical quantitative evaluations of mouse-based 3D rotation controllers.

. No. of No. of Emphasised -
Experiment Controllers Tested Subjects Tasks Task Type(s) Measure Usability Measures
Individual Sliders
#1 Chen ?t al. [1988] O_Verlappmg Sliders 12 27 Orlent'atlon Accuracy N/A
Experiment 1 Virtual Sphere matching
XY+Z Controller
Chen et al. [1988] Evans Controller Orientation
" Experiment 2 Virtual Sphere 6 27 matching Accuracy NA
Evans Controller . .
Overlapping Sliders Orientation Ease of use
#3 Jacob and Oliver [1995] . 137 18 matching & Accuracy .
Virtual Sphere Inspection Perceived accuracy, speed
XY+Z Controller P
. Arcball Orientation .
#4 Hinckley et al. [1997] Virtual Sphere 24 15 maiching Accuracy Ranking controllers
Keyboard Controls Orientation
#5 Partala [1999] Virtual Rectangle 12 24 . Speed Ranking controllers
X matching
Virtual Sphere
Arcball
B:llltf: VT User comfort
#6 Bade et al. [2005] . 42 25 Inspection Speed Predictability of controller
Two-Axis Valuator behaviour
Fixed Trackball viou
Arcball Orientation E:f:e?\fegseerformance
#7 Zhao et al. [2011] Bell’s VT 12 40 K Accuracy . p ’
matching predictability, accuracy

Two-Axis Valuator

Overall usability

typically apply in evaluating a 3D brain scan result [Bade et al.
2005]. These studies controlled task difficulty by varying textural
and geometric model complexity, as well as the number of axes
required during rotation.

Five of these experiments tested only orientation matching (#1, #2,
#4, #5, #7), one tested only inspection (#6), and one tested both
(#3). This is unfortunate, as Jacob and Oliver found that while all
controllers had comparable accuracy for inspection, one was far less
precise for orientation matching. This reinforces the hypothesis that
certain controllers might be better suited to certain classes of tasks.

Many of the studies had too few participants to measure statisti-
cally significant results. Table 1 shows four experiments were con-
ducted with twelve participants or fewer (#1, #2, #5, #7) and a fur-
ther one had fewer than twenty five (#4). Furthermore, Henriksen
et al. [2004] hypothesise that the task difficulty was insufficient to
generate large differences. for a large effect size. For instance,
the orientation matching task that all others are based on [Chen
et al. 1988] is simple: given a reference orientation of a cartoon-
like house, rotate an identical house to match its orientation.

Another possible explanation is confounding effects in the subject
pools used by these studies. Every study employed university stu-
dents, but these pools differed widely. All have a different selection
of backgrounds, from postgraduate Engineering students to under-
graduate Psychology majors; gender ratios, which can account for
difference in performance [Voyer et al. 1995] [Parsons et al. 2004];
and experience with 3D rotation interfaces, which has been found
to predict performance on mental rotation tests [Terlecki and New-
combe 2005]. Only two studies (#6, #7) detailed their analysis of
confounding factors.

In these studies, task performance was measured by recording ei-
ther speed or accuracy. Participants were biased towards a partic-
ular measure either by instructions (#6) or task feedback (#1, #2).
This bias makes it difficult to conclude how effective controllers

are. Controllers which are accurate but very slow, or quick but in-
accurate are potentially less usable than those not on the extremes.

All experiments performed user preference analysis, undertaken
with varying degrees of sophistication. Chen et al. [1988] infor-
mally asked subjects how they felt, Hinckley et al. [1997] and Par-
tala [1999] had subjects rank the controllers according to their ex-
perience. The others captured specific usability metrics, focusing
on ease of use, predictability of the controller’s behaviour, and per-
ceived performance attributes.

3 Technical Approach

A survey of popular 3D modeling suites, including Blender ', Maya
2016 2, and 3DS Max 2016 2, reveals three main classes of con-
troller: virtual trackballs, sliders and two-axis valuators. We chose
the controller in each class that performed best in previous quan-
titative evaluations, namely the Two-Axis Valuator with Z rotation
and Arcball. We also included a previously un-tested controller:
Discrete Sliders. These controllers, and their methods of rotation,
are illustrated in Figure 1.

As Henriksen et al. [2004] note, some studies of rotation controllers
omit important implementation details. This makes it difficult to
replicate the controllers, replicate the results or compare results
across studies. In light of this, we provide full specifications of
the controllers here.

Our rotation controllers are operated by holding down the left
mouse button and tracking mouse movement. The two most re-
cently sampled mouse positions are projected onto the plane z = 0
as pc = (Ze,Ye,0) and p; = (a1, w1, 0), respectively. A rota-
tion controller is then defined as a function: f : R> x R® —

IBlender Foundation, www.blender.org
2 Autodesk, www.autodesk.com



Two-Axis Valuator

Arcball

Discrete Sliders

(a) Model 9a

(d) rotate on x,y axes

(b) Model 16a

(e) rotate on the x,y axes

(¢) Model 23a

(f) Using Arcball away from sliders

(g) rotate on z axis

(h) rotate on the z axis

(i) Using a slider to rotate on the z axis

(j) Appearance for Inspection Tasks

(k) Appearance for Inspection Tasks

(1) Appearance for Inspection Tasks

Figure 1: Appearance & interaction design for rotation controllers used in this study
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R*, f(pe,p1) = qr, which maps p. and p; to a quaternion ¢, rep-
resenting the rotation applied to the current model. For consistency
of use, each controller has approximately the same range of motion:
one rotation action can lead to at most a 7 rotation on a single axis
for x, y and a 27 rotation for z.

The cursor changes to provide feedback: an open hand in areas
where rotation is possible; an extended index finger over a slider;
and a closed hand during active rotation. Unfortunately, due to a
CSS problem on the test machines, the closed hand was replaced
with a black text cursor, which made it difficult to distinguish from
the dark background. While this was present for all controllers,
participants noted it mostly with regard to the Two-Axis Valuator.

3.1 Two-Axis Valuator

Blender implements a version of this controller that rotates only on
the x and y axes. We instead chose the XY+Z version of Chen et
al. [1988], as it allows rotations about the z axis and performs well
for inspection tasks [Bade et al. 2005].

The Two-Axis Valuator has two distinct behaviors: if the mouse
is moved inside the circular guide, then the model rotates about
the  and y axes according to x,y changes in mouse position;
while outside the circular guide the model is rotated clockwise or
anti-clockwise about the z-axis depending on the arc traced by the
mouse.

Let us have a circular guide of radius r centered at the origin and
facing the camera. Then, we can calculate the angle of rotation for
the x,y and z axes, 0., 6, and 6., as:

A
0, = tavsy(pe, pr) = %7
—T (Yt — Ye
0 = tavy (pe,pr) o= L=V,

0. = tav,(pe, pi) := sgn((pe X p1) - (0,0, 1))C0871 (pc D ) .

pellpi]

We convert these axial rotations to corresponding quaternions
Gz, Qy, ¢- and define the Two-Axis Valuator rotation function as:

frav(De, p1) = qzqy if |pe] <=1, g¢. otherwise

In our implementation, the circular guide is yellow to differentiate
it from the Discrete Sliders and it turns white while rotating.

3.2 Arcball

We chose the Arcball controller due to its prevalence in 3D mod-
eling suites as well as its performance for inspection tasks [Bade
et al. 2005]. In Shoemake’s original Arcball [1992], the model is
positioned at the center of a sphere, onto which the mouse position
is projected. Rotation then mimics what would happen if you were
to nudge the sphere in the corresponding direction. Mouse move-
ments outside the sphere are translated to z rotations. We modify
this slightly by ignoring all movement outside the central sphere,
only allowing z-rotations in a thin band on the edge of the sphere.
This is more in line with modern 3D packages and better differen-
tiated from the two-axis valuator.

As Shoemake [1992] outlines, we first map p. and p; onto the sur-
face of a sphere. We then use these locations to create rotation
quaternions. Let 7, and r, be the radius of the visible and project-
ing spheres, respectively, with r, < 7,,. We then define the function

that takes a point on the z = 0 plane to the projecting sphere as:
2 2
if 5 > 1

Va2+y?(z,y,0)
= E—
p P

2 2 .
(&, % /1 —2H¥) otherwise

We then take the corresponding points on the sphere, s. =
project(pc), s; = project(p;) and create a quaternion from the an-
gle between them using their cross product. However, unlike the
original Arcball, this is only for points within the visible sphere.

project(z, 4, 0) =

(‘zCﬁl ) c0571(§c &) if |pe| <o
— c l‘ ’
Jarcvaii (Pe, p1) { (1,0,0,0) otherwise

In our implementation, we set r, : p, as 8 : 9. During rotation, the
visible Arcball becomes more opaque as a form of visual feedback.

3.3 Discrete Sliders

Discrete sliders are widespread in Autodesk products: Maya 2016
and 3DS Max 2016, which employ three circular sliders aligned
with the three orthographic planes surrounding a virtual trackball.
Each slider allows for rotation on a different axis. A user can ro-
tate a model using either the sliders or the virtual trackball (imple-
mented as an Arcball in our case).

Unlike other controllers, the Discrete Sliders have different modes
depending on where rotation begins. If the mouse starts over a
slider, then all subsequent mouse dragging until button up will be
interpreted as rotations on that slider’s axis, otherwise Arcball ap-
plies. Let the initial mouse position be ps. Then, let the regions
where the X, y and z sliders accept input be R, R,, R., respec-
tively. We assume that R; N R; = () fori # jand i,j € {x,y, z}.
Finally, let the visible radius of our arcball controller be 7, and the
radius of the sphere we are projecting onto be rp, with r, < 7.
Then,

tavy (Pc,Pl) if ps € R
tavy(pe, pr) ifps € Ry
tav, (Pc7pz) ifps ceR.
farcball(pupl) if ps Q R, U Ry UR.

f"”(p(lypl) =

In our case, R, R,, R. are thin bands bracketing each individual
slider. Note that the model of rotation depends on ps, not p. or
pi. This means that once a user has selected a slider or Arcball,
any motion is interpreted using that rotation controller until mouse-
button release, even if it is no longer in the corresponding region.

4 Method

4.1 Experimental Design

We performed a randomised single factor repeated measures ex-
periment with 46 students—42 undergraduates and 4 postgraduates.
Participants were recruited through convenience sampling by ad-
vertising with posters and on social media. A small monetary incen-
tive was offered to encourage participation. Our target population
was computer literate users capable of using 3D modeling software.
To ensure computer literacy, and capture potentially confounding
factors, participants were screened using an adapted version of the
Survey of Spatial Representation and Activities [Terlecki and New-
combe 2005]. This captured demographics and potential covariates
such as gender, experience with 3D modeling software, and fre-
quency playing video games. No participants were excluded, as all
listed themselves as at least moderately skilled with computers.



Table 2: Specification of the orientation and inspection tasks. The
(z,y,z,w) values form a quaternion q which if applied to the
model rotates it to the orientation required to solve the task

Name Type X y zZ w

Simple X Orientation  0.26 0.00 0.00 0.97
Simple Z Orientation 0.00 0.00 0.71 0.71
Simple X+Y  Orientation 0.33 0.46 0.19 0.80
Simple Y+Z  Orientation 0.22 0.22 0.67 0.67
Complex 1 Orientation  0.05 0.79 0.12 —0.61
Complex 2 Orientation —0.91 0.36 0.16 —0.12
Complex 3 Orientation  0.06 0.74 —0.10 —0.66
Bottom Inspection  0.62 —0.47 0.36 —0.51
Top Inspection —0.53 —0.57 —0.46 —0.43
Back Inspection —0.05 0.99 —0.09 0.00
Left Inspection —0.00 0.77 0.00 0.64
Right Inspection  0.04 0.78 0.02 —0.63

Experiments were performed in a closed lab with up to five partic-
ipants at a time. Each participant used a desktop computer running
Windows 8.1. In the interests of reproducibility [Casiez and Rous-
sel 2011] we report the mouse and screen characteristics, as fol-
lows: LG 22EAS3 displays were used, with dimensions of 47.5 cm
x 26.7 cm and with resolutions of 1920 x 1080. Each participant
used a Proline MSUO767 mouse, with mouse sensitivity specified
in the operating system at 50%. On screen the Two Axis Valuator
circular guide and Discrete Slider z rotation slider were 1 mm wide
on screen, with the circular guides, z rotation slider and the Arcball
sphere all 177 mm wide on screen. For the Discrete Sliders, there
was a buffer of 17 mm around a slider for selection.

Participants were provided a printed manual and received on-screen
instructions before each stage of the experiment. One participant
was excluded for misreading instructions, leaving 45 for analysis.

Before the evaluations, participants were given 10 minutes to com-
plete a Mental Rotation Test (MRT) [Vandenberg and Kuse 1978],
a common test for assessing ability to mentally rotate shapes [Harle
and Towns 2010]. They were asked to complete the test as quickly
and accurately as possible, but refrain from guessing.

Controller type is our single factor, with three levels: the Two-Axis
Valuator, Arcball, and Discrete Sliders. For each controller evalu-
ation, participants were given controller-specific instructions, and
then allowed three minutes to train before performing a total of 12
tasks with that controller. Before each evaluation, participants were
again instructed to complete each task “quickly and accurately”.

To prevent memorisation of the tasks, the order of tasks was ran-
domised within each group and each controller’s orientation match-
ing tasks was presented using one of three models taken from the
MRT. These models are shown in Figure la, Figure 1b, and Fig-
ure 1c The order of models and controllers was counterbalanced.
The primary measures for tasks were accuracy and time.

After each set of evaluation tasks, participants assessed the usability
of the controllers using the System Usability Scale (SUS) [Brooke
1996] giving us a usability score as a third measure.

4.2 Task Design

Each controller was evaluated with 12 tasks: 7 orientation match-
ing, and 5 inspection tasks. The models used for these tasks are
shown in Figure 1 and the specification of rotation required to solve
each task is listed in Table 2.

(b) Start

(a) Complex 2

(¢c) Simple Z

Figure 2: Screenshots of a simple and complex task matching task
alongside the starting orientation of the model

Our orientation tasks are similar to Chen et al. [1988] but replace
simple coloured houses with more complex models from the MRT,
which are designed to make rotation tasks more challenging. We
further divided the orientation tasks into two groups: Simple, which
require rotation on one or two axes, and Complex, which require
rotation about all three. This difference is illustrated in Figure 2.

The inspection tasks are based on those of Bade et al. [2005]: par-
ticipants need to rotate a complex geometric shape while looking
for the side containing only the letter “i”. Once located, they posi-
tion the dot of the “1” inside a blank circle visible on screen.

Participants were first presented with Simple orientation tasks, fol-
lowed by Complex orientation tasks, and finally inspection tasks.

4.3 Measures

For every task, we recorded accuracy and time measures and used
these to calculate the accuracy normalised over time. Per controller,
we captured usability scores using the SUS questionnaire. Below
we define these measures more explicitly.

Accuracy: in radians, how closely the participant’s model is ori-
ented to the reference model. For orientation matching, this is the
minimum angle required to rotate the model to match the reference.
We represent the reference model’s orientation as a unit quaternion
qr and the participant’s submitted orientation as the unit quaternion
qp- We then calculate the minimum angle between ¢, and g, by

0 =cos ' (2(gr,qp)° — 1) (1)
where (gr, ¢p) is the inner product [Huynh 2009].

For inspection tasks, accuracy is the minimum angle required to ori-
ent the participant’s model so that the center of the side containing
the “i” is in the center of the participant’s camera. To measure this,
We calculate the difference in orientation, ignoring any roll around
the dot of the “i”. That is, the “i” does not have to be upright, the
participant merely has to position the circle on the dot of the *“i”.
This was calculated by transforming the quaternion to the corre-
sponding Tait-Bryan rotation angles, discarding the z rotation com-
ponent and transforming these angles to the corresponding quater-
nion. We then compare the users quaternion with the reference
quarternion using Equation 1.

Speed: in seconds, the length of time between starting a task and
submitting it.

Usability: as ordinal data captured through the post-test usability
questionnaire as well as an overall SUS score.

Score: this was a synthetic measure, used to combine both speed
and accuracy into a single value. The score is calculated per com-

. T —accuracy . .
pleted task by computing “— -, meaning the larger the score is
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the better a participant performed. This measure was created to bal-
ance the relationship between accuracy and time (given more time,
we expect participants to be more accurate). While this does not
replace the speed or accuracy measures, it allows us to compare a
notion of relative efficiency given by radians of accuracy per second
achievable with a given controller.

5 Data Analysis and Results

We analyzed data from 45 participants. In terms of demographics,
we had 13 participants identify as female, 32 as male with 19 par-
ticipants between the ages of 18 and 21, 24 between the ages of
22 and 25 and 2 over the age of 25. In terms of prior skill, 9 par-
ticipants rated themselves as moderately skilled with 3D modelling
software, 19 rated themselves as being not very skilled, 16 rated
themselves as having no skill, and one participant abstained from
answering the question.

Each participant performed 12 tasks (4 Simple orientation, 3 Com-
plex orientation and 5 inspection) and a usability questionnaire, for
each of the three controllers. This gave us 1620 observations and
135 usability questionnaires.

Results for a task submission were discarded if the accuracy was
worse than 0.5 radians. This threshold was chosen as we regard
anything above this as too inaccurate for a task to be considered
successfull. As this is a repeated measures experiment, we removed
the corresponding task submissions for that participant across all 3
controllers. This resulted in 138 of the 1620 observations being
discarded. Additionally, partially-completed SUS questionnaires
were also removed, along with corresponding questionnaires for
the other controllers, resulting in 3 surveys being discarded.

This gave us 483 Simple orientation task observations, 357 Com-
plex orientation task observations, 642 inspection task observa-
tions, and 132 usability surveys for analysis.

Before performing our analyses, we applied the D’ Agostino and
Pearson [1973] omnibus test of normality to our data and found
that, with statistical significance, all our outcome measures obeyed
a non-parametric distribution. We therefore used non-parametric
statistical methods for our analysis.

For each performance measure (accuracy, speed, and score), we
applied the Friedman test to each set of observations (simple ori-
entation, complex orientation, and inspection) to determine if there
was a significant difference in performance between the three con-
trollers for that task. When a significant difference was reported
by the Friedman test, a post-hoc test using Wilcoxon Signed Rank
tests with Bonferroni correction was performed to determine which
groups differed.

5.1 Accuracy

The median accuracy in radians, per task and controller (see Fig-
ure 3a) was as follows:

| Simple Complex  Inspect
Arcball 0.087 0.116 0.021
Discrete 0.060 0.107 0.019
Two-Axis 0.096 0.111 0.019

A Friedman test revealed a significant effect of controller on accu-
racy for the simple orientation task (x*(2) = 15.5,p < 0.001).
A post-hoc test using Wilcoxon Signed Rank tests with Bonferroni
correction showed significant differences between the Arcball and
Discrete controllers (p < 0.001,7 = 0.30) and also between the
Two Axis Valuator and Discrete controllers (p < 0.01,7r = 0.54).

No significant difference was found in the accuracy achieved be-
tween controllers for either the complex orientation or inspection
tasks.

5.2 Speed

The median speed in seconds, per task and controller (see Fig-
ure 3b) was as follows:

| Simple Complex  Inspect
Arcball 18.8 19.5 7.41
Discrete 20.6 243 9.16
Two-Axis 18.2 18.6 7.30

While no significant difference was found in speed for completing
the simple orientations, there was a significant effect of controller
on speed for complex orientations (x*(2) = 10.7,p < 0.01). The
post-hoc test showed significant differences between Discrete and
Arcball controllers (p < 0.01,7 = 0.33) and between Discrete and
Two-axis controllers (p < 0.01,r = 0.28).

There was also a significant effect on speed for the inspection task
(x*(2) = 37.36,p < 0.001). Again, significant differences be-
tween the Discrete and Arcball controllers (p < 0.001,r = 0.44)
and between the Discrete and Two-axis controllers (p < 0.001,r =
0.47) were found with the post-hoc test.

5.3 Score

The median score normalising accuracy by time, per task and con-
troller (see Figure 3c) was as follows:

‘ Simple Complex  Inspect
Arcball 0.161 0.151 0.420
Discrete 0.147 0.126 0.341
Two-Axis 0.166 0.159 0.425

Again, no significant difference was found for the Simple orien-
tation tasks. However, the Friedman test revealed a significant
effect of controller on the score for the complex orientation task
(x*(2) = 10.6,p < 0.01). A significant difference between the
Discrete and Two-axis controllers (p < 0.05,7 = 0.25) was de-
tected.

Furthermore, there was also a significant effect on score for the
inspection task (x*(2) = 36.3,p < 0.01), with significant differ-
ences between the Discrete and Arcball controllers (p < 0.01,r =
0.48) and between the Discrete and Two-axis controllers (p <
0.01,r = 0.50).

5.4 Usability score

A Friedman-based quantitative analysis of the SUS questionnaire
responses found no statistically significant differences between
controllers for individual questions or total score.

Qualitatively, participants reported in the SUS questionnaire that,
while the Arcball was fairly intuitive, they found it difficult to
achieve fine-grained accuracy.

The Discrete Sliders were thought to achieve better accuracy. How-
ever, this controller was not considered helpful for inspection tasks
and the sliders were reported as difficult mouse targets.

For the Two-Axis Valuator, participants prefered the larger z-
rotation zone, but found the discontinuity between the different
forms of rotation jarring when they accidentally dragged the mouse
over the circle barrier.



0.5
controller

N Il arcball

. Il discrete

.
0.4 ‘ 4 B
. ; ; EEE twoaxis 120 s

Cy H

+ + . +
>‘0.3 N
19) ) +
I o
3 K g 80
g +

o
N}

40

0.1 ;

0.0 0
Simple Complex Inspection
Task Class

Simple

(a) Box and Whisker plot for the accuracy of sub-

missions in each group sions in each group

Complex
Task Class

(b) Box and Whisker plot for the time of submis-

controller controller

I arcball N arcball *
EE discrete 1.00 - discrete e
BN twoaxis BN twoaxis -
P T
\ 075 . :
‘
g o
* 3 Lo
: s 050 4 4 o
[ [T
' L
Yy
.
H ' 0.25
[ i
0.00
Inspection Simple Complex Inspection
Task Class

(¢) Box and Whisker plot for the score of submis-
sions in each group

Figure 3: Box and Whisker plots showing the distribution of the measures for task submission

5.5 Confounding factors

We collected data on twenty-six possible confounding factors to
assess for potential bias in our study. For each of the confounding
factors, we created a stratum for each level of the factor, leading to
a total of 97 individual strata.

We performed a within-subject analysis of the controllers for each
individual stratum. For example, for the “Gender” factor, we per-
formed a Friedman test across controllers for all the individuals of
each sex separately. Again, for stratum with a significant result,
a post-hoc test using Wilcoxon Signed Rank tests with Bonferroni
correction was performed to determine which groups differed.

Four factors were found to have a significant impact on speed be-
tween the Arcball and Two-Axis Valuator and two of those fac-
tors also had a significant effect on the score measure: order of
controllers during the study, namely “Two-Axis Valuator, Discrete
Sliders, Arcball” (r = 0.47 for time, » = 0.33 for score); partic-
ipation in Intramural sports teams (r = 0.33 for speed, r = 0.37
for score); playing board games once or twice a year (r = 0.42 for
speed); having no prior skill with 3D modeling software (r = 0.32
for speed). No differences were found based on the age, gender or
prior 3D modelling software experience of participants.

6 Discussion

The Discrete Sliders was the most accurate controller for Simple
orientation tasks, performing significantly better than the Arcball
and Two-Axis Valuator, but we did not see this difference for Com-
plex orientation or Inspection tasks. One possible explanation is
that the sliders, which are constrained to a single axis, favour sim-
ple axial rotations over free-form multi-axis rotations.

When compared to Discrete Sliders, the Arcball and Two-Axis Val-
uator controllers are moderately faster for both Complex Orienta-
tion and Inspection tasks. The speed increase may be attributed to
the free-form nature of these controller.

Taken together, these two findings motivate a new controller that
makes it easier to use the Arcball (or Two-Axis Valuator) for larger,
multi-axis orientation tasks and the precision of the Discrete Slid-
ers for the final stages. Our implementation of the Discrete Sliders
provided both in one, but perhaps a more explicit, user-toggled sep-
aration between the interfaces would provide the benefits of both.

The longer task time required for Discrete Sliders might be due to
the relatively small clickable area covered by the sliders. In con-
trast, mouse targets for the Arcball and Two-Axis Valuator span
most of the screen. By Fitts’s Law, the difference in area means that
sliders will generally be slower than using the Arcball or Two-Axis
Valuator. Even if a participant were to exclusively use the Arcball
functionality within the Discrete Sliders controller, this would need
to be selected between the various sliders, dividing the click target
into four smaller regions.

There is only one task where there are significant differences be-
tween Arcball and Two-Axis Valuator: the Bottom Inspection task
(see Table 2). This contradicts results found by Bade et al. [2005]
where the Two-Axis Valuator is faster than Arcball across all in-
spection tasks. The difference here could be explained by our use
of a modified Arcball rather than Shoemake’s Arcball [Shoemake
1992] as used in Bade et al’s studies. Another possible explanation
is that while the method of rotation is fairly dissimilar mechanically,
the interface of the Two-Axis Valuator controller and the Arcball
controller were more similar to each other than that of the Discrete
Slider controller.

7 Conclusions

We performed a quantitative evaluation of Arcball, Two-Axis Val-
uator, and Discrete Sliders to determine whether one of these con-
trollers was more effective or usable than another for a particular
class of tasks.

The Discrete Sliders controller more accurate for simple (one- or
two-axis) tasks than both the Arcball controller (with a small ef-
fect size) and the Two-Axis Valuator (with a medium effect size).
However, it was significantly slower than the other controllers for
complex (three-axis) tasks. More evidence is required to effectively
determine whether the controller is slower for simpler fine-grained
orienting tasks.

Overall, our results suggest that the Discrete Sliders are most useful
in circumstances where accuracy is paramount, such as in 3D mod-
eling suites. When absolute accuracy is less of a concern and speed
is more important, both the Two-Axis Valuator and Arcball con-
trollers appear to be more effective (with no detectable difference
between them).

Future experiments could focus on further differentiating the per-
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formance of these controllers across time and accuracy. One ap-
proach might be to fix the acceptable accuracy for a task (e.g., by
providing real-time feedback and preventing the participant from
moving on to the next task before attaining a required accuracy
threshold) and measure the time required to complete the task. This
accuracy threshold, along with the complexity of the models, could
be varied to control the difficulty of the task. Conversely, one could
provide a number of models to be oriented in a fixed timespan and
then measure the accuracy achieved by participants.

It is clear that interactively orienting 3D models is an important
component in a wide range of applications. This paper contributes
to a growing body of evidence that no single rotation controller
works best across all tasks for both speed and accuracy. Further ex-
ploration is required to fully understand the situations under which
different controllers are most effective. This information can then
be fed back into the design of 3D modeling and visualisation soft-
ware.
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